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Introduction and context

Oil exploitation is carried out through different processes, namely: primary, secondary and
tertiary modes. In the primary process, oil is displaced from reservoirs to production wells by
naturally occurring build-up of water and gas pressure inside the reservoir. As production
proceeds, the differential pressure between the reservoir and the earth surface tumbles down
and artificial lift methods like pump rods are used. The secondary process includes water or gas
flooding to maintain pressure and consequently expel more oil out of the reservoir. However,
the oil still remaining in the reservoirs after the primary and secondary processes is estimated
to be approximately 60-70 % of the Original Oil In Place (OOIP). The tertiary mode,
collectively labelled Enhanced Oil Recovery (EOR) thus aims at mobilising the trapped oil
which remains unrecovered by the conventional primary and secondary processes. The

techniques employed during this phase involve:

e thermal and CO: injections which aim at reducing the viscosity of resident oil;

e chemical such as polymer and surfactant injections to bring the viscosity of the injected
water close that of the oil and reduction of oil/water interfacial tension respectively;

e low salinity waterflooding (LSW), where brines of lower salt concentration compared

to formation water are injected into reservoirs.

Regarding this latter technique, in the 1990’s, Morrow and his co-workers noticed that the
composition of injected brine influenced the amount of oil recovered [1], [2]. Since then, many
studies focussed in that direction and have postulated different pore scale mechanisms to
account for benefits in oil recovery during LSW. For instance, the presence of clays [3]-[5],
the particle release theory [3], the pH increase theory [6], multicomponent ion exchange [7],
[8] and wettability modifications [9]-[11] have been put forward. However, to date these

theories are still prone to debate and the LSW mechanism is not clear.

Based on the displacement of residual oil (after the primary and secondary processes) by
injected brines, this technique is governed by the efficiency of both macroscopic and
microscopic displacements [12]. Macroscopic displacement quantifies the ability of the injected
brine to come in contact with the oil-containing part of the reservoir and its efficiency is affected
by parameters such as the heterogeneities and anisotropy of oil reservoir (porosity,
permeability), the relative mobility of the displacing and displaced fluids, and the rock matrix

[12]. Microscopic displacement in its turn determines the ability of the brine, once in contact
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with the oil, to displace it. The parameters governing the efficiency of microscopic
displacement are the interfacial and surface tensions of the coexisting fluids and solids,
wettability of the reservoir, capillary pressure in the pores and relative permeability [7].
Improving oil recovery efficiency by LSW is challenging since it requires to overcome both
viscous and capillary forces [13]-[15]. In addition to that, the complex nature of oils thwarts
the process of oil recovery. However, with respect to the well understood EOR techniques
(polymer, surfactant, gas and steam injection), LSW presents the advantage of operating in a
similar way to conventional waterflooding, uses relatively cheap and available materials and is

a low-CO- footprint technology [16].

Objectives

This thesis aims at understanding LSW in sandstone reservoirs. As such, the reservoir is a
porous medium where several solid and fluid phases coexist and the success of oil extraction
lies in the understanding of the complex crude oil/brine/rock (COBR) interactions (Figure 1
[17]). Taking into consideration a drop of oil on a mineral surface, the equilibrium is a result of
solid/brine interaction (ysg), solid/oil interaction (yso) and oil/brine interaction (y,g). Firstly,

each contribution is studied individually and then, the three phases are confronted.

Yo Brine
Yss m
Clay mineral

Figure 1 : Schematic representation of oil in a clay containing reservoir

The work in this thesis is presented as follows:

e Chapter 1 is the state of the art section. Firstly we provide a literature review of the

different mechanisms put forward in relation to LSW. Since our study deals with LSW



Page |3

in sandstone reservoirs, the second part of the chapter provides the scientific background
of clay minerals and the associated wettability review. A third part is dedicated to the
description of crude oils and the basic concepts of oil/brine interactions. In addition we
also report the literature advances of crude oil/brine interactions.

In chapter 2, we chose to report the different clay minerals and crude oils used in this
thesis. Indeed, these materials have been used in the experiments of the different
chapters. However, detailed experimental procedures and set-ups are provided at the
beginning of each of the following chapters (3, 4 and 5).

In chapter 3 we investigated solid/liquid interactions by studying the wettability of clay
minerals in an extensive way (effect of surface ions, relative humidity, particle size and
surface roughness on contact angles). We show that the water wettability of clay
minerals are highly dependent on the nature of surface ions.

Chapter 4 is dedicated to the investigation of crude oil/aqueous phase interfacial tension.
Due to the complex nature of crude oils, we designed a simplified model system and
carried out identical experiments on both systems. We show that interfacial tension of
the organic phase (containing surface active molecules) is dependent on the nature and
concentration of ions in the aqueous phase. In the second part of the chapter, oil/brine
interactions are studied by analysing the stability of emulsions.

Finally, in chapter 5, we confront oil, brine and clay minerals. Interactions between
these phases are firstly studied via contact angle measurements. We show that
exchangeable ions at the surface of mica drive its wettability. In the second part of the
chapter, triple phase interactions are probed by the study of the stability of emulsions in

the presence of different clay minerals.
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Introduction
This chapter, divided into four subparts, aims at (1) summarising the literature results dealing
with low salinity waterflooding; (2) describing the prerequisites of the wettability of clays; (3)
providing an insight into oil/aqueous phase interactions; and (4) providing our analysis of the

literature in order to correlate the objectives of the present work.

1. Low salinity waterflooding (LSW) and literature mechanisms

Low salinity waterflooding experiments under both laboratory and field conditions have
revealed increased oil recovery in most cases (but not always). As stated in the introduction, it
all started with the pioneer work of Morrow and his co-workers in the early 1990’s, where they
noticed that brine composition influenced the amount of oil recovered [1], [2]. Since then,
many studies have focussed in that direction and reported the necessary conditions for
observing low salinity effect as: (i) the presence of clays (even if the type and amount of clay
has not been clearly identified yet); (ii) the presence of polar components in oils; (iii) the
presence of connate water (water trapped into the pores of the rock); (iv) the presence of
divalent cations in the connate water; (v) a significant difference between the salinity of injected
brine and in place water (injected brine concentration being much lower than that of the connate
water) [3]-[5]. However, working under these conditions have not always ensured benefits in
oil recovery. In line with the benefits provided by this technique, a number of theories have
then been postulated in order to explain the possible associated mechanisms. These main
theories are described herein:

1.1  The presence of clay minerals
The presence of clay minerals has been considered as a key parameter in order to obtain
increased oil recovery during LSW. Formerly, Tang and Morrow [6], performed numerous
experiments on kaolinite containing sandstones and observed positive low salinity responses.
They observed that the presence of potentially mobile fines played a key aspect in oil recovery.
For instance, this phenomenon has been linked to permeability reduction (described in section
1.2) causing injected water to take alternate pathways and hence increase sweep efficiency.
Furthermore, Tang and Morrow [6] reported that if a core containing kaolinite was fired and
acidified to destroy its structure, low salinity effect was no longer observed. In line with the

work of Tang and Morrow, it became obvious, and a general assumption that the presence of
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clays was an essential condition for positive low salinity effect. Furthermore, Lager et al. [7]
and Seccombe et al. [8] performed their experiments in the presence of clay minerals, with
special emphasis on kaolinite content. They concluded that low salinity response was in fact
linked to the amount of kaolinite present. Following these observations, another step was made
in relation to clay and low salinity effect, where this time, attention was paid to the type of clay
[9]. It followed that highly charged clay minerals were likely to respond more positively to low
salinity brines. Indeed, injected brine cause cation exchanges with the rock surface. It is worth
mentioning that most clay minerals possess a cation exchange capacity (CEC, cf section 2.1.4.).
However, it is must be pointed out that many other studies have observed increased oil recovery

in clay-free sandstones [10]-[13].

1.2  Particle release theory
Particle release (clays mainly) has been evoked for explaining benefits in oil recovery.
According to such interpretation, when the salinity of injected brine is less than the critical salt
concentration needed for the flocculation of clays, in agreement with the DLVO theory, the

electrical double layer (Figure 1. [14]) between the clay particles is expanded.
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Figure 1: Double electrical layer

As a consequence, particles may get detached from the walls and during their flow, get blocked
at pore constrictions which results in permeability reduction of the reservoir (cf section 2). This

phenomenon of permeability reduction in reservoirs [15], termed formation damage, has been
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reported to be linked to three different processes (Figure 2), namely: (i) Migration (in the
presence of non-swelling clays); (ii) swelling (in the presence of the swelling clays); and (iii)
swelling induced migration (swelling clays destabilise non-swelling clays and cause them to

detach from the walls).

(i) N - Migration: Changing ionic conditions

—= o u"'s-é; - cause the release of clays from pore walls
TRes” and results in pore blockage.

(i) Swelling: Changing ionic conditions

m m cause the swelling of clays lining the
— il .
" e W pores and reduce the cross-sectional area

for flow.

(iii) Swelling Induced Migration: changing
‘*"ﬂ!rr‘ hrof =8 o ionic conditions cause swelling of clays

lining the pore walls and dislodge fines in
the process.

Figure 2: Mechanisms of damage in sandstones containing swelling and non-swelling clays

due to changes in agueous composition.

Particle release, permeability reduction and increase in differential pressure have been
associated to increased oil recovery by Tang and Morrow [6]. As we described earlier, the
blockage of fine particles at pore constrictions, the associated permeability reduction and
increase in differential pressure have been reported to force injected fluid into different flow
paths and hence increase sweep efficiency. However, in the studies of Zang and Morrow [9]
and Lager et al. [16] without any permeability reduction, they recorded increased oil recovery.
Literature thus reports that fine release and migration and the related permeability reduction
cannot be the prime mechanism driving oil recovery during LSW. Indeed, increases in
differential pressure have been observed without the detection of clay particles in effluent brine.
Moreover, when similar experiments were performed by using mineral instead of crude oils, no
net increase in differential pressure was recorded. It is clear that the interactions of crude

oil/brine/rock are complex.
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1.3 pH increase theory
During low salinity waterflooding, pH increases have been reported to occur as a result of cation
exchange between Na* cations at the rock surface and H* from water in injected brine [15]. The
resulting brine was then reported to act in a similar way as the alkaline flooding method. As
such, during alkaline flooding, injected water contains chemicals such as sodium hydroxide or
sodium carbonate, which react with carboxylic acids present in oils and generate surfactants
[17] . As a result, the oil and water interfacial tension is reduced, eventually promoting the

formation of emulsions (oil/water or water/oil) and hence increases oil recovery by capillary

desorption.
H,0 =H"+ OH-
(i) Cation Exchange : Rock-Na* A—‘ Rock-H™ + Na®™ + OH-
(ii) Saponification reaction: R-COOH + OH- R-COO- + H,0

Figure 3: schematic representation of low salinity brine acting in a similar way as alkaline
flooding to promote saponification.

Elsewhere, changes in solution pH have been reported to influence the zeta potential of rock
particles and eventually lead to desorption of organic components from the surface [18].
However, the theory of pH increases to account for LSW has been contradicted by many studies
where the authors observed either very slight pH increases or even pH decreases [10], [11],
[16].

1.4  Multicomponent ion exchange (MIE) theory

The multicomponent ionic exchange is another theory postulated to explain low salinity effect.
In reservoirs, the crude oil/brine/rock interactions result from a thermodynamic equilibrium and
upon injection of brines different from in place connate water, the equilibrium is disturbed.
Considering the adsorption of molecules from crude oils onto clay minerals, it has been reported
that this process is likely to take place according to the mechanisms described in Table 1 [11],
[19], [20]. However, only the mechanisms of cation exchange processes, cation bridging, ligand
bridging, or water bridging (shown in Figure 4 [5], [8]) have been considered relevant to the
field of LSW [5], [19].
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Mechanism Organic functional group
Cation exchange Amino, ring NH, heterocyclic N (aromatic ring)
Cation bridging Carboxylate, amines, carbonyl, alcoholic OH
Ligand exchange Carboxylate
Water bridging Amino, carboxylate, carbonyl, alcoholic OH
Anion exchange Carboxylate
Hydrogen bonding Amino, carbonyl, carboxyl, phenolic OH
Protonation Amino, heterocyclic N, carbonyl, carboxylate
Van der Waals interaction Uncharged organic units

Table 1: Mechanisms for multicomponent ionic exchange.

OlL
OIL
OIL
¢ /A
olL / \\ 6"v0
A 0 o .
o H*H
R, R, R, o/': ko | 7
B | . - Ca 0-
R ——N+ Ca?* I Mg2*

O-

Cla Eo—}m—d

Cation exchange Cation bridging Ligand bridging Water bridgingl
Figure 4: Different adsorption mechanisms of crude oil components on clay mineral surface.

Multivalent cations such as Ca?* and Mg?* strongly bind to rock surfaces. On their side, polar
components from crude oils (such as naphtenic acids, asphaltene and resin, cf section 3.1) are
bonded either via the cations or directly onto the mineral surface and hence tune the wetness of
reservoirs to oil-wet state. During their studies, Lager et al. [16], observed that the presence of
divalent cations in connate water was a necessary condition in order to obtain additional oil

recovery during LSW in the tertiary phase. Moreover, they postulated that the molecules from
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crude oils which were directly adsorbed on the mineral surface (without any bridge) could be
easily displaced by uncomplexed divalent ions in the injected brines (rock affinity for Ca?* >
polar component from crude oil). Indeed, in another study they observed that the adsorption of
Mg?* ions led to increased oil production (the concentration of Mg?* in injected brine > than

that measured in effluent brine) [8].

However, in their studies, Boussour et al. [11] showed that the presence of divalent ions was
neither compulsory nor did systematically increase oil production. The same authors concluded
that MIE mechanism could not be generalised, but could however not be completely discarded

to explain the impact of brine composition on the efficiency of LSW.

1.5 Wettability modifications in the presence of low salinity brine

Wettability modification has a dominant influence on oil recovery. In this context, Rao [21]
observed that highest oil recoveries were obtained when the rock was in an intermediate and
mixed-wet states. As such an intermediately wet surface implies that it has no strong wetting
preferences towards the fluids while mixed-wet state refers to different wetting affinities
towards different fluids. Indeed, in relation to LSW, wettability modification is desirable for
cores to evolve from intermediate or mixed-wet to more water-wet states upon flooding with
low salinity brine (Figure 5 [5]). On a more fundamental basis, the phenomenon of wettability
will be detailed in section 2.2.

=0 min _Q_. » ..'s._-d ."' .- 'se:‘\ﬁ.. . . ..‘a.~ .:"04‘— Olldrople.ts

substrate

=40 min|. p— : et ) -

Figure 5: Mobilization of oil droplets to leave a water-wet state when low salinity brine flows

past a model montmorillonite-quartz substrate.

The wettability of a sandstone by crude oils in the presence of brines was probed by contact
angle measurements that revealed variations according to brines salinity [22]. Indeed, the

system was shown to evolve towards more water-wet state in the presence of low salinity brines
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compared to high salinity ones. Analysis of zeta potential under changing ionic conditions,
revealed modifications of the charges at the rock/oil interface and hence impacted the
adsorption/desorption of organic molecules from the crude oils. Elsewhere, studies performed
in carbonates have also shown some evolution towards more water-wet states in the presence

of low salinity brines [23].

In line with wettability modifications as a function of brine salinity, impact of the pH of
solutions was formerly studied by Drummond and Israelachvili [24]. They observed evolution
from water-wet to intermediate wet system at pH<9 and from oil-wet to water-wet state at

pH>9, as shown in Figure 6 [24].

Wettability modifications (ideally from mixed-wet to water-wet) during LSW is a key
parameter and impacts the amount of oil recovered. However, the efficiency of this process is
governed by many parameters such as the properties of the crude oils (polar components), that
of the mineral surfaces and that of connate water (salinity and pH). In a general way, the

previously described mechanisms (1.1 to 1.4) have been described to be linked to this theory.

12
1
10
“ Water-wet
.8 (6=0°)
Q
7
-
5
4
3
10 10+ 109 102 10! 10° 10

Na* concentration, M

Figure 6: Wettability as a function of pH and salinity.
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1.6 Simulations of low salinity waterflooding
Despite the growing interest for LSW as an alternative EOR technique, only few papers have
shown interest in the modelling of low salinity waterflooding. Mostly the studies have simulated
the potential of LSW by using data from coreflood experiments [25]-[27].

Even if the mechanisms at the origin of LSW remain debatable, the most agreed theory is
wettability alteration driven by the MIE mechanism. In line with these theories, Underwood et
al. performed molecular dynamic simulations of the interactions of a smectite clay
(montmorillonite) with neutral decane, polar decanoic acid and charged sodium decanoate
under varying salinity conditions [20]. Firstly, the authors observed that salinity did not impact
the expansion of the electrical double layer. Secondly, the MIE mechanisms (described section
1.4) were independent of salt concentration. For instance, they neither observed an interaction
between the non-polar decane and clay’s surface nor between the uncharged polar decanoic
acid and the clay’s surface. However, the charged sodium decanoate was able to interact with
the basal plane of the clay in the presence of Mg?* cations. On the other hand, the authors
observed that for the clay in both an oil- and water- wet state, dehydrated Ca?* cations were
present in the Stern layer and that the amount of the cations was not impacted by salt
concentration. The authors thus concluded that cation and ligand bridging between the organic

molecules and the clay surface were not driven by salt concentration.

Recently, a core-scale numerical model was used to examine whether MIE is the dominant
mechanism which drives the low salinity effect [28] . Since the divalent cations have been
mentioned various times to play a key role on the adsorption of organic molecules, the authors
modelled the desorption of divalent Ca?* by monovalent Na* ions on clay minerals. For
instance, they substituted adsorbed Ca?* with Na* by using NaCl of salinity of 50000, 10000
and 2000 ppm. They observed that 100% of adsorbed Ca?* were removed in the presence of
NaCl at 50000 and 10000 ppm but 10% of the sites were still occupied by Ca?* when NaCl of
2000 ppm was used. These results were not in agreement with experimental data, since more
oil (hence desorption of organic molecules), was recovered with low salinity brine of NaCl at
2000 ppm. The authors thus concluded that MIE is not the prevailing mechanism and if the
detachment of molecules from the surface is on one hand governed by cation exchange
phenomenon, on the other hand, it also lies on the breakage of the chemical bond (through
repulsive forces). In short, this phenomenon should be directly linked to the electrical double
layer which upon exhibiting sufficient repulsive forces should drive the detachment of oil
droplet from the pore walls.
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2. Sandstones and wettability of clays
Oil reservoirs are principally consisted of either sandstones or carbonates. These two types of
rocks have a remarkable porosity and hence act as a “sponge” in order to retain oil. Our work
aims at studying the recovery of oil in sandstone reservoirs (the most abundant type) and hence
we are focussing our description on sandstones. Basically, they are sedimentary rocks
composed of sand grains (siliceous minerals like quartz, feldspaths and sometimes
phyllosilicate minerals like mica) of sizes ranging between 60 um — 2 mm and are held together
by cements of silica, carbonate or clays. In the interstitial pore space, fine materials of

sedimentary origin called matrix may also be present.

Regarding the pores of sandstones, they are either able to communicate between themselves
(with at least one pore), be of cul-de-sac morphology (only one opening) or without any
connection with the neighbouring pores. Whichever the type of pores, they all together define

the porosity of a rock as:
O=Vp/Vy =Wy —V;)/Vp Equation 2

With @: being the porosity; Vp: volume of pores; V;: total volume and V,;: volume occupied

by rock grains and other particles

If on one hand stands the porosity of the reservoir, on the other hand its permeability is a major
concern for the petroleum industry. It defines the ability of fluids to pass through the porous
medium and is only possible in the presence of pores which are able to communicate with each
other. In the reservoir, different phases such as water, oil and gases coexist each having an
effective permeability designated by kw, Ko and kg respectively. Indeed a highly porous rock
with a low permeability would not be of great interest. As described in the LSW mechanisms
associated to the particle release theory (section 1.2), a reduction of permeability has been used

to account for increases in oil recovery.

In sandstone reservoirs, clay minerals are often present at the surface of pores or in the cement
in between the grains of the rocks. The most common minerals found in sandstones are
kaolinite, illite, chlorite and smectites. However, from one sandstone reservoir to another, the
amount of clay minerals vary. As stipulated in the LSW mechanisms, the presence of clays has
been considered as one of the working conditions in order to observe benefits in oil recovery
by this particular technique. Also, in order for the MIE mechanism to take place, the crude oil
components have to be adsorbed on surfaces with a capacity to exchange ions (for instance

clays). Taking into consideration these mentioned features, the following subsections are
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dedicated to the description of the structures of clay minerals, followed by their influence in the

wettability of reservoirs.

2.1 Clay minerals
Clay minerals are fine grained particles of sizes < 2 um in diameter and consist of crystal sheets
having a repetitive atomic structure. They belong to the phyllosilicate family, distinguishable
by their layered structure of silica tetrahedra (SiOs) and of alumina, magnesium or iron
octahedra (Al, Mg, Fe)(O,0H)s.

2.1.1. Tetrahedral sheet
The tetrahedral sheet consists of tetrahedra with Si** as central cation (sometimes substituted
by A" and Fe**) and four oxygen anions (O?%) at the corners (Figure 7a) [29]). The tetrahedra
are linked in such a way that the three basal oxygen delimit a two dimensional hexagonal pattern
(Figure 7b) [30]). The fourth oxygen anion, called the apical oxygen, is free compared to the

basal anions and act as connection between the tetrahedral the octahedral sheet.
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Figure 7: a) Tetrahedron of silicium (SiO4)*; b) The tetrahedral sheet. T, tetrahedral cations;

Oxa, apical oxygen atoms; Oxp, basal oxygen atoms. A and b refer to unit cell parameters.

2.1.2. Octahedral sheet
The octahedral sheet is composed of octahedra with a central trivalent (AI** or Fe®*) or divalent
(Fe?*, Mg?*) cation coordinated by six anions (0%, OH"), the neighbouring octahedra being
linked by sharing of their edges. In the presence of divalent cations, each anion is shared
between 3 neighbouring octahedra and the layer is termed trioctahedral (Figure 8b) [31]). In

the presence of trivalent cations, each anion is shared between 2 neighbouring octahedra and
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hence only 2/3 of the cationic sites are occupied. In this configuration the sheet is termed
dioctahedral (Figure 8c) [31]).

a) c)
fe\)
7
Octahedral sheet: Trioctahedral Octahedral sheet: Dioctahedral

Figure 8: a) Octahedron with central cation coordinated to six anions; b) and c) octahedral

sheet in trioctahedral and dioctahedral configurations respectively.

The basic building block of clay minerals is made up of stacked sheets of tetrahedra (T) and

octahedra (O), which defines the clay platelet.

2.1.3. Classification of clay minerals
The AIPEA (Association Internationale Pour 1I’Etude des Argiles) has classified clay minerals
according to the structuring of their building blocks (stacking of sheets of tetrahedra and
octahedra). It is the most widely adopted classification of clay minerals and describe them as
follows [30]:

e 1:1 or TO clay minerals: The layer is composed of a tetrahedral sheet (T) and an
octahedral sheet (O). The thickness of such a layer (base of the tetrahedral sheet in one
layer to the base of the tetrahedral sheet in the next layer) is about 7A°.

e 2:1 or TOT clay minerals: The layer is characterised by two tetrahedral sheets
sandwiching an octahedral sheet. The thickness of such a layer (TOT + interlayer
spacing) is 9A°.

e 2:1:10r TOTO clay minerals: The layer is composed of a TOT structure and contain an
octahedral sheet in the interfoliar spacing. The thickness of such a layer (TOT+
interlayer spacing containing the octahedral sheet) is 14A°.

e Regular mixed-layer clay minerals: This type of layer is constituted by the stacking of

layers of different types (TO, TOT, TOTO) and hence have variable thicknesses.
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After the gross classification according to the layered structure, the clay minerals are further

separated into subgroups which differ from each other with respect to their net surface charges
as shown in Table 2 [30].

Layer | Mineralgroup  Charge/ unit Dioctahedral Trioctahedral
Type formula minerals minerals
1:1 | Non-expanding
Serpentine- ~0 Kaolinite Serpentine
Kaolin
2:1 | Non-expanding
Talc- ~0 Pyrophyllite Talc
pyrophyllite
Expanding
Smectites 0.2-0.6 Montmorillonite Nontronite
beidellite Hectorite
Saponite
Vermiculite 06-0.9 Vermiculite Vermiculte
Mica 09-1.0 Muscovite Phlogopite
~1.0 Biotite
2:1:1 | Non-expanding i.  Trioctahedral: interlayer and 2:1 octahedral
sheets are trioctahedral
Chlorite variable ii. Dioctahedral: interlayer and 2:1 octahedral

sheets are dioctahedral

Di-trioctahedral: 2:1 octahedral sheet is
dioctahedral and interlayer sheet is
trioctahedral

Tri-dioctahedral: 2:1 octahedral sheet is
trioctahedral and interlayer sheet is

dioctahedral

Table 2: Properties of clay mineral group.

As observed in Table 2, some are neutral clay minerals while others possess surface charges.

When the tetrahedral and octahedral sheets assemble to form the layers, the net resulting charge

(neutral or negative) constitute the permanent structural charges as follows:
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- Electrically neutral layers occur with the combination of:

(1) Tetrahedral sheets made up of tetrahedra, all containing Si** as the central

cation and,

(i)  Trioctahedral sheets containing Mg?*, Fe** or other divalent cations as

central cation of all the octahedra constituting the octahedral sheet or,

(ili)  Dioctahedral sheets containing AI** or Fe** as central cation of all the

octahedra constituting the octahedral sheet.

- Negatively charged layers occur in the presence of:

(i) Isomorphic substitutions of Si** by AI** in the tetrahedral sheet;

(i) Avacancy of cation in the trioctahedral sheet;

(ili)  Isomorphic substitutions of AI** by divalent (or lower charge) cations in the

octahedra of the dioctahedral configuration.

The different layered minerals used in our study are described herein:

o 1:1

Kaolinite is the most common mineral from the kaolin subgroup belonging to the 1:1 structured

clay minerals (Figure 9 [32]). It contains Si** as the central cation of the tetrahedra and AI** in

the centre of octahedra in dioctahedral configuration. Due to the absence of isomorphic

substitution, kaolinite minerals are known to possess negligible internal CEC (cation exchange

capacity, section 2.1.4.) and hence do not contain interlayer cations. The charges occurring are

primarily pH dependent charges (at the edges and on basal (OH) surfaces) [33].

Lh ® si
i ® O
H
Al
Hydroxyl surface

[ = e

Al octahedral layer o
Inner-layer
Hydroxyl

Si tetrahedral layer g ;-. ;-
Basal siloxane /
surface AL }\ « & /L i 4

Figure 9: Kaolinite structure

When the tetrahedral and
octahedral sheets stack into a
layer, the apical hydroxyls of the
octahedral sheets face the basal
oxygen of the tetrahedral sheets.
A strong hydrogen bonding is
thus exerted between these
entities causing limited
expansion and no room for water
molecules to fit into the interlayer

spacing.
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o 2:1

Smectites: are characterised by the 2:1 layer structure (Figure 10 [34] ).

Basal surface

(001) ‘

Edges

@ Al Mg

¥ cations

I IZO

Figure 10: a) A clay platelet with the basal surface and the edges shown; structure of clay

platelet resulting from stacking of TOT layers.

Well known smectite clay minerals are dioctahedral montmorillonite and beidelite and
trioctahedral nontronite. The permanent charges at the surface of these clays are a result of

isomorphic substitutions as follows [35]:

- Montmorillonite: in the octahedral layer, AI** by Mg?*
- Beidelite: in the tetrahedral layer, Si** by AP
- Nontronite: in the tetrahedral layer, Si** by Fe?*.

Unlike kaolinite, due to the permanent charges of the smectites, the interlayer spacing contain
exchangeable cations in order to equilibrate the negative charges of the platelets. Most
commonly encountered cations in order of relative abundance are Ca?*, Mg?*, H*, K* and Na*
[36]. With respect to the nature of the cations (their hydration energies) and the relative
humidity conditions, water molecules are also likely to be found in the interfoliar space and
cause swelling of the clays. As such, the layers are held together by van de Waals forces
between interlayer cations and the adjoining negatively charged layers. Some authors reported
that the hydration energy of interlayer cations can overcome the attractive forces between the
cations and the charged layers in such a way that the interlayer spacing is increased (swelling
occurs) [37]. In the presence of Na* as exchangeable ions, one, two or three hydrate layers are
likely to be found in the interlayer space according to the relative humidity. Indeed under high
humidities, swelling of smectites occur in such a way that clay particles delaminate (i.e basal
spacing tending to o) and hence easily disperse in water as individual platelets. In comparison,

in the presence of Ca?* as interlayer cation, a maximum of three layer hydrate occurs.
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Mica also forms part of the 2:1 structured clay minerals (Figure 11 [38]). Two tetrahedral sheets
sandwiching an octahedral sheet (either a di- or tri-octahedral sheet) are made up of a repetition
of 3 tetrahedra of Si** and a fourth tetrahedron containing AI®* as central cation. This
substitution gives rise to an excess of negative charge, which is compensated by an interlayer
cation, usually K* (e.g. muscovite -dioctahedral configuration with AI** in the octahedral sites

or biotite —trioctahedral configuration with Mg?* and Fe?* in octahedral sites).

When several TOT layers are stacked,

OOOO

Tetrahedral layer @ the interlayer cations form a strong

bond between the basal oxygens of the
Octahedral layer .. +
adjoining tetrahedral sheets. As such K
Q Si ions can exactly fit into the hexagonal

Interlayer cation ) O O O (o 0)

@ on cavities of the tetrahedral sheets.

Al . : .
m ® Expansion of the interlayer spacing of
mica is very limited and the mineral is

Figure 11: Mica structure known as a non-expanding clay.

Similar to the basic building unit of muscovite mica (2 tetrahedral sheets sandwiching a
dioctahedral sheet), Illite clay minerals are also known as “hydrous” or “weathered” mica. As
mica, the interlayer spacing contains K* as exchangeable cation, in a sufficient amount to limit
its expansion when in contact with water (indeed K* ions are known to be poorly hrdrated) , but
not enough amount to neutralise surface charges arising from isomorphic substitutions. As a
consequence, unlike muscovite, some water molecules are able to enter into the interlayer

spacing.

In addition to the permanent structural charges, the clay minerals also possess pH dependent
charges. As suggested by the name, these charges are not permanent and depend on the pH of
solutions. Amphoteric OH present at the apex of octahedra are subject to protonation or
dissociation according to pH of the surrounding environment and hence, play an important role
in the development of surface charges. In addition, at the edges, in order to saturate the valencies
of silicium and oxygen in the tetrahedral sheet and that of aluminium and oxygen in the
octahedral sheets, water molecules are hydrolysed and give rise to silanols and aluminols
respectively. According to the pH of the surroundings, the silanols and aluminols dissociate and

protonate as follows:
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o In the tetrahedral sheet: dissociation of silanol
=Si-OH + OH <> =Si-O" + H.0 Equation 3

Due to the low pKa of silanols, they do not get protonated under normal pH range and are

unlikely to contribute to the edge positive charges [39].

o In the octahedral sheet: dissociation of aluminol
=Al-OH + OH <> =AIl-O" + H20 Equation 4
o In the octahedral sheet: protonation of aluminol

=Al-OH + H* &> =AI-OHJ + H,0 Equation 5

2.14. Cation exchange capacity of clay minerals
In relation to the permanent and pH dependent charges, clay minerals retain cations to maintain
electrical neutrality. This property of clay minerals is referred as the Cation Exchange Capacity
(CEC) and is defined for each mineral at a given pH. As such, the CEC (expressed in
milliequivalents per 100g of clay mineral) refers to the total number of negative charges which
are likely to attract exchangeable cations by van der Waal forces. As described above, the
charges of clay minerals are either of permanent or non-permanent origin and hence define two

types of CEC respectively:

- Internal CEC: is linked to the amount of cations in the interfoliar spacing
required to compensate permanent layer charges
- External CEC (at the edges): is linked to pH dependent charges.
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2.2 Wettability of oil reservoirs
This section aims at reviewing the wettability of oil bearing sandstone reservoirs, with special
emphasis on the wettability of clay minerals. Briefly, the phenomenon of wettability
characterises the affinity of one fluid to spread on a solid surface in the presence of other
immiscible fluids (Figure 12 [40]). The reservoir (fluid/rock system) can grossly be classified
either as oil-wet or water-wet depending on the fluid that coats the rock surface. In the former
case, the majority of the rock surface as well as the small pores within the rock are respectively
in contact and occupied by oil. In the latter case, water is in contact with the rock surface and
occupies the small pores. As seen above, systems of mixed wettabilities are defined when both
oil and water tend to adhere to rock surfaces. In such cases, the large pores are oil-wet and small
pores water-wet, with oil and water wet regions continuously connected. In some reservoirs,
the rocks are of irregular mineral composition and surface chemistry, thus giving rise to

wettability termed fractional as it varies depending on the part of the core investigated.

Water-wet Mixed-wet Oil-wet

|:| Brine (water)

- Rock grains

Figure 12: Wetting in pores. In a water-wet case (left), oil remains in the center of the pores.
The reverse conditions holds if all the surfaces are oil-wet (right). In the mixed-wet case, oil has
displaced water from some of the surfaces, but is still in the centers of the water-wet pores

(middle). The three conditions shown have similar saturations of water and oil.

In the oil industry, determination of reservoir core wettability is either achieved on a
quantitative or qualitative basis. The Amott wettability measurements, USBM (U.S. Bureau of
mines) method, electrical resistivity method and contact angle measurement method are
generally used techniques to quantify wettability of reservoir cores [41]. Qualitative methods
for the determination of the wettability of reservoir cores include imbibition rates, microscope

examination, flotation of particles in fluids, glass slide method, relative permeability curves,
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capillary pressure curves, capillarimetric method, displacement capillary pressure,
permeability/saturation relationships, reservoir logs, nuclear magnetic resonance and dye
adsorption methods [41].

Our study focusses on the wettability of clay minerals found at the surface of rocks and to reach
such a goal, the contact angle measurement method was appropriate to determine the wettability

of pure minerals.

2.2.1 Contact angle method

When a small drop of liquid is deposited on a solid surface, the three phases (solid S, liquid L
and the vapour V) are in contact. As a result of intermolecular interactions between them, the
liquid either spreads or shapes up on that particular surface. For instance, when adhesive forces
(the attractive forces between the molecules of the liquid and those of the solid) are stronger
than the cohesive forces (the attractive forces between the molecules within the liquid), the
liquid spreads on the solid surface. On the other hand, if the cohesive forces outweigh the
adhesive forces, the liquid shapes up spherically in order to minimise contact with the surface.
The extent to which a liquid is actually in contact with the solid gives rise to two different
wetting regimes: partial (with a finite contact angle 6) or complete (contact angle 6 = 0°) wetting

as illustrated by Figure 13 below:

Vapour

Yiv
Liquid .
, 0 a) Poor wettability
SV ¥YsL °
Solid 6290
Partial
Y Vapour wetting
fquh b) Good wettabilit
Vs [ Ysi Liquid ) 6 < 90° %
Solid - v
Vapour
Liquid c) Complete wetting : contact surface is maximised
Solid 0=0°

Figure 13: Schematic representation of different wetting regimes when a liquid is deposited
on a flat solid surface. The geometry of the sessile droplet is characterised by the contact

angle 0.
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The global equilibrium configuration of a sessile droplet on a smooth and chemically
homogeneous solid surface is driven by the minimisation of surface energies. In the case of
finite contact angles, the wetted portion is delimited by the triple phases contact line L and

characterised by the contact angle 6 as described the Young-Dupré equation:

Ysv—VsL
YLv

cos 0 = Equation 6

Where, ysy, Yy and yg; are the surface tensions at the solid-vapour, liquid-vapour and the

interfacial tension at the solid-liquid interfaces respectively.

It is worth outlining that in the context of oil reservoirs, in the presence of a solid surface (rock),

water and crude oil the most widely accepted classification of wetting is that of Anderson [41]:

Contact angle of water , 8 (°) State of wetness
0~75 Water-wet

- 55~75 - Weakly water-wet
75~ 115 Intermediate-wet
115~ 180 Oil-wet

- 115~135 - Weakly oil-wet

Table 3: Classification of wetness according to Anderson.

e Surface tension and Interfacial tension (IFT)

The tension present at the surface (for e.g liquid-vapour: y,, ), arises from the fact that
molecules which are located within the bulk are subjected to equal forces of attraction in all
directions, while those located at the interface experience unbalanced attractive forces.
Consequently, the cohesive forces between molecules at the surface are stronger than those in
the bulk and result in a surface “film” with a high energy. This enhancement of cohesive forces
is referred as the surface tension. In a similar way, interfacial tension exists at interfaces.
Distinction between surface and interfacial tension is made when considering the tension at
solid/vapour and liquid/vapour in the former case and solid/liquid and liquid/liquid interfaces

for the latter case.

Generally, surface/interfacial tensions are the free energy per unit area (expressed in joules per

square meter: J m) or the force per unit length (expressed in newtons per meter: Nm) [42].
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2.2.2. Parameters influencing contact angle measurements
When possible, i.e. for smooth and non-porous surfaces, the Static Sessile Drop (SSD) method
is well adapted and relatively easy to use. In this technique, a drop of the probed liquid is
deposited on the substrate and the contact angle is defined as an equilibrium of the triple phase
contact line. However, for clay minerals, this method is more prone to difficulties and the results
can strongly vary depending on various parameters such as nature of the surface ions [43], [44],
relative humidity [44], [45], particle size [46], [47] and surface roughness [48]-[53].

a) Surface lons

As far as the effect of cations nature is concerned, a few studies investigated their influence on
wettability. In the case of kaolinite, a non-swelling clay mineral with exchangeable ions (H,
Na*, K*, Ca**, Mg?*, Ba?* and AI*"), Biaeopiotrowicz et al. [43] measured the contact angles of
water and diiodomethane. In terms of surface free energy of the different kaolinite samples,
their results revealed no major differences of the dispersive components (Van der Waals type
force). In contrast, the non-dispersive components (dipole-dipole, dipole-induced dipole,
hydrogen bonding type forces) increased linearly on clays exchanged with H*, Na*, Ca?*, Mg?*
and APF*. A linear correlation was thus found between the non-dispersive forces and the
respective entropy of hydration of the ions. Both the K* and Ba?* samples did not follow the
obtained linear relationship. The authors assigned the latter results to the large size of these two
ions (K* and Ba?*) compared to the other ones. In contrast to these results, Shang et al. [44]
observed negligible effect of the nature of surface ions (Na*, K*, Mg?" and Ca?*) on water

contact angles measured on samples of smectites, kaolinite and illite.

b) Relative Humidity, RH

Relative humidity, RH, is an important parameter to be taken into consideration during contact
angle measurements. Indeed, as described in the previous sections, clay minerals are likely to
contain water molecules in the interlamellar space. The interaction mechanisms of water
molecules with swelling clays can be described according to two main processes [54]-[56]. At
high water content osmotic swelling occurs for smectites with monovalent cations such as Li*
or Na* leading to a complete exfoliation of the structure [37], [55], [56]. At lower RH, the
hydration capacity of smectites mainly depends on the nature of the interlayer cation [45], [57],

[58]. Cases et al. [45] and Michot et al. [57] analysed montmorillonite swelling for various
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interlayer cations and observed an increase in basal spacing with hydration energy according to
the following series: Cs* < Rb* < K* < Na* < Li* < Ba®* < Sr?* < Ca?* < Mg?*. Consequently
the most hydrated clays (hence with the proper exchangeable cations) are expected to give the
lowest water contact angles. During their studies, Shang et al. [44] investigated the effect of
relative humidities of 19, 33, 75 and 100% on smectite, kaolinite and illite with Ca?* as
exchangeable cation. Overall, they did not observe any general trend of the contact angles of
water and diiodomethane as a function of RH at 33 and 75% but at 100% RH they recorded a

decrease of the contact angles of water and an increase of that of diiodomethane.

c) Particle Size

The effect of particle size on wettability has to our knowledge not been investigated in the case
of clay minerals. Data on the effect of particle size are available for other materials. For
instance, Synystka et al. [46] measured dynamic contact angles on hexagonally packed silicon
particles of different sizes (containing grafted polymers) and observed that increasing vertical
roughness did not modify the advancing angles for particles sizes ranging from 0.2 to 10 pm.
However, the receding contact angles increased until the particles size reached 5 um and then
decreased. In their investigations, Yang et al. [47] determined contact angles of molybdenite
powders of various sizes by Washburn’s method and found that smaller particles exhibited

smaller contact angles.

d) Surface Roughness

Surface roughness is a key parameter influencing contact angle measurements. In opposition to
chemically homogeneous and smooth surfaces, when a liquid is dropped on a rugged surface,
the triple phase contact line is unable to stabilise to a minimum energy [59]. Wenzel, Cassie
and Baxter have described models relating contact angles to the roughness of surfaces [60],
[61]. Wenzel on his side described the homogeneous wetting regime and stated that upon
addition of roughness on a surface, its wettability is enhanced and driven by the chemistry of
the surface. For instance, a chemically hydrophobic surface becomes even more hydrophobic
provided that the liquid penetrates into the grooves and that the size of the droplet is two to
three times larger in magnitude than the roughness. On their side, Cassie and Baxter described
the heterogeneous wetting regime where drops bridge across surface protrusions and do not

penetrate into the grooves.
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Figure 14: Different wetting regimes; a) Young model; b) Wenzel model; c) Cassie-Baxter

model.

Whether drops penetrate in grooves (homogeneous wetting regime: Wenzel model) or not
(heterogeneous wetting regime with air trapped in between the grooves under the liquid: Cassie-
Baxter model), surface roughness plays a key role in the determination of contact angles (Figure
14 [62]). As far as clay films roughness is concerned, Zabat et al. [53] reported that the nature
of the interlayer ions defines the profile of the surface. They studied the roughness of
montmorillonite films with various interlayer ions Li*, Na*, Cs*, Mg?*, Ba?*, AI** and La®*" by
fractal analysis. The results showed that H, the Hurst exponent of fractal Brownian motion (cf
chapter 3, section 1.4.3.), decreased in the order of clays exchanged with monovalent cations
to divalent cations and finally to trivalent cations. In short, this indicated that clay films
exchanged with monovalent ions are smoother while those with trivalent ions are the roughest

ones.
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3. Oil/laqueous phase interactions

3.1 Crudeoil

Otherwise known as petroleum, crude oil, primarily consists of a mixture of hydrocarbons of
different molecular weights naturally occurring in sedimentary rocks (porous and permeable
lithological structures such as sandstones and carbonates). In addition to hydrocarbons,
complex molecules containing elements like sulphur, nitrogen, oxygen and trace of metals (Na,
Ca, Mg Al, Fe, Ni and V) are commonly found [63]-[65].

Crude oils are classified according to physical parameters such viscosity and the APl (American
Petroleum Institute) gravity. Viscosity (resistance to flow of liquids), qualifies oils from low
viscosity liquids up to tar-like (nearly under the solid form). It is determined at different
temperatures (for example at 25°C and 100°C) by measuring the time for a volume of a liquid
to flow under gravity. On its side, the API gravity, determines how heavy the crude oil is with
respect to water (whether it floats on or sink into water). Light crude oils have low densities
and high API values while heavy crude oils have high densities and low API values. Typical

API values and examples of oils ranging from light to heavy are reported in Table 4 [63].

141.5
specific gravity

API gravity (°) = —131.5 Equation 7

With the specific gravity being the ratio between the density of the crude oil and the density
of a reference liquid, usually water at 60°F (15.6°C).

Classification | API range (° APl) | Examples Crude Name, API (° API)
Light > 33 Saudi super light, 39.5

Nigerian light, 36

North Sea Brent, 37

Medium 28 -33 Kuwait, 31

Venezuela light, 30

Heavy <28 Saudi heavy, 28

Venezuela heavy, 24

Table 4: classification of Petroleum crude.

The chemical composition of crude oils varies from one source to another. However, the

elemental constituents have been reported to vary over a quite narrow range as [66], [67]:
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o 83.0-87.0 wt. % O 0.05-15 wt. %
H 10.0 - 14.0 wt. % S 0.06-6.0 wt. %
N 01-20 wt. % Metals <0.01 wt. %

In order to valorise crude oils, they are separated into fractions by distillation under atmospheric
pressure (for components of boiling points < 360°C and produce light gases C1-C4, gasoline,
naphtha, kerosene, fuel oil etc. ) and under vacuum conditions (where constituents boil and
evaporate at lower temperatures under reduced pressure to produce light and heavy vacuum gas

oils). The fraction remaining after vacuum distillation is termed bitumen or asphalt.

It is of greater interest for the petroleum industry to separate the constituents into hydrocarbon
groups rather than into elemental constituents. Indeed, separation into different hydrocarbon
groups provide handier information for example, during reservoir evaluation (such as
estimation of potential flow rates), determination of petroleum origin, studies of degradation

processes and environmental effects [68].

The separation and isolation of the constituents of crude oils is generally achieved by a process
known as the SARA fractionation (Figure 15 [67]). Based on the difference of solubility and
polarity of the components, this method separates dead oil (oil that has lost its gaseous
components) into four classes, namely the Saturates, Aromatics, Resins and Asphaltenes. The
asphaltenes are first precipitated and the SAR class (also known as maltenes) separation is

usually achieved by high-performance liquid chromatography (HPLC).

Crude oil
l

Precipitate Solution

SAR / Maltenes
| Silica

Trichlm‘olmethane \ n-hexane \ n-hexane

Asphaltenes  Resins Aromatics  Saturates

Figure 15: Scheme for SARA Fractionation.

e Saturates include the paraffins (linear or branched alkanes), naphthenes
(cycloparaffins) and a subclass of saturates named waxes (straight-chain alkanes of Czo
to Cao).



Page |35

e The Aromatic class consists of benzene based molecules (unsaturated single or multiple
closed rings) which contain alkyl and cycloalkanes as substitutions. Polar molecules on
aromatics of high molecular weights are assimilated to the resin or asphaltene classes.

e The resin and asphaltene classes are usually defined as solubility classes. For instance,
resins are soluble in n-alkanes such as n-pentane and n-heptane but insoluble in propane
[64], [69], [70] while asphaltenes are soluble in aromatic solvents like benzene and
toluene but insoluble in the n-alkanes [71]. Both resins and asphaltenes are compounds
of high molecular masses (500 -1000 g/mol [72]) and contain heteroatoms like sulphur,
nitrogen and oxygen. Structurally similar, resins differ from asphaltenes by their lower
molecular weights and higher H/C ratios (1.2-1.7 for resins and 0.9-1.2 for asphaltenes)
[70], [71]. Resins (Figure 16 [73]) have been reported to play an important role in the

stabilisation of asphaltenes in petroleum and hence prevent their precipitation.

\I\‘sou

Figure 16: Structures of resin molecules.

As such, it is generally accepted that asphaltenes are polycyclic aromatic hydrocarbons but due
to the complexity of the molecules, the exact number and arrangement of the aromatic cycles
are not precise. Consequently, the molecular structure of asphaltene is still debatable [74]. Two
different possible structures of asphaltene molecules are shown in Figure 17 underneath. The
molecule 17.a), consists of a number of polyaromatic rings linked by alkyl chains and the
molecule 17.b) on its side shows a central block of polyaromatic rings with peripheral alkyl
chains [75], [76]. The average gyration radius of asphaltenes have been reported to be 15A°
[72].
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Figure 17: Hypothetical structures of asphaltene molecules.

Due to the presence of various polar atoms and the large hydrocarbon skeleton, asphaltenes and

resins have been reported to be interfacial active (surfactants) molecules [77], [78].

3.1.1. Surfactants
In this section, definition of surfactants is being given on the basis of the classical and
commonly known ones. As such surfactants or surface active agents, are amphiphilic organic
molecules possessing a polar headgroup (hydrophilic) and a nonpolar (hydrophobic or

lipophilic) end [79]. Accordingly to the polar headgroup, surfactants are classified as follows:

- Anionic: the head possessing a negative charge;
- Cationic: the head possessing a positive charge;
- Non-ionic: no charged moiety on the head;

- Zwitterionic: the head possessing both negative and positive charges.

Surfactants possess the property of adsorbing at oil/water interfaces and alter their interfacial
free energies [80]. When the concentration of surfactants in a solution reaches a critical value
known as the critical micelle concentration, CMC, the molecules assemble into micelles (direct
or inverse, Figure 18). On the other side, the formation of micelles is also affected by
temperature. Below a certain temperature known as the Kraft temperature, the surfactant
molecules are crystallised and it is only above this temperature that they solubilise to liberate

individual molecules which eventually associate into micelles.
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Figure 18: Schematic representation of a) a surfactant molecule; b) a direct micelle; c) an

inverse micelle.

The proportion of the hydrophilic to lipophilic parts of surfactant molecules is described by the
Hydrophile Lipophile Balance (HLB) i.e. the balance of the size and strength of the polar and
the non-polar groups. HLB thus characterises the solubility of surfactants in water and ranges
from 0 for a completely hydrophobic molecule to 20 for a completely hydrophilic molecule (i.e.
the limits being non-surfactants and the higher the HLB the more soluble the surfactant in
water). The HLB is an important parameter which is actually helpful in determining the type of
emulsion formed (O/W: oil in water or W/O: water in oil) when surfactants act as emulsifiers.

HLB range Application
3-6 W/O emulsifier
7-9 Wetting agent

8-20 O/W emulsifier
13-16 Detergent
15-18 Solubiliser

Table 5: HLB range of surfactant relative to different applications.

Bancroft’s rule (and accordingly to table 5), states that the phase in which the surfactant is more

soluble tends to be the continuous phase.
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3.1.2. Emulsions
Two immiscible phases lead to thermodynamically unstable emulsions. Due to their
amphiphilic nature, surfactants can act as linkers between organic and aqueous phases by
decreasing surface tension. An emulsion is made when a shearing force is applied to two
immiscible liquids (e.g. oil and water) in the presence of a linker such as a surfactant/ an
emulsifier. It consists of one liquid dispersed (the dispersed phase) into the other liquid (the
continuous phase). According to the dispersed and continuous phases, two main types of
emulsions can be distinguished: O/W (oil droplets in water as the continuous phase) also known
as direct emulsion and W/O (droplets of water dispersed in oil as the continuous phase) also

known as inversed emulsion.

a) b)
“ ; =
) éwj water /|
MOll “a N
=2 Favat
water

0Oil

Figure 19: Representation of simple emulsions a) O/W emulsion and b) W/O emulsion.

Accordingly to the IUPAC definition, emulsions are subdivided into different categories

depending on the size of the droplets which constitute the dispersed phase:

- Macroemulsion: droplet size > 400 nm
- Minioemulsion also called nanoemulsion: droplet size 100 - 400 nm

- Microemulsion: droplet size < 100 nm.
Macroemulsions

Even if macroemulsions can be kinetically stable, they are known to be thermodynamically
unstable. Depending on the nature of the emulsifier, macroemulsions can be of both W/O or
O/W type. Indeed, as seen above, in the presence of an emulsifier of low HLB, the emulsion
formed would rather be of W/O type and vice-versa. Moreover, a W/O or O/W macroemulsion
can be tuned by controlling the order of mixing of the different phases. For instance, adding oil

into water is likely to form an O/W emulsion.
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Miniemulsions / Nanoemulsions

As macroemulsions, miniemulsions can be W/O or O/W types which are thermodynamically
unstable. They consist of finely dispersed droplets (much finer than macroemulsions) and can
be regarded as colloidal dispersions. To reach the droplet size characteristic of a nanoemulsion,

the amount of surfactant present should represent about 1 — 3% of the oil fraction.
Microemulsions

Like macroemulsions and miniemulsions, microemulsions can be both of W/O or O/W types.
However unlike the latter emulsions, microemulsions are thermodynamically stable. Actually,
this stability is driven by the free energy of the colloidal dispersion. For instance, the free energy

of the emulsion is lower than the free energy when the phases are separated.

Microemulsions are formed to favour a lowering of interfacial tension between the oil and
aqueous phase. In order to reach the droplet size characteristic to microemulsions, about 15 —

30 % of surfactant is necessary.

Apart from the simple emulsions described above, complex emulsions, also called multiple

emulsions can also be encountered. For example:

- O/WIO: resulting from the dispersion of an oil in water emulsion into a
continuous oil phase; the dispersed oil droplets containing smaller water
droplets.

- W/O/W: resulting from the dispersion of a water in oil emulsion into a

continuous phase of water; the dispersed water droplets containing smaller oil

droplets.
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Figure 20: Schematic representation of a) O/W/O emulsion; b) W/O/W emulsion.
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Pickering emulsions

Pickering emulsions are particles-stabilised emulsions. Unlike the stabilisation of emulsions
due to lowering of interfacial tension by surfactants, particle-stabilised emulsions depend on
the size of the particles. Indeed, the particles need to be smaller than the droplets in order to be
located around them. Similarly as the surfactant-stabilised emulsions, particles can stabilise
both W/O and O/W emulsions. However, the effectiveness of the stabilisation is dependent on
various factors such as: particle shape and size, particle’s wettability and particle-particle

interactions.
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Figure 21: Wettability of a particle in a pickering emulsion.
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3.1.3. Crude oil surfactants and surrounding aqueous phase
During the process of LSW, crude oils containing surfactant molecules are in contact with the
injected brines and depending on the conditions of the surrounding environment, the surfactants
either adsorb at or move away from the oil/water interfaces. These processes have respectively
been termed the salting-in and salting-out effects and play a key role in the oil/brine interfacial
tension. Initially, these terms were used to characterise the solubility of proteins in electrolytes
and led to a classification of ions according to their effectiveness to salt-in/out proteins. This
series is commonly known as the Hofmeister series (Figure 22 [81]). lons in the series are
referred as kosmotropes and chaotropes according to their ability to modify hydrogen bonding
in a network of water [82]. For instance, kosmotropic ions, structure water molecules since
interactions between ion-H>0 > H>0-H>0. Kosmotropic ions thus stabilise and have a salting-
out effect on proteins. On the other hand, chaotropic ions are “structure breakers”. Indeed, these

ions lose their hydration shell and interact with proteins causing them to solubilise.

Cations

N(CH;)f NHf ¢st*  Rb* K* Na' Lit Mg?t Cca?t
T |
SO~ HPO3~ OAc™ cit” OH™ ClI~ Br~ NO3 ClO3 BF; I~ Cl0; SCN™ PFg

Anions
Kosmotropic Chaotropic

7 Surface tension N Surface tension

Harder to make cavity Easier to make cavity
N Solubility hydrocarbons A Solubility hydrocarbons

Salt out (aggregate) -::> Salt out (aggregate)
N Protein denaturation 2 Protein denaturation
A Protein stability N Protein stability
Weakly hydrated soft cations Strongly hydrated hard cations
of low charge density of high charge density
Strongly  hydrated  hard Weakly hydrated soft anions of
anions of high charge density low charge density

Figure 22: Hofmeister Series: typical ordering of cations and anions.
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In order to provide the necessary conditions for the displacement of adsorbed oil by the injected
brines, it is necessary to have an insight of the IFT between the aqueous phases (connate water
and injected brines) versus the oil present in the reservoirs. The measurement of interfacial
tension between two liquids can be achieved by several methods. For instance, the drop-weight
[83], the Du Noby ring [84], spinning drop [85] and the pendant drop [86] methods are widely
used techniques. In our study, the interfacial tension measurements have been made by the
pendant drop method.

3.1.3.1.  The pendant Drop method
The pendant drop method used for measuring interfacial tension between two fluids consist of
suspending, for example, a drop of a liquid at the tip of a needle into another liquid and
analysing its shape. The interfacial tension between the inner and outer phase results in a
difference in pressure (AP) across the curved interface as described by the classical Yong-

Laplace equation as follows:
AP = Py — Poyr = VY [R—11+ Riz Equation 8

Where, P,y and P,y are respectively the pressure inside and outside the drop; y is the

interfacial tension; R, and R, are the two principal radii of curvature of the surface.

The increase in volume results in an elongation of the drop (spherical to ‘pear-shape’: Figure

23 [86]) as a result of an equilibrium between the surface tension and gravity.

Figure 23: Schematic representation for the derivation of the Young-Laplace fit on a pendant

drop.
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3.1.3.2.  Gibbs treatment and surface excess concentration
When two liquids A and B are in contact, an interfacial layer separates them. This interfacial
layer is a “transition zone” of non-negligible thickness in which physical parameters such as
concentration vary continuously from their values in the bulk phases A and B (“real situation™)
[87]. Gibbs treatment considers a geometrical surface of negligible thickness, which is parallel
to the interface and within the interfacial zone. This surface is known as the Gibbs dividing
surface (Figure 24: “Gibbs method”) and is located at the surface of physical discontinuity. It
is a hypothetical surface used to define the volumes of the bulk phases and is used in the

calculation of the extent of adsorption and of other surface excess properties [88], [89].

At an interface, the adsorption or surface excess of a given component is defined as the
difference between the amount of component actually present in the system, and that which
would be present (in a reference system) if the bulk concentration in the adjoining phases were

maintained up to the Gibbs dividing surface [88]-[90].

Z ClA
:
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1
___________ R
. i
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1
c?
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Gibbs method

Figure 24: Schematic representation of two bulk phases A and B in contact via the interfacial
layer. The Interfacial layer is treated by Gibbs as a surface parallel to the interface and termed
the Gibbs dividing surface. C/* and C? represent the concentration of component i in phases

A and B respectively.

Gibbs thus defined, at constant temperature, the change in energy of the interfacial region by,

dy, according to following adsorption equation:

dy = —Zi% dp; = -3 1 dy, Equation 9


http://goldbook.iupac.org/A00155.html
http://goldbook.iupac.org/S06171.html
http://goldbook.iupac.org/I03082.html
http://goldbook.iupac.org/G02635.html
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And dy; = RT dln q; Equation 10

where: % = [; is the number of moles of component "i" adsorbed per unit area (surface

concentration); dy,; is the change in chemical potential of "i"; R is the gas constant; T is the
absolute temperature and a; is the activity of "i" in the bulk phase.

Depending on the nature of components in the bulk, they are either likely to adsorb at or move
away from the interface. Accordingly, when a component moves towards the interface, positive
adsorption is said to have occurred. In contrast, movement of a component away from the

interface is termed negative adsorption. It thus follows that:

I'i < 0: negative adsorption >Ay > 0: IFT 2
I'i > 0: positive adsorption - Ay <0: IFT N

3.2  Effect of salts on oil/brine interfacial tension

During the process of low salinity waterflooding, injected brines are in contact with adsorbed
oils. Depending on the nature of the oil, interfacial tension between the two liquids can be
favoured by injection of brines of monitored composition. It is thus important to have an insight
of the variation of IFT with varying brines composition. In this view, a chronological review of
some main advances on firstly, pure hydrocarbon/brine system and secondly, crude oil/brine

systems is presented.

3.2.1. Effect of salinity on pure hydrocarbon systems
In 1976, Aveyard and Saleem investigated the interfacial tension of dodecane against aqueous
electrolytes of NaCl, NaBr, Na;SO4 KCI, KBr and LIiCIl. They reported their results as
increments of interfacial tension as Ay = Ydodecane-electrolyte — Ydodecane-water. 1 Neir results showed
that for all salts, apart from KI, increasing the molalities of the electrolytes were accompanied
by positive increments which were linear functions of the molalities. Due to the positive values
of the increments and hence increase in interfacial tension, they concluded that the salts were
negatively adsorbed at the interface. In the case of Kl electrolyte, the increments were negative
and no clear tendency was observed as a function of increasing molality. The authors hence
reported that the iodide ion acted as a surfactant and hence decreased the interfacial tension

between dedocane and the aqueous phase [91].
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In 1996, Cai et al. focused their study on the effect of carbon number on the interfacial tension
of different hydrocarbons against water/brine system. Firstly, for C6, C8, C10, C12, C14 and
C16 alkanes, they observed a slight increase of the interfacial tension with the molecular masses
of the hydrocarbons against water. As far as the effect of salinity is concerned, they measured
the interfacial tension of octane against brines of different concentration of NaCl to investigate
the effect of salt concentration and brine of MgCl> and that of CaCl> in order to investigate the
effect of salt species. In a general way, they observed that the interfacial tension of octane
increased with increasing salt concentration but salt species had no effect on the interfacial
tension [92].

In 2004, Serrano-Saldana et al. [93] measured the interfacial tension of n-dodecane in NaCl
brines with concentrations ranging from 0 to 1.5M. In a general way, they fitted an exponential
decay to their results and concluded that as NaCl concentration was increased, the oil/brine
interfacial tension decreased. However, for brine concentration from 0.5 to 0.9 M, irregular
increasing-decreasing behaviours were observed and the authors could not provide any
plausible explanation with respect to this phenomenon. Taking into consideration the general
tendency of decreasing IFT with increasing salt concentration, these results were in
contradiction with those obtained in the previous studies [91], [92]. The authors thus tentatively
tried to explain this behaviour by arguing that there are ionic strengths that preferentially cause

the ions to be located in the vicinity of the interface and hence lower interfacial tension.

In 2012, Lima et al. [94] studied specific ion effects on the interfacial tension of
hydrocarbon/brine systems. They measured the interfacial tensions of cyclohexane and n-
heptane and as Aveyard et al. reported their results as the difference between the
hydrocarbon/electrolyte  system  and  hydrocarbon/water ~ system.  Results on
cyclohexane/electrolytes (CuSOs, MgSOs and NaxSO4) and n-heptane/electrolytes (CuSOs,
K2SO4 and Na>SO4) showed that the larger cations were able to increase interfacial tension the
most. Moreover, they concluded that the conformation of the hydrocarbon played an important
role since the increase in interfacial tension was less significant for the linear saturated n-
heptane compared to cyclohexane. Furthermore, they analysed the effect of anions by
measuring the interfacial tension of n-heptane against electrolytes of NaSOs, NaCl, NaNOs,

Nal and NaAc. Due to its large size and high charge, SO4%, increased IFT the most, followed
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by CI- and NOz™ which increased to the same extent. On the other hand, AC™ and I" behaved as
surfactant and decreased interfacial tension in the order of IFT AC <IFT I'. Finally, comparison
between CaAc., and NaAc: revealed that calcium ions enhanced the effect of decreasing
interfacial tension of n-heptane. They concluded that Ac acted as a surfactant, moved towards
that interface and conferred a negative charge to it. Ca®* ions were thus attracted to the

negatively charged interface.

3.2.2. Effect of salinity on crude oil systems

In 1995, Abdel-Wali et al. [95] added oleic acid and octadecylamine of different concentrations
into crude oil from Saudi Oil field (API gravity of 33) as acid and basic polar compounds
respectively. They then investigated the effect of salinity on the interfacial tension of
organic/aqueous phase by using NaCl with concentration ranging from 0 to 200,000 ppm. In
the absence of any additives, the crude oil/water interfacial tension measured was 28 mPa/cm.
Increasing NaCl concentration lead to a gradual decrease of IFT that reached 10 mPa/cm at
200,000 ppm. In the presence of oleic acid of concentration ranging from 0.0035 to 0.042 gm-
mole/lit, interfacial tension decreased to reach minima (between 2 and 3 mPa/cm) at 40,000
ppm and then increased slightly (up to 5mPa/cm except for 0.0035 gm-mole/lit which increased
to 10 mPa/cm) with increasing salinity. The authors explained that when brine concentration is
increased from 0 to 40000 ppm, IFT decreased since oleic acid acted as an anionic surfactant.
Beyond 40,000 ppm, they postulated that the positive charge of sodium was attracted to the
negative charge and hence decreased the solubility of oleic acid in water. Similar behaviour
was observed in the presence of octadecylamine (0.007 to 0.045 gm-mole/lit) and for all
concentrations of the additive, the minima of interfacial tension (from 10 mPa/cm for 0.007
gm-mole/lit to 5 mPa/cm for 0.045 gm-mole/lit at 4000 and 100,000ppm respectively) and then
increased slightly.

In 2004, Moeini et al. [96] analysed the effect of salinity to understand heavy crude oil (API
gravity of 20.2)/brine interaction. Basically, they studied the effect of NaCl and CaCl>
concentration on the interfacial tension of the crude oil. They observed that for both salts in a
concentration range of 0 to 200,000 ppm, interfacial tension decreased to a minimum at an
optimum concentration and then increased with increasing salinities. They observed for all salt

concentrations, the interfacial tension was higher with CaCl, compared to NaCl. The authors
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also reported that their oil phase composed of high amounts of surface active molecules such
as resins, waxes and asphaltenes had much lower interfacial tension compared to pure
hydrocarbon systems and since the effect of salt was recorded on the interfacial tension of their
system, they assimilated asphaltenes to ionic surfactants. They argued that before the optimum
salinity, it is the surfactant effect which plays the most important role in IFT reduction. Beyond,
the optimum salinity, they observed an increase in interfacial tension with increasing salt
concentration due to salting-out effects, the surfactants become more oil soluble and moved
away from the interface. However, their arguments were based mostly on asphaltenes acting as
the only surfactant. Moreover, based on the two salt species, NaCl and CaCl,, they proposed
that interfacial tension should increase according to the following trend: Cs* < Rb" < NH4" <
K* < Na" < Li* < Ca®* < Mg?*. However, no study has up to now been proposed in the literature
as per the respective contribution of monovalent and divalent cations that could back up their

arguments.

Later in 2014, Lashkarbolooki et al. [78] studied the effect of salinity on interfacial tension of
a crude oil (API gravity of 21.49) by analysing the respective contribution of resins and
asphaltenes. The effect of salt species on the crude oil was studied by using electrolytes of
NaCl, MgCl, and CaCl; in the range of 0 to 45,000 ppm. Their experiments on the crude oil
showed that with the three salts, interfacial tension decreased to a minimum and then stayed
constant, the interfacial tensions being in the order of NaCl > CaCl, > MgCl. at all
concentrations. Further investigation on the respective contribution of extracted resin and
asphaltene in toluene showed that NaCl had little influence on their IFTs. Comparing the effect
of MgCl, and CaCl concentration on resins, it was observed that low salt concentrations had
little effect on their interfacial tension and it was at high salinities that the IFT dropped
significantly. Moreover, the interfacial tension recorded with MgCl, was lower than that of
CaCl and the authors attributed this effect to the high affinity of Mg?* ions towards the oxygen
present in the resin molecules. As far as asphaltene is concerned, at low concentrations of
MgCl, and CaCly, the IFT dropped significantly to a minimum and then increased slightly
beyond this optimum salinity with increasing salt concentration. Here, interfacial tension was
lower with CaCl, compared to MgClz. This reverse trend with the salts was attributed to the
fact that asphaltenes are bigger than resins and Ca?* being slightly bigger than Mg?*, could
complex the big asphaltenes easier [78].
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4.  Analysis of literature review

This first chapter, dedicated to the state of the art, had for main objectives to outline the
progresses in relation to the technique of low salinity waterflooding. To date, even if no
consensus on the mechanism seems to have been found, the most frequently encountered
postulate is that of wettability modification through multi ionic exchanges. As such, in oil
reservoirs, the different phases (crude oil, brine, rock and also gases) coexist as a result of
thermodynamic equilibrium. Even if the injection of brines should theoretically disturb the in-

place equilibrium and increase oil production, this has not been always observed.

In our opinion, to appreciate (or criticize) the advances in the field, it seems crucial to
understand each and every interaction giving rise to the stability of the triple phases COBR
(crude oil, brine, rock). Consequently, this thesis aims at understanding the implementation of
LSW in sandstone-based reservoirs. Different aspects are overviewed on a fundamental basis.
For instance, the phenomenon of wettability of clay minerals, surface and interfacial tension
and different emulsions which could influence the amount and quality of oil recovered. With
respect to emulsions, it is worth noting here, that the oils recovered in production wells are
mixtures of hydrocarbons, water (fresh or saline) and solids for example particles of rocks and
sand.

The first part of the work thus aims at providing a better understanding of the wettability of
different clay minerals in an extensive way (exchangeable cation, relative humidity, particle

size and surface roughness).

The second part focusses on liquid-liquid interactions. Indeed, many authors described crude
oil/brine interactions but their studies were restricted to brines which are commonly tested for
LSW (NaCl for salts of monovalent cations, CaCl> and MgCl. for salts of divalent cations).
Moreover, it is only recently that some authors reported the effect of brine concentration on the
individual interfacial tension of the polar components (asphaltenes and resins) of crude oils. As
a complement in this direction, this work aims to provide a more complete analysis of the crude
oil/brine interactions by scanning the effects of cations as well as that of anions. On the other
side, it is true that large molecules such as asphaltenes and resins play a significant role in the
interfacial tension of crude oils. It is however also known that crudes contain naphtenic acids
which are also likely to influence oil / brine interfacial tensions. We, thus designed a model
system, containing a naphtenic acid and analysed the effects of a wide span of brines.
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After analysis of solid-liquid and liquid-liquid interactions, the third part of this work aims at
studying triple phase (clay/brine/rock) interactions. Firstly, contact angle of oil drops have been
performed on mica mineral in the presence of water and brines. Secondly, triple phase
interactions have been investigated by analysing the stability of crude oil/brine emulsions in the
presence of different clay minerals. Indeed, it well known that inorganic solids like clay
minerals are able to stabilise emulsions (pickering emulsions) more than surfactants (like
asphaltenes) on their own [97]. We thus analysed the effect of different clay minerals in 1to 1

ratio of oil/aqueous phases which led to stable emulsions on their own.
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1. Clay minerals
In this thesis, both swelling and non-swelling clays have been used and are described herein.
The first part of this section describes the swelling clay minerals whereas the second part is

dedicated to the non-swelling clays.

1.1 Swelling clays

The aluminosilicate swelling clay colloids used are four dioctahedral smectites, namely:
Beidellite (Beid), Australia Nontronite (NAul), Wyoming and Arizona Montmorillonites (SWy
and SAz respectively). Initially, they were purchased during the previous works of my
supervisor, Laurent Michot, and his co-workers from the Source Clay Minerals Repository at
Purdue University, West Lafayette, Indiana, USA. The smectites used during this thesis were
thus available as purified samples, size selected and exchanged by the authors in [1], [2].
Underneath, Table 1 reports the various smectites used, their main morphological features and

the different exchangeable cations.

Clay Origin Exchanged lons Particles shapes and sizes
Beidellite Idaho, USA Li*, Na*, Ca?* Discs of irregular contour,
(Beid) 400 nm in diameter
Nontronite 1 Southern Li*, Na*, K*, Ca?* | Laths of 200-700 nm
(NAul) Australia
Montmorillonite Discs of irregular contour,
Wyoming Wyoming, USA Li*, Na*, Ca®* 250 nm in diameter
(Swy)
Discs of irregular contour
Montmorillonite of sizes :
Arizona Arizona, USA Na* - S1:300 nm
(SAz) - S2:150 nm
- S3: 95nm
- S4: 40 nm

Table 1: Characteristics of swelling clays used during the study

E. Paineau [3] characterised the different minerals. As an indication of the morphology of the
different smectites, his transmission electron micrographs are shown in Figure 1. As far as

particle size measurements are concerned, due to the irregular contours of beidellite and
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montmorillonite, he reported the diameter as the average of the longest diagonal of the platelets.

He also reported that the average size polydispersity for all the samples were around 30 to 40%.

Figure 1: Transmission Electron micrographs of sodium exchanged smectite particles: a)

Beid; b) NAul; ¢) SWy and d) SAz; Scale bars on each micrographs correspond to 0.3 um
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1.2 Non-swelling clays

Two non-swelling clay minerals purchased from the Source Clay Minerals Repository at Purdue
University were used during this thesis and reported in Table 2. During this work, we followed
similar procedures as described in [1], [2] in order to purify the non-swelling clays. The

procedure is described in Figure 2.

Clays Origin
Kaolinite (K4) Oneal Pit, Macon, Georgia, USA

Ilite (Imt2) Silver Hills, Montana, USA.

Table 2: Different non-swelling clays used and their origin

Grinding
Decarbonation: Sedimentation:
40g/L of clay powder stirred in Sedimentation overnight
a buffer solution of IM of |——— (12 — 15 hours) and
Sodium Acetate and Acetic recovery of filtrate for ion
acid at a pH of 5 during 2h at exchange.
90°C.

l

Ion Exchange
Dispersion of Filtrate and in
1M of NaCl, CaCl2 or KCI.

l

3x Sedimentation:
Dialysis > Sedimentation ~ overnight
Control by conductivity (12 — 15 hours) and
measurement (< 5 uS) recovery of filtrate.
v
Sedimentation | Recovery of the
Imhoff Cone Supernatant: Clay Fraction

Figure 2: Protocol for the purification of non-swelling clays
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After the purification process, both K4 and Imt2 exchanged with the different cations available

for our experiments are as follows:

- K4:Na', K*and Ca?*
- Imt2: Na*, K* and Ca®*

1.2.1  Characterisation of non-swelling clays

e Transmission Electron Microscopy, TEM

Transmission electron microscopy images of clay suspensions were obtained with a 1011
microscope from JEOL with an acceleration voltage of 100 kV. Figure 3 displays a typical
micrograph of kaolinite platelets with well-defined hexagonal shape. The corresponding
particle size distribution (200 nm to 1.8 um) has been calculated on a total of 450 platelets and
shows that about 80% of them are of sizes ranging between 200 and 600 nm. As far as the larger
platelets are concerned (600 nm — 1.8 um), they comprise of about 20% of the measured sample.

The absence of any shape other than the hexagonal ones was also an indication of the purity of
our kaolinite sample.
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Figure 3: TEM image of kaolinite exchanged with Na*
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Figure 4: TEM image of illite exchanged with Na*

Figure 4 shows the particles of illite. Different to the uniform hexagonal shape observed for
kaolinite, illite platelets can be observed with a rather undefined morphology. The size
distribution, measured along the longest diagonal of a total of 300 platelets, ranged from 200
nmup to 1.2 um. Though in very small numbers, rod-like particles can also be observed on the
TEM image.

e X-ray Powder Diffraction, XRD of kaolinite and illite

In addition to morphological characterisation by the transmission electron microscopy, in order
to ensure the purity of our samples, we performed x-ray diffraction. Supernatants of non-
swelling clays obtained after the process of purification were dried at 80°C to obtain the
corresponding solids. X ray powder diffraction was then carried out using a D8 ADVANCE
diffractometer from Bruker of Cu Ka radiation (A=154.05 pm). Figures 5 and 6 show the
diffraction patterns of kaolinite and illite (identifiable by peaks characteristic of the minerals)
respectively. The illite sample however, show very fine peaks at at d=4.27A° and d=3.34 A°

which are caracteristic of quartz most probably remaining after the process of purification.
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Figure 5: Diffraction pattern of kaolinite after purification

1(003) _Q(101)
I: llite
1,04 Q: Quartz
s o f S % 8
0!5- et o O —_ - 3
u e ! E g =
0,0 T \! T ' T 3 T \ T ] 1

10 20

30 40 50 60
2 Theta (°)

Figure 6: Diffraction pattern of illite after purification.
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e Fourier Transformed Infrared spectroscopy , FTIR

Identification of clay minerals are often provided by their different absorption frequencies. For

this purpose, the Fourier Transformed Infrared spectra of kaolinite and illite samples are

provided by Figures 7 and 8. The spectra have been measured in absorption mode with a Bruker

Vertex 70 spectrometer (resolution 2 cm™, 128 scans) respectively. The characteristic

vibrational regions are:

2
Y

Relative absorbance (a.u.)
=]

Si-O-M vibrations (M= Al, Mg etc)
Stretching and bending of Si-O groups 1200 — 400 cm™*
Al-Al-OH vibrations

Stretching vibrations of surface hydroxyls

} 3600 — 3700 cm'*
Stretching vibrations of inner hydroxyl groups
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Figure 7: Absorption spectra of kaolinite exchanged with Na*.
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Figure 8: Absorption spectra of illite exchanged with Na*.

As far the sample of illite is concerned, as observed on the XRD pattern, absorption peaks at v

(779 and 797 cm™) are characteristic to Si-O stretching in quartz.
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2. Crude Oils
During this thesis, two dead crude oils have been used for the experiments: (i) a light and good
quality (low sulphur content, 0.28 weight percentage) crude oil and, (ii) a medium gravity sour
crude oil. It is worth noting that the term dead is used to refer to crude oils that have lost their
gaseous components. On the other hand, live crude oils refer to crude oils containing dissolved
gases [4]. For the purpose of this work, these oils are respectively referred under generic names
of light viscous crude, LVC(C) and medium fluid crude, MFC(B).

2.1 Characteristics of the crude oils

2.1.1. Oil LVC(C)
Characteristics (APl gravity, density, molecular weight, viscosity, TAN and TBN) and the
SARA analysis of the crude oil are reported in Tables 3 to 4 respectively.

Crude oil LVC(C)

API gravity (°) 38.6
Density (kg/m?®)
- Atl15°C 832.1
- At30°C 822.4
Viscosity (cPo)
- Atl15°C 7.26
- At30°C 4.14
TAN! (mg/g KOH) 0.2
TBN? (mg/g KOH) 1.77

Table 3: Characteristics of oil LVC(C)

L TAN (Total Acid Number) is a measurement of the acidic components of oil. It refers to the amount of KOH (in

milligrams) that is needed to neutralise the acidic components in one gram of oil.

2. TBN (Total Base Number) is a measurement of the amount of basic components of crude oil. Expressed in

milligrams of KOH per gram of oil, it is the equivalent of bases present in crude oil.
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Constituents weight %
Saturates 38.6
Aromatics 30
Resins 5.3
Asphaltenes 2.9

Table 4: SARA analysis of LVC(C)
2.1.2. Oil MFC(B)

Crude oil MFC(B)

API gravity (°) 32.5
Density (kg/m?)
- Atl5°C 868
- At30°C 858
Viscosity (cPo)
- Atl5°C 13.9
- At30°C 8.40
TAN (mg/g KOH) 0.12
TBN (mg/g KOH) 0

Table 5: Characteristics of oil LVC(C)

Constituents weight %
Saturates 38.9
Aromatics 45.5
Resins 10.4
Asphaltenes 5.3

Table 6: SARA analysis of MFC(B)

According to the data provided by Tables 3 to 4, it is clearly that the crudes undeniably contain
polar molecules ranging from acidic components (revealed by the TAN), basic components
(revealed by the TBN), resins and asphaltenes, all disposed interact as surface active molecules.
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2.2 Fourier Transformed Infrared spectrum of the crude oils
The absorption spectra of oils LVC(C) and MFC(B) are shown in Figure 9 below. Being
complex mixtures of hydrocarbons, they showed identical absorption peaks.

0,30- CHp CH ~CH,=CH,
= _ (R-S(=0)R'
- = c=0
3 s
= z
= ‘@
g § 0,15
- =
g ® ——LVC(C)
Z o4 —— Lvc(c) .E —— MFC(B
Z 0 I
° — MFC(B o
& (B) &
0,0 0,00
4000 3500 3000 2500 2400 2000 1600 1200 800
Wavenumber (cm™) Wavenumber (cm™)

Figure 9: Absorption spectra of oils LVC(C) and MFC(B)

However, finer characterisation of the crude oils could be provided by mass-spectrometry

coupled with chromatography techniques.
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1. Experimental methods and set-up for contact angle measurements
In this thesis, characterisation of the wettability of clay minerals has been performed by the
method of contact angle measurements. Precisely, the measurements have been performed by
the static sessile drop (SSD) method, where probed liquids (water, brines and crude oils) have
been deposited on clay mineral films predeposited on glass slides. To get to our targets, first,
microscope glass slides have successively been cleaned with distilled water and acetone to
remove any impurities. The different clay suspensions were then homogenised in an ultrasonic

bath during five minutes and then deposited on the pre-cleaned glass slides (Tables 1 and 2).

1.1  Preparation of clay films

1.1.1  Clay films of different exchangeable ions

Type of Concentration clay | Volume of clay

clays Clay minerals suspension (g/L) suspension

ML mL

e Beid (Li*, Na*, Ca?") 3 1.5

Swelling e NAul (Li*, Na*, K*, Ca®) 3 200 15
e SWy (Li*, Na*, Ca®")

Non- e K4 (Na*, Ca*) 3 200 1.5

swelling e Imt2 (Na*, Ca?") 20 15

4

Table 1: Type of clays, different clay minerals, concentration and volume of suspension used

for clay film preparation.

1.1.2  Clay films of different platelet size

Clay Average platelet | Concentration clay | Volume of clay suspension
minerals size (nm) suspension (g/L) deposited
ML mL
S1: 300
S2: 150
Az (Na*) S3:95 3 200 1.5
S4: 40

Table 2: Platelet sizes, concentration and volume of clay suspension of Arizona

montmorillonite deposited on glass slides.
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Different concentrations and volume of clay suspensions have been used so as prepared films
of different thicknesses. After deposition of the clay suspensions on the glass slides, they were
let to dry under ambient conditions.

1.2  Relative humidity (RH) control set-up

The effect of humidity on water contact angles has been investigated on swelling clays (Beid,
NAul and Wy). After the clays films were dried in air during several hours, they were placed
in air tight transparent plastic boxes (750 ml in volume) in which the relative humidity was kept
at 84 and 100% by using potassium chloride saturated solution and deionised water
respectively. The reached RH was permanently monitored using a pen-style digital thermo-
hygrometer from VWR and the films were equilibrated during 48 hours before contact angle
measurements. Figure 1 shows the set-up which has been used for monitoring humidity and

measurement of contact angle under the controlled conditions.

Layers of
Parafilm
Clays-covered
Transparent " glass slides
plastic box = = |
o Support
Ll =l SR v o9 ) |
I :

Hygrometer
Saturated KCl Solution or

distilled H,0

Figure 1: Set-up for humidity control experiment.

1.3  Contact angle measurements

As stated above, contact angle measurements on the different films have been carried out by
using the static sessile drop method (SSD). For this purpose, a goniometer, the DSA100 from
Kriss GmbH, Hamburg, Germany has been used. Contact angles on clay films have been
measured by depositing 2 and 5ul of water, brine and crude oil LVC(C) and crude oil MFC(B)
as probe liquids. The liquids were dispensed by a 1ml syringe fitted with steel needle 0.5mm in

diameter.
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- Probed liquids : - Milli-Q water (resistivity 18 MQ.cm)
- Brines of NaCl (1M), KCI (1M) and CaCl; (0.5M)
- Crude oils LVC(C) and MFC(B)

The temperature recorded at the time of measurement was between 23 and 25°C and contact
angle (Young equation) between the sessile drop and the clay film was measured by lining
a cross hair with the tangent where the drop was in contact with solid (Figure 2 below). The

angle at the left (6L) and that at the right (6r) were averaged to give the contact angle of a

drop.
Yy Vapour )
Young Equation:
Yor /B ys, duid N cos = TSV Ysi
Vv
Solid

Figure 2: measurement of contact angle of a drop on a clay film.

For a given sample, the final contact angle was given by the mean of the contact angles of at

least 5 drops.

1.4  Atomic force microscopy, AFM.

The atomic force microscope has been used to probe the surface of clay films for the purpose
of surface roughness measurements. As such, the AFM forms part of the scanning probe
microscopes (SPM) where very fine probes are used to scan a surface. Actually, it all started
with the work of Gerd Binning and Heinrich Roéhrer in 1981 [1] where, with a STM (scanning
tunnelling microscope), they imaged atoms on a conducting surface. For instance, they
measured the tunnelling current between the probe and the surface when a potential difference
was applied between them. Since then, different specific physical parameters such as magnetic
fields, resistivity and atomic interaction forces have been exploited to design STM derived
microscopes. For instance, the AFM is based on the measurement of atomic interaction forces
between a tip and a surface. Contrary to STM which can image only conducting surfaces, the
AFM is able to analyse both conducting and non-conducting surfaces. In addition, the AFM has
a lateral resolution of <10 m and an axial resolution of 10"2°m allowing the imaging of samples
in three dimensions up to (120 x 120 x 4) um respectively in the (X, y , z) directions with our

“scanner J” [2].
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1.4.1. Principle of AFM
As stated above, the AFM is used to access to the topography of surfaces by probing atomic
interaction forces by a tip located close to the sample, (0.1 - 100) nm. The main parts of the

AFM shown in figures 3a and 3b consist of:

- A very fine tip (of atomic resolution and often made up of silicium)
supported by a flexible cantilever (Figure 3a); the tip senses the surface
properties and causes the cantilever to deflect; the cantilever can be of
different materials and lengths to tune its resonant frequency.

- A source of red laser (ImW and wavelength 670nm used during our
experiments);

- A position sensitive photodiode detector consisting of four segments on
which the laser spot is reflected after incidence on the back of the
cantilever. The differences between the segments indicate the position of
the laser spot and hence indicate the deflection of the cantilever.

- A piezo-electric system, which expands or contracts in the presence of a
potential gradient. The system, also called the scanner, support the sample
and positions it in (x, y, z) with angstrom accuracy.

- A feedback loop connecting the photodiode and the scanner so as to

monitor the motion of the piezo as the sample is being scanned.

Laser source ——»

Cantilever with e
a probe tip = *

. +
Photodiode

Feedback loop

3a): Scanning electron
microscope image of a

tip

44— Piczo-electric scanner

3b)

Figure 3: a) SEM of a tip; b) Different part of the AFM.
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As the sample is scanned, the forces of interaction between the tip and the sample vary causing
the cantilever to be deflected. The deflection, by an angle of 6, of the cantilever is so small that
it can be assimilated to the linear extension (Ad) of a spring of constant K when a force F is

applied to it according to Hooke’s law:

F=—-KAd Equation 1

a)
b) Unstretched
0 v spring

| 4 ad

F|

Figure 4: a) Deflection of cantilever supporting tip by 0; b) extension of a spring by a force F.

Most common AFMs make use of the feedback loop to generate the topography of the surface.
For instance, this mode of measurement is termed the “constant force” mode. The initial
deflection of the cantilever is recorded as an input (the setpoint). As the sample is scanned
(moved in the x and y direction by the piezo), upon reaching a height or a valley, the cantilever
respectively bends upwards or downwards. This deflection sensed by the photodiode, a retro-
control mechanism operates via the feedback loop and the piezo is made to adjust the z position
of the sample so as to restore the cantilever deflection back to its original value. The different
adjustments of the piezo, caused by the deflections of the cantilever, are used to generate the

topography of the surface.

Our measurements have been performed in the constant force mode and the interaction
(accordingly to the heights and depths) corresponding to each scanned point is given in a matrix,
(512 x 512). Each of the z displacement (to maintain the force constant) thus recorded is
represented according to a grid of colours in order to construct the topography of the imaged

surface.
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1.4.2. Forces of attraction and mode of functioning of the AFM
The forces measured between the tip of the AFM and the samples can be grouped as short/long
range attractive/repulsive forces and can be modelled by the Lennard-Jones potential as:

U(r)= —— = Equation 2

T ré

With r being the distance between the tip and the sample; « and S are respectively the repulsive
and attractive interaction constants.

8 Repulsive zone
I—|7
—_— 3 1 2 1 1
S 16 ! :
§ : ' Tip — Sample distance
= | s
y Attractive zone

—
S B S S e S

1 2 3 4

Figure 5: Lennard-Jones potential; evolution of cantilever deflection as tip approaches the
surface, with r being the tip-surface distance.
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In Figure 5, the different positions denoted by 1 to 8, represents the cantilever deflection as the

tip is brought close to the surface of the sample during measurements:

1. Thetip is located far from the surface (for instance during the process of alignment
of the laser beam, the tip is about some millimetres to few micrometres away from
the surface ) and hence no interaction exists between them;

2. The distance between the tip and the surface is reduced (r > 100 nm), yet no
interaction is felt at such distances; the cantilever does not deflects;

3. Atr <100 nm, the forces start acting on the tip and the cantilever starts to bend. The
cantilever is sensible to the forces operating at such distances (low spring constant);

4. At this point, the forces of attraction are such that cantilever bends in a way that the
tip comes into contact with the surface;

5. The tip is in contact with the surface and any further approach is followed by a
decrease of the net attractive forces. As a consequence, the cantilever is less bended
compared to the previous position;

6. At this very position, the net deflection of the cantilever is equal to zero since the
attractive component of forces is balanced by the repulsive component;

7. In this position, the repulsive forces take over attractive forces and hence the
cantilever bends in the other direction;

8. The repulsive forces are such that the tip “detaches” from the surface.

Accordingly to the interactions defined above, surface topography measurements by the AFM
are performed according to three different modes:

e Contact mode

In the contact mode, the measurements are performed with the tip in contact with the surface
but in the repulsive forces zone (shaded zone I in figure 5). As the tip scans the surface, the

cantilever is accordingly deflected upon reaching a change in the topography.
e Non-contact mode

In the non-contact mode, the cantilever oscillates over the surface without the tip touching the
surface. The operating zone corresponds to the attractive zone, shaded zone Il in figure 5. Upon
reaching a height, crashing onto the surface is prevented by the feedback loop. The surface

topography is thus generated by the record of changes of the piezo system.
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e Tapping mode

In the tapping (or oscillating) mode, the cantilever is set to oscillate at a resonant frequency
with a “free amplitude” Ar over the sample. As, it approaches the surface, the forces of
interaction with the sample causes a modification of the amplitude of vibration. During
measurements, when the tip senses a height, the amplitude of oscillation decreases. Conversely,
when the tip senses a valley, the amplitude of oscillation increases. The feedback loop thus
adjusts the sample position downwards and upwards respectively so as to restore the oscillating
amplitude and force. The different z displacements of the piezo are used to generate the

topography of the sample.
The roughness parameters provided by the AFM and investigated during the study are:

e 2D and 3D image surface areas;

10.0 1000.0 nm Height
7.5 500.0 nm

0.0 nm

2.5 Digital Instruments NanoScope
Scan size 10.00 um
Scan rate 0.5003 Hz
Number of samples 512
Image Data Height
Data scale 1.000 um

Digital Instruments NanoScope
Scan size 10.00 pum
Scan rate 0.5003 Hz
Number of samples 512
Image Data Height
Data scale 1.000 um

X 2.000 pm/div
z 1000.000 nm/div

Figure 6: a) (10x10) pm 2D image of Wy-Ca?*; b) (10x10) um 3D image of Wy-Ca?".



Page |83

e The difference in image surface area, corresponding to the difference between the
image’s three-dimensional surface area and its two-dimensional footprint;

e The root mean square (RMS) of heights and Rmax. The RMS is the root mean square
2
average of the height deviations (h) taken from the mean data plane (RMS = Z% ).
Rmax corresponds to the maximum vertical distance between the highest and the lowest
data points in the image.

Section Analysis

—— Mean data plane

Height, h (hm)
0

-500

=
ra
wn

1
5.0 7.5 10.0

Image size (um)
Figure 7: Measurement of surface roughness parameters, RMS of heights and Rmax from the

profile of the Wy-Ca?* surface.

1.4.3. Fractal analysis
As such the roughness parameters provided by the AFM should provide a global indication of
the state of roughness of our clay films. However, even if these information could be handy at
first sight, they are debatable. For instance, let us consider the RMS and Rmax as indicated in
the previous section, having a look at Figure 8 below, it is clear that relying on these parameters
would be over-estimating the roughness of a such globally “smooth” surface.

(hi+h3)
2

e RMS =

Height, s (nm)

* Rpax = (lhll + |h2|)

Distance (um)

Figure 8: showing an over estimation of the roughness of a surface which can be regarded as

“smooth” depending on the location.
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It thus appeared necessary to characterise the roughness of the clay films via some other
parameters. For instance, the imaged height structures of the clay films have been regarded as
fractals and characterised by fractal dimensions. It follows that a change in the fractal dimension

with the correlation length indicates a change in the topography of the surface.

To reach such a goal, correlation of heights has been performed in such a way that local
information is conserved as the distance is increased from a statistical origin. Precisely, this

has been achieved as follows:

1. Estimation of the variogram, V (#,p), of the heights h, between 2 points, let’s say

situated atr,, and r,, (Figure 9b):
V[h(Fop)] = [h(F'2p + Tap) — h(173p)]? Equation 3

b)

Height, h (nm)

Figure 9: a) 3D image of sample; b) difference of height between 2 points situated at r,,
and r,, + 1, separated by a distance r,p, ; ¢) variance calculated over the whole image

between r,, , and a point at r;, + 1, by moving the statistical origin.
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2. The origins have then been changed over the whole image in such a way so as to
conserve the distance between the points r,, and r,, + r,p fixed (Figure 9c) and an

average of the variogram has been calculated:

VIRGp)] = ([A(F2p + Fop) = h(T720)1 )y Equation 4

3. The distance r,p has then been gradually increased and the the variance calculated in a

similar way as indicated by equation 4.

4. For isotropic images, the morphology is statistically invariant along the axes (x,y) and

the variance is an angular average calculated as [variance isotropic images]:

V [h(1)] = (V[h(72p)] )2n Equation 5

Figure 10: Averaging of the variogram on 2, for a given statistical origin, as r,, is increased.

5. Probing surface roughness is dealing with heights (in the z direction), which are
perpendicular and non-equivalent to the mean data plane (xy). Mandelbrot [3] thus
introduced the concept of self (or auto)-affinity, a concept which has particularly used
for the study of roughness of fault surfaces by Schmittbuhl et al. [4]. As such, self-
affinity describes independenly the magnification of z and (xy) such that the profil is
statistically unchanged upon magnification. It follows that, the variogram of heights

follows a power-law written as [5]:

V[h(r)] « r2H Equation 6
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With r, the correlation length; H is the Hurst exponent that varies between 0 for rough surfaces
and 1 for smooth surfaces. The fractal dimension, d = 3 — H, indicating an evolution of surface

roughness accordingly with 2 < d < 3 (d=2 for H=1 and d=3 for H=0).

1.4.4, Experiments
A Nanoscope 11 multimode scanning probe microscope (Digital Instrument) (TM-AFM) was
used in tapping mode to probe the surface of clay films and make images of (10pm x10um) at
a scanning rate of 0.5-0.8 Hz and a resolution of 512x512. A Phosphorus (n) doped Silicium tip
from Veeco used during AFM measurements had a cantilever of resonance frequency of 250
KHz and spring constant 20-80 N/m. In order to analyse the effect of particle size (SAz-Na+ of
four different sizes) and exchangeable ions (NAul exchanged with Li*" Na*, K* and Ca?*) on
the roughness of films, 200ul of clay suspensions (corresponding to similar clay content per
cm? as films composed of 1.5 ml of clay suspensions used for contact angle measurements)
were deposited on 1cm? of pre-cleaned glass slides and left to dry in air before analysis. 5 images
of the size of (10 x10) um with a resolution of 512 x 512 were then carried out and the roughness

parameters were averaged for each sample.
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2. Effect of exchangeable ions
The SSD method was chosen for the measurement of contact angles. When a liquid is dropped

on a surface, the contact angle is defined as the stabilisation of the three phase line.
Consequently, we found it necessary to investigate the variation of contact angle with time and

to define the time of measurements. For instance, these measurements have been performed on

a swelling clay (SWy).
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Figure 11: a), b), and ¢)
respectively  show the
E contact angles (°) of drops
é’ of 5puL on each sample as a
104 function of time of: SWy-
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Figures 11a to 11c display the time evolution of water contact angles measured for films of
Wyoming montmorillonites exchanged with various cations under ambient conditions (RH =
45%). Whatever the cation, the measured contact angles significantly decrease with time, which
may be assigned to evaporation phenomena that were recently studied in detail [6]. It was
decided in the following to focus on the contact angles measured for the shortest times (at 10s

after drop deposit for all the samples).

2.1 Swelling clays

2.1.1. Water contact angles
The mean water contact angles measured at ambient humidity (RH=45%) on films of beidelite,
nontronite and Wyoming montmorillonite exchanged with different ions are reported in Tables
3-5.

Exchangeable ion Contact angles of drops of 5ul of water on
film composed of 1.5mL of clay suspension (°)

Li* 29
Na* 17
Ca** 26

Table 3: Water contact angles (+3-5°) at 45% RH obtained on films of beidelite at 3g/L.

- NAul
Exchangeable | Contact angles of film composed | Contact angles of film composed
ion of 200uL of clay suspension (°) | of 1.5mL of clay suspension (°)
Li* 13 40
Na* 17 30
K* 45 50
Ca? 23 26

Table 4: Water contact angles (£3-5°) at 45% RH obtained on films of nontronite at 3g/L.
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- SWy
Exchangeable | Contact angles of film composed | Contact angles of film composed
ion of 200uL of clay suspension (°) | of 1.5mL of clay suspension (°)

Li* 26 37

Na* 33 38

Ca?* 20 31
Table 5: Water contact angles (£3-5°) at 45% RH obtained on films of montmorillonite at

3g/L.

At first sight, for the different clays and exchangeable cations, the contact angles measured on
films resulting from 200pL of suspension are lower than those of 1.5mL. This observation can
a priori be attributed to the presence of more clay particles and hence more surface roughness

on films made up of 1.5 mL of suspension.

Regarding the effect of exchangeable cations on the wettability of the swelling clay minerals,
let us consider the films resulting from 1.5mL of clay suspension. The smallest contact angle
on beidellite was obtained with Na* whereas for both nontronite and montmorillonite, the
smallest contact angles was obtained with Ca?*. Even if the case of K* was only analysed for
nontronite, it displayed the highest values of all the tested materials. In the series of analysed
monovalent ions, K* is the least hydrated (the standard ion hydration enthalpies AnyaH of Li",
Na* and K* are -520, -405 and -321 kJ/mole respectively [35]). These hydration energies are
linked to the charge densities (charge/ionic radius ratio) of the ions that decrease in the order of
Li*, Na" and K* and, naturally, are followed by a decrease of the affinity for water molecules.
This is partly revealed by the contact angle on the K* sample which is the highest among the
three. However, the results obtained with Na* and Li* are not always consistent with that
sequence, a feature that will be discussed later on. As far as Ca?* is concerned, having the
highest charge density and the most favourable hydration energy (AnyH of Ca?" = -1650
kJ/mole [7]), the corresponding exchanged clays are expected to have the smallest contact

angles.

In order to investigate if, as indicated by these first measurements, K*, due to its low hydration
enthalpy actually leads to higher contact angles, additional experiments with concentrated

chloride solutions, instead of water, were performed.
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Probed Liquid and Interlayer ion
concentration Li* Na* K* Ca?*
H20 26 26 35 29
NaCl (1M) 26 21 29 28
KCI (1M) 35 36 38 42
CaClz (0.5M) 25 22 29 27
Table 6: Contact angles (x3-5°) at 45% RH with drops of 2uL in volume on nontronite films
(200pL of suspension).
Probed Liquid and Interlayer ion
concentration Li* Na* Ca?*
H-0 34 38 24
NaCl (1M) 37 36 31
KCI (1M) 50 49 36
CaCl2 (0.5M) 34 35 29

Table 7: Contact angles (x3-5°) at 45% RH with drops of 2L in volume on Wyoming

montmorillonite films (200uL of suspension).

As shown in Tables 6 and 7, the results clearly reveal that the presence of K* ions generates

higher contact angles than any of the other ions used in the present study.

On the basis of surface tension, y;, of the brines are higher compared to water [8]. Precisely,
these authors reported that the surface tension (y,) of brines-(NaCl and KCl)/air was greater
than that of water/air. With the samples of NAul and SWy exchanged with Li*, Na* and Ca?*,
the contact angles recorded with the brines (NaCl and CaCl,) are more or less similar to those

recorded with water. The constant contact angle, 6, is for sure driven by the increase in y;,, and

Ysv—

consequently an equivalent increase of (ys,_ys.) since (cos 6 = YSL) The increase of
\4

YL

(ysy—Vs1) being partly possible by a decrease of yg;, implying that the surface is more wet in
the presence of brines of NaCl and CaCl, compared to water.

However, with KCI as the probed liquid, the contact angles on Li*, Na* and Ca?* of both NAu1l
and SWy, the contact angles increased considerably compared to water. In line with the

previous observations, it is thus appropriate to conclude that the increase of y,, (of KCI
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compared to water) as well as either a constant value or a decrease of (ys,_ys.) would be in
line with the increase of contact angle. In this case, a decreased solid-liquid interaction

(increase of yg; ) could partly explain the observed results.

On the other hand, despite that these results are available only for the NAul samples, it is also
important to note that contact angle with brines of NaCl and CaCl, were lower compared to
water on the K™ exchanged clay. As described above, the clay minerals are more wet in the
presence of brines of NaCl and CaCl,. All together, these results clearly show the specific
behaviour of K* ions.

2.1.2. Oil contact angles
Both crude oils LVC(C) and MFC(B) have been used to measure contact angles on films of the
swelling clays. However, no measurable contact angles could be recorded as both of the oils

spread instantaneously on the surfaces.

2.2 Non-swelling clays

2.2.1. Water contact angles
The effect of ions has been analysed on films of kaolinite and illite both exchanged with Na*
and Ca?*. Measurements have tentatively been made on films of different thicknesses (200uL,
1.5mL and 4mL of clay suspension at concentrations of 3g/L and 20g/L) but in almost all cases,
the drops of water disappeared almost immediately after deposit by a sort of “blotting effect”.
Indeed, the non-swelling clays films were porous (compared to non-swelling ones) and no net

conclusion could be drawn.

2.2.2. Oil contact angles
Both crude oils LVC(C) and MFC(B) have been used to measure contact angles on films of
kaolinite and illite. However, as with the swelling clays no measurable contact angles could be

recorded as both of the oils spread instantaneously on the surfaces/ penetrated into the pores.
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Drops of oils MFC(B) and
AC on film of kaolinite-Ca®*

made from 200uL of

suspension at 3g/L.

Drops of oils LVC(C) on
film of kaolinite-Ca?* made
from 1.5mL of suspension at
20g/L.

Drops of oils MFC(B) on
film of kaolinite-Ca?* made
from 1.5mL of suspension at
20g/L.

Figure 12: Drops of crude oil which spread on films of kaolinite, MFC(B) being less viscous

than LVC(C), spread more on the films.

It is to be noted that contact angle measurements with the crude oils as probed liquids have been
challenging and fastidious on the swelling as well as the non-swelling clays. For instance, a
contact angle of ~ 0° was recorded for all the clay minerals. If on one hand, this could be
attributed to the porosity of the non-swelling clays, on the other hand, it also seems to be linked
to the wetness of the clay minerals with respect to the oils. Indeed, contact angles being an
equilibrium at the three phase interface, it seems that adsorption of crude oil components onto
the minerals surfaces are in favour of solid/oil surface tensions. Regarding these results,
modification of surface/ interfacial tensions have been applied to record measureable contact

angles (cf chapter V section 2).

Consequently, for the analysis of the other parameters (relative humidity, particle size and

surface roughness) were emphasised on the swelling clays by using water as probed liquid.
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3. Effect of relative humidity
While considering the evaporation phenomena mentioned earlier, the role of relative humidity
(RH) may be particularly important in view of the specific interactions between water and clay
minerals. Furthermore, the way according to which clay hydrates strongly depend on the nature
of the interlayer cations, RH is then likely to modify the different results obtained for different
cations at ambient humidity. The first effect of increased RH can be seen from the curves
displayed in Figures 13a to 13c (Wyoming Montmorillonite exchanged with Li*, Na* and Ca?")
that exhibit the time evolution of contact angles. Indeed, compared to the curves obtained in
Figures 11a to 11c, high RH leads to a stabilisation of the contact angle at long times, which
was not the case at 45%RH where a linear decrease was observed. This can be attributed to a
strong decrease in evaporation. Still, if one considers the values obtained at short times, RH
marginally modifies the contact angles measured for samples exchanged with Na* and Li* that
display a slight decrease, in agreement with previous results, whereas it does not seem to have
any effect for the Ca?*-exchanged system. This can tentatively be assigned to the difference in
hydration between these cations. Indeed, for Na* and Li*, upon an increase in RH from 46% to
84%, the samples evolve from a situation where the dominant hydration state is a one-layer to
a situation where the two-layer hydrates dominates [9], [10]. This is not the case for Ca?* where

at 45%RH, most layers are already in a two-layer hydrate state [10].

Finally, at high RH, the fact that a plateau is observed at long times may indicate that
some equilibrium can be reached in such conditions, whereas this is not the case for lower RH.
It is then relevant to compare the values obtained at the plateau that can be referred to as
stabilised values (Table 8). This table reveals once more the specific role of K™ as clays

exchanged with this cation display significantly higher contact angles.

Clay Relative Humidity, RH, Interlayer ion
mineral (%) Li* | Na* | K' | Ca®
84 17 13 - 21
Beid 100 15 15 - 20
NAul 84 23 20 45 21
100 23 20 43 21
SWy 84 20 23 - 25
100 23 23 - 23

Table 8: Mean stabilised water contact angles (+ 3-5°) recorded on beidellite, nontronite and

montmorillonite films at relative humidities of 84 and 100%.
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Figure 13: a), b) and c) respectively show the contact angles (°) of different drops as a function

of time on samples of: SWy-Li*, SWy-Na* and SWy-Ca?" at RH=100%.
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4. Effect of surface roughness
The effect of surface roughness on the wettability of clay films has been investigated as a
function of exchangeable ions and of clay platelet size. The main objectives of this part of the
work is to find the respective contribution of the physico-chemical aspects on contact angles.
Indeed, both the chemistry (hydration energies) and the topography (roughness) of the surface
are likely to drive contact angles. For instance, the influence of exchangeable ions on the
roughness of clay films has been analysed on films of:

e SWy platelets of 250 nm exchanged with Li*, Na* and Ca?* and NAu1 of platelets of
(200 x 700) nm exchanged with Na*, Li*, K* and Ca?".

Moreover, the effect of platelet sizes on the roughness of clay films has been investigated on:

e Na'-exchanged Arizona montmorillonites.

4.1  Surface roughness as a function of exchangeable ions
e SWYy exchanged with Li*, Na* and Ca?*

Table 9 shows the contact angles and corresponding roughness parameters of the different
exchanged films of SWy. All the roughness indicators point towards the following order of
increasing surface roughness Li* < Na* << Ca?*. It is to be noted that, despite the Ca?* sample
exhibiting the highest 3D-2D surface difference, Rmax and RMS, it shows the lowest water
contact angle.

Exchangeable ion Li* Na* Ca?*

Contact Angle at 45% RH / © 26 33 20
Image surface area difference (3D-2D) /% | 1.82 2.11 3.38
RMS /nm 13.3 25.4 55.6

Rmax / nm 31.0 115 394

Table 9: Contact angles and mean roughness parameters on SWYy film exchanged with Li*,

Na* and Ca%*.

e NAul exchanged with Li*, Na*, K* and Ca?*

The results obtained on films of nontronite possessing different surface ions are shown in Table

10. In the order of increasing surface roughness are the films of Na* < Li* < K* << Ca?*. Though
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the trend for Li* and Na* are not constant with that observed with SWy, the results can be
classified into three main groups: the Li*/Na*, K* and Ca®*. As an illustration, the 2D images

of the different samples are show in Figures 14a to 14d.

Exchangeable ion Na* Lit  K* Ca**
Contact Angle at 45% RH / ° 30 40 50 21
Image surface area difference (3D-2D) /% | 2.71 271 4.24 7.50
RMS / nm 57.0 76.0 105 261
Rmax / nm 370 412 534 1263

Table 10: Contact angles and mean roughness parameters calculated on 5 images of each
NAUL1 film exchanged with Li*, Na*, K" and Ca?*.

1500 nm a) b)
N - -
0.0 nm

1500 nm C) d)
A - -
0.0 nm

Further analysis of the spatial correlation of roughness was applied to nontronite films data.

Figure 14: (10x10) um
AFM of NAu1 films. a)
Li* film; b) Na* film; c)
K* film and d) Ca?* film.
Contrasts linked to the

topography of the films
appear as bright zones
corresponding to higher
altitudes while those
situated in depth appear
as dark zones

Figure 15 below shows the variance of heights with respect to r, the correlation length between
two points. The fractal analysis parameters deduced from the graph are given in Table 11. For
instance, H, the Hurst exponent has been deduced in the linear part of each curve; 1, the
correlation length at which the variance reaches a plateau; the variance at plateau, indicating
the maximum variance recorded between two heights and beyond which the sample can be

regarded as “smooth”.
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Figure 15: Variance of heights on films of nontronite exchanged with Na*, Li*, K* and Ca?*

with respect to the correlation lengths.

Exchangeable ion Na* Li* K* Ca**

H, Hurst exponent 0.69 0.69 0.71 0.60
Fractal dimension, d = 3-H 2.31 231 2.29 2.4
7.0 (UM) 1.5 1.6 2.0 4.0

Variance at plateau (nm?) 9000 11500 23000 1700002

Table 11: Fractal analysis parameters on films of nontronite exchanged with Na*, Li*, K" and
Ca?*;2has been estimated by extrapolation.

The Hurst exponents recorded on the samples of Na*, Li*, K™ are the same, around 0.7, while
that recorded on the sample of Ca?* is significantly lower, H=0.6. Furthermore, from the
maximum variances of the heights, it can be observed that the plateau recorded on the Ca?*
sample is 18 times that recorded on Na* (the smoothest) and about 7 times that of the K* sample.
It follows that, the correlation length, .., is much longer for the Ca?* sample compared to the

other three.

Undeniably, these results (AFM roughness as well as fractal analysis) point towards an increase

in surface roughness in the order of Na* < Li* < K* << Ca?*. The difference between monovalent
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and divalent cations can be tentatively assigned to the nature of the particles in the suspension
where ion specific effects (or so called Hofmeister series of cations, Figure 16 [11] ) drive the
quality of the clay suspensions. For all monovalent cations, delaminated suspensions are
obtained whereas in the Ca®* case, particles formed with a few platelets are present [12], [13].
Indeed, these authors observed for montmorillonite clay mineral, that the number of platelets
per tactoid increased in the order of Li* < Na* < K* < Mg?* < Ca?". In the series of monovalent
cations, highly hydrated monovalent Li* and Na* counterions are only weakly or not at all
adsorbed on clay surfaces. They thus maintain a stable and evenly dispersed clay platelet
suspension. The K* counterions, less hydrated than the previous cations, show a higher affinity

for the negatively charged clay platelets than the previous cations.

000
0 © @ Indirect Hofmeister Series d)%%

Increasing Stabilization Power
H,PO; F~ CI” Brr NO; SCN~
N(CH,),y NH;f Cs* K* Na* Li*
i Increasing Stabilization Power

Q) Direct Hofmeister Series O
o P ooo O

Figure 16: Particle aggregation induced by monovalent salts within the Hofmeister series.

As far as the divalent Ca?* ions are concerned, despite their high hydration energies, they
primarily follow the Schulze-Hardy rule and result in particle aggregation and hence very rough
surfaces [11], [14], [15]. As such this rule states that the aggregation of charged particles in the
presence of highly charged ions occurs at lower salt concentration compared to low charged

ones.

As a conclusion to the wettability of clay minerals with respect to different exchangeable ions,
it clear that the nature of surface ions primarily influences the suspension, which upon deposit
form more or less rough films. However, the contact angles recorded seems to be rather in
agreement with the model of Wenzel [16], where, the chemistry of the surface governs the
measured contact angle. For instance, Ca* ions possess the most favourable hydration enthalpy
and surface roughness of NAul-Ca?* film being the highest, the hydrophilic character is

enhanced and hence resulted in the lowest contact angle. On the other hand, the NAul-K* film
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possess intermediate roughness among the analysed series and possess the highest contact angle

essentially driven by the chemistry of the surface (low free hydration energy).

4.2 Surface roughness as a function of particle size

The effect of particle size and hence surface roughness on the wettability of Arizona
montmorillonite are shown in Table 12 (with sizes S1>S2>S3>S4). The results indicate that the
film composed of particles with the largest size (S1) has the largest contact angle while that
composed of particles of the smallest size (S4) displays the smallest contact angle. The average
individual particle size in the films therefore appears to affect contact angles. As observed by
Paineau [17], the physico-chemical characteristics of the platelets are independent of their sizes.
Indeed, they possess identical CEC and equidistant charges equilibrated by Na* so that the
contact angles are undeniably linked to the difference in roughness of the different films
investigated. The given AFM parameters (3D-2D image difference, RMS and Rmax) all point

towards increasing film roughness in the order of S4 <S3 ~ S2 <S1.

Particle Size S1 S2 S3 S4

Contact Angle at 45% RH / °© 38 31 28 20
Image surface area difference (3D-2D) /% | 15.5 4.70 4,66 2.90
RMS / nm 118.3 85.3 82.26 43.5
Rmax / nm 764.7 467.6 454.17 251.9

H, Hurst exponent 0.68 0.65 0.65 0.66

Ieo (M) 3.0 2.3 2.3 1.3
Variance at plateau (nm?) 30000 15800 15000 4000

Table 12: Contact angles and mean AFM roughness parameters and fractal analysis
parameters calculated on 5 images of each film of Arizona montmorillonite-Na* composed of
particles of sizes S1, S2, S3 and S4.

In terms of fractal analysis (derived from Figure 17), at small correlation lengths, the H
exponent is similar for the 4 particle sizes. In contrast, both the r., value and the variance at
the plateau evolve with particle size in similar ways as that observed for the non spatialized
parameters (3D-2D image difference, RMS and Rmax), i.e. S4 < S3 = S2 < S1. These results
clearly indicate that the film formed with the largest particles (S1) exhibits higher peaks and
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requires a longer dimension in the horizontal (x, y) plane to be regarded as smooth. Upon

decreasing particle size, r., decreases.

2x10* -

Variance (nm?)

1x10% &

2x10° 3x10° 4x10°

r (um)

0 1x10°

Figure 17: Variance of heights on films of nontronite exchanged with Na*, Li*, K* and Ca?*

with respect to the correlation lengths.

In terms of surface roughness, it is particularly interesting to note that in the presence of a given
cation, the platelet size influences the wettability of the clay mineral. By using Na*-exchanged
montmorillonite clay, delaminated platelets have been deposited during the films preparation.
Indeed, as seen in the last section, the nature of exchangeable cation indirectly influences the
state of roughness of a clay mineral and hence it seemed important to us to eliminate any
additional source of roughness apart from that induced by the platelet size. The results have
clearly indicated that large platelet sizes result in higher surface roughness and hence higher
contact angles while smaller platelets result in low surface roughness and correspondingly low

contact angles.
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Figure 18: (10x10) um AFM of SAz. a) S1 film; b) S2 film; c¢) S3 film and d) S4 film. Contrasts

linked to the topography of the films appear as bright zones corresponding to higher altitudes

1500 nm
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while those situated in depth appear as dark zones.
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5. Conclusion

In this chapter, solid-liquid interactions have been studied via the wettability of clay minerals
in an extensive way. Contact angle measurements have been used to investigate the wettability
of swelling (beidellite, nontronite and montmorillonite) as well as non-swelling (kaolinite and
illite) clay minerals. For this purpose, both water and crude oils have been used as probed
liquids. However, on one hand, due to the porosity of the non-swelling clay films, none of the
probed liquids revealed any concluding results and on the other hand, the crude oils spread
instantaneously on the swelling clays. These results could partly reveal the high affinity of crude
oils for the clay minerals, at least under the measurement conditions which have been applied.
Consequently, the water-wettability and the effect of various parameters influencing contact
angles (nature of exchangeable cations, relative humidity, surface roughness and particle size)

have been investigated on the swelling clay minerals.

Even if these parameters have been investigated individually, the nature of cations, surface
roughness and particle size are closely linked. For instance, the nature of exchangeable cation
indirectly drives the state of roughness of the clay films as shown by detailed analysis of AFM
images (roughness of films decreasing in the order of Ca?* >>> K* > (Li*, Na*). However, it’s
the hydration energy which ultimately takes over, as pretty well illustrated by the case of K*
and Ca®". Indeed, the surface roughness of nontronite-K* is way less compared to that of
nontronite-Ca?* but the contact angles followed the reverse trend. On the other hand, for a given
clay mineral, exchanged with a given cation, the wettability of the film is influenced by the size
of the particles. For instance, the larger the size of the clay platelets, the rougher the film and

the higher the contact angle.

As far as the influence of relative humidity on contact angles is concerned, only a marginal
effect has been observed. However, working at high humidity suppresses (or at least
diminishes) the phenomenon of evaporation and hence has revealed more stable contact angles

with the evolution of time.

On the basis of the different results obtained, the nature of exchangeable cations have shown to

be a key aspect of clays wettability.
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Introduction

Low salinity waterflooding aims at recovering oils trapped into pores of reservoirs by both
capillary and viscous forces [1], [2]. As such, the capillary forces are governed by both adhesive
forces (between the oils and the surface of the rock) and interfacial/surface tensions (of oils
against connate water/gases respectively). Having studied the wettability of clay minerals
(balance of surface and interfacial forces), this chapter aims at investigating interfacial tension
of crude oils against a wide span of brines (both in terms of composition and concentration).
During LSW, injected water is brought into contact with in-place oils. Accordingly to the nature
of ions in the aqueous phase, oil/brine interfacial tension is modified and likely to mobilise the
trapped oils [3]-[6] through salting-in [7] of surface active molecules. If the conditions favour
salting-out of the surfactants, the molecules either become more oil soluble or promote the
adhesion of oils onto the rock surface (the system becoming more oil-wet) [8]. Consequently,
to disturb in-place equilibrium in reservoir and tend the system towards more water-wetness,

the ionic composition and concentration of injected brines during LSW need to be optimised.

As detailed in the state of the art section, crude oils are mixtures of hundreds of hydrocarbons,
polar components, gases and components of heavy metals. The oils under investigation during
this thesis (chapter I, section 2), are dead crude oils each containing polar acidic, basic
molecules and components like resins and asphaltenes, all of them being interfacially active. In
the aim of providing a better insight of crude oil/brine interactions, it appeared important to
decompose the complex crude oil system into a simplified system made up of an organic phase
and a unique surface active molecule. Consequently, a model system, MS, has been designed
with an alkane (dodecane) and a carboxylic acid bearing linear hydrocarbon (oleic acid, HLB
=1.0) and in terms of interfacial tension measurements, identical experiments have been

performed on the MS and the crude oils.

In the last part of this chapter, we aimed at studying the stability of emulsions when the crude
oils were mixed with brines at concentration leading to the lowest IFT. Different salts leading
to different minimum IFTs [9], [10], we found it particularly interesting to compare the stability

of the different emulsions.
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1. Experiments and set-up for interfacial tension measurements

1.1  Model system, MS.
Dodecane a saturated linear alkane of anhydrous grade and purity of > 99% was purchased from
Sigma-Aldrich. Oleic acid of purity 99% was bought from Alfa-Aesar. The model system was

prepared by adding 30mg of oleic acid per litre of dodecane (a concentration of 1x10™* M).

a) b)

H3C/\/\/\/\/\/ 3 { HO” !

Polar Head Hydrophobic tail

Figure 1: a) molecule of dodecane; b) molecule of oleic acid

1.2  Brines for interfacial tension measurements

1.2.1  Effect of salt species and concentration
The effect of salt concentration has first of all been investigated on the interfacial tension of
pure dodecane by using a salt of monovalent cation (NaCl) and a salt of divalent cation (MgCly).
Afterwards, the effect of the concentration of NaCl, CaCl, and MgCl. has been investigated on

the interfacial tension of the model system, crude oils LVC(C) and MFC(B).

Salt Purity (%) Purchased from:
NaCl 99.9 Sigma-Aldrich
CaCl; 99.9 Sigma-Aldrich
MgCl, 99.9 Alfa-Aesar

Table 1: salts used to investigate the effect of salt species and concentration

As such, during LSW tests, some studies have pointed out the importance of the presence of
divalent cations in order to increase oil recovery [11], [12]. Accordingly, low salinity effects
have been tested by using brines of salt of divalent cations as well as brines composed of
mixtures of monovalent/divalent salts [13]. It thus appeared important to compare the evolution

of the interfacial tension of the crude oils as a function of brines composed of mixture of salts.
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For instance, the effect of brines of NaCl/CaCl, and that of NaCl/MgCl have been investigated.
For this purpose, NaCl at a concentration of 1M and the salts of divalent cations at a
concentration of 0.5M have been mixed into different proportions as shown in Table 2.

NaCl at 1M (%)  Salt of divalent cation at 0.5M (%)

100 0.00
97.5 2.50
95.0 5.00
92.5 7.50
90.0 10.0
85.0 15.0
75.0 25.0
50.0 50.0
25.0 75.0
0.00 100

Table 2: Proportion of NaCl and salt of divalent cation to prepare brines

1.2.2  Effect of the nature of ions
The effect of the nature of ions constituting the salts has been analysed by investigating the
effect of their polarisability. As such, the polarisability of an ion is the ability of its electron
cloud to be distorted by an external electric field. For instance, large and low valence ions are
highly polarisable. On the contrary, small and high valence ions are highly polarising. For the

purpose of this work, polarisability of ions has been defined as follows:

Polarisability « L Equation 1

(%17,2)

With |Z| being the absolute charge of the ion and r its crystallographic radius.

Table 3 shows the different salts which have been used to investigate the effect of cations and
anions. As far as the cations are concerned, chloride salts of monovalent as well as that of the
divalent cations have been tested. Regarding the effect of anions, sodium halides have been

used.
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Effect tested Salt Purchased from  Concentration (M)
Monovalent | LiCl, NaCl, KCI, RbCl,CsCl ~ Sigma-Aldrich 1
cations
Divalent MgCl> Alfa-Aesar 0.5
cations CacCly, SrCly, BaCl, Sigma-Aldrich 0.5
Anions NaF, NaBr, Nal Alfa-Aesar 1
NaCl Sigma-Aldrich 1
Table 3: Different salts to test the effect cations and anions; all salts used were of purity of
>99% or 99.9%.

1.3  Set-up for interfacial tension measurements

The densities of the organic phases under investigation being lower than that of water and
brines, interfacial tension was measured by the rising drop method using a Drop Shape
Analyser, DSA100, from Kriiss, Hamburg, Germany. The lighter phase (oil) was placed in a
glass syringe and the volume of drops were increased at a rate of 100ul/min via a hook-shape
needle of 2.0mm in diameter into the heavier phase (water or brines). Analysis of the shape of

the oil drops was made according to the Laplace equation:

1 1 .
Ap=1vy [R_1 + % Equation 2

Where Ap is the difference in pressure between the inner and outer phase as the drop size is
increased; y is the interfacial tension between the oil and the aqueous phase; R,and R, are the

main radii of curvature as the pendant drop is deformed under the effect of gravity.

During our measurements, the deformation of the drop size (from spherical to a “pear shape”™)
was given by the B parameter, which characterises the deformation of the drop as the volume
was gradually increased.

It is worth mentioning that each IFT measurement is a mean of at least three independent drops.
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Figure 2: a) Set-up of Drop shape Analysis experiment; b) an oil drop into water.

1.4  Oil / aqueous phase emulsion: bottle test

1.4.1. Proportion of crude oil/water to form stable emulsion
Crude oil/aqueous phase interactions have also been assessed via the stability of emulsions
formed. However, to determine the respective volumes of each phase, primary tests have been
performed to determine the stability of oil/water emulsion (Table 4). As such, during all the
experiments the total volume of the liquids (oil + agueous phase) was fixed to 5ml. For instance,
different volumes of oil were added to water previously present into a container and the whole
was mixed by using a vortex from VWR international during 30 seconds at 2500 rpm. The

resulting emulsions were left to stand and analysed afterwards.
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Crude oil (%) Aqueous phase (%)
10 90
20 80
25 75
40 60
50 50

Table 4: Proportion of crude oil and water to test the stability of emulsions.

1.4.2. Proportions of crude oils/brines to form stable emulsion
The effect of salts commonly tested for LSW (Table 5) namely, NaCl, CaCl, and MgCl», has
also been tested on the stability of emulsions. Similar experiments and proportion of the
different phases (as reported in Table 4) have been carried out to determine the proportion of
oils/brines leading to stable emulsions. Here, it is worth noting that the concentration of these
salts corresponded to those leading to the crude oils/brine minimum interfacial tension

measured in section 1.2.1).

Brines Concentration of the brines (M) with oils
LVC(C) MFC(B)

NaCl 0.50 0.25

CaCl> 0.25 0.075

MgCl: 0.20 0.25

Table 5: Brines composition and concentration used to determine oil/brine to form stable

emulsions with the two crude oils.

1.5  Analysis of emulsions

The different crude oil/aqueous phase emulsions have been analysed under an optical
microscope with a sufficient depth of field for observing the whole diameter of the drops. Size
distribution of the drops have then been characterised by using image analysis software

(ImageJ).
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2. Interfacial tension (IFT) of the Model system

2.1 Interfacial tension (IFT) of pure dodecane/water

Prior to all experiments, dodecane/water interfacial tension was measured and resulted in
52.75+0.05 mN/m. This value corresponds closely to those reported in the literature [14]-[17].
The effect of salt concentration was then tested by using electrolytes of a monovalent salt
(NaCl) and a divalent salt (MgClz) and shown in Figure 1a). Further analysis of the effect of

anions on the IFT of dodecane is shown in Figure 1b).

a)

581 = NaCl
4 MgCl,
O HY0
56

2

0,0 0,2 0,4 0,6 0,8 1,0
Concentration (M)

581 cr Br I

b
) 56 -

54 -

i \
52

50 —u— |FT dodecane/sodium halides (1M)
i { IFT dodecane/H,0

IFT (mN/m)

48

2,0x10%° 3,0x107% 4,0x10%° 5,0x10%°

Polarisability anions (C'.m?)

Figure 3: a) IFT of dodecane with respect to increasing concentration of salts; b) IFT dodecane

as a function of salts of sodium halides at a concentration of 1M.
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From Figure 3a), it can be observed that for dodecane/brine system, IFT increased with
increasing concentration of the salts. These results indicate that at the pure alkane/aqueous
phase interface, negative adsorption of ions took place (/i< 0, I; being the concentration of
ions at the interface and corresponds to the number of moles of component "i" adsorbed per
unit area). As the concentration of the salts increased, IFT increased accordingly to the equation
described by Gibbs:

dy = —RT Y I;dlnq; Gibbs equation

Where, dy is the increment in IFT; R is the universal gas constant; T is the absolute temperature;

and a; is the chemical activity of the ith component in the solution.

In addition to the general tendency of increasing IFT recorded with both NaCl and MgCly, it
can be observed that in the presence of divalent Mg?*, the increments in IFT at salinities > 0.8M
are more significant compared to Na*. As far as the results with NaCl are concerned, they are
in good agreement with those obtained by Aveyard et al. [18] . However, for MgCly, the results
are slightly different from those observed by Cai et al. [14], where they observed negligible
effect of salt species on octane/aqueous phase IFT. Nevertheless, our results do not seem to be
surprising and can be attributed to a dual effect of the cations kosmotropic character and the
concentration of the counterions. Let’s consider a concentration of salt of 1M in water (NaCl
->Na*, CI'; MgClz >Mg?, 2CI), the number of moles of dissociated components in the bulk is
greater in the presence of MgCl, compared to NaCl. Regarding the polarising capacity of the
cations, the small and highly charged Mg?* is more polarising than larger and singly charged
Na*. In a pure organic/aqueous phase system, Mg?* is able to disrupt the hydrogen bonding of
the bulk phase and structure the water molecules to a greater extent. This latter phenomenon is
linked to the kosmotropic character of the ions (the kosmotropic character of Mg?* > Na*) [19].
According to Gibbs equation, the concentration of ions in the bulk being greater in the case of

MqgCly, an increase of IFT was recorded.

It is now interesting to seek out the behaviour of anions at the oil/water interface. Figure 3b)
shows the interfacial tension of dodecane against brines of sodium halides at a concentration of
1M. In the presence of CI and Br-, the IFT increased compared to that recorded against pure
water. However, in the presence of F and I, the IFT decreased. Accordingly to Gibbs equation,
Fand I were thus positively adsorbed (75> 0) and hence located in the interfacial layer. This
behaviour is typical of surfactants as already observed for I" by Aveyard et al. [18] and Lima et

al. [20]. On their side, Santos and Levine [12] postulated that large anions such as I accumulate
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at the oil/water interface due to their chaotropic nature, (large polarisability, low hydration and
cavitational hydrophobic energy). In opposition to kosmotropes, the chaotropic ions move
towards the interface and decrease IFT. However, as far as F~ is concerned, it is the smallest of
all the investigated anions and was expected to induce the largest increase of IFT compared to
Cl,, Br and I". Though a slight decrease (51.44+0.16 mN/m for dodecane/NaF compared to
52.75+0.05 for dodecane/water) has been recorded, it is nevertheless clear that F~ exhibits a

specific behaviour.

2.2 Interfacial tension of Model system: dodecane + oleic acid
Due to its long hydrocarbon chain and the presence of a polar carboxylic group at one end, oleic
acid acts as a surface active molecule. According to the pH of the surrounding medium, it is
either able to act as a non-ionic or an anionic surfactant as shown in Figure 4 below. For
instance, at a pH equivalent to its pKa, 50% of the carboxylic acid is under the anionic form.
At pH= pKa+3, 99.9% of the carboxylic acid is ionized. Table 6 shows the pH of the different

brines with respect to the pKa of carboxylic acid.

C,7H;;CO0H C,;H;3C00°
pKa=' 5

:pH

Figure 4: lonization of oleic acid according to the pH of the surrounding medium.

pH = pKa pH = pKa+1 pH=pKa+2 pH>pKa+3

H.0 LiCl
RbClI NaCl

KCI SrCl> MgCl,
BaCl, CsCl CaCl,

NaBr Nal NaF

Table 6: pH of the different brines with respect to the pKa of carboxylic group of oleic acid.

The addition of 30mg/L of oleic acid into dodecane reduced its interfacial tension against water
from 52.75+0.05 mN/m to 44.06+0.07 mN/M. This is primarily due to the partitioning of
surface active molecules at the oil/water interface where their free energy is minimum. This
first effect here is being referred as the surfactant effect. It is then interesting to investigate the
effect of ionic species and concentration on the IFT of the MS. Indeed, the presence of salts is
likely to modify the solubility of the surfactants and hence the IFT.
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Figure 5: Effect of salt species and concentration on the IFT of the model system.

Effect of concentration of NaCl, CaCl, and MgCl, on IFT of MS
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From Figure 5 it is primarily interesting to note that the trend of IFT compared to pure

dodecane/brines is reversed, i.e. in the presence of oleic acid, the three salts lead to a decrease

in IFT (certainly to different extents with the different salts) while for pure dodecane/brines, an

increase of IFT was observed.

Moreover, for the model system, the following observations can be made from Figure 5:

iv.

Increasing salt concentration is firstly accompanied by either a slight drop (NaCl) or

marked drops (CaClz and MgCly) of IFT to reach a minimum;

Different minimum IFTs observed with the three brines;

In the range of studied salt concentrations, an “optimum salinity” has been recorded

with the three salts. The optimum salinity here, is being used to identify the salt

concentration where the IFT is first minimum;

IFTs against the three salts stayed constant beyond the “optimum salinity”.

The difference concerning the trend of IFT against the different brines observed with the model

system compared to pure dodecane can be attributed to electrostatic attraction between cations
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from the bulk towards the negatively charged oil interface in the presence of surfactants (77> 0
and dy < 0) . It is now appropriate to seek out for the differences of the minimum IFTs and

similarity of the optimum salinity with respect to the different brines.
e Concerning the different minimum IFTs:

As revealed by Table 6, in the presence of NaCl identical ionisation of surfactant as in the
presence of water can be considered (~ 50% -COOH and ~50% COO"). According to Gibbs
equation, electrostatic attraction of Na* ions towards the interface leads to decrease in IFT
compared to water. In the presence of MgCl, and CaCl. (pH of the brines > pKa+3), 100% of
the polar headgroup of the surfactants present at the interface, are under the carboxylate form.
Like with Na*, as a result of electrostatic attraction, a decrease of IFT is recorded. In addition,
the drastic IFT reduction with the divalent ions compared to Na* can primarily be attributed to
specific ion effects. In the order of increasing hardness are Na* <<< Ca?" < Mg?" and
accordingly, these ions are attracted towards to the hard carboxylate headgroup and lead to IFT
in the order of Mg?* < Ca?* <<< Na*. Taking into consideration these interactions, it follows
that in the presence of the divalent cations salting-in of the surfactants is favoured, the

phenomenon of salting-in being more marked in the presence of Mg?*.
e Concerning the optimum salinity:

From the above results, the concentration of salt leading to the minimum IFTs recorded with
the three salts “seems” to be identical. It is however most probable that in the presence of such
a low concentration of surface active molecule (1x10*M), the subtle difference of minimum

salinity is most probably lying below the investigated salinity range (< 0.05M).

All the above results show that IFT of the system is indeed a function of salt concentration and
species. However, for this particular system, once the salinity leading to the minimum IFT has
been achieved, salt concentration has no further impact on the IFT. Tentative explanations to
this phenomenon could either be that all of the surfactants are already present at the interface
or that a maximum of them have already occupied the interface (taking into consideration
electrostatic repulsion between the heads). Further analysis of the effect of salt species was thus
carried out at identical ionic strength of brines but after the optimum salinity had been reached,

for instance 1M for salts of monovalent cations and 0.5M for salts of divalent cations.
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2.2.2. Effect of the polarisability of cations on the IFT of the MS

Lit Na© k' R cs'
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Figure 6: Effect of cation polarisability on the interfacial tension of the model system.

Figure 6 shows the interfacial tension of the model system as a function of the polarisability of
cations present. In the presence of brines of LiCl, MgCl; and CaCly, the surfactants at the
interface are under similar state of ionisation (totally anionic, pH of solution > pKa+3 of
carboxylic group) and hence, can be used to analyse the effect of cations. As observed
previously, electrostatic attraction caused the cations to move towards the oil/water interface
and decreased IFT (/7> 0 and dy < 0). These three cations as well as the carboxylic group
are kosmotropes [21], [22]. Firstly, According to the “law of matching water affinities” [23],
[24], ion-paring occurs between these cations and the carboxylic headgroup. Indeed, in aqueous
salt solutions, this law characterises the strength of interactions in decreasing order as:
kosmotrope-kosmotrope > kosmotrope-H,O > H,O-H,O > chaotrope-H,O > chaotrope-
chaotrope. The subtle differences of IFT between these cations can then be attributed in terms
of their respective hardness. For instance, in decreasing order of hardness are Li* > Mg?* >
Ca?"; the interfacial tensions revealed the favoured hard cation-hard carboxylate headgroup
interaction in the order of Li* < Mg?* < Ca?*. This effect being directly linked to their respective

sizes (Table 7, ionic radius from [25]) , the smallest cation, Li*, promote salting-in of the



Page |121

surfactants at the oil/water interface to the greatest extent (by reducing electrostatic repulsion

between the carboxylate headgroups surface coverage by surfactants is increased).

Cation lonic radius (nm) IFT (mN/m)
Li* 0.059 4.33+0.19
Mg?* 0.072 5.83+£0.19
Ca? 0.100 11.1+0.12
Sr2 0.116 35.45+0.41
Ba** 0.136 42.39£0.23

Table 7: IFT of MS against brines composed of different cations.

Increasing polarisability compared to the latter cations, Sr?* resulted in higher IFT. Its larger
crystallographic size (rg,2+ > Tgg2+ > ryg2+ > 1p;+), hence less hardness and lower pH of

its solution compared to the previous cations could altogether account for the decrease in

electrostatic attraction and increase in interfacial tension recorded.

As far as Ba®" is concerned, its size (rpgz+ > Tgp2+ > Tpoge+ > Tumg2+ > Tpi+), softness
tendency and low pH were all subject to less favourable interaction with the carboxylate head.
Moreover, from Ba?* to Cs", the pH of the solutions oscillated around the pKa of the surfactant
which in turn governed the state of ionisation of the carboxylate headgroup (only 50% ionised).
In addition, the size of the cations getting larger (ry + < Tpgz+ < T+ < Tgp+ < g+, Table
8, ionic radius [25]) compared to the high charge densities (inverse of the polarisability) of Li*,

Mg?* and Ca?*, electrostatic attraction was hampered.

Cation lonic radius (nm) IFT (mN/m)
Na* 0.102 40.81 £ 0.18
K* 0.138 41.42 +0.20
Rb* 0.149 39.91+0.85
Cs* 0.167 40.33£0.91

Table 8: IFT of MS against brines of monovalent cations.
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2.2.3. Effect of the polarisability of anions on the interfacial tension of the MS

50 -

F cr Br I
¢

40 R
E
Z 30+
E
|_
Lo
= 204

—H®—|FT (1.0M of sodium halides)
10 + O IFTH,0
0

" T . T v T A T
1,0x10%° 2,0x10% 3,0x107%° 4,0x10™ 5,0x10™%
Polarisability of anions (C'1.m2)

Figure 7: Effect of anion polarisability on the interfacial tension of the model system.

For ions of same charge densities, the anions are far more polarisable than the cations [26]. It
has been pointed out that ions of higher polarisability move towards macromolecule/water
interface and destabilise them. Figure 7 shows the variation of the interfacial tension as a
function of the polarisability of the anions composing the salts of sodium halides. In the
presence of brines of NaCl and NaBr, very slight decreases of IFT have been recorded. Cl and
Br act as “spectator ions” and do not specifically alter IFT. As far as the I" is concerned, it
moved to the interface due to its chaotropic character, high polarisability, low hydration and
cavitational energy. As such, we already observed this behaviour of I- at the pure
dodecane/water interface (Figure 3b) and has been reported in the literature [18], [27].
Moreover, it is to be noted that in the presence of surfactants, the effect is more pronounced.
Regarding F, the only data found in the literature are the simulation results of Levin et al. [27],
where they compared IFT as a function of increasing concentration of potassium halide salts.
They found that I increased IFT the most when comparing all the anions going down the
halogen column. Our results are in agreement with their simulations except for F~. At first, we
recorded a tendency to lowering IFT at pure organic/aqueous phases and an even more drastic
reduction in the presence of surfactants. A specific behaviour other than high polarisability, low
hydration is likely to cause F~ ions to move towards the interface (/7> 0 and dy < 0). Going
back to the previously cited “law of matching water affinities” of Collins [23], [24], the relative

affinity of ions in solution depends on the matching of cation and anion sizes. As such small-
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small and large-large ionic species tend to associate in water, while small-large ions dissociate.
These tendency have also been shown in the simulation studies of Fennell [28], where they
observed the small-small ions associate as a result of strong electrostatic attractions between
them. Consequently, NaF is thought to act as an entity as a whole and it’s this particular ion
pair which moved to the interface and lowered IFT. Table 9 recapitulates the sizes [25] and IFT

in the presence of the anions.

In addition it is worth noting that in the presence of anionic surfactant in our system, IFT

reduction has been more pronounced with the highly polarising cations.

Anion lonic radius (nm) IFT (mN/m)
F 0.133 11.51 +0.36
CI 0.181 40.81 £ 0.18
Br 0.196 41.53 £ 0.05
I 0.220 17.14 £ 0.39

Table 9: IFT of MS against brines of sodium halides.

As a conclusion to IFT of the model system against the different brines, the following

observations and conclusions can be made:

i.  Salt species and concentration contribute to IFT reduction of the model system
(minimum IFT at an optimum salinity);
ii.  Small and highly polarising cations (Li*, Mg?* and Ca?*) reduced IFT the most;
iii.  Inthe series of anions, F reduced IFT, while an increase was expected;

iv.  Large, highly polarisable and weakly hydrated I" reduced IFT.

As a global conclusion in the presence of salts made up of highly polarising ions (both cations

and anions) and highly polarising anions, IFT of the our MS against brines was the lowest.
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3. Interfacial tension of crude oils LVC(C) and MFC(B)
IFTs of the crude oils (LVC(C) and MFC(B)) have been measured in a similar to those with the
model system. The crude oils under investigation possess respectively 8.2% and 15.7% by mass
of a mixture of polar molecules compared to the MS (which possessed 0.004% by mass of one
surface active molecule). As a matter of comparison Table 10 reports the IFT of the three

organic phases against water.

Organic phase Total mass of polar IFT (mN/m)

components (%)

MS 0.004 44.06 £ 0.07
Crude oil LVC(C) 8.2 25.58 +0.05
Crude oil MFC(B) 15.7 20.23 £0.40

Table 10: IFT of the three investigated organic phases against water

It is clear that the presence of surface active molecules alter IFT of the systems, for instance,
the higher the content of the polar components the lower the IFT. Here, it is worth noting that
IFT of pure alkane phases against water are much higher (>50 mN/m) [14]-[18], [20].

3.1  Effect of concentration of brines on the IFT of oils LVC(C) and MFC(B)

Figure 8 shows the IFT of oil LVC(C) as a function of the concentration of three different
brines, where the same trend of: decrease to a minimum value, followed by slight increases to
reach constant IFTs were recorded. Like with the MS, IFT NaCl > CaCl, > MgCla.

As far as oil MFC(B) is concerned (Figure 9), despite that a similar trend of IFT NaCl > CaCl;
> MgClI> has been recorded, as the concentration of the salts is increased, the IFTs dropped to
minimum values at optimum salinities, after which, a global increasing tendency of the IFTs
has been recorded. In this particular case of oil MFC(B), after the salting-in of surfactants (up
to optimum salinities), the surfactants salted-out at high salt concentrations causing the IFTs to

increase.
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Figure 8: Interfacial tension of oil LVC(C) as a function of concentration of NaCl, CaCl, and
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Figure 9: Interfacial tension of oil MFC(B) as a function of concentration of NaCl, CaCl and

MgCl,.

The difference in behaviour between the two oils surely lies in the respective contribution of
the polar components (LVC(C): 2.9% asphaltenes and 5.3% resins; MFC(B): 5.3% asphaltenes
and 10.4% resins). In a recent study, Lashkarbolooki et al. [9] extracted asphaltenes and resins

from an Iranian oil field and studied the influence of NaCl, CaCl; and MgCl> concentration on
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the IFT the respective components (Figure 10 [9]). The asphaltenes and resins each represented

8% by weight in toluene.
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They observed that NaCl had
low effect on the IFT of both
asphaltenes and resins,
consequently on their crude oil
in general. However, CaCl; and
MgCl.

towards asphaltenes and resins

showed specificities
respectively, thus lowered IFT.
They put forward the bigger
of Ca* the

complexation of

for
the

size
large
asphaltenes and the affinity of
Mg?* ions for the oxygen in the
resins. As such, the optimum
salinity  for asphaltenes
occurred at lower divalent salt
concentration compared to that
of resin. However, beyond the
optimum salinity, the IFT of
asphaltenes increased while
that of resin stayed constant
10: b) c)).

Moreover, they reported that

(Figures and
when both of these polar
components act together they
show a synergistic effect and
IFT reduction is even more

pronounced.

Figure 10: a): IFT of crude oil against salinity of different brines; b) IFT of extracted asphaltene

against salinity of different brines; c) IFT of extracted resin against salinity of different brines.
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With both oils under investigation in our study, IFT NaCl > CaCl, > MgCl.. As far as the effect
of NaCl is concerned, it showed a very low effect on the IFT of oil LVC(C) in the whole range
of concentration and on the IFT of oil MFC(B) up to a concentration of 1.5M. These results
confirm the low synergism observed between Na* ions with the surfactants (in our MS with

oleate and in the crude oils with the natural surfactants).

In both oils, the amount of asphaltenes is much lower than that of resins. Consequently, taking
into consideration the specificity of Ca?* towards asphaltenes [9], the higher IFT we recorded
in the presence of Ca?* compared to Mg?* is most probably linked to interfacial asphaltenes.

Moreover, due to their large sizes, only a limited amount is likely to be present at the interface.

Let’s consider the individual effect of the divalent cations on the IFT of the oils. For instance,
with both oils, in the presence of CaCl, a marked IFT reduction occurred until an optimum
salinity was reached. This effect can particularly be attributed to the salting-in of asphaltenes.
Beyond this salinity, salting-out of the asphaltenes increased the IFTs. It was only then that
resins came into play. Indeed, they interact with the divalent salts at higher salt concentrations

and resulted in more or less stabilised IFTs.

As far as the effect of MgCl. is concerned, the striking IFT reduction can essentially be
attributed to the resins. With both oils, increasing concentration of MgCl, caused the IFT to

decrease to a minimum value and then increased due to salting-out effects.

With the aid of the studies of Lashkarbolooki [9] we know that asphaltenes lower IFT at low
salt concentration and resins at higher salt concentrations but, crude oils constitute of a mixture
of surface active molecules and the variation of the IFT against the different salts is the result
of the surfactants acting together.
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3.2  Effect of divalent cation content on the IFT of LVC(C) and MFC(B)
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Figure 11: Interfacial tension of oil L\VC(C) as a function brines of increasing concentration of

divalent salts.
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Figure 12: Interfacial tension of oil MFC(B) as a function of brines of increasing concentration

of divalent salts.

Figures 11 and 12 respectively show the variation of IFT of oils LVC(C) and MFC(B) as a

function of brines made up of increasing concentration of salts of divalent cations. Again with

both oils, the IFT decreased to a minimum value with increasing concentration of divalent salts

in the brines; the IFTs in the presence of Mg?* ions being lower than Ca?*. As a matter of
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comparison, Figure 13 and 14 respectively show the variation of the IFT of the oil LVC(C) and

MFC(B) with brines composed of divalent salts only and brines composed of the mixture of

salts.
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Figure 13: Comparison of the interfacial tension of oil LVC(C) with brines of single salts and

brines composed of mixture of salts.
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Figure 14: Comparison of the interfacial tension of oil MFC(B) with brines of single salts and

brines composed of mixture of salts.
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From the superposed graphs in Figures 13 and 14 (and Table 11), in a general way, it appears
that the minimum IFT occurs at lower divalent salt concentrations when used in combination
with NaCl. However, as far as the value of the minimum IFT is concerned not much difference
is observed between these two brines. As such, when comparing the ionic strength of these
solutions, we observe that in fact the minimum of interfacial tension in the presence of brines

composed of mixture of salts are much higher compared to the brines of divalent salts only.

Qil Brine Concentration of  lonic strength Minimum IFT
divalent salt (M) (M) (mN/m)

CaCl» 0.25 0.750 12.75+£0.14

LVC(C) NaCl+CaCl; 0.0375 1.038 13.51+£0.15
MgCl; 0.20 0.600 523+0.12

NaCl+MgCl: 0.125 1.125 5.85+0.13

CaCl» 0.075 0.225 10.97 £ 0.40

MFC(B) NaCl+CaCl; 0.025 1.025 10.56 £ 0.23
MgCl; 0.25 0.750 7.60 £ 0.40

NaCl+MgCl; 0.075 1.075 5.91+0.28

Table 11: Comparison of divalent salts concentration in pure brines and in brines composed to

mixture of salts leading to minimum IFT.
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3.3  Effect of cation polarisability on the IFT of oil LVC(C) and MFC(B)
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Figure 15: Interfacial tension of oil LVC(C) as a function of the polarisability of cations.
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Figure 16: Interfacial tension of oil MFC(B) as a function of the polarisability of cations.
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As for the model system, the effect of polarisability of cations on the IFT of the crude oils has
been investigated by using brines of MgCl,, CaClz, SrClz, BaCly, LiCl, NaCl, KCI, RbClI and
CsCI (Figures 15 and 16). As far as the divalent salts are concerned, IFTs with salts of both
0.5M and 1M have been measured. In general, it can be observed that the IFTs at a concentration
of 1.0M are slightly higher compared to those measured at 0.5M (with the MS, the IFTs at 0.5M
and 1M were identical). However, for both oils and salt concentrations, the tendency observed
with the divalent salts is an increase in IFT with increasing polarisability of the cations (or
rather decreasing polarising capacity). For identical valencies, the cations getting larger, in
addition to decreased electrostatic attraction only a limited amount are being to position at the

interface.

As far as the effect of the monovalent cations on oil LVC(C) is concerned, up to K* very similar
results as the MS has been observed i.e increasing polarisability is followed by increase in
interfacial tension. The smallest and most polarising cations were most attracted to the oil
interface. However, compared to the MS, a drastic reduction of the IFT of oil LVC(C) has been
recorded in the presence of chaotropes Rb* and Cs*. Their large size, high polarisability, low
hydration cause them to move towards the interface and interact with surfactants other than
carboxylic groups. Indeed in our MS interaction between these chaotropic ions and the
kosmotropic COO™ group was favoured to a lesser extent (Figure 6 v/s Figures 15 and 16).

Concerning the effect of cations on oil MFC(B), the overall “bell-shape” of IFT as a function
of cation polarisability observed with oil LVC(C) is conserved. Moreover, apart from Mg?*and
Li*, the IFT recorded with the other cations are lower for MFC(B) compared to LVC(C).
Globally, these results are in agreement with the higher amount of surface active molecules
present in MFC(B). Regarding Mg?* and Li*, due their specificity towards the smaller
surfactants (resins), it appears that more asphaltenes are present at the surface of oil MFC(B).
This argument can also be backed-up by a lower IFT of MFC(B) (11.51 + 0.34) compared to
LVC(C) (14.83 + 0.32) in the presence of Ca?".
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3.4  Effect of anion polarisability on the IFT of oil LVC(C) and MFC(B)
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Figure 17: Interfacial tension of oil LVC(C) as a function of the polarisability of anions of

sodium halides.
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Figure 18: Interfacial tension of oil MFC(B) as a function of the polarisability of anions of
sodium halides.

Having investigated the effect of the nature of cation on the crude oils, the effect of anions have

been investigated in a similar way as with the MS. The results of the variation of IFT with
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brines of sodium halides are shown by Figures 17 and 18 for oils LVC(C) and MFC(B)

respectively.

The trends observed with the oils are identical to those observed with pure dodecane and the
MS. Again, IFT with the different anions are lower for MFC(B) compared to LVC(C). It is
now clear and understandable that ions of high polarisability decrease IFT of both pure and
crude oils. Moreover, the specific behaviour of small, low polarisability of F~ observed with the

MS is confirmed with the two crude oils.

Summary and conclusion on the IFT of MS and the crude oil

From the different studies, it has been observed that salt concentration plays an important role
on the IFT of the three systems. For instance, IFT of each system was minimum at a given salt

concentration, termed as the “optimum salinity”.

Secondly, the nature of the ions composing the salts play a key aspect in IFT reduction. The
small kosmotropic cations (Mg?*, Li* and Ca?*) revealed very low IFTs with the three systems
under investigation. For instance with the MS, electrostatic attraction leading to ion-paring
between the cations and COO™ was argued to account for the lowering of oil/water interfacial
tension [23], [24]. Subtle differences between these ions were then attributed to the respective
sizes and hardness of the different moieties. As far as the crude oils are concerned, very similar
results were obtained with these cations (Mg?*, Li* and Ca?"). As such, we know approximately
the type and amount of surfactants in the organic phases but all of them being present
simultaneously, the observed trends have been explained with the aid of the studies of
Lashkarbolooki [9]. For instance, the specificities of smaller cations like Mg?* towards oxygen
of resins and larger cations like Ca®" towards the asphaltenes have been attributed to the
lowering of IFT of the crude oils. Moreover, it is to be noted that in addition to resins and

asphaltenes, the crude oils possess other polar acidic and basic molecules.

With the three systems, salts of monovalent ions like Na* and K™ have had only slight influence
on the IFT of the systems. However, for larger, more polarisable and low hydrated cations like
Rb* and Cs*, they moved towards the oil/water interface lowering IFT. Indeed, with the MS
only a slight tendency had been observed due to low specificity of the cations with the COO".
However, the presence of the larger surfactants in the crude oils promoted interactions with the

latter cations.
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As far as the effect of anions are concerned (in the order of decreasing polarisability), in line
with literature studies [18], [27], large, highly polarisable and weakly hydrated chaotropic anion
(I") lowered IFT of the three systems. CI and Br™ of intermediate polarisability, had only limited
impact on the IFT of the three studied organic systems. In the presence of F-, despite being the
least polarisable anion, drastic IFT reductions have been recorded. Indeed, following the studies
of Collins and Fennell [23], [24], [28], they showed that small-small ions remain as ion pairs.
We thus attributed the lowering of IFT to the Na*-F entity which moved towards the oil/brine

interface.
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4. Emulsions of brines/crude oils

The surfactants present in oils partition at the interface and lower the IFT of the system; more
the system interacts in a favourable way, the lower the IFT. As seen in the previous section, salt
composition and concentration play a key role in the IFT of a system. Indeed, salting-in or
salting-out of surfactants are promoted accordingly to the presence of salts. This section of the
thesis aims at studying crude oil/brine emulsions at salt concentrations (of commonly used salts
NaCl, MgCl; and CaCl;) which led to minimum IFTs. Naturally, the minimum IFTs of oils
LVC(C) and MFC(B) varying with the nature of the salts, a variation of the emulsions can be

expected.

4.1  Proportion of organic phases and water leading to stable emulsions
Prior to all experiments, the crude oils have been mixed with water to determine the proportion
of each phase needed. Indeed, the presence of surfactants in the oils should be able to give

relatively stable emulsions with water, provided that they are present in sufficient amount.

50% H,O 60% H,O 75% H,0 80%H,0  90% H,0
50% Oil 40% Oil 25% Oil 20% Oil 10% Oil

Crude oil LVC(C)

Crude oil MFC(B)

Figure 19: Emulsions resulting from different proportions of oils and water, 24 hours after
mixing up of the 2 phases; a) Crude oil LVC(C); b) Crude oil MFC(B).
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Figures 19 a) and b) respectively show the emulsions of oils LVC(C) and MFC(B) 24 hours
after they were mixed up in a vortex during 30 seconds. It is to be noted that these emulsions
had identical appearances during several weeks indicating their stability. As far as oil LVC(C)
is concerned, the presence of 50% by volume of the oil was sufficient to give a macroscopically
“miscible” appearance. For oil MFC(B), only 40% by volume was enough to give this stable
“one-phase” aspect. These results are not surprising and are in agreement with the presence of

greater amount of surfactants in oil MFC(B).

4.2  Proportion of organic phases and brines leading to stable emulsions

In a similar way to oil/water emulsions, the crude oils have been emulsified with brines at
concentrations leading to minimum IFTs. Tables 12 and 13 respectively recapitulates the brines
and their respective concentration leading to minimum IFT with the crude oils LVC(C) and
MFC(B) which were determined in section 2.21

e Oil LVC(C)

Aqueous phase  Optimum salinity (M) Corresponding IFT (mN/m)

H,0 - 25.58 £ 0.05
NaCl 0.50 22.58 + 0.35
CaCl; 0.25 12.72 +0.14
MgCl. 0.20 5.23 +0.12

Table 12: Brine composition and concentration leading to minimum IFT against oil LVC(C);

as a matter of comparison IFT against water is also reported.

Figure 20 shows the different emulsions of oil LVC(C) and brines of NaCl, CaCl, and MgCl»
into different proportions. For the purpose of comparison, oil/water emulsions have also been
included. First of all it can be observed that in the presence of a 50% 0il/50% water or brine,
all the emulsions revealed a stable aspect. Indeed, with 50% by volume of oil, enough surfactant
was present in order to give a stable emulsion (stable for months). On the other hand, decreasing
the volume of the organic phase and increasing volumes of aqueous phase showed that the
amount of surfactants was not in sufficient amount to promote emulsion stability, except with
the 40% 0il-60% brine of MgCl,. Indeed, the presence of Mg?* cations has been able to promote
contact between the organic and water phase, while under similar conditions Na* and Ca?* did
not (Figure 21).
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50% W or B 60% WorB 75% WorB 80% WorB 90% WorB

50% Oil 40% Oil 25% 0Oil 20% Oil 10% Oil
a)
Aqueous phase: H20
b)
Agueous phase:
[NaCl] = 0.5M
c)
Agueous phase:
[CaCl;] = 0.25M
d)

Aqueous phase:
[MgCl;] = 0.20M

Figure 20: Emulsions of different proportions of oil LVC(C) and different brines, 24 hours after
mixing up of the 2 phases; W and B respectively denoting water and brines; a) H20; b) NaCl,
c) CaCly; and d) MgCla.
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Macroscopically when comparing the effect of salts in a 40% 0il/60% aqueous phase, it can be
observed that more water has been resolved (oil and water separated into two distinct phases)
in the presence of Na* compared to Ca?*. While in the presence of Mg?* stabilisation is

observed.

Figure 21: Comparison of emulsions made up of 40% crude oil LVC(C)/60% aqueous phase;
from left to right the aqueous phases are: water (X’), NaCl (N”), CaClz (C’) and MgClz (M”)

respectively.

e Oil MFC(B)
Aqueous phase  Optimum salinity (M) Corresponding IFT
(mN/m)
H20 - 20.23 £ 0.40
NaCl 0.25 18.40+0.14
CaCl; 0.075 10.97 £ 0.45
MgCl> 0.25 7.60 £ 0.40

Table 13: Brines composition and concentration leading to minimum IFT against oil MFC(B);
as a matter of comparison IFT against water is also reported.

The different mixtures of oil MFC(B) with the brines of NaCl, CaCl, and MgCl; are shown in
Figure 22. Again, for the purpose of comparison, oil/water emulsions have also been included.
In this particular case, a mixture of 40% 0il/60% water which resulted in a stable emulsion has
been modified by the presence of salts (Figure 23). For instance, NaCl and CaCl, destabilised
the emulsion (to a lesser extent with CaClz), while in the presence of MgCl; the stability was
maintained. As observed with oil LVC(C), it is worth noting that in the presence of 50% 0il/50%

aqueous phases, the emulsions were all stable.
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50% W or B 60% WorB 75% WorB 80% WorB 90% WorB

50% Oil 40% Oil 25% Oil 20% Oil 10% Oil
a)
Aqueous phase: H20
b)
Aqueous phase:
[NaCl] =0.25M
c)
Agueous phase:
[CaClz] = 0.075M
d)

Aqueous phase:
[MgCl;] = 0.25M

Figure 22: Emulsions of different proportion of oil MFC(B) and aqueous phases, 24 hours

after mixing up of the 2 phases; W and B respectively denoting water and brines; a) H-O; b)
NaCl; c) CaCl; and d) MgCla.
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Figure 23: Comparison of emulsions with 40% crude oil MFC(B)/60% aqueous phase; from
left to right the aqueous phases are: water (y’), NaCl (yN”), CaCl, (yC’) and MgCl> (yM’)
respectively.
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4.3  Stability of 50% oil / 50% aqueous phase emulsion

The differences in IFT and stability of emulsions of oils LVC(C) and MFC(B) can a priori be
attributed to the presence of different amounts of surfactants and the specificity of salt species
towards the different polar moieties. From the results in section 2.3.2., to be able to compare
the respective contribution of cations on the stabilisation of the emulsions, it was thus
interesting to analyse the mixtures resulting from 50% 0il/50% aqueous phase (1-to-1 ratio).
Indeed, it is only in this proportion that the emulsions were stable (irrespective of the aqueous
phases). In addition to NaCl, CaClz and MgCly, brines composed of mixture of NaCl and CaCl»
and NaCl and MgCl, were also used to prepare a 1-to-1 emulsion with the oils. As with the
latter individual salts, the concentration of the brines resulting from a mixture of two salts also
corresponded to the optimum salinity i.e. resulting into the minimum IFT (Table 14). The drop
size distribution of the different 50% 0il/50% aqueous phases have then been measured. It is

worth mentioning that the size measurement in each case has been performed with over 500

drops.
Brines Oil LVC(C) Oil MFC(B)
Volume to prepare Minimum Volume to Minimum
brine (%) IFT (mN/m) prepare brine (%) | IFT (mN/m)
NaCl (1M) + NaCl =92.5 NaCl =95.0
CaClz (0.5M) CaCl,=7.50 13.51 CaCl,=5.0 10.56
NaCl (1M) + NaCl =75.0 NaCl = 85.0
MgCl2 (0.5M) MgClz2 = 25.0 55 MgCl> = 15.0 5.91

Table 14: Salt concentration and volume used to prepare brines composed of mixture of salts
and their corresponding minimum IFTs; the brines have then been used to prepare 50% by

volume of 0il/50% by volume of brine emulsions

e QilLVC(C)
As observed in Figure 24, the emulsions were all of W/O (water in oil type). Accordingly to
Bancroft’s rule the type of emulsion observed, can be attributed to surfactants of low HLBs and
soluble in the continuous phase. Figure 25a) shows the droplet sizes in 1-to-1 emulsions of the
oil with different aqueous phases (presence of NaCl, CaCl, and MgCl.). It can be observed that
in the presence of NaCl, the size distribution of the drops is very similar to that in the absence
of salts. However in the presence of the divalent salts, the size distribution is shifted to the small
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sizes, the number of small drops being a bit greater with MgCl, compared to CaCl». Figures 25
b) and c) show the comparison if size distribution of the dispersed phase in the presence of
brines of pure divalent and mixture of monovalent and divalent salts. The results show that
drops in brines of divalent salts and those in brines composed of mixture of salts are of

comparable sizes (both when using CaCl; and MgCly).

Figure 24: Emulsions of oil LVC(C): a) in water; b) in NaCl; ¢) in CaCly; and d) in MgCla.
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Figure 25: Size of drops of LVC(C)/aqueous phase emulsion: a) Size of H,O drops in the
presence of NaCl, CaCl, and MgClz; b) comparison in the presence of NaCl, CaCl; and mixture
of NaCl-CaCly; b) comparison in the presence of NaCl, MgCl, and mixture of NaCIl-MgCl..
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Figure 26 shows the optical micrographs of the emulsions obtained with oil MFC(B) and the
different aqueous phases. Again the emulsions of oil MFC(B) can be observed as water droplets
dispersed in the organiv phase. Unlike oil LVC(C), in addition to dark precipitate-like
structures, very small agglomerated drops have been observed in the emulsions of oil MFC(B).
This aspect is probably linked to the asphaltene and resin content of MFC(B) which is about
twice that of LVC(C). These structures have particularly been observed when the aqueous phase

was pure water and consequently, size characterisation has been particularly been complex.
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Figure 26: Emulsions of oil MFC(B): a) in water; b) in NaCl; c) in CaClz; and d) in MgCl..
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Figure 27: Size of drops of MFC(B)/aqueous phase emulsion: a) Size distribution of H2O drops
in the presence of NaCl, CaCl, and MgClz; b) comparison in the presence of NaCl, CaCl> and
mixture of NaCl-CaClz; b) comparison in the presence of NaCl, MgCl. and mixture of NaCl-
MgClo.
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The size distributions (Figure 27) of the dispersed phase show very similar tendency to those
observed with oil LVC(C) i.e. the droplets size distribution in the presence of the divalent
cations are shifted to the small sizes compared to NaCl. Also, comparison of the distribution
between brine of pure divalent salt and those composed of mixture of salts confirmed the
observed tendency with oil LVC(C).

As far as the characterisation of the 50-50 emulsions of the two crude oils is concerned, the
results are in agreement with the measured IFTs, i.e. NaCl on its own has only a marginal effect
on the size distribution of the droplets, while in the presence of the divalent cations salting-in
of the surfactants has been favoured (smaller size of the dispersed droplets). Indeed, a large
number of small droplets are in agreement with an increase in the contact oil/aqueous phase
surface (Figure 28 compares a large drop of water, which is split into smaller droplets and hence

exhibiting larger surface contact in the presence of Mg?* ions).

Figure 28: a) water drop in oil stabilised by surfactants; b) smaller drops of water in oil in the

presence of Mg?* ions.

Taking into consideration the drop size distribution of the dispersed water droplets into the
different aqueous phases, we compared the number of surfactants exposed in each case. For
instance, let us consider the surfactants at the interface of the droplets and model them by
molecules possessing linear hydrophobic tails and polar head groups (the surface area covered
by each head = 35A°2).

Table 15 shows the concentration of surfactants needed for W/O emulsion stabilisation under

such an approximation of the surfactants. These results clearly reveal that in case of a maximum
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of smallest water drops, the concentration of surfactants needed for emulsion stabilisation is
10x10* M for both oils.

Aqgueous phase Surfactants in LVC(C) Surfactants in MFC(B)
(x10* M) (x10* M)

H.O 2.70 -

NaCl 3.40 3.70
CaCl» 7.40 6.70
NaCl+CaCl> 8.30 10.0
MgCl; 7.30 7.80
NaCl+MgCl; 10.0 9.40

Table 15: Concentration of surfactants needed for emulsion stabilisation with oils LVC(C)
and MFC(B)

Oils LVC(C) and MFC(B) contain 8.2% by mass (9x10 M) and 15.7% by mass (=18x102 M)
of polar components respectively. The crude oil components seem to be in sufficient amount to

provide enough surface active agents for emulsion stabilisation.
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5. Conclusion
This chapter aimed at understanding crude oil/brine interactions via the measurements of
interfacial tension and studies of the stability of emulsions. For this purpose a simplified model
system (MS) composed of dodecane and oleic acid has been designed and the effect of brine
compositions and concentrations has been studied both on the model system as well on two

crude oils.

First of all, for a pure organic phase (dodecane), it has been observed that increasing salt
concentration of NaCl and MgCl. caused its IFT to increase due to negative adsorption of ions
at the oil/water interface. However, for the MS and the crude oils a reverse trend of IFT with
increasing salt concentration was observed. Indeed, increasing salt concentration of NaCl,
CaCl; and MgCl. were accompanied by a decrease of IFT to reach a minimum at an optimum
salinity, due to electrostatic attraction and salting-in of surfactants at low salt concentration. As
far as the nature of salt species is concerned, Na* had only a marginal effect on the IFT of the
three systems while the divalent salts caused a marked reduction of the IFT (IFT MgCl. < CaCl,
for the three systems). Further analysis of the effect of the nature of cations showed that small
and highly polarising cations like Mg?*, Li* and Ca?* were attracted to the oil/water interface
due to ion pairing with surfactants present in the organic phases. As the size of the cations was
increased, IFT reduction became more and more hindered with Sr?*, Ba?*, Na*, K*. However,
larger cations such as Rb*™ and Cs*™ have shown tendency to lowering of IFT with our MS and
have had very marked IFT reduction with the crude oils. It appeared that large, highly
polarisable, weakly hydrated and high cavitational energy cations are attracted to oil/water

interface.

As far as the effect of anions are concerned, in the series of halogens F~ and I" have decreased
the IFT of pure dodecane, MS and the crude oils. Indeed, as observed with the highly polarising
and highly polarisable cations, anions also have had similar tendency on the IFTs of the

different systems.

After having studied the effect of ions on the IFT of oil/water interfacial tensions, confronting
the crude oils with salt species (NaCl, CaClz, MgClz, NaCl+CaCl, and NaCl+MgCl) at
optimum salt concentrations through emulsions have revealed the specificities of the ionic
moieties. For instance, NaCl on its own have had only a marginal effect on the IFT of the crude
oils. Emulsification in the presence of Na™ have revealed dispersed droplets of water of sizes
comparable to those in the absence of any ionic species (majority of drops of large size).

However in the presence of the divalent cations, a large number of small drops have been
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observed. Indeed, a large number of small drops promote the salting-in of surfactants and
increase the oil/water contact surface. Moreover, it has been observed that in the presence of
both NaCl and divalent salt, a synergistic effect took place, i.e. very identical drop size

distribution has been observed with smaller concentration of the divalent salt.
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Introduction

In this chapter we aimed at investigating triple phase oil/brine/clay interactions by two methods:
(i) contact angle measurements and (ii) studies of the stability of oil/brine emulsions in the

presence of clay particles.

Wettability of clay minerals: As seen in chapter 3, contact angles indicate the relative affinity
of two fluids for a solid surface. The study of wettability measurements aimed at measuring
contact angle of oil drops deposited on smooth mica surfaces in the presence of different
aqueous phases. Indeed, in chapter three we tried to measure contact angles on clay films at
oil/air/clay interface but the oils rapidly spread on the surfaces. Here, in the presence of an
aqueous phase, the contact angles are driven by the balance of surface and interfacial tensions
between the oil/clay film and the oil/aqueous phase respectively. It is known that the wettability
of oil/brine/solid is affected by brine composition and pH [1]. Hence, we investigated the
adhesion of crude oils on mica surface in the presence of brines composed of salts of

monovalent cations (NaCl and KCI) and of divalent cations (CaCl, and MgCly).

Emulsion stability: Some studies have reported that oil recovery is improved by the formation
of emulsions whereby oil is carried with the displacing aqueous phase [2], [3]. If on one hand
the process of emulsification is most likely to take place through surfactant stabilisation (as
seen in chapter four), on the other hand, the detachment of clay particles from the rock surfaces
is also expected to contribute to stability via pickering emulsions. Indeed it has been shown that
inorganic particle stabilised emulsions are more stable compared to emulsions stabilised by
asphaltenes only [4]. Studies have also reported that the stability of particle stabilised emulsions
are governed by the particle size and shape, concentration of the particles, wettability of the
particles, pH and salt concentration of the aqueous phase [5]-[9]. In the second part of this
chapter, we thus added different amounts of different clay particles into different aqueous
phases and emulsification has then been carried out with the oils. We emphasised on the
stability of 50% o0il/50% aqueous phase emulsions in the presence of clays. It is worth
mentioning that 50% 0il/50% aqueous phase emulsions were already stable during several

weeks in the presence of water, NaCl, CaCl; and MgCl..
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1. Experiments and set-up for triple phase oil/brine/clay interaction

1.1  Contact angle measurements

By the means of contact angle measurements, triple phase oil/brine/clay interactions have been
determined. For this purpose, mica sheets from Metafix have been used. Indeed freshly cleaved
muscovite mica surfaces are crystalline, smooth and possess a similar structure as illite which

is commonly encountered in sandstone reservoirs [10].

The mica was thus first cleaved and its surface exchanged with Na*, K*, Ca%*, and Mg?* by
using NaCl (1M), KCI (1M), CaCl, (0.5M) and MgCl. (0.5M) respectively according to the

procedure described in Figure 1.

2. Brine
Freshly removed and
cleaved mica 1. Brine film rinsed
deposited on with distilled
the film water

(During 15 minutes)

Steps 1 and 2 repeated 3 times

v

Figure 1: Procedure for exchanging mica films.

Contact angles of LVC(C) and MFC(B) on the mica sheets exchanged with Na*, K*, Ca?* and

Mg?* have been measured in water and in the following brines:

e Mica-Na* in 1M NaCl

e Mica-K" in 1M KClI

e Mica-Mg?* in 0.5M MgCl.
e Mica-Ca*" in 0.5M CaCl,
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Contact angles have then been measured by depositing 5uL of oils on the mica surfaces as

shown in Figure 2.

Mica sheet glued on
microscope glass slide

Qil drop deposited
on the mica film

Brine in container

Figure 2: Set-up used for contact angle measurements.

1.2 Crude oil/agueous phase emulsion in the presence of clays

From the previous studies of the stability of emulsion of crude oils in the presence of brines
(chapter 4, section 2.2), the results showed that Mg?* ions promoted stabilisation to the greatest
extent (both of oils LVC(C) and MFC(B)). For this reason, the brine of MgCl. at concentrations
leading to the minimum IFTs with the two oils have been chosen to investigate the effect of the
amount of clay minerals on the emulsions. Once the amount of clay minerals investigated, the
type of clay has been varied to investigate the effect of its nature on the stability of oil/brine
emulsions. For this purpose, brines of NaCl, CaClz, MgCl,, NaCl+CaCl, and NaCl+MgCl; at

concentrations leading to the lowest IFT with the crude oils have been used.

121 Oil LVC(C)

1.2.1.1. Determination of the amount of clay needed to destabilise emulsion of LVC(C)
Different amounts of kaolinite particles (size <2uum) were first dispersed in brine of MgCl;
(Table 1). The resulting suspensions were then mixed in a proportion of 50% by volume with

50% by volume of crude oil (corresponding to a 1 to 1 ratio).
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Brine Concentration of Clay mineral Concentration of clay
brine (M) mineral (% by mass)

1.000

0.500

0.250

MgCl; 0.20 kaolinite 0.040

0.030

0.020

0.010

0.005

Table 1: Brine and clay mineral used with oil LVC(C).

1.2.1.2. Influence of the type of clay mineral on emulsion stability
Tables 2a) and 2b) recapitulates the different brines and their corresponding concentration/
volume leading to the lowest IFT with oil LVC(C).

Brine Conc (mol/L) Brine Volume (%)

NaCl 0.50 NaCl(1M)-CaCl(0.5M) 925-75

CaCl; 0.25

MgCl; 0.20 NaCl(1M)-MgCl2(0.5M) 75-25
2a) 2b)

Table 2: a) Concentration and b) volumes of brines leading to minimum IFT with oil LVC(C).

Suspensions were then prepared by adding 0.04% by mass of the following clay minerals to

the brines:

e Kaolinite: K4-Na* (hexagonal shape of size < 2um)

e lllite: Imt2-Na* (irregular shape of size < 2um)

e Nontronite: NAul-Na*, NAul-K* and NAul-Ca?* (lathes of 200x700 nm)
e Wyoming montmorillonite: SWy-Na* (discs of 250 nm).

As such these clays provide a wide scan of minerals in order to investigate the effect of charged
and uncharged clay minerals, non-swelling and swelling clay minerals, and the effect of

exchangeable ions.
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122 Oil MFC(B)

1.2.2.1. Determination of the amount of clay needed to destabilise emulsion of MFC(B)
As with oil LVC(C), different amounts of kaolinite particles (size <2um) were first dispersed
in brine of MgCl2 (Table 3). The resulting suspensions were then mixed in a proportion of 50%
by volume with 50% by volume of crude oil (1-to-1 ratio). As a matter of comparison, similar
experiments have been performed with illite particles (size fraction <2um) possessing
permanent surface charges compared to kaolinite. As an illustration, illite suspensions with oil

before mixing is shown by Figure 2.

Brine Concentration of Clay mineral Concentration of clay
brine (M) mineral (% by mass)

2.00

Kaolinite 1.00

0.75

MgCl> 0.25 IHlite 0.50

0.25

0.10

Table 3: Brine and clay minerals used with oil MFC(B).

50% by

volume oil ~ {

50% by volume
illite suspension —»
[MgClz] = 0.25M

Figure 3: Different amounts of illite particles in brine of MgCl> used for emulsion with oil
MFC(B).

1.2.2.2. Influence of the type of clay mineral on emulsion stabilisation/destabilisation

Tables 4a) and 4b) recapitulates the different brines and their corresponding concentration
leading to the lowest IFT with oil MFC(B).
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Brine Conc (mol/L) Brine Volume (%)

NaCl 0.250 NaCl(1M)-CaCl,(0.5M) 95-5

CaCl; 0.075

MgCl> 0.250 NaCl(1M)-MgCl2(0.5M) 15 - 85
4a): 4b)

Table 4: a) Concentration and b) volumes of brines leading to minimum IFT with oil MFC(B).

Suspensions were then prepared by adding 1% by mass of the following clay minerals to the
brines:
e lllite: Imt2-Na*

e Kaolinite: K4-Na*
e Wyoming montmorillonite: SWy-Na*
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2. Wettability of mica sheet
The oil wettability of mica sheets exchanged with Na*, K*, Ca** and Mg?* immersed in water
and brines have been determined with both oils LVC(C) and MFC(B). Indeed, under such
conditions the contact angles are governed the equilibrium of interfacial tensions (y) at the

solid/aqueous phases, solid/organic phases and organic/aqueous phases.

Mica surface
Brine
ysw. Interfacial tension at solid/water interface;

¥so- Interfacial tension at solid/oil interface;

Yow. Interfacial tension at oil/water interface

Figure 4: Contact angle of an oil drop deposited on mica surface in the presence of water.

2.1 Contact angle of oil LVC(C)

a) b) C) d)

Figure 5: Drops of LVC(C) in water, on mica sheets exchanged with: a) Na*; b) K*; ¢) Ca?*; d)
Mg?*.

a) b) c) d)

Figure 6: Drops of LVC(C) in brine on a): mica-Na* in NaCl; b) mica-K* in KCI; c) mica-Ca?*
in CaCly; d) mica-Mg?* in MgClo.
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Figures 5 and 6 show oil drops in equilibrium on mica surfaces in water and bine respectively.
At first sight it can be observed that there is an evolution of the contact surface between the
drop and the mica with respect to the presence of the different exchangeable ions and with the
different brines. For instance, in water, the contact surface is visibly more important in the
presence of the divalent cations than the monovalent cations. Very similar observations can be
made in the presence of brines composed of divalent cations. As a matter of comparison the
contact angles on the different systems are reported in Table 5.

Contact angle of oil Contact angle of oil LVC(C) in brine

Mica LVC(C) in H20 (°) Brine Contact angle (°)
e Mica-Na* 160 NaCl 160
e Mica-K* 158 KCI 163
e Mica-Ca2* 150 CaCl> 140
e Mica-Mg?* 140 MgCl, 133

Table 5: contact angles (+ 3-5°)) of LVC(C) on mica exchanged with different cations, the

whole system in equilibrium in water and brines.

Comparison of contact angles on the different mica surfaces in water, show smaller contact
angles in the presence of the divalent cations, i.e. the oils drops are more adsorbed in the
presence of ions like Ca?" and Mg?*. When comparing the contact angles in brines, firstly the
results show similar tendency of evolution on the different mica surfaces. Secondly, in the
presence of brines of divalent cations, a decrease of the contact angles compared to water has

been recorded.

It is then worth comparing the solid/oil surface tension in water (yso) and in the presence of

brines (yso).

In water: ysu =¥Vso + Yow cos 6 Equation 1
In brine: ysg - ¥so + Yop cos 8’ Equation 2
Comparing the adsorption of the oils in the different phases:

(Yse — ¥sw) = (¥so — ¥s0) + (Yop cos 8’ — yoy, cos B) Equation 3

From chapter 3, section 2.1.1, the results on nontronite and Wyoming montmorilonite samples

showed no net differences between the contact angles of water and brines.
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Contact angles on Nontronite films, Contact angles on Wyoming
NAul montmorillonite films, SWy
e On NAul-Na*, 04,0 = Oyac e On SWy-Na', 04,0 = Oynac
o OnNAUL-K*, By 0 = Oxc o OnSWy-K*, 8.0 = ke
e OnNAul-Ca*, Oy,0 = Ocqci, e OnSWy-Ca*, 0,0 = Ocqci,

Table 6: Comparison of contact angle of water and brine on NAul and SWy.

Equation 3 is thus reduced to:

(Yso — ¥so) = (Yow €os 8 — yppcos8’) Equation 4

For the purpose of calculations, the different y,,, and y,z are recapitulated in Table 7.

Liquids IFT (mN/m)
e LVC(C)/H20 e 2558
e LVC(C)/NaCl (1M) o 2276
e LVC(C)/KCI (1M) e 2333
e LVC(C)/CaCl; (0.5M) o 1483

e LVC(C)/MgCI2 (0.5M) e 7.3
Table 7: IFT of oil LVC(C) with different aqueous phases used during contact angle

measurements.

The difference of surface tensions between mica surface and oil LVC(C) in the presence of the
different brines and water (yso — ¥so ) are reported in Table 8. The results show that for the
different exchangeable cations, there is an enhancement of adsorption of the components in the
presence of brines compared to water (ys, < ¥s0 ), the effect being more spectacular in the

presence of the divalent cations.

Mica exchanged with differentions | ygo — ¥so (MN/m)
e Mica-Na* - 2.65
e Mica-K* -141
e Mica-Ca* -10.80
e Mica-Mg?® -14.74

Table 8: Difference of mica/oil LVC(C) interfacial tension in water and in the presence of

brine.
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d)

Figure 7: Drops of MFC(B) in water, on mica sheets exchanged with: a) Na*; b) K*; ¢) Ca®*;

d) Mg?*.

a) b) c) d)

Figure 8: Drops of MFC(B) in brine on a): mica-Na* in NaCl; b) mica-K* in KCI; ¢) mica-Ca?*
in CaCly; d) mica-Mg?* in MgCl..

As observed with oil LVC(C), the images of the drops on the different mica surfaces and in the

presence of the different aqueous phases, show a net increase in solid/oil contact surface in the

presence of the divalent cations (the phenomenon being enhanced in the presence of brines

compared to water). The contact angles measured from these images are reported in Table 9.

Contact angle of oil Contact angle of oil MFC(B) in brine

Mica MFC(B) in H20 (°) Brine Contact angle (°)
e Mica-Na* 160 NaCl 154
e Mica-K* 167 KCI 157
e Mica-Ca?* 154 CaCl; 138
e Mica-Mg?* 150 MgCl; 112

Table 9: contact angles (+ 5°) of MFC(B) on mica exchanged with different cations, the whole

system in equilibrium in water and brines.
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Tables 10 and 11 recapitulate the IFT of oil MFC(B) with different phases and the difference
of solid/oil interfacial tension between water and brines respectively. As with oil LVC(C), an
enhancement of crude oil components on the surface has been recorded in the presence of the

divalent cations (yso < ¥so )-

Liquids IFT (mN/m)
e MFC(B)/H20 e 2558
e MFC(B)/NaCl (1M) o 2276
e MFC(B)/KCI (1M) e 2333
e MFC(B)/CaCl, (0.5M) e 1483
e MFC(B)/MgCI. (0.5M) e 713

Table 10: IFT of oil MFC(B) with different aqueous phases used during contact angle

measurements.

Mica exchanged with different ions Yso — ¥Vso (MN/m)
e Mica-Na* -1.13
e Mica-K* - 2.66
e Mica-Ca®* -9.63
e Mica-Mg* -13.83

Table 11: Difference of mica/oil MFC(B) interfacial tension in water and in the presence of

brine.

2.3 Summary and interpretation of contact angles on mica surfaces

From the above experiments the following observations could be made:

e In water: a low effect of monovalent cations compared to the divalent cations has been
recorded on the contact angle of oil drops on the mica surfaces;

e Inbrines: similar tendency as in water has been observed, i.e. in the presence of divalent
cations more marked reduction of contact angles has been recorded. In a general way,
the contact angles recorded on a given exchanged sample were lower in the presence of

brine compared to water.

From these results we calculated the differences between oil/solid interfacial tension in water

and brine. The results revealed y¢, < ys0, indicating that the adsorption of oil components was
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promoted in the presence of brines (at least at the concentrations at which our experiments have
been carried out). It is also worth mentioning that the phenomenon of adsorption has been more
marked in the presence of the divalent cations compared to the monovalent cations under

investigation.

Correlating these different results to those obtained in chapter 4 (regarding IFT measurements
and analysis of drop size in emulsions), it follows that cations promoting salting-in of
surfactants also promote the adsorption of oil components onto the clay surface. For instance,
in the presence of the divalent cations, more surfactants being present at the oil/brine interface,
adsorption of oil on the clay mineral surface has been promoted and thus reduced contact angle.
These results are a priori in agreement with the mechanism of oil adsorption via cation bridges

(polyvalent cations being more efficient than monovalent cations) postulated by Arnason [11].
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3 Influence of clay minerals on emulsion of oil LVC(C)

3.1 Influence of the amount of kaolinite on the stability of emulsion of LVC(C) -
MgCl2

Figure 10 shows the emulsions of LVC(C) with brine of MgCl. but containing different
amounts of kaolinite particles. It is worth mentioning that under similar conditions (a 50%
0il/50% brine) but in the absence of clay particles, the emulsion showed kinetic stability during
several weeks. The concentration of MgCl2 used corresponds to the optimum salinity (leading
to the minimum IFT of the oil with the aqueous phase). Here, in the presence of kaolinite
particles, the stability of the emulsions are modified. In the presence of sufficient amount of
clay minerals, the emulsions are destabilised in almost the two distinct phases. As the amount

of clay particles is decreased, the emulsions are again stabilised.

Excess
of clays

Figure 9: Emulsions of LVC(C) with brines of MgCl, containing different amounts kaolinite
particles (from left to right: 1, 0.5, 0.25, 0.04, 0.03, 0.02, 0.01 and 0.005% by mass).

Let’s consider a sample where the clay minerals are present in large excess, for e.g. the sample
containing 0.5% of clays (Figure 10). In addition to the separation of the organic and aqueous
phase, the excess of clay minerals can be observed at the bottom of the bottles. The upper phase
viewed under the optical microscope by using polarised light show clay particles in suspension
into the organic phase. A priori these experiments indicate that the surfactants which were
previously available to stabilise oil/aqueous phase emulsion have been adsorbed on the clay
particles. At the oil/brine interface, a ““jelly-like” phase with clay particles suspended can clearly
be identified. This intermediate phase can also be properly distinguished in the presence of
0.25% of clays.
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As the amount of clay is decreased, for instance the 0.03% sample, only part of the available
surfactants are “consumed” by the minerals and hence the rest remain available for oil/brine
stabilisation. This phenomenon is even for marked (sample 0.005% of clay minerals) where the

amount of clay is negligible so that a stable emulsion has been revealed.

Figure 10: Analysis of oil LVC(C)/MgCl2/0.5% by mass of Kaolinite; 1, 2 and 3 correspond
to the different parts of the mixture.
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3.2 Influence of different clay minerals on emulsions of oil LVC(C) with different
brines

15 minutes after stopping vortex 24 hours after stannina vortex

Figure 11: A and A’: 0.04% k4-Na*; B and B’: 0.04% Imt2-Na*; C and C’: 0.04% Naul-Na";
D and D’: 0.04% Swy-Na". (A, B, C and D): 15 minutes after vortex; (A’, B’, C’ and D’): 24
hours after vortex. In each series from left to right, capital letters X, N, C, M, NM and NC
respectively denoting water, NaCl, CaClz, MgClz, NaCl+MgCl, and NaCl+CaClo.
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Having identified the effect of clay content on the stability of emulsions, we chose to investigate
the effect of different brines by using 0.04% of different clays. From our previous experiments,
the sample of 0.04% by mass of kaolinite was sufficient to observe a net destabilisation of

emulsion.

Figure 11 shows the emulsions of oil LVC(C) with different brines and containing 0.04% by
mass of sodium exchanged non-swelling clays (kaolinite and illite) and swelling clays
(nontronite and montmorillonite). From these experiments, the following observations can be

made:

(i) The presence of clays play a significant role and counter emulsion formation;

(i) In the presence of equal clay content, a net difference of destabilisation in the presence
of the non-swelling compared to the swelling clays can be observed (phase separation
being more marked in the presence of non-swelling clays);

(iii)For these sodium exchanged clays, destabilisation occurs in the presence of brines
compared to water. Indeed in the absence of salts, a W/O (Figure 12) emulsion can be
observed with the clay particles being dispersed into the organic phase. In the presence
of all salts at concentration leading to oil/brine minimum IFT, clay minerals have been

able to counter emulsion formation to different extents and caused phase separation.

Figure 12: LVC(C)/water/kaolinite emulsion; left hand side image shows water drops dispersed
into the organic phase; right hand side image (under polarised light) shows kaolinite particles

dispersed in the organic phase.

(iv)As far as the effect of ions composing the brines are concerned, at this stage no net

conclusion could be drawn.
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Hence, regarding the effect of ions, we investigated the effect of the exchangeable ions (Na*,
K* and Ca?") at the surface of nontronite clays (Figure 13-sample at 24 hours). Again, as far as
the different brines are concerned no net difference could be observed with the different clays.
However, it is particularly interesting to observe the different samples in the presence of water.
For instance, in the presence of NAul-Ca?*, the emulsion is destabilised to a greater extent
compared to NAul-K* and NAul-Na*. These results are in line with our observations in section
2, where adsorption of crude oil was promoted in the presence of the divalent cations. The effect
of phase separation by NAu1-Ca?* in water is even more visible by NAul-Na* in CaCl, and
NAul-Na* in MgCl..

15 minutes after stopping vortex 24 hours after stopping vortex

Figure 13: E and E>: NAul1-Na*; F and F>: NAul-K* and G and G’: Naul-ca®*. (E, F and G):
15 minutes after vortex; (E’, F’, and G”): 24 hours after vortex. In each series from left to right,
capital letters X, N, C, M, NM and NC respectively denoting water, NaCl, CaClz, MgCl.,
NaCl+MgCl and NaCl+CaClo.
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4 Influence of clay minerals on emulsion of oil MFC(B)

4.1  Influence of kaolinite and illite content on the stability of emulsion of MFC(B)-
MgCl2

The effect of clay content on the stability of emulsion of oil MFC(B) has been investigated in

a similar way to that of oil LCV(C). However, in addition to kaolinite mineral, we also

investigated the effect of illite (Figure 14).

24 hours after stopping 3 months after stopping vortex

Figure 14: Emulsions of MFC(B) with brines of MgCl. containing different amounts kaolinite
(A and A’) and illite (B and B’) particles; (A and B) and (A’ and B’) are images 24 hours and

3 months respectively after the different phases have been mixed up.

Figure 14 shows very similar results as those observed with different kaolinite content with oil
LVC(C), i.e. with an excess of clay mineral, the emulsion is destabilised and with insufficient
clay content, stabilisation of the emulsions are observed. However, it is to be noted that with
identical clay content (for e.g. 1%, 0.5% and 0.25%) phase separation with oil MFC(B) is less
marked compared to LVC(C) (Figure 9 versus Figure 14). These results are in agreement with

the greater amount of polar components present in MFC(B).
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Moreover, when comparing the effect of the two non-swelling but structurally neutral kaolinite
and charged illite minerals, organic and aqueous phase separation is more marked in the

presence of illite.

In the range of investigated clay content, the results show that 1% by mass of clays was taken
as the optimum amount resulting in phase separation with both kaolinite and illite. Hence, this

concentration of clay mineral was chosen to investigate the effect different clays and brines.

4.2 Influence of different clays on emulsions of oil MFC(B) with different brines

5 minutes after
mixing

24 hours after
mixing

3 months after
mixing

Figure 15: Emulsions of oil MFC(B) containing 1% of k4-Na*5 minutes, 24 hours and 3 months
after the different phases have been mixed up. In the series, from left to right capital letters X,
N, C, M, NC and NM respectively denoting water, NaCl, CaCl,, MgCl,, NaCl+CaCl, and
NaCl+MgClo.
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Figures 15 and 16 show the oil MFC(B)/different brines/1% clays at different times after the
three phases have been mixed up. As observed with oil LVC(C), a net difference between the
non-swelling (K4 and Imt2) and the swelling (SWYy) clays are recorded. Indeed, in the presence
of equal clay content, the non-swelling clays have been able to counter emulsion formation to
greater extent. However, in contrast to LVC(C) where in the presence of all brines a separation
of phase was recorded, with MFC(B) brines of NaCl and CaCl. did not macroscopically
influence the stability of emulsion. Indeed, following the previous results the effect of NaCl

and CaCl, was not expected.

24 hours after mixing 3 months after mixing

Figure 16: Emulsions of oil MFC(B) containing 1% of illite-Na" and SWy-Na* at different
times after the three phases have been mixed up. In each series, from left to right capital letters
X, N, C, M, NC and NM respectively denoting the aqueous phases water, NaCl, CaClz, MgCls,
NaCl+CaClz and NaCl+MgClo.
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4.3  Summary and discussion

In this section with oil LVC(C) and MFC(B), we firstly investigated the effect of clay content
by mixing together the three phases oil/MgCl2/non-swelling clays. The concentrations of MgCl»
which was used corresponded to the optimum salinities with the crude oils and non-swelling
clay particles used were of sizes < 2um in length. With LVC(C), the results showed that as long
as an excess of kaolinite (with respect to the polar components of the crude oils) was present,
the mixture predominantly separated into 2 distinct organic and aqueous phases. In addition, an
intermediate “gelatinous aspect” small interfacial phase could be distinguished. Analysis of the
organic phase showed dispersed clay particles into the oil. Tentative analysis of the intermediate
phase under the optical microscope showed dense dark agglomerated zones. However at this
stage no further characterisation has been made with respect to this intermediate phase. As the
amount of clay minerals was gradually decreased, we observed that the oil/brine were gradually
mixed up until a stable emulsion was observed in the presence of 0.005% kaolinite. These
results could a priori be attributed to the adsorption of the oil surfactants onto the kaolinite
particles so that they became completely hydrophobic and moved into the organic phase. Indeed
in the presence of sufficient clay, all (or most) of the surfactants are adsorbed on the clay
minerals so that they are no longer available for emulsion stabilisation. As clay content is
decreased, only part of the surfactants being adsorbed on the minerals surface, the rest remain

available for emulsion stabilisation.

With MFC(B), the content of kaolinite as well as that of illite has been investigated. Very
similar results have been obtained with oil MFC(B), i.e. as clay content is decreased, phase
separation became less apparent. However, at equal clay content (for example 1%, 0.5% and
0.25%) phase separation has been less marked with MFC(B) compared to LVC(C). This
observation can a priori be attributed the presence of greater amount of polar components in
MFC(B) compared to LCV(C) (15.7% and 8.2% respectively). Regarding the effect of the clay
mineral, at identical content of kaolinite and illite, illite was more efficient in separating the
phases. These results show the specificity of the surfactant molecules with respect to the mineral
surfaces. Indeed, kaolinite expose two different basal surfaces (siloxane and hydroxyl) while
illite possesses two identical siloxane surfaces. In addition, due to isomorphous substitution,
the siloxane surfaces of illite possess a permanent charge. Besides the basal surfaces, clay
minerals also possess lateral surfaces (edges aluminol and silanol charged positively and

negatively at low and high pH respectively). Our results point towards a more specific
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adsorption of the crude oil components on illite compared to kaolinite. However, further

characterisations are needed to ascertain the localisation of adsorption on the clay minerals.

In line with the clay content and specificity of clay minerals, we investigated the effect of the
nature of the aqueous phase as well as that of the clay minerals. For instance, with oil LVC(C),
we observed that 0.04% by mass of kaolinite was sufficient to result in oil/aqueous phase
separation. For oil MFC(B), in the range of investigated clay content, 1% by mass of clays was
chosen as optimum. Hence with LVC(C), 0.04% by mass of illite, nontronite, montmorillonite
and for MFC(B), 1% by mass of kaolinite, illite and montmorillonite were used in the presence
of different aqueous phases (water, NaCl, CaClz, MgCl,, NaCl+CaCl, and NaCl+MgCl.). The
different observations from these experiments are discussed below:

(1) Inthe presence of water, at short (15 minutes) and long times (> 24 hours) after the three
phases have been mixed, both oils showed stable emulsions with all the different sodium
exchanged clays (kaolinite, illite, nontronite, montmorillonite). Analysis of
LVC(C)/water/kaolinite-Na* emulsion revealed a W/O emulsion with the minerals
dispersed into the organic phase. These results show that not all the surfactants were
adsorbed on the mineral surface so that some were still available for emulsion
stabilisation. A priori, adsorption of surfactants engaged in the stabilisation of W/O
emulsion are different from those adsorbed directly onto the mineral surface and require
the presence of an ion to bridge on the kaolinite.

(i) In water, when comparing NAul-Na*, NAul-K* and NAul-Ca?*, we observed that
some water was resolved from the emulsion in the presence of NAu1-Ca?*. These results
can be attributed to enhanced adsorption of crude oil components specifically in the
presence of Ca?" ions.

(iii)In the presence of the different salts, with all the clays separation of the organic and
aqueous phases has been observed, the non-swelling clays showing more marked
separation compared to the swelling clays. As such these results can be attributed to the
reduced specific area available by the non-swelling clay minerals due to flocculation.
Indeed the salt concentrations were greater than the critical coagulation concentration

reported by Lagaly et al. for sodium montmorillonites [12].
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5 Conclusion

In the first part of this chapter we investigated oil/brine/clay triple phase interaction by contact
angle measurements. The clay mineral used for this purpose was smooth muscovite mica
exchanged with Na*, K*, Ca?* and Mg?*. Qil drops in water on these surfaces revealed contact
angles in the order of Mg?* < Ca?* < Na'™~K". In brines, the contact angles decreased but
followed similar trend, i.e. Mg?* < Ca®* < Na'~ K*. These results point towards the adsorption
of crude oil components on the mica surface in the presence of ions, the effect being enhanced

in the presence of the divalent ions.

In the second part of this chapter, we investigated the effect of clay minerals on the stability of
the emulsions of the crude oils in the presence of different agueous phases. The results showed
that some crude oil components adsorb onto mineral surfaces directly while others needed an
ion to bridge onto the clay. In the presence of brines at salinities leading to the minimum IFT,
both the non-swelling and the swelling clays adsorb crude oil components. However, due to
flocculation of the swelling clays at investigated salt concentrations, they had limited effect on

the stability of emulsions.
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Summary and conclusion

The mechanisms underlying the technology of low salinity waterflooding (LSW) for enhanced
oil recovery are still debated in the literature. Still, the growing demand for energy worldwide
makes LSW a suitable technique for oil exploitation. In addition to the low cost involved in its
implementation and operation, it has a reduced environmental impact due to minimal water
pollution involved in the handling of chemicals during and after injection. In the aim of
providing an insight into the benefits revealed by this technique, we firstly studied the
wettability of clay minerals (chapter 3), followed by the study of oil/aqueous phase interactions

(chapter 4) and finally, triple phase crude oil/brine/clay (COBR) interactions (chapter 5).

In chapter 3 we firstly studied solid/liquid interactions by investigating the wettability of clay
minerals. For this purpose contact angle measurements (at the solid/liquid/vapour interface)
have been made and the effect of exchangeable ions, surface roughness, particle size and
relative humidity has been investigated for swelling clay minerals. For a given clay mineral of
a given particle size, the results showed that water contact angles are essentially driven by the
surface chemistry. As such, the nature of the exchangeable ion influenced the roughness of the
clay films but finally it is the hydration energies which govern the contact angles (for instance,
the surface roughness of K* exchanged film was lower than that of Ca?* and yet, the contact
angle on the K* film was higher than that of the Ca?* film). However, we observed that for a
clay mineral exchanged with a given cation, the contact angles were influenced by the size of
the particles. Indeed, our results showed that films composed of particles of large sizes exhibited
the largest contact angle while those composed of particles of small sizes exhibited the smallest
contact angles. On the other hand, when comparing the contact angles at short times after drops
were deposited, the different relative humidities (45%, 84% and 100%) showed no net influence
on the contact angles. However, with time we observed a stabilisation of the contact angles
(which reached a plateau) compared to those measured under ambient conditions. Working at
high humidity can thus help us reach a stabilised contact angle by eliminating the phenomenon
of evaporation. The different results in this section point towards an enhancement of water-
wetness of clay mineral surfaces in the presence of cations which possess a very favourable

hydration energy.

On the other hand, drops of crude oil deposited on the non-swelling as well as the swelling

clays penetrated into the pores and spread on the surfaces. These results are an indication that
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the clay minerals are far from being hydrophobic. However, it is worth mentioning that these
experiments have been carried out to measure contact angles at the oil/solid/vapour interface

under ambient conditions.

In chapter 4, we investigated oil/aqueous phase interactions: two crude oils and a model system
(dodecane containing oleic acid) in the presence of different brines. Firstly, measurement of
interfacial tension (IFT) of the three different organic phases showed that the IFT of all the
systems dropped to a minimum at an optimum salinity and then either stayed constant or
increased slightly beyond this point with increasing salt concentration. This result points
towards an optimum salt concentration at which salting-in of surfactants present in the oils are
favoured and result in the lowest IFT. Also, we investigated the effect of different cations and
anions on the IFT of the three systems. In a general way, when the ions are classified according
to their polarisability, our results show two types of behaviour: firstly, the highly polarising and
highly polarisable ions and secondly, ions of intermediate polarisability. Indeed, small, hard
and highly polarising cations (Mg?*, Ca?* and Li*) and the small, soft and highly polarisable
cations (Rb* and Cs*) result in very low IFTs. In the former case, we attributed these results to
electrostatic attraction and ion-pairing, while in the latter case, in addition to electrostatic
attraction, due to their large sizes, high polarisability, weak hydration and high cavitational
energy, the cations were attracted to the oil/water interface. Intermediately polarisable cations
such as Na™ and K* only showed a marginal effect on the IFT of the organic phases. As far as
the effect of anions are concerned, very similar results have been observed, i.e. low IFT with
small and highly polarising F~ and with large and highly polarisable I". If the surfactant like
behaviour of I" ions are known, the behaviour of F~ ions show that it is the whole Na-F that

moved towards the interface and lowered IFT.

In addition to IFT measurements for the study of liquid/liquid interactions, in the second part
of the chapter we investigated the stability of emulsions of the crude oils with aqueous phases
(water, NaCl, CaCl., MgCl», NaCl+CaCl, and NaCl+MgCl») at salinities leading to minimum
IFTs for the brines. The results showed that all the aqueous phases resulted in stable W/O
emulsions with the crude oils. In the presence of the ions, stability was decreased in the order
of MgCl2 = NaCl+MgCl. > CaCl. = NaCl+CaCl. > NaCl > Water. These results were obtained
on the basis of drop size distribution analysis of the different emulsions. Again these results
point towards the salting-in of surfactants in the presence of the smallest and highly polarising

cations (the divalent cations in the studies series) and hence provide stability to emulsions.



Page | 185

In the 5" chapter, we investigated COBR interactions. In the first section, this has been achieved
by contact angle measurements of crude oil drops on smooth mica surfaces with the whole
system immersed in aqueous phases. In water, our results showed that crude oils were more
adsorbed onto mica exchanged with the divalent salts, contact angles on mica-Mg?* < mica-
Ca?" < mica-K* = mica-Na*. When we preformed similar experiments in the presence of brines,
our results showed smaller contact angles compared to water, however similar trend as in water
was observed, i.e. an enhancement of adsorption of crude oil components in the presence of the
divalent salts. Correlating these results to those obtained in the previous chapter, we can
conclude that in the presence of salts favouring salting-in of surfactants, more crude oil

components are available for adsorption onto mineral surfaces.

In the second part of chapter 5, we introduced different clay minerals in the presence of the
crude oils and the different aqueous phases (for brines at salinities corresponding to the
minimum IFTs with the crude oils). Firstly, we observed that clay concentration had an impact
on the stability of crude oil/brine (MgCl.) emulsions. In the presence of a threshold amount of
clay minerals, a net separation of the oil/aqueous phase was observed. We attributed our
observations to adsorption of surfactants onto the minerals surfaces (kaolinite and illite) and
hence were no longer available for the stabilisation of emulsion. This result also show that in
the presence of oil, brine and clay, adsorption of the surfactants on the clay minerals are
energetically more favoured than their portioning at the oil/brine interface. When the amount
of clay was decreased, as a result of more “free” surfactants, crude oil/brine emulsion

stabilisation was observed again.

When clay minerals (sodium exchanged kaolinite, illite, nontronite and montmorillonite) at the
threshold amount was added in water and then mixed with the crude oils, no separation of phase
was observed. Compared to the results obtained above in the presence of brine of MgCl. instead
of water, these results show that in absence of salts the surfactants were still available for
emulsion stabilisation. Indeed, analysis of the LVC(C)/water/kaolinite emulsion revealed a
WI/O emulsion with kaolinite particles dispersed into the organic phase. These results further
indicated that some surfactants were able to adsorb directly onto mineral surfaces while others
needed an ion to act as a bridge (the surfactants engaged in stabilisation of emulsion).

Determination of the type of cation needed for surfactant adsorption onto the mineral surface

was investigated by nontronite exchanged with Na*, K* and Ca?*. The results showed that the
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Ca®" exchanged clay was more efficient in causing oil/water separation. Indeed due to
adsorption of crude oil components onto mineral surfaces, less surfactants were available for
emulsion stabilisation and hence oil/water phase separation was recorded. However, when we
investigated the effect of brines (NaCl, CaClz, MgCl., NaCl+CaCl, and NaCl+MgCl), phase
separation occurred at more or less similar extents. These results indicate that at concentrations

leading to minimum IFT, all the cations were able to bridge surfactants on the mineral surfaces.

It is worth noting that the type of clay mineral played a significant role. With both of our crude
oils in the presence of the different brines, the non-swelling clays were more efficient in causing
phase separation compared to the swelling clays. Moreover, with oil MFC(B) we observed that
illite was more efficient compared to kaolinite. The difference between the clays can be
attributed to the reduced specific surface area available for adsorption due to flocculation of the
swelling clays compared to the non-swelling clays. As far as the difference between kaolinite
and illite are concerned, the difference are most probably linked to the surface charges and the
specific surface area of the clay minerals. As far as the specific surface areas of the clay minerals

are concerned, they are not available at present but are under measurements.

The necessary conditions reported for LSW to operate are (i) the presence of clays; (ii) the
presence of polar components in oils; (iii) the presence of connate water; (iv) the presence of
divalent cations in the connate water; and (v) a significant difference between the salinity of
injected brine and in place water (injected brine concentration being much lower than that of
the connate water). In order to investigate the effect of clay minerals, we used various clays in
our studies. In the process of oil/brine phase separation, we observed that the non-swelling clay
minerals have had a more pronounced effect compared to the swelling clays. However, we

cannot completely discard the effect of the swelling clay minerals.

As far as the presence of polar components are concerned, indeed, they have been observed to
act at different levels. First of all, they play a major role in IFT reduction. Indeed, in the absence
of surfactants (pure dodecane), an increase of oil/brine IFT was recorded with increasing
concentration of salts. This effect of IFT reduction is indeed a clue for the overcoming of
capillary forces in pores of rocks. In conditions favouring emulsion formation, oil recovery
could be increased by capillary desorption. Secondly, we observed that crude oil components
are responsible for adsorption on the mineral surfaces. As such, our studies have pointed out
towards the adsorption of some organic components directly onto the minerals while others
needed the aid of ions. Accordingly to these observations, our work is partly in agreement with

the theory of adsorption of surfactants via the aid of cation bridges (especially the divalent ions).
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Prospects

During liquid-liquid interactions, we designed our model system by using dodecane and oleic
acid. It appeared that a favoured interaction occurred between the hard carboxylate group and
the small, hard and highly polarising cations. However, when brines composed of large, soft
and polarisable cations were used, no net modification of IFT was recorded. We believe that as
a complement to these results, another model system containing a surfactant with a soft polar
headgroup, for example a sulfonate, should be designed. As such, this time we expect very little
interaction of the surfactant head with the hard cations but a net reduction of IFT with the soft

and polarisable cations.

In our study, crude oil/aqueous phase emulsions have been made by application of an external
force. It is nevertheless interesting to investigate if the crude oils would spontaneously mix up
with different aqueous phases if they are contacted. Indeed, during water injection into
reservoirs the oils trapped into the confined pores are not subject to important mixing forces

which could help in emulsion formation.

In the aim of detaching crude oil components from the rock surfaces, a better insight of their
adsorption is required. For instance, we strongly believe that an isolation of the different polar
components of crude oils and their adsorption on mineral surfaces need to be analysed

thoroughly.

A modification of adsorption of crude oil components has been recorded in the presence of ions.
For instance, at a threshold kaolinite content, stable water in oil emulsion has been observed in
the absence of ions. However, the presence of Mg?* ions in an identical mixture revealed
separation of the organic and aqueous phase, with the clay minerals dispersed into the oil. It is
clear that in the presence of ions the clay minerals are more oil wet. It is thus interesting to
investigate if wettability alteration of the clay mineral could be achieved by progressively
diluting the system.



