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CHAPTER

INTRODUCTION

The macroscopic mechanical strength of rocks and mineral-based materials is frequently
controlled by microscale and nanoscale mechanisms occurring at discrete solid-solid contacts.
The interfaces between two solids are critical to deformation processes as they enable and govern
mass transport within the material, confine fluids that facilitate chemical reactions, and allow the
slip movement along the grain boundaries and fractures. Solid-solid contacts are also discrete
regions in which adhesive or repulsive surface forces may operate. The surface forces are affected
not only by the properties of the solid phases but also by the chemistry of the medium confined
between the surfaces. Both surface forces and mineral reactivity can render the solid-solid
interfaces stronger or weaker. Adhesive surface forces or cementing growth of minerals will
strengthen the interfaces. Conversely, repulsive surface forces or displacive mineral growth will
make the interfaces weaker. As the possible links between surface forces and reactivity of confined
mineral surfaces are not fully explored yet, the complete understanding of all the processes that
may affect the interfacial strength is lacking. In this thesis, I tackle the question of to what extent
the nanoscale surface forces acting between reactive individual mineral surfaces may contribute
to the macroscopic strength and cohesion of rocks and granular materials.

Calcite (calcium carbonate) is a mineral of interest since it is relatively reactive in contact
with water, and it is one of the most abundant minerals in the Earth’s crust. Marine organisms
started precipitating calcite hundreds of millions of years ago to build their shells and skeletons.
This biogenic calcite material, subjected to slow sedimentation and lithification, has later formed

vast limestone and chalk rock deposits. We now use these calcite resources to build, to make paper



and plastics, to clean the air, or to prepare medicines. Whether these are shells of organisms, rocks
or man-made products, calcite-based materials are usually composed of aggregates of calcite
grains. It is important what keeps these grains together. Organisms use organic molecules and
controlled crystallization in confined spaces. In rocks, the overburden pressure and pore fluids
act together to dissolve, rearrange, cement and consolidate the calcite grains together. People
adjust calcite properties using mechanical processing, high temperature, or chemical methods.
In order to gain a further insight into all these processes, one can measure interactions at a level
of single calcite grains. Simultaneous measurements of surface forces acting between two surfaces
and surface reactivity in the Surface Forces Apparatus (SFA) provide such an opportunity.

This experimental thesis is based on the measurements of surface forces acting between
two calcite surfaces using the SFA. The focus lies on how aqueous solutions of various chemical
composition influence both the forces acting between two calcite surfaces and calcite reactivity.
In Manuscript 1, the surface forces have been investigated in water. Electrolyte solutions of
varying composition and concentrations have been used in Manuscript 2. The influence of water-
soluble organic molecules with varying sizes has been investigated in Manuscript 3. Based on
these experiments, I discuss what are the implications of the measured forces in relation to

geological environments and calcite-based materials.



CHAPTER

SCIENTIFIC BACKGROUND

2.1 Calcite in geological environments

Calcium carbonate (CaCOs;) is a simple ionic compound that forms calcite - one of the most
abundant minerals in the Earth’s crust. Despite its uncomplicated chemical composition, CaCO,
displays a great structural variability: it can crystallize in several polymorphic forms that differ in
crystal structures and degrees of hydration. Among them, only trigonal -calcite is
thermodynamically stable at atmospheric temperature and pressure conditions [1]. Many factors,
such as the relative ratio of dissolved Ca2+*/COs2 ionic species or the presence of impurities, can
promote the stability of the other CaCO; polymorphs, explaining precipitation of aragonite,
vaterite and amorphous calcium carbonate (ACC) at thermodynamically unfavorable conditions.
The focus of this thesis lies on the most abundant polymorph - calcite.

Most of the calcite found in geological environments was precipitated by marine
organisms [2]. Accumulation and lithification of calcite (mainly of biogenic origin) in sedimentary
basins started on a global scale over hundreds of millions of years ago and led to the formation of
vast limestone and chalk deposits. Although these carbonate rocks are not the most abundant
sediments in the upper Earth’s crust, their relatively high porosity makes them important
drinking water aquifers [3] and oil reservoirs (~60% of the known petroleum reserves is found in
carbonates [4, 5]). Limestones, chalks and other carbonate rocks such as dolomites (composed of
CaMg(CO,). ) are also crucial as climate-regulating rocks since they serve as a long time CO,

storage. The ongoing acidification of oceans, due to the increasing content of CO. dissolved in



water, is affecting the stability and precipitation of the modern carbonate sediments [6].
Figure 1 illustrates how the increasing partial pressure of CO. enhances the solubility of calcite,

and thus of the carbonate rocks.
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Figure 1. Increasing solubility of calcite with the increasing partial pressure of CO. (pCO.)
calculated in the PhreeqC [7] software.

Despite the high sensitivity of calcite to varying levels of dissolved CO., its solubility is
relatively low in comparison with other common ionic minerals. The solubility of calcite in water
is over 10 000 times lower than the solubility of NaCl at the same temperature and pressure
conditions. On the other hand, calcite solubility generally exceeds the solubilities of various
aluminosilicate minerals that prevail in sedimentary rocks. Calcite undergoes more dissolution in
contact with meteoric waters (which are slightly acidic due to dissolved CO,) than
aluminosilicates. This is manifested by spectacular cavity-rich karst topographies exposed on the
surface and below the ground in many places around the world (Figure 2). In the subsurface, the
overburden pressure acts to reduce the porosity of rocks. Also there, the percolating fluids still
distinctively affect the reactivity of carbonate rocks, which is reflected in their pronounced
chemical compaction [4].

Compaction, which is the process of porosity reduction in sedimentary rocks, generally
occurs by two distinct mechanisms: mechanical or chemical compaction. Whereas mechanical
compaction involves processes such as grain rearrangement, pore collapse and brittle fracturing

of grains or intracrystalline plasticity, chemical compaction occurs by fluid-assisted grain
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Figure 2. Examples of karst in limestones: a) 25 meters-high isolated rock composed of the
resistant skeletal Jurassic limestone in Ojcéw, Poland; b) Postojna cave created by the Pivka river
in Cretaceous limestone, Slovenia.



alteration [8, 9]. In siliceous sediments, mechanical compaction processes dominate up to 2-3 km
in the subsurface, and chemical compaction becomes dominant only at greater depths [10]. There
is no such strong distinction between these two mechanisms in carbonate rocks: It is
acknowledged that lithification of carbonates is strongly influenced by fluid-driven chemical
compaction processes already at relatively shallow depths of several hundred meters [4]. Porosity
reduction can additionally occur through cementation [11]. However, the cementation process
may in some cases contribute to porosity preservation by creating a stress-resistant network of
cemented grains [12]. The experimental studies on the deformation of carbonates show a large
variation in strain rates, depending on the sample structure [8, 9, 13-19]. Such differences in
mechanical properties can be explained by the great textural variability of carbonates, which is
related to both their biogenic origin and to the characteristics of their depositional environments
[5]. In contrast to other sedimentary rocks, carbonates accumulate in situ, with little transport
and material sorting. Thus, the typically observed carbonate lithofacies can be often correlated
with the biofacies, characteristic for a given carbonate-forming organism [2].

The diversity of carbonate rocks complicates the systematic understanding of the rate-
determining processes of carbonate deformation [4]. Regardless of that, there is a large interest
to be able to understand and predict the macroscopic mechanical behavior of carbonates.
Carbonate rocks are dominant hydrocarbon reservoirs and potential underground storage sites of
CO. [20]. The accelerated deformation of carbonate reservoirs triggered by anthropogenic fluid
extraction and injection operations may extensively affect rock permeability and the regional fluid
flow [21]. Recent examples from carbonate oil fields indicate that a rapid exchange of reservoir-
saturating fluids and reservoir depletion may induce substantial on-site reservoir compaction,
which often causes flooding and infrastructure damage [22]. Moreover, active faults hosted in
carbonate rocks are often responsible for upper crust-seismicity [23]. The microstructural
evolution of carbonate rocks due to pressure-enhanced dissolution and reprecipitation may

contribute to the sealing of active faults [24-27].

2.2 Chemical compaction of carbonates

Pressure solution

Fluid-assisted chemical compaction of carbonates is of the major interest to this thesis.
Chemical compaction of sedimentary rocks encompasses plastic and brittle deformation
processes that are activated in the presence of reactive fluids and stress, such as: dissolution,
precipitation, mineral phase conversion, or subcritical crack propagation [4, 8, 28, 29]. The

thorough examination of the microstructures of compacted carbonates found both in natural
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settings [21, 30] and in the experimentally deformed samples [16, 31] leaves no doubt that
pressure solution is one of the key mechanisms in the chemical compaction of carbonates.
Pressure solution is a slow [32], ductile deformation and involves three main processes:
1) dissolution of contacting mineral grains along the stressed grain boundary; 2) diffusion of the
dissolved species to pore spaces where the solute concentration is lower; and 3) precipitation of
material on the less stressed crystal faces or further transport by diffusion and advection [33-35].
Stylolites (Figure 3), clay seams, sutured grain contacts, indented grains and cemented

microcracks are the most typical pressure solution microstructures [4, 36, 371.

Figure 3. Stylolites developed in a limestone rock (Burgundy, France). Scale bar is 1 cm. Photo
courtesy of Francois Renard.

Pressure solution is initiated by changes in the solid’s chemical potential along a stressed
mineral interface. If a flat, loaded mineral face is in equlibrium with its saturated solution,
dissolution can occur only if there is an increase in normal stress (o,,), which drives a change in

the solid’s chemical potential (p):
w=f°+0n/ps (Eq. 1)

where 5 is the specific Helmholtz free energy of the solid with density ps [38]. If dissolution
progresses, then the fluid in contact with the dissolving solid becomes supersaturated and

precipitation will occur on the less stressed solid faces. For such material redistribution to occur,



the liquid film separating the two surfaces must be preserved, which means that the pressure in
this film must be higher than the pressure of the bulk fluid [33, 34, 39].

The pressure in the liquid film confined between two solid surfaces is referred to
as disjoining pressure and it can be understood as a difference in pressure of a film between two
surfaces and the hydrostatic pressure of the bulk fluid. Disjoining pressure (IT) depends on the

film thickness (x), which is reflected in the following definition:

106

= _ZalA,T,P (Eq.2)

where dG is the change in Gibbs energy with distance per constant unit area A, at fixed
temperature (T) and external pressure (P) conditions [40]. If the disjoining pressure of a confined
water film is positive, it is larger than the fluid hydrostatic pressure and work has to be performed
to displace the water from the gap between the surfaces. Negative disjoining pressure means that
the fluid film is unstable, and it migrates into the bulk solution. Positive and negative disjoining
pressures corresponds respectively to repulsive and attractive surface forces. It has been
experimentally measured that for smooth mineral surfaces, the disjoining pressure can be of
a significant magnitude at separations below several nm [41-44].

The stability of a liquid film confined between two surfaces can be also expressed in terms
of interfacial energies. Interfacial energy is a change in free energy when the interface separating
two immiscible phases is expanded by one unit area [45]. Thus, the energy change of separating

two similar surfaces 1 in liquid medium 3 (W;3,) can be defined as:

Wiz1 = 2¥13 — Y11 (Eq. 3)

where y;3 is solid-liquid and y4; is solid-solid interfacial energy expressed per unit area, assuming
smooth surfaces and no energy dissipation [45], as shown in Figure 4.

If W;3,< 0, then two liquid-solid (1-3) interfaces have the smaller energy (2y,3) than the
solid-solid interface (1-1; y;;), and the liquid medium will spontaneously separate two 1-1
surfaces. This scenario corresponds to the positive disjoining pressure in the liquid film. As such,
the properties of the surfaces and a liquid film determine if the disjoining pressure is positive or
negative. y,; is also equal to the free surface energy of solid 1 and represents the energy cost to
increase the surface of the solid by unit area. The water-solid interfacial energies of hydrophilic

minerals are generally much smaller than their surface free energies. This means that once
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Figure 4. Change of energy W3, on separating two similar surfaces 1 in a liquid medium 3.
Y13 1s solid-liquid interfacial energy and y,, is solid-solid interfacial energy (= surface free
energy of solid 1). Energies were expressed per unit area, assuming flat surfaces and no energy
dissipation as heat or due to solid interface deformation. Modified from Israelachvili [45] (see
Figure 17.1, therein).

a crystal is cleaved or fractured in humid air, a thin layer of water will quickly adsorb on the newly
exposed surfaces, making it difficult to ‘heal’ the fracture.

The presence of nm-thick water films is crucial in pressure solution processes, largely
because such films enable transport of material by keeping the two opposing mineral surfaces
separated [33, 34, 39]. Importantly, the equilibrium thickness of the confined fluid films depends
not only on the applied pressure and surface energies of the confining surfaces but also on the
chemical composition of the confined fluid [43, 45]. The mutual relationship of these parameters
can be understood by considering surface forces.

Only a few works have investigated how surface forces contribute to the disjoining
pressure in the context of pressure solution [25, 39, 46-48]. The disjoining pressure is considered
to be relevant down to several km-deep regions, where it may exceed the overburden pressure
[48]. Positive disjoining pressure (repulsive force) can be related to the electrostatic charge of
mineral surfaces [39, 45]. It has been suggested that the thicknesses of confined liquid films can
be reasonably predicted with depth, based on the surface charge of the confining, stressed mineral
surfaces [39]. Mineralogy-dependent variations in the surface charge were then proposed to
explain the enhanced pressure solution of quartz in the presence of mica: The surface of mica has
a higher negative surface charge and can stabilize thicker water films than quartz [46]. These

works have neglected the possible changes in the surface charge due to the changing fluid



composition. Other works have suggested that a varying balance of attractive and repulsive
surface forces must operate at different stages of pressure solution as the magnitude and range of
surface forces strongly depend on the type and concentration of ions in a confined solution [47].
Variations in surface forces with time is expected for reactive surfaces such as calcite, because
calcite recrystallization affects the fluid composition. Surface forces acting across fluid films
confined between surfaces will be discussed in detail in section 2.3.

For pressure solution to continue, the dissolved material must be removed from the
contact region by diffusion. Otherwise, the confined solution will become saturated with respect
to the stressed crystal surface and the dissolution stops. The driving force for diffusion out of the
contact region is a solute concentration (¢ in mol-m-3) gradient between the contact region and

the bulk solution, which can be illustrated with the Fick’s diffusion law in one dimension:
J]= -D i—;‘:, where | is diffusion flux (in mol-m-2-s-1), D is diffusion coefficient (mz2-s), and xis

position (m) [49]. We can thus expect that the transport of dissolved solids will depend on both
the diffusion coefficient and the diffusion path, apart from the concentration gradient. The

diffusion coefficient (D) in sub-nm confined water films can be lower than in bulk water, which

kT
6mns’

may be understood in terms of the increased viscosity (1) of the confined films: D =
according to Stokes-Einstein equation where k is Boltzmann constant, T is temperature and § is
particle size [50]. It has been shown, however, that ionic species can enter films that are initially
thinner than their hydrated diameter with diffusion coefficients similar as in the bulk water [47],
and that the decreased diffusion coefficients in sub nm-thick fluid films should not significantly
influence the transport in thin water films in buried mineral interfaces [51]. Thus, the diffusion in
confined spaces should be generally influenced to a larger extent by tortuosity of the diffusion
path and by the inhomogeneous solute concentration across the interface. These are determined
by the roughness of the contact [52, 53]. Due to the high reactivity of calcite, pressure solution in
carbonates is often believed to be controlled by diffusion, being the slowest rate-determining step
[16, 37, 54]. Because of that, there is a need to better understand the relationship between the
interface roughness and the diffusive transport across the confined solid contact. Since all
pressure solution processes take place in confined spaces, cementation and crystallization
processes in spatial confinement should be better explored. It has recently been shown that the
precipitation of calcite between two solid surfaces can be hindered at separations as large as 1 um,
leading to the stabilization of amorphous calcium carbonate [55]. Also, precipitation of calcite in
pressure solution experiments has been shown to occur in solutions initially undersaturated with

respect to calcite [56]. The reactivity of calcite in confinement is discussed in section 2.6
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Water-weakening

Another commonplace deformation phenomenon in carbonates is the water-weakening.
Water-weakening encompasses all the processes that lead to a substantial loss of mechanical
strength in fluid-saturated rocks [57], without the direct action of the overburden pressure.
Water-induced deformation frequently occurs below a critical stress at which the failure of the dry
rock would occur [58]. Early reports of water-weakening in rocks point to a mineralogy-
dependence and a decisive contribution of processes occurring in fractures and at grain
boundaries [59-61]. Observations of water-enhanced subcritical fracturing in poorly soluble
materials have led to the conclusion that effects other than simple chemical dissolution must also
act at solid interfaces. It was found that the decrease of solid surface free energy due to water
adsorption on mineral surfaces [62] (Figure 4), or a preferential hydrolysis of strained mineral
bonds [63] can induce the weakening.

Porous carbonate rocks such as chalk are especially prone to water weakening [64].
The seabed subsidence in the Ekofisk oil field in Norway due to the injection of low salinity water
[22] has raised a great motivation to identify which is the dominant microscale compaction
mechanism in chalks. In their thorough analysis of chalk deformation in the presence of water,
Risnes et al. [57] suggested that effects such as: chalk dissolution [65], relatively slower pressure

solution [18], or destruction of capillary bridges present in dry chalk [66] are not sufficient to

. :J: : L] o2
S, ° = .« ° . e 0 S
[ 4
[] e 1 Q ®

. . o . . o2

G ' g R e o . B

S* e s N )

G* - fio . : ¢ .5

-
Ce ° o . e o o0
[ ) 1 ™ L

(= . | oD

° e ® : . ¢ LR

(=) e [ ] * © 1 .

. [} | LI,

O . ! bulk ! S
ks bl
a (=
c e
i ie)
=] . =
@ counterions ©
= =
] T
Q Q
c c
2 T e Powr g
& g
= co-ions =

distance between surfaces

Figure 5. Schematic representation of ion distribution near two opposing negatively charged
surfaces, showing the accumulation of cations close to the surfaces. Modified from Israelachuvili,
see reference [45] and Figure 14.7 therein.
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account for the observed rapid loss of the mechanical strength in water. They suggested that the
deformation has been driven by the repulsive surface forces due to the adsorption of water on
calcite grains, which was indicated by the observed correlation between the decreasing
mechanical strength and the increasing activity of water. Later experiments by Rayne et al. [29,
44] have confirmed that the surface energy of calcite decreases with the increasing water activity,
and that the strong repulsive surface forces operate between two calcite surfaces immersed in
water.

There have been several studies in which the weakening of chalk in contact with water and
fluids of varying salinity has been related to interactions between the contacting calcite grains: as
the fluid salinity changes, the electrostatic forces between two calcite surfaces become more or
less repulsive, due to the changes in both the calcite surface charge and the concentration of
adsorbed ions [67-71]. The concentration of counterions on a mineral surface (ps) depends on the

mineral surface charge (o) and can be approximated as:

2

ps = .00 + (Eq' 4)

2€,EkT

where p, is the bulk concentration, €, is the vacuum permittivity, ¢ is the water dielectric constant,
k is the Boltzmann constant and T is temperature [45]. It has to be noted that o also depends on
the solution chemistry: It is a fraction of the maximum possible charge of a given surface (o,),
and depends on the number of surface sites (a) that are charged in a given solution: 0 = aoy [45].
The density of the counterions is the highest on the surface and decreases exponentially to the
bulk as schematically shown in Figure 5. This higher concentration of ions near surfaces gives
rise to electrostatic repulsion between similarly charged surfaces because when the surfaces
approach each other, the regions with a higher concentration of counterions start to overlap (see
section 2.3).

There is no consensus on to what extent such variations in ion distribution, which lead to
the presence electrostatic forces, can explain the deformation in chalk, as it has been observed
that various ionic species give rise to the varying trends in the experimentally measured
deformation rates of chalk [68, 69]. In many cases, mineral dissolution and reprecipitation has
been suggested to have a larger influence on the deformation processes in chalks saturated with
saline solutions than possible electrostatic interactions [58, 69, 72].

How calcite grains interact with each other in natural chalk (and limestone) rocks is greatly
complicated by the presence of organic material adsorbed on mineral surfaces [73]. Preserved

remnants of calcite biominerals formed by organisms are commonly present in chalk (Figure 6),
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suggesting that surface-adsorbed organic material protects them from recrystallization in water
[74]. Such surfaces are heterogeneous, with randomly distributed hydrophobic and hydrophilic
areas [74-76].

Figure 6. Scanning Electron Microscopy (SEM) image showing Liége chalk (Belgium) with
preserved oval coccoliths plates made of biogenic calcite (formed by coccolithophores algae), and
rhombohedral crystals of inorganic calcite. Scale bar is 50 um. Image courtesy of Anne Schad
Bergsaker.

Because of a large interest in Enhanced Oil Recovery (EOR) from carbonate oil reservoirs,
there is a great number of works which study how to desorb hydrocarbon molecules from calcite
surfaces (e.g. [75-81]). A great number of such studies propose that the desorption can be achieved
by changing the electrostatic interactions between calcite and hydrocarbon molecules from
attractive to repulsive. The electrostatic forces can be modulated by adjusting the salinity of the
water in contact with calcite and hydrocarbons [76]. This affects the charge of both calcite surfaces
and oil molecules. Although it is expected that the desorption should be the most effective at low
fluid salinity (when the repulsive electrostatic forces have the largest range), there is no agreement
about the effectiveness of this mechanism. The reason for that is related to a great variability in
the type of present hydrocarbon molecules (with polar and non-polar functional groups) [76, 81,
82], heterogeneity of calcite surfaces [74, 77] and ion-specific effects [80, 83, 84] that may control
oil-oil, oil-calcite and calcite-calcite interactions. Due to the same effects, a full understanding of

the deformation by water weakening in carbonate rocks is challenging.
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2.3 Surface forces

It has been discussed in the previous section how nanometer-range surface forces may
influence the deformation processes in carbonate rocks. Here, the theory related to attractive and
repulsive surface forces is briefly presented. The total interaction between two charged surfaces
in water can be in many cases sufficiently described by the Derjaguin— Landau — Verwey —
Overbeek (DLVO) theory of colloidal stability [85, 86], which considers the joint action of
attractive Van der Waals (VAW) forces and repulsive electrical double layer (EDL) forces.

Van der Waals forces

Van der Waals (VAW) forces act between all atoms and molecules. For nonpolar atoms,
VAW forces are mainly related to dispersion forces which originate due to instantaneous dipole
moments generated by electrons fluctuating in their positions. Instantaneous dipoles can polarize
nearby atoms or molecules, leading to attractive forces acting between them [45]. As such, VAW
forces always act also between macroscopic surfaces. VAW forces between two surfaces depend
on the geometry of the contact. This is because they can be considered as the total interaction
energy of atoms of one surface with atoms of the second surface, which are included within a given
contact. VAW forces are not additive: interaction energies for each atom pair are affected by the
presence of other atoms nearby.

The following expression can be used to calculate VAW forces (Fyqyw) acting between two
surfaces in crossed-cylinder geometry (which is used in the Surface Forces Apparatus

experiments):
AR

Fvaw = =2 (Eq.5)
where A is Hamaker constant, R is the radius of curvature of cylindrical samples, and D is the
distance between the surfaces [45]. The VAW interaction energy (Wyqw) for the same geometry
is:

AR
Wyaw = — (Eq.6)
The Hamaker constant can be calculated based on the Lifshitz theory [87], using the static
dielectric constants and refractive indices of interacting surfaces and of the medium across which
the surfaces interact. Thus, VAW forces depend not only on the properties of the surfaces but also
on the properties of the solution between the surfaces. VAW forces acting between two identical
mineral surfaces across water are always attractive. The experimentally determined Hamaker

constant of two interacting mica surfaces in the inert air is A,,4n = 13.5:102° J, and it is several
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times lower in water: A,,,,;,m = 2.2:102° J [45]. This is generally true for all mineral surfaces. VAW
forces are generally not largely affected by the salinity of water medium. A typical range of VAW
forces for two calcite surfaces in water (calculated using A, = 1.44-102° J [88]), where the forces

are of significant magnitude (> 0.01 mN/m), is ~15 nm.

Electrical Double Layer forces

Although VAW forces act between mineral surfaces already at such large separations, the
surfaces must be usually placed much closer to each other to experience attraction in electrolyte
solutions. The reason for that is generally the presence of the electrical double layer (EDL), which
is populated by an increased concentration of counterions relative to the bulk solution (as shown
in Figure 4). Counterions accumulate near surfaces because of the surface charge. Most mineral
surfaces become charged when immersed in water or an electrolyte solution. There are three main
mechanisms that can cause charging of a mineral surface in the presence of an aqueous solution:
1) dissociation of protruding surface groups; 2) adsorption of ions from the solution; or 3) charge
exchange between dissimilar surfaces placed in contact [45]. Some minerals, such as clays, can
also have a permanent surface charge due to the metal atom substitutions (e.g. Al3* for Si4*) in
their aluminosilicate layers [89]. If two mineral surfaces are similarly charged in an aqueous
solution, they repel each other by EDL electrostatic forces.

In a simple case of a 1:1 electrolyte composed of monovalent ions (z = 1), and low surface
potential of isolated surfaces (1, < 25 mV) EDL forces (Fgp,) can be estimated with the following

linearized expression for a crossed-cylinder SFA geometry:
Fgp, = 4mReyexipge™P (Eq.7)

where R is the radius of the SFA cylindrical samples, ¢, is vacuum permittivity, ¢ is water dielectric
constant, k! is Debye length and D is separation between surfaces. The Debye length describes
the width of the electric double layer, in which the concentration of counterions is larger, and can

be calculated based on the solution composition:
Cie?z?
K= /zi e (Eq.8)

where C; is bulk concentration of each ionic species i in the solution (M), k is Boltzmann constant

and T is temperature. The relation between surface charge (¢) and surface potential of isolated

surfaces (1) can be estimated from (for i, < 25 mV):
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g = £yEKY (Eq.9)

Equations 7, 8 and 9 are given in Israelachvili [45]. In the above simplified equations, it is
assumed that surface potential and surface charge do not vary as the separation (D) between the
surfaces changes. This is not the case, because the total number of ions in the gap between the
surfaces is changing with D. Also, the number of the charged surface sites drops as the counterions
are forced to adsorb onto the surface sites upon decreasing D. It is possible to obtain more correct
EDL force expressions which account for these effects by solving the Poisson-Boltzmann equation
[90]. However, Eq. 7 can generally be assumed to be correct at separations > 5 nm.

The magnitude and range of EDL forces depend strongly not only on the electrolyte
concentration but also on the valency of the ionic species in the solution. Divalent and trivalent
ions can bind to the charged surface sites more effectively in comparison with the monovalent
ions and reduce o to a larger extent. Continued adsorption of di- and trivalent ions can sometimes

lead to the surface charge reversal effect, even at low bulk concentrations [45, 91].

The DLVO theory

Assuming that only VAW and EDL forces act between two mineral surfaces in an
electrolyte solution, the total interaction can be described according to the DLVO theory as a sum

of these two contributions:

Fpvo = Fyaw + FepL (Eq. 10)

Figure 7a illustrates how the total DLVO force between two similar mineral surfaces in
1:1 electrolyte solution varies with the changing surface charge, and Figure 7b shows how the
DLVO force is affected by the changes in 1:1 electrolyte concentration. The EDL force component
is highly sensitive to the solution composition and chemistry, whereas the VAW force is always
attractive for two similar mineral surfaces and is not affected by the solution chemistry to a major
extent. It can be observed that the EDL forces are the weakest for the lowest surface charge or for
the highest electrolyte concentration. If the surface charge is high, there is a large repulsive EDL
barrier that prevents the surfaces from adhering to each other. The area of this barrier, in the
repulsive part of the force curve (force > 0), determines how much work has to be performed to
bring the two surfaces into an adhesive contact. If the surface charge is relatively high and the

concentration of the electrolyte is moderate, there might be a secondary minimum before
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Figure 7. DLVO forces (F) as a function surface separation (D) for varying a) surface charge
(o) at a fixed electrolyte concentration (C = 30 mM); and b) 1:1 electrolyte concentration (C) at
a fixed surface charge (0 = -5 mC/m2). Variations in o due to the changing electrolyte
concentration were ignored. All curves were calculated using Eq. 5, 7 and 9 and Hamaker
constant A = 2.2-102°J. Figure 7a has been partially modified from Israelachvili [45] (see Figure

14.13 therein).
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the strongly repulsive barrier (as indicated in Figure 7a). In such a secondary minimum, the
attractive force is however relatively weak, and surfaces can only weakly adhere to each other.
Therefore, according to the DLVO theory, there are two main possible strategies to bring
the two surfaces into an adhesive contact [40, 45, 85, 86]:
1. decreasing the surface charge (e.g. by changing pH or adding multivalent cations to the
solution; Figure 7a);
2. increasing the electrolyte concentration in order to screen the EDL repulsion

(Figure 7b).

Other forces

There are other interactions that can significantly affect forces between mineral surfaces
such as: capillary, solvation, hydrophobic, steric, ion correlation, hydration forces, etc. [40, 45,
92]. Two last interactions: hydration forces and ion correlation forces may be especially important
when considering interactions between calcite surfaces [29, 41, 93]. Hydration forces are
repulsive, whereas ion correlation forces may contribute to the strong attraction between surfaces.

Hydration forces are short-range structural forces that arise due to the adsorption of water
on hydrophilic mineral surfaces [92]. These forces act in the very proximity of mineral surfaces
and counteract the VAW attractive forces [45]. As the water strongly binds to the hydrophilic
surfaces, it gives rise to repulsion that can significantly exceed the magnitude of the EDL forces.
The exponentially decaying repulsive hydration forces have been experimentally measured for
calcite [29, 41], mica [42, 43, 94], and silica surfaces [95] and could be generally characterized
with decay lengths Dy < 2 nm [92]. Although the theoretical origin of the hydration forces (Fy) is
still debated [96], they can be approximated using the exponential force law [92]:

Fy/R = Ce™P/Pu (Eq. 11)

where R is a radius of a sample curvature, C (mN/m) is an experimentally measured force constant
and D is surface separation. Based on the different nature of hydration forces between two silica
or two mica surfaces, a distinction has been made between the primary and secondary hydration
forces. The much-shorter ranged primary hydration repulsion (D < 0.5 nm) typical for silica is
due to the direct adsorption of water on protruding surface groups, while the longer-ranged
(Dy < 2 nm) secondary hydration typical for mica is related to the hydration of counterions
adsorbed onto mineral surfaces [92]. It has been found that the secondary hydration forces

between mica surfaces depend on ion concentration but are also strongly ion-specific: the decay
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lengths of hydration forces were larger for divalent Ca2* and Mg2* cations (~ 2 nm) than for
monovalent cations (~ 1 nm), but the repulsion was the strongest for Na+* [42, 43, 45, 92]. This
provides a possibility to modulate the secondary hydration by changing the composition of the
fluid.

Ion correlation forces are short range attractive forces that become especially important
in the presence of multivalent ions such as Ca2*[97]. Ion correlation attraction has been suggested
to cause a strong adhesion of clays in the presence of Ca2+ [98]. There has been no simple force
law proposed to quantify the ion-correlation forces yet. However, this interaction has been
suggested to originate due to the fluctuations in the density of mobile counterions in the EDL and

can be thought of as a Van der Waals-like attraction of double layers [45, 99].

2.4 Surface forces between calcite surfaces

Although the forces between calcite surfaces have been indirectly measured in many
colloidal calcite-based systems (mainly in the presence of organic molecules), there have been
only a few works in which the forces between two calcite surfaces [44, 93, 100] or calcite-silica
[25, 41] surfaces in aqueous solutions have been directly measured, using Atomic Force
Microscopy (AFM).

Pourchet et al. (2013) [100] have observed a strong adhesion between two smooth calcite
crystals in highly alkaline solutions (pH = 12), which has been attributed to the weaker EDL
repulsive force at low calcite surface charge. On the other hand, Royne et al. (2015) [44] have
measured short-range (<5 nm) repulsive forces between two freshly cleaved single calcite crystals
in water, which exceeded the theoretically-predicted EDL forces. This repulsion has been
attributed to hydration forces acting between the hydrophilic calcite surfaces. Diao & Espinosa-
Marzal (2016) [41] have measured the forces between single calcite surface and a colloidal silica
probe in CaCl. electrolyte with varying concentration. The repulsive hydration forces they have
observed, displayed an oscillatory behaviour, related to the squeezing of the hydrated counterions
out of the contact region. Interestingly, the range of these hydration forces was decreasing with
the increasing electrolyte concentration. The forces between two calcite surfaces have been later
measured in NaCl electrolyte with varying ionic strength by Javadi & Regyne (2018) [93]. Only
repulsive forces were measured at low ionic strengths (< 0.1 M), but adhesion could be observed
at higher electrolyte concentrations. The collapse of hydration layers on the calcite surfaces and
ion-correlation at higher electrolyte concentrations have been proposed to explain these

observations.
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Calcite is a mineral with a relatively low surface charge [101, 102] and only relatively weak
EDL forces are expected to act between calcite surfaces. However, the experimental data has
shown that strongly repulsive hydration forces may additionally act between calcite surfaces in
low concentration electrolytes. The sensitivity of the hydration repulsion to the electrolyte
concentration indicates that the hydration is most likely related to the presence of hydrated
counterions adsorbed onto the calcite surfaces [41].

Experimental and modelling studies of the isolated calcite-water interfaces suggest an
unconventional interfacial structure where two layers of water molecules are directly adsorbed to
the calcite surface. The counterions are not bound directly to the surfaces but to these water layers
as outer-sphere species [103-106]. As the disjoining pressure in the surface-adsorbed water film
is very high [107] and the film is very thin (a few A), it is not likely that it can give rise to the long-
range repulsive force with a range of several nm. This supports the interpretation that the
repulsive forces measured in the AFM experiments [41, 44] have been most likely related to the
dehydration of outer-sphere adsorbed species upon squeezing them in a confined region between
two surfaces. Adhesion between calcite surfaces has been observed at higher electrolyte
concentrations or in high pH electrolytes. These findings suggest that at these conditions, the

dehydration energy of the counterions adsorbed onto calcite is lower.

2.5 Roughness in surface force measurements

Surface roughness affects all forces that act between surfaces. This is because of the
variation in surface heights across the contact area, and because of the reduced real area of contact
with respect to the nominal contact area defined by the geometry of the surfaces. A rough
topography affects the distribution of ionic species both adsorbed onto the surface and located in
the EDL.

One approach to estimating these roughness effects is to average the total interaction
energy (G) between two surfaces with respect to the distribution of surface heights in the contact
region [108, 109]. The distribution of surface heights can be measured with the AFM. Using the
model proposed by Parsons et. al. (2014) [108], the ‘roughness-averaged’ force (Fy,on—contact) Can

be estimated as:

1 _ _
*ZZHli*HZj*G(th_hli_hZ+h1+D)
NiN, il

Fnon—contact = 2TR *

(Eq. 12)
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where N; and N, are normalization factors (N; = };Hy;; N, = YjH,j), Hy; is a histogram of
surface heights h,; of the first surface, with a mean height value h,, and H, jis the histogram of
the second surface, and G can be any interaction energy between the surfaces, such as DLVO,
hydration force, or a sum of these two. G is related to force Fas F = 2rRG (D) using the Derjaguin
approximation. Histograms of surface heights can be for example obtained from AFM topography

measurements.

The above expression treats the effect of roughness away from the surfaces. There is also
another roughness effect which is related to the mechanical deformation of surface asperities.
This effect is present when the surfaces are being placed in contact. Once the asperities of rough
surfaces start to contact each other, they deform elastically or plastically. Since energy is needed
to deform the asperities, this always produces a repulsive force. If the surfaces have a random
distribution of surface heights, the force is exponentially repulsive. The effects of this mechanical
contact force are present at separations ~3 rms, where rms is the root-mean-square roughness of
the surface. As proposed by Parsons et al. (2014) [108], the mechanical repulsive force can be

estimated from:

4RE,opy [om D? D
Feontact = N Eexp (_ E) * f(a) (EQ- 13)
2 .2
where E, is a reduced Young’s modulus (Ei = % + %) with Young’s modulus E and Poisson’s
T 1 2

ratio v of surface 1 and 2, respectively; 7, is an average reduced radius of surface asperities

(rl = rl+ rl) of surface 1 (r;)and 2 (r,); o, is the mean rms roughness of the surfaces
a 1 2

2 2
(om = 02+ 02); and f(x) = Vx[(1 + x*)Kg 45 (X:) —x%Ko.75 (X:)], with K, representing two
modified Bessel functions of the second kind with n = %and n= 2. If the surfaces are very rough,

the contact force may be sufficient to overcome adhesive VAW effects. Since the mechanical force
is exponentially repulsive, it can be misinterpreted with any other exponentially repulsive
interaction such as hydration force or even EDL repulsion. This is especially important in force
measurements with reactive surfaces, such as calcite, which may become rough in contact with

aqueous solutions during the force measurements.

2.6 Reactivity of calcite in confinement

A topic that has not yet been explored is how surface forces between calcite surfaces are

affected by calcite reactivity in contact with water or electrolyte solutions. Equally interesting is
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how the calcite reactivity is influenced by a spatial confinement. The most important effects of

confinement on the reactivity of minerals are the following:

- Confinement restricts the transport of ionic species in the solution. In solutions
supersaturated with respect to a crystal, this may produce rough rim topographies at the
edges of a growing, confined crystal face. The growing edges consume the solute and cavity
develops in the center of the confined face, where the growth is slower because of the solute
depletion [110, 111].

- Higher supersaturations are needed to nucleate a crystal in confinement, relative to a bulk
solution, because ion depletion and reduced ion mobility make the nucleation less
probable [112, 113].

- Confinement may prevent the crystallization completely if the pore dimensions are
smaller than the critical nuclei size. In that case, the growth may be prevented due to the
surface free energy barrier [114].

- A higher density of ionic species near charged pore surfaces may promote the growth of

the otherwise unstable phases [115].

It is intuitive to think that most of the confinement effects are present when the separation
between the surfaces or the dimensions of pores are of the order of nanometers. However, a recent
study by Stephens et al. (2013) [55] have shown that even um-range confinement can significantly
affect the crystallization of calcium carbonate. They have observed that ACC can be stabilized
between two surfaces separated by 1 um, while calcite only nucleated at larger separations in the
same solution conditions. The observed stabilization of ACC was attributed to kinetic effects

related to restricted ion transport in the confined solution.

2.7 Calcite in materials

Calcite is not only important in geological environments, but it is also one of the most
commonly used mineral resources. It has been estimated that over 4 billion tonnes of carbonate
rocks are mined worldwide annually [116]. Only a small proportion of these rocks is used directly
after mining, mostly in construction. The rest of the rocks undergoes more thorough processing.
The first processing step, which is crushing and grinding, provides a raw carbonate material used
in road construction, metallurgy, fertilizer production, flue gas desulphurization, glass and
ceramics, and some types of concrete. The second processing step involves calcination during

which the ground raw material is decomposed at temperatures above 800 °C:
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heat
CaCO3z — Ca0 + CO,(g)

Most of the calcined material (lime) is then used for cement production and some part of it is used
in the chemical industry. The third processing step involves a controlled reprecipitation of lime
back to calcium carbonate, in order to obtain a high purity precipitated calcium carbonate (PCC)

with controlled particle size:

Ca0 + H,0 - Ca(OH),

Ca(OH), + CO,(g) — CaCO; (PCC)

PCC is used mainly as a filler in plastic, paper and paint production, and as an excipient in
pharmaceutical products. In many cases PCC is coated with a small amount of organic molecules,
such as fatty acids, to improve its dispersibility as a filler in solvents and polymer melts [116].

Calcium carbonate is mainly used as a pigment or filler, usually with no advanced function
itself. However, since CaCO; is already used in large quantities in many industrial processes,
a large potential exists to improve the properties of CaCO; based-materials by adjusting the
surface chemistry of CaCOs. There is a large interest in calcite-based colloidal systems in which
repulsive or adhesive interaction between calcite surfaces is required, mainly in relation to
polymers, surface coatings, cement, and mineral flotation [117-119].

Many inorganic fillers, including CaCO; have been demonstrated to improve the
mechanical properties of polymers, which has motivated a lot of research (e.g. [120-123]). In many
cases, uncoated calcite particles have been shown to have an adverse or no effect on the
mechanical strength of polymers [123], which could be attributed to the uncontrolled aggregation
of crystals within the polymer volume [120]. On the other hand, when calcite particles were coated
with organic molecules, they have been observed to improve the mechanical properties of
polymers [124]. This effect was most effective when the molecules comprising the surface coating
could strongly interact with the functional groups of the polymers [124-126]. Thus, the organic
molecules that can effectively bind both to the calcite filler phase and to the polymer should be
the most efficient to enhance mechanical properties of calcite-polymer composites.

Surface coatings and paints are multicomponent mixtures, in which the possible role of
CaCOs, apart from being a pigment, is to improve cohesion, adhesion to surfaces, emulsion
stability and its rheological properties [116, 127]. It has been observed that it is possible to prepare
surface coatings with fair rheological properties with as much as 70 weight % of CaCO4 [127].

However, the calcite particles must be first covered with the organic dispersant sodium
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polyacrylate (which due to the presence of carboxylic groups in its chain, has a high affinity to

adsorb on calcite [128]).

Figure 8. Images of a) nacre biomineral (scale bar 5 mm); b) stacked calcium carbonate
platelets comprising nacre (scale bar 2 um); c) porous organic layer in nacre that allows for a
crystal continuity in vertical direction between plates (scale bar 500 nm). Image originally
from Finnemore et al., Nature communications 3 (2012): 966 [132].

There have not been many such attempts to obtain materials where calcite is the dominant
phase. A substantial amount of fine limestone (< 20 weight %) can be added to cement
formulations [129]. Limestone grains can increase the cement cohesion and plasticity in the
presence of dispersing agents such as sodium polyacrylate or polyphosphates. This effect is
strongly related to particle sizes, and its mechanism is mainly based on the improved close-
packing of grains within the cement. The variability of particle sizes often leads contradictory
conclusions as to whether the presence of limestone improves the properties of cement [129-131].

In conclusion, even though calcite is commonly used in numerous materials, there are few
examples of formulations in which calcite is the dominant phase. On the other hand, marine
organisms are excellent in synthesizing advanced CaCOs-based biomaterials that act as robust
and strong shells, gravity sensing systems, lenses, or skeletons. One example is nacre, which is
a composite made of ~ 500 nm-thick inorganic platelets of calcium carbonate and < 100 nm-
thick organic layers of polysaccharides and proteins in between [132]. The plates are intergrown
with each other through the holes in the organic layers (Figure 8). This structure makes the nacre

especially strong and prevents a transverse crack propagation. Artificial nacre has been
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successfully synthesized in laboratory experiments [132]. Such inorganic-organic composites can

inspire possible ways to modify surfaces of commonplace calcite fillers [133].

2.8 Interaction of organic molecules with calcite surfaces

As has been discussed in many places in this thesis, the interaction of calcite with organic
molecules plays an important role for living organisms, materials and geological environments.
There is a great number of experimental and modelling studies which have investigated the
adsorption of small or polymeric organic molecules onto single calcite surfaces (e.g. [134-144]).

Calcite is an ionic crystal composed of Ca2* and CO42*. On the calcite surface, there are
undercoordinated O and Ca atoms. Since the number of the negatively (O) and positively (Ca)
undercoordinated atoms is the same per unit cell, the surface has no net charge. However, there
is a local partial positive charge on uncoordinated Ca atoms and local negative partial charge on
uncoordinated O atoms, which drives the adsorption of species on calcite surface [142]. In water,
there are undissociated water molecules bound to the surface atoms [145], and other ionic species
in the solution can bind as outer sphere complexes indirectly to these water molecules [106].
Organic species with polar functional groups can generally bind strongly to calcite surfaces by two
main mechanisms: electrostatic interaction between surface Ca atoms and electronegative
O atoms in organic molecules, and by hydrogen bonds between H atoms of organic molecules
and O atom on calcite surface [142]. If one organic molecule can form these two bonds at the same
time, or if it can form several bonds via its several functional groups, then the adsorption energy
for such molecule is larger than for a single bond [134, 136, 142]. In this case, the mutual positions
of functional groups determine the strength of the adsorption [138]. Sometimes molecules cannot
be adsorbed strongly to surfaces for steric hindrance reasons.

According to many studies, carboxylic —COOH functional groups have the highest affinity
to adsorb on calcite surfaces, with adsorption energies higher than molecules with hydroxyl —OH
or with aldehyde —CHO groups [134-140, 142-144, 146]. Carboxylic groups adsorb on calcite
surfaces by complexation of the positively charged calcite surface -Ca* sites by carboxylate
oxygens [134]. The adsorption has been found to be stronger for dicarboxylic acids and for larger
molecules with several carboxylic groups [134, 139]. A consequence of the strong adsorption of
carboxylic acids on calcite is passivation of calcite surface, which prevents dissolution and delays
calcite growth [135, 140]. Passivation of calcite surfaces has been also observed for many other
organic molecules that can adsorb onto calcite [147].

What remains unknown is how two calcite surfaces will interact with each other in the

presence of strongly-adsorbing organic molecules. There have been force measurements in which
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the interaction of —COOH groups with single calcite surfaces was investigated [77],
or measurements in colloidal calcite systems with the use of dispersants with carboxylic groups
[119], but such experimental data is limited. It is also not clear how the adsorption of dicarboxylic
acids is affected by the surface roughness, where the distribution of partial charges on calcite
surface is different than for the smooth surfaces. Forces between two rough calcite surfaces in the
presence of dicarboxylic acid molecules were investigated in this thesis using the Surface Forces

Apparatus (Manuscript 3).
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CHAPTER

EXPERIMENTAL METHOD

3.1 Force measurements with the Surface Forces
Apparatus

The main goal of this experimental thesis was to measure the forces between two calcite
surfaces in aqueous solutions of varying compositions. All force measurements were performed
using the Surface Forces Apparatus (SFA). There is a plenty of force-measuring techniques which
can measure forces in an indirect way, such as particle detachment experiments, peeling
experiments, measurements of the colloidal stability of dispersions, and more [45]. Only a few
of them allow measurements of the full force interaction, which means that the forces are
measured as a function of the separation between two surfaces. SFA is among few direct force
measuring techniques that provide a full force-distance interaction and the absolute separation
(D) between the surfaces [45, 148-150]. Another great benefit of the SFA is that it gives in situ
information about the contact topography [151].

Figure 9 shows a schematic representation of the SFA setup. Forces F(D) acting between
two surfaces during the SFA measurement are calculated from the deflection of a force measuring
spring (with a spring constant k). The base of the spring is moved vertically up on loading or down
on retraction by a known distance AD . During the loading-unloading cycles, at large separations
(where the F(D) =0), a change in the separation between the surfaces AD is equal to
a displacement of the spring base AD,. At smaller separations, there may be some force acting

between the surfaces. If at a given separation D, the force F(D) # 0, the spring deflects, and the
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Figure 9. Schematic representation of the Surface Forces Apparatus setup (FECO - fringes of
equal chromatic order). The nominal contact area between the surfaces is ~0.03 mm?for the
cylindrical samples with the radius of curvature R = 0.02 m.

change in the separation between the surfaces is no longer equal to the displacement of the spring

base (AD # AD,). The force F(D) can be calculated as:

F(D) = k(AD, — AD) (Eq. 14)

While the spring base displacement AD, is known, SFA has to be coupled with another technique
to measure the absolute separation between the surfaces (D), and calibrate the spring base
movement. Most frequently, SFA is coupled with an optical interferometric technique: Multiple

Beam Interferometry (MBI) [152-154]. In MBI, a white light beam is passed through the two
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Figure 10. Exemplary SFA measurement of the force (F) as a function of separation (D) for two
mica surfaces in 5 mM NaCl solution (pH 3; Debye length Apepye= 4 nm). The inset zooms on
separations D < 25 nm for the force curve on approach. DLVO fit was calculated using Eq. 5, 7
and 9 and the Hamaker constant for two mica surfaces in water A = 2.2-102°J [43]. Adhesive
jump in and jump out instabilities occur when the spring constant k is lower than the maximum
slope of force-distance curve. Adhesion force is the minimum force measured on retraction and
can be related to the surface energy y as indicated on the plot (R = R? /2R, where R is the radius
of SFA sample curvature; see equation 12.10 in Israelachvili [45]).

opposing SFA samples (see Figure 9), undergoes multiple reflections between the surfaces,
emerges as a set of interference FECO fringes (fringes of equal chromatic order) at discrete
wavelength positions, and is directed to the spectrometer. The wavelength (1) positions of the
FECO depend on refractive indices (n) and thicknesses of all the layers that comprise the SFA
samples. For the MBI to work, the SFA samples must be transparent and semi-reflective.
Transparency of a mineral sample is usually achieved by making it very thin (< 10 um). To make
the sample semi-reflective, a thin layer of metal (~55 nm Ag or Au) is deposited on one side of the

sample. In a typical SFA experiment with mineral surfaces, the sample most often comprises an
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Ag-mineral-solution-mineral-Ag interferometer. Usually, refractive indices and thicknesses of all
the layers are known, apart from the thickness of a solution film, which is equal to the separation
D between the two surfaces. D can be then easily calculated using the available analytical solutions
for a given interferometer [154]. Some part of the transmitted light is also directed to the camera
for the surface topography in situ observations. Typical distance resolution of the SFA is 1 A.
Figure 10 shows an exemplary force-distance curve measured with the SFA between two smooth
mica surfaces in an adhesive system (5 mM NaCl, pH = 3 solution).

Since FECO fringes are sensitive to the distance between two surfaces, they also provide
in situ information about sample topography in the observed contact region. This is very useful
when following changes in roughness of reactive solid samples. Additionally, as the position of
FECO fringes depends on the refractive indices of the layers, they can provide information about
precipitation of new phases on the surface of solid samples, or about nucleation taking place in
the solution. An exemplary FECO pattern of two smooth surfaces in contact is shown in the top
part of Figure 9. Whereas vertical wavelength (1) positions of FECO correspond to the separation
between surfaces, the shape of FECO in lateral direction corresponds to the shape and size of the
contact. The flattened part of FECO (~ 100 um) marks the contact region because the surfaces
flatten in contact elastically under the applied load (or due to strong adhesive forces; see chapter
12 in Israelachvili [45]). The lateral resolution of FECO is ~ 1 um.

Because of a cylindrical geometry of the SFA samples and their quite large radius of
curvature (R = 0.02 m), the nominal contact area in the SFA is ~0.03 mm?2. This is much larger
than in standard AFM experiments and allows a measurement of how two macroscopic surfaces
interact at small separations. Additionally, if the surfaces are reactive, SFA can give an insight into
the solid reactivity and recrystallization in confinement, since the separation between the surfaces

is < 10 um for a ~1 mmz2-large area [55].

3.2 Using calcite in the Surface Forces Apparatus

SFA is commonly used to measure forces between mica surfaces, and less often between
other mineral surfaces such as silica, quartz, gypsum or sapphire [43, 155-157]. Mica is the most
common substrate in the SFA because it is atomically smooth and can be easily cleaved into thin
(< 10 um) and flexible films. It is thus simple to glue the cleaved mica onto the SFA samples with
a cylindrical curvature. Apart from the results presented here, to the best of my knowledge, there
has been no prior force measurements with two calcite surfaces in the SFA. Chen et al. (2017)
[158] used discontinuous calcite substrates (with single calcite crystals grown on mica) in the SFA,

but only in order to follow calcite reactivity.
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We tested three ways of mounting calcite samples in the SFA:

- Using flat, cleaved and polished single calcite crystals with thickness < 10 um. This only
worked in a sphere-on-flat SFA geometry, rather than in the standard crossed-cylinders
SFA setup. We could successfully mount single crystal calcite surfaces in the SFA after
polishing them to thicknesses << 10 um. However, we could only use one calcite (flat)

surface against mica surface (on a spherical SFA disk).

- Using CaCOs films precipitated using the PILP method [159], in which thin calcite films
grow on a solid substrate (e.g. mica) in the presence of a soluble organic polymer additive.
We tested the growth of PILP-calcite films on glass or mica substrates. However, this
method yielded discontinuous CaCO; films, likely with traces of the incorporated organic

phase.

- Using Atomic Layer Deposition (ALD) method, in which polycrystalline 200 nm-thick
calcite films can be deposited on a solid substrate from the vapor phase. We deposited
calcite films on thin, cleaved mica substrates, and thus we could easily glue the samples to
the cylindrical SFA disks (Figure 9, Figure 1 in Manuscript 1). Details of the ALD
deposition method have been described in Nilsen et al. (2001) [160]. The detailed
description of how to prepare the ALD-deposited calcite samples for the SFA
measurements is presented in Manuscript 1 [161]. Briefly, during the ALD deposition
process, calcite film precursors are sequentially pulsed into the reaction chamber. Since
between each pulse of the precursors an inert gas (N.) is purged into the ALD chamber,
the growth is eliminated in the gas phase, and it can only occur on the solid substrate (in
our case on mica) [160]. The precursors used to grow the ALD calcite films in this work
were: Ca(thd). (Hthds2,2,6,6-tetramethylheptan3,5-dione) as a source of Ca, ozone and
CO, [160] The deposition temperature varied between 250 and 300 °C.

As our goal was to perform SFA force measurements between two calcite surfaces, the ALD
deposited calcite films were the most suitable: It was possible to attach them to curved, cylindrical
SFA disks and they were continuous over the whole surface of the samples (cm2-large areas). X-
ray diffraction (XRD) analysis was performed after each deposition to confirm that the films were
composed of calcite (see Figure 3 in Manuscript 1, Figure S10 in Supporting Information for
Manuscripti, and Figure S1 in Supporting Information for Manuscript 2). The major drawback

of the ALD polycrystalline calcite surfaces was the poorly controlled surface roughness. The
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roughness varied between each ALD deposition and sometimes also across samples deposited in
a single ALD run. As such, if possible, the sets of SFA measurements were performed using calcite
surfaces prepared in one ALD deposition run, in order to limit the variation in roughness. The
roughness of the ALD samples was measured with AFM on dry samples before and after the SFA
experiments. The AFM roughness data is of all the used ALD films is presented and discussed in
Manuscripts 1 and 2 (e.g. Figure 4 in Manuscript 1, Figures S4 and S5 in Supporting
Information for Manuscript 2). Figure 11 below shows exemplary Scanning Electron Microscopy

(SEM) image of an ALD calcite film and an AFM height map measured for the same sample.

Figure 11. Topography of ALD calcite films: a) SEM image (scale bar 1 um); b) AFM height map.
The rms roughness of the sample is 3 nm.
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3.3 Data analysis with Reflcalc

A separation between surfaces (D) in the SFA is typically calculated from the wavelength
(A) positions of FECO interferometric patterns. The FECO A positions depend on the refractive
indices (n) and thicknesses of all the layers that comprise SFA samples (including the water film
trapped between the surfaces). In a typical SFA experiment, samples consist of back-silvered mica
layers that comprise a three-layer mica-water-mica interferometer. Single mica crystals are
cleaved into thin layers in order to assure their uniform thickness [162], which greatly facilitates
the analysis of the interferometric FECO patterns: Simple analytical solutions are available to
calculate separation between two mica surfaces immersed in water, which only require that the
refractive indices of mica and aqueous solution are known [154] (see also Eq.S1 in Supplementary
Information for Manuscript 1). However, the analytical interferometer solutions are most
adequate for the SFA experiments in which the position of the contact fringes is known, the
maximum separation between the surfaces is relatively small (< 200 nm), and the number of
layers comprising samples is small.

Analysis of the FECO patterns is more complex when using multilayered and
unsymmetrical interferometers such as our ALD calcite surfaces (see Figure 9). Analytical
solutions are not suitable for our system, especially because the separation between rough and
reactive calcite surfaces may change from small, nm-range to large, um-range distances within
one SFA experiment. Therefore, in order to calculate separation between two calcite surfaces in
this work, we used an alternative approach which is the modelling of FECO A positions using the
open source software Reflcalc [163]. Reflcalc uses the matrix method for stratified samples
adapted from Schubert [164] in order to calculate the light transmission through multilayered
samples. A large number of thin solid or liquid layers can be used in the modelling. The input
parameters in Reflcalc modelling are material-characteristic optical parameters (refractive
indices and extinction coefficients) and thicknesses of each layer comprising the samples. To
determine the correct surface separation for each measured data point during SFA force
measurements, the Reflcalc-modelled A positions of FECO are compared with the FECO A
positions measured during experiments. This analysis was performed in the MATLAB software,
as described in detail in Section S1 of the Supporting Information for Manuscript 1.

Our Reflcalec-MATLAB analysis was compared with the standard analytical solution for
three typical SFA mica-mica experiments in aqueous solutions (see Section S1.4 of the
Supporting Information for Manuscript 1). We found a good agreement between these two
methods of the SFA data analysis. One can, however, expect additional sources of error in the

determination of separation between the surfaces when using rough and inhomogeneous calcite

33



surfaces. These mainly involve: misestimation of calcite thickness, which varies in different
locations on a sample; changes in calcite thickness during experiments due to calcite reactivity in
contact with solutions that are not accounted for in the analysis; and broadening of FECO fringes
because of the increasing roughness of calcite layers during the experiments. A more detailed
discussion regarding these possible sources of error in the determination of the separation
between calcite surfaces is presented in Section S1.5 of the Supporting Information for
Manuscript 1. We estimate that the error in the determination of absolute surface separation can
in some cases be as large as 100 nm, but the relative error between the consecutive data points in

SFA force-distance curves should be << 100 nm.
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CHAPTER

SUMMARY OF MANUSCRIPTS

4.1 Manuscript 1:

Forces between rough and reactive calcite surfaces in calcite-
saturated water

The first article titled ‘Surface Forces Apparatus measurements of interactions between
rough and reactive calcite surfaces’ addresses the forces acting between two calcite surfaces or
calcite and mica surfaces in water that has been saturated with respect to calcite.

We measured monotonically repulsive forces between two rough and polycrystalline
calcite surfaces in the saturated water. This was in line with the previous findings of Royne et al.
(2015) [44] and Diao & Espinosa-Marzal (2016) [41], who have measured repulsive forces
between two calcite or calcite and silica surfaces, and attributed this interaction to the repulsive
hydration forces. In our system, the forces were affected by the nm-scale roughness of the
polycrystalline calcite surfaces. We addressed the effect of roughness by semi-quantifying it
according to the model proposed by Parsons et al. (2014) [108]. Our results show that both the
effect of roughness and the repulsive hydration force gave rise to the exponentially decaying
repulsion. The hydration repulsion is a much shorter-ranged interaction than the roughness-
related mechanical force. Nevertheless, it was not possible to separate these two contributions
unambiguously due to the lack of precise information about the roughness in the contact region.
We additionally observed that the magnitude and range of the measured repulsion were changing

with time, which was attributed to the roughening of calcite surfaces in water. In some cases,
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during the force measurements between two calcite surfaces, we observed an additional strong
repulsion related to the nm-scale surface recrystallization in the contact region. This repulsive
‘force of crystallization’ could overcome the confining pressures of the order of MPa (which was
estimated assuming that the real contact area was a very small fraction of the nominal contact
area). Our findings were discussed in the context of the water-weakening phenomenon in
carbonates. We suggested an additional mechanism in which even the nm-scale recrystallization
of confined calcite surfaces in contact with water may bring about a strongly repulsive force of
crystallization, and as a result, cause the decrease in cohesion between the individual calcite grains
that comprise the rock.

In this work, we additionally measured the forces in an asymmetric system, between one
rough calcite and one smooth mica surface in calcite-saturated water. In several experiments, the
calcite surfaces were smooth enough to measure the adhesive forces in this surface configuration
(as the real contact areas were relatively large). If present, the magnitude of adhesion varied with
the time and was becoming larger in consecutive force-distance measurements (during which the
surfaces were repeatedly approached and retracted from each other). We attributed this increase
in adhesion to the growing real contact areas. This process was driven by pressure solution or
plastic deformation of the highest asperities on the calcite surface, under the repeatedly applied
load. If the surfaces were kept in contact under the constant applied load for several hours, the
contact topographies were becoming rougher.

Moreover, based on the control experiments between two mica surfaces in the same
solution, we suggested that the measured adhesion between mica and calcite surfaces could not
be solely attributed to Van der Waals forces, and that the electrostatic attraction between
positively charged calcite and negatively charged mica could have contributed to the measured
adhesion. These findings have interesting implications for the enhanced pressure solution
phenomena that has been observed in the presence of clay minerals [46]. Our work indicates that
the contacts between mica and calcite should be stronger than between two calcite surfaces. If the
surface forces play a major role in pressure solution, then mica should not enhance pressure

solution of calcite, as these two minerals should form strong adhesive contacts.
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4.2 Manuscript 2:

Forces between rough and reactive calcite surfaces in calcite-
saturated electrolyte solutions

In Manuscript 2, titled ‘Nucleation in confinement generates long-range repulsion
between rough calcite surfaces’, we investigated the forces between two polycrystalline and rough
calcite surfaces in electrolyte solutions with varying composition and ionic strength.
The importance of such study is related to the strongly varying levels of salinity of pore waters
that saturate sedimentary rocks [165]. Moreover, according to the observations of Javadi & Reyne
(2018) [93] and Pouget et al. (2013), adhesive forces between calcite surfaces can be measured in
concentrated electrolyte solutions (> 0.1 M). In our system, we additionally examined the effect
of roughness and surface reactivity in confinement on the measured forces. Although adhesive
forces can act between calcite surfaces at higher electrolyte concentrations, this effect might be
counteracted by the repulsive forces associated with calcite recrystallization, which may be locally
driven in these concentrated solutions.

We did not measure any adhesive forces, which were expected to act between calcite
surfaces in concentrated electrolyte solutions. Only monotonically repulsive forces were present
in all NaCl, CaCl, and MgCl. solutions, even when the solution ionic strength was as high as 1M.
In most of the experiments, we observed a sudden increase in the range and magnitude of the
repulsion. This increase was correlated with the nucleation of an amorphous or poorly crystalline
precipitate in the contact region. The precipitate did not form heterogeneously on the calcite
surfaces but formed in the confined solution, and it was most likely a hydrated and viscous CaCO4
phase. Because the precipitate persisted in the gap between the two surfaces, it gave rise to the
long-range and high-magnitude repulsion acting between two calcite surfaces. We suggest that
this repulsion was of a hydrodynamic origin. The magnitude and range of the repulsion were the
largest the moment when the precipitate was spreading into the contact region. We associated
this peak in the repulsive forces with the pressure that the growing precipitates exerted on the
confining walls. The nucleation in the solution was significantly hindered in the presence of Mg2+-
We could not obtain any precise data about the phase and crystallinity of the precipitate in situ in
the SFA, or after the experiments with AFM or SEM.

The observed phenomenon has important implications for surface forces acting between
reactive surfaces, crystallization in confinement, transport of reactants in thin water films
between mineral surfaces, intergranular cementation, and evolution of microstructures both in
geological environments and in calcite-based materials. Importantly, our results indicate that the

adhesion between calcite surfaces in high salinity solutions may be counteracted by the repulsive
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forces associated with the recrystallization processes occurring in confinement. Such repulsion
may in turn impact deformation processes in rocks and materials, which often starts at grain

boundaries and in fractures where the solid phases are exposed to percolating fluids.

4.3 Manuscript 3:

Forces between rough and reactive calcite surfaces in aqueous
solutions containing organic molecules

Manuscript 3, titled ‘Effect of Ca?* on forces between calcite or mica surfaces in presence
of dicarboxylic acids’, addresses the interaction between rough and reactive calcite surfaces
in dicarboxylic acid solutions. We used water-soluble dicarboxylic acids with a varying number of
carbon atoms per molecule (2 to 7). Dicarboxylic acids have been previously shown to strongly
adsorb onto calcite and passivate the calcite surface against dissolution [134]. In this work, we
investigated whether these organic molecules can also strongly adsorb onto rough and
polycrystalline calcite surfaces, influence calcite reactivity, and significantly affect the forces
between two calcite surfaces.

Our results indicate that dicarboxylic acids did not strongly adsorb on calcite surfaces,
as the surfaces were dissolving during the experiments. Also, we found little influence of the
dicarboxylic on the forces between calcite surfaces measured in dicarboxylic acid solutions
(pH = 8.2-8.4, 50 mM). We measured adhesive forces only in some of the experiments with the
longer-chained adipic and pimelic acids, with 6 and 7 carbon atoms per molecule. The minimum
of these adhesive forces was located far away from the contact position. Also, the adhesion was
present only if the surfaces were strongly dissolving. Based on that, we suggested that the
adhesion was related to the long-range hydrophobic attractive force between the organic
molecules that could be weakly adsorbed to calcite, and/or to the presence of high amounts of Ca2*
in the solution confined between the dissolving calcite surfaces.

To exclude the effect of roughness, we performed control experiments between two
smooth mica surfaces. The control experiments in Ca2*-free solutions did not indicate that the
long-range hydrophobic attraction acted between two mica surfaces in dicarboxylic acid solutions.
Since in calcite-calcite setup, there was likely a substantial amount of Ca2* due to the dissolution
of calcite, we also measured forces between two mica surfaces in dicarboxylic acid solutions with
the varying amounts of added Ca2*. The forces were adhesive, and the magnitude of the adhesion
was increasing with the increasing Ca2+ concentration. However, since clay surfaces are known to
interact strongly with each other in the presence of Ca2* (due to the attractive ion correlation

forces), it was not clear if the organic molecules had any influence on the measured adhesion.
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Our results indicate that small dicarboxylic acid with 2 to 7 carbon atoms in a molecule are
not efficient to significantly modify the surface properties of rough calcite surfaces in our system.
Dicarboxylic acids did not promote enhanced repulsion or any strong adhesion between our
calcite surfaces in pH 8.2-8.4 aqueous solutions. Therefore, our results suggest that alone,
dicarboxylic acids have little potential to change the surface properties of calcite in water-based

colloidal systems.

4.4 Conclusions and Outlook

The main goal of this thesis was to investigate to what extent the nanoscale surface forces
acting between reactive calcite surfaces in aqueous solutions may contribute to the macroscopic
strength and cohesion of carbonate rocks and calcite-based granular materials. As such, it was
important to investigate any possible feedbacks between the nm-range surface forces and calcite
reactivity in aqueous solutions. Figure 12 shows a schematic overview of the main processes
studied between two confined calcite surfaces in the SFA experiments. These involved
measurements in three types of aqueous solutions: calcite-saturated water, calcite-saturated
electrolyte solutions, and aqueous solutions with dissolved dicarboxylic acid molecules. Apart
from the nm-range surface forces between two calcite surfaces, we investigated calcite dissolution
and recrystallization, surface roughening, precipitation in confined solution, and mechanical
effects due to the deformation of surface asperities during repeated loading-unloading cycles. As
the nominal contact area between calcite surfaces in SFA experiments is large (contact radius of
50-100 um), all the recrystallization processes that we observed in the contact region occurred in
confined solutions. Such a system is relevant for geological environments and granular calcite-
based materials because many deformation processes often start in confined regions where solid
surfaces are in contact with the percolating fluids.

Surface forces that we measured between two rough, polycrystalline calcite surfaces with
the SFA in inorganic solutions were always repulsive. The roughness of the calcite surfaces largely
contributed to the magnitude of the measured repulsion. Additionally, the recrystallization of
calcite surfaces, even at nm-scale, further enhanced the magnitude and onset of the repulsive
forces. The repulsive forces associated with both nm-scale surface roughness and surface
recrystallization events may be much larger in magnitude than the repulsive hydration forces
previously attributed to calcite surfaces [44]. According to the DLVO theory, most mineral
surfaces, including calcite, should form strong adhesive contacts in concentrated electrolyte
solutions due to the screening of electrical double layer repulsive forces [93]. Our measurements

indicated no adhesive forces between calcite surfaces even in the most concentrated (1 M) salt
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solutions. These findings suggest that the high roughness of mineral surfaces may prevent them
from forming strong adhesive contacts, despite the fact that the corresponding smooth mineral
surfaces would likely attract each other in a given aqueous solution. Moreover, once exposed to
aqueous solutions, calcite surfaces are not likely to form very strong adhesive contacts in weakly
basic solutions (pH 8-9), which can in part contribute to the water-weakening phenomenon in
carbonate rocks. In contrast, we measured adhesive forces in an unsymmetrical system between
smooth mica and calcite surfaces, provided that the calcite roughness was relatively low. We
suggest that the measured adhesion was likely due to the electrostatic interactions between
oppositely charged mica and calcite surfaces and that mica and calcite may form relatively
stronger contacts than two calcite surfaces in geological environments.

We showed that substantial recrystallization of calcite surfaces may occur in confined
spaces, also in solutions that are globally slightly undersaturated with respect to calcite. We
suggest that such effects may be partially attributed to a high surface energy of rough calcite
surfaces [56] but also to the spatial confinement, which may promote a local supersaturation with
respect to calcite due to the relatively slow diffusion of ionic species out of the gap between the
dissolving surfaces. Our observations show that the recrystallization of calcite surfaces in confined
spaces may occur via an unexpected mechanism, in which the precipitates grew in the solution
trapped between the surfaces but not directly onto the calcite surfaces (even if the gap between
the surfaces was um-thick). We suggest that this effect was related to the spatial confinement,
which hindered dehydration of the poorly crystalline and liquid-like precipitate. We also showed
that the presence of the viscous precipitate between calcite surfaces gave rise to the long-range
and high-magnitude repulsive forces between the surfaces. As such, in slightly basic pH
conditions (pH 8-9), recrystallization and growth of calcite in confined spaces in our system were
rather displacive than cementing. The observed repulsive forces associated with the displacive
recrystallization may have crucial consequences for the evolution of porosity and microstructure
in rocks and calcite-based materials, especially in the context of the pressure solution and the
water-weakening phenomenon, both commonly occurring in carbonate rocks. Additionally,
precipitation in confined solution may influence the transport of reactants from the dissolution
sites to the precipitation sites, which is a crucial step in pressure solution. Although we did not
measure the transport of ionic species in our system, we suggest that the presence of viscous phase
between the surfaces may significantly slow down the diffusion of ions even in relatively thick,
um-wide gaps between the surfaces.

The findings presented in this thesis show that rough calcite surfaces tend to form weak

contacts in weakly basic pH solution conditions and that the growth and recrystallization of calcite
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surfaces can enhance the magnitude and range of repulsive forces. In order to fully understand
the link between the surface forces and recrystallization of calcite, the future work should involve
force measurements between two calcite surfaces as a function of solution pH: It has been recently
observed that calcite can form strong adhesive contacts in high pH solutions (pH = 12) [100]. The
measurements in this thesis were performed with rough, polycrystalline calcite surfaces. Due to a
large interest in interactions between calcite surfaces, spanning from geology to materials science,
the potential future work should also involve preparation of smoother calcite surfaces suitable for
the SFA measurements, in order to eliminate the effect of roughness on both surface forces and
calcite reactivity. It is especially crucial to identify if the observed precipitation fronts in confined
regions can develop in a similar fashion between smoother or single crystal calcite surfaces. Lastly,
potential future work should focus on studying interactions between calcite surfaces in salt
solutions with other geologically-relevant ionic composition (such as S027), and in solutions
containing other soluble organic molecules. According to our measurements, the organic
molecules seem to be promising in switching surface forces between calcite surfaces from

repulsive to attractive in weakly basic solutions.
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Figure 12. Overview of the main processes studied in the SFA experiments with rough and
reactive calcite surfaces in Manuscripts 1, 2 and 3. The diameter of the nominal contact area is
~100 uym and the maximum separation between the surfaces during the force-distance
measurements is usually < 1 um on retraction.
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