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Abstract

Albuquerque Godoy, Pablo; Pérez Gramatges, Aurora; da Fonseca Faganha, Juliana
Maria. Adsorption behavior of cocamidopropylbetaine on analogous reservoir
rocks at static and dynamic conditions. Rio de Janeiro, 2023. 144p. Dissertagao
de Mestrado — Departamento de Quimica, Pontificia Universidade Catdlica do Rio
de Janeiro.

The use of zwitterionic surfactants in enhanced oil recovery projects is
limited to adsorption on the surface of the reservoir rock, which must be predicted
to determine the economic feasibility of these projects. However, there is a lack of
models capable of estimating this adsorption and explaining the involved
mechanisms. The objective of this study was to provide models that could estimate
the adsorption of a zwitterionic surfactant (CAPB) and explain its adsorption
mechanisms. Experiments were conducted on carbonate and sandstone rocks using
static tests with particulate rock and dynamic tests within rock cores. A
methodology was developed to quantify CAPB in brine using high-performance
liquid chromatography. As a distinguishing feature, the adsorption was normalized
by the specific surface area of the rock, determined through BET analysis (static
tests) and microtomography with uCT-scan (dynamic tests). The results were
interpreted with empirical and theoretical models integrated with surface potential
estimates. For carbonate, it was observed that the first layer of adsorption follows a
homogeneous pattern, limited by electrostatic repulsion with the surface, while the
second layer follows heterogeneous adsorption, forming surfactant aggregates
mediated by hydrophobic interactions between the tails. For sandstone, both layers
exhibit a heterogeneous distribution, explaining the higher adsorption between the
two rocks. It was concluded that bilayer models are capable of reliably explaining
and estimating adsorption under flow conditions, and the surface area was the most
relevant factor in the difference of dynamic adsorption between rocks, favored in

sandstone.

Keywords:

Enhanced Oil Recovery, Colloids, Adsorption, Surfactant, Modelling



Resumo

Albuquerque Godoy, Pablo; Pérez Gramatges, Aurora; da Fonseca Faganha, Juliana
Maria. Comportamento de adsorcdo da cocamidopropil betaina em rochas
reservatdrio analogas em condigdes estaticas e dindmicas. Rio de Janeiro, 2023.
144p. Dissertacdo de Mestrado — Departamento de Quimica, Pontificia
Universidade Catdlica do Rio de Janeiro.

O uso de surfactantes zwitteridnicos em projetos de recuperacéo avangada
de petréleo esté limitado a adsor¢do na superficie da rocha-reservatorio, que deve
ser prevista para determinar a viabilidade econbmica desses projetos. Porém, existe
uma falta de modelos capazes de estimar essa adsorcao e explicar os mecanismos
envolvidos. O objetivo do trabalho foi providenciar modelos que pudessem estimar
a adsorcdo de um surfactante zwitteriénico (CAPB), e explicar seus mecanismos de
adsorcdo. Os experimentos foram realizados em rochas do tipo carbonato e arenito,
atraves de testes com rocha particulada (estaticos) e no interior de nucleos de rocha
(dindmicos). Foi desenvolvida uma metodologia para quantificar o CAPB em
salmoura utilizando a cromatografia liquida de alta eficiéncia. Como um
diferencial, a adsorcdo foi normalizada pela area superficial especifica da rocha,
através de analise BET (testes estaticos) e microtomografia com uCT-scan (testes
dindmicos). Os resultados foram interpretados com modelos empiricos e tedricos
integrados as estimativas de potencial de superficie. Verificou-se para o carbonato,
que a primeira camada de adsor¢do segue um padrdo homogéneo, limitada por
repulsdo eletrostatica com a superficie, enquanto a segunda camada segue uma
adsorcdo heterogénea, onde sdo formados agregados de surfactante mediados por
interacdes hidrofdébicas entre as caudas. Para o arenito, as duas camadas tém uma
distribuicdo heterogénea, explicando a maior adsorcdo entre as duas rochas.
Concluiu-se que os modelos de dupla camada sdo capazes de explicar e estimar a
adsorcdo em condicdes de fluxo de forma confidvel e a area superficial foi o fator
mais relevante na diferenca de adsorcdo dinamica entre rochas, favorecida no

arenito.

Palavras-chave:

Recuperacdo Avancada, Coloides, Adsor¢édo, Surfactante, Modelagem
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1. Introduction

1.1 Increasing oil demand

Global demand for oil is likely to increase in the coming years. According
to the short-term outlook reported in 2022 by the U.S. Energy Information
Administration [1], the average consumption of oil and liquid fuels in 2022 is
expected to be 99.4 million barrels/day, 2.1 million barrels/day more than the 2021
average. Likewise, it is expected to be an increase of 2.1 million barrels / day in the
average consumption for the year 2023 [1]. Thus, to meet the demand, it is
necessary to explore new oil reservoirs or increase the production of existing ones.
Due to the decrease in natural oil reserves over the last decades and the projected
quantities of oil in new reservoirs [2], there are more incentives to develop methods
that can extend the productive life of active reservoirs and reduce greenhouse gases
emitted by operations. That’s when tertiary recovery methods are helpful, making

these processes more efficient and sustainable.

1.2 Enhanced Oil Recovery (EOR)

At the beginning of the productive life of a reservoir, the available natural
energy is used as the driving energy of recovery, for example: expansion of rock
and fluids, influx of water, and solubilization of gases [3, 4]. Because it does not
require injection of external fluids, this first recovery process is characterized as
primary [3, 4]. In the secondary phase, there is injection of external fluids such as
water and/or gas with the intention of maintaining the reservoir pressure and
improving the volumetric efficiency of sweeping [4]. The tertiary phase includes
any recovery method after the secondary phase. Primary and secondary recovery
methods are classified as conventional oil recovery methods, and tertiary methods
as Enhanced Oil Recovery (EOR) methods [3].

Enhanced Oil Recovery (EOR) can be defined as the oil recovery that
occurs when injecting materials which are not normally present in the reservoir
[3,4]. When the rate of oil production declines in a well, reservoir or field, an EOR
project is initiated and its success can be determined by the amount of incremental

oil recovered, i.e., the difference between oil production after the start of the EOR
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project and the forecasted decline in production before the implementation of the

project [3], as illustrated in Figure 1.
4

—— EOR operation

Oil production rate

Tiirrse

Figure 1: Incremental oil recovered by EOR project. Adapted from [3]

The EOR processes aim at the extraction of oil that would be irrecoverable
by conventional methods [3]. For this, thermal energy is applied as well as injected

chemicals, or gases (miscible) into the reservoirs (Figure 2).

EOR

Processes

Thermal Miscible Chemicals

In Siiin Solvent
combustion

Figure 2: Example of EOR processes. Adapted from [9], Copyright 2023, with
permission from Elsevier.
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Among the injected chemicals in EOR processes are polymers, alkalis, and
surfactants. The application of these substances can also occur through
combinations of the three (ASP — Alkaline Polymer Surfactant flooding) [4]. The
polymers act mainly in the control of mobility of the injected aqueous phase [4].
Alkalis, such as sodium hydroxide, are responsible for the deprotonation of the
organic acids present in the oil (e.g., naphthenic acids) forming surfactant species
in situ [5]. In the case of surfactants, they can be generated by the injection of alkalis
or injected directly, with the purpose of reducing the interfacial tension (IFT)
between the oil and the aqueous phase, favoring capillary displacement [4].

Another important type of surfactant application in EOR processes is in
Foam Assisted Water Alternating Gas (FAWAG) methods. In this technology, a
slug of surfactant is injected at the end of the waterflood, allowing foam to be
formed in the reservoir during the gas injection, improving gas conformance
control. Gas mobility is improved because when foam is formed, the gas is
transported as a dispersed phase within a surfactant-laden continuous liquid phase
[110]. Foam is transported as a pseudo-fluid in the pore space because the surfactant
retards the coalescence of generated bubbles, and it has been demonstrated that
foam selectively reduces gas mobility [6]. Foam mobility is reduced in more
permeable zones, trapping the gas phase, and allowing diversion of gas towards less
permeable zones. This results in a decrease in the gas/oil ratio (GOR) produced,
and in mitigating gas coning near the production wells [7].

Both the ASP and FAWAG applications need the injection of a high
quantity of surfactant in the reservoir (surfactant slug). However, this quantity must
not be underestimated, to not compromise its effects on recovery, and must not be
overestimated to add high production costs, since surfactants are an expensive
material to be produced in such scale. This issue demands the prediction of
surfactant loss in the porous media, to adjust the required manufactured quantity of
surfactant needed to the EOR operation and evaluate its economic feasibility, since

the cost of surfactant could reach half or more of the total EOR project cost [4].

1.3 Surfactant loss in porous media

Surfactant can divert from its objective in the porous media by three main

mechanisms: precipitation, phase trapping and adsorption [8]. Partitioning will also
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occur in the presence of the oil phase [9], where the nonpolar medium will solvate
part of the surfactant initially in the aqueous phase because of its hydrophobic
characteristics. Neglecting the contact with oil is reasonable at evaluating its loss
because the surfactant could go through a lot of oil-empty pores before reaching oil
(for lowering IFT purposes) or reaching the high permeability zones (for foaming
purposes). Also, precipitation is likely to occur in harsh reservoir conditions of high
salinity and temperatures, for example, in the presence of high concentration of
divalent cations [10], but it can be minimized with previous surfactant screening,
choosing the ones tolerant for high temperature and salinity conditions.

Cocamidopropylbetaine, or CAPB, the surfactant utilized in this work, is
highly soluble in water and can resist harsh salinities and temperatures [11,12].
CAPB is also a biodegradable surfactant, and some bacteria found on marine
environment are capable of fast and total biodegradation of this compound [91].
This means that CAPB could be a great option for application in subsurface
operations by reducing environmental risks.

In terms of the retention mechanisms, only phase trapping and adsorption
on pore surface were investigated in this work. Phase trapping, which means
dispersion, and diffusivity of the surfactant into dead-end pores, could account for
some significant retention. However, surfactant adsorption can account for even
more retention, depending on the interfacial phenomena and interactions between
the rock surface and the surfactant in aqueous solution. These two mechanisms are

illustrated in Figure 3:

phase trapping

Figure 3: Mechanisms of surfactant retention in porous media



26

In the end, understanding the main interactions at the surfactant flooding
conditions is crucial to the surfactant selection for EOR processes. These
interactions can be inferred from retention studies in static and dynamic
experiments at the laboratories. The static experiments focus on surfactant being
equilibrated with suspended rock powder, and the remaining surfactant
concentration is determined for maximum adsorption calculation as a function of
the total concentration. In the dynamic experiments, the surfactant solution is
continuously injected through the rock (as cores), and the effluent concentration is
quantified at different injection volumes for adsorption determination.

Despite the ways of determining surfactant adsorption, this phenomenon
needs to be predicted with reliable models to not compromise the economic
feasibility of EOR projects associated with the application of surfactants.

There is a lack of models that represent the adsorption behavior of
surfactants on rocks under static and dynamic conditions and could explain the
complexity of this phenomenon. The models should account for the most important
interactions of the surfactant molecules with the surface and with each other
molecules, but most of the literature attributes only electrostatic interactions as the
main mechanism of adsorption of zwitterionic surfactants, and that could not be the

case.
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2. Objectives

Having presented the reasons to evaluate surfactant adsorption, this work
aims to provide models that could explain the mechanisms of adsorption of a
zwitterionic surfactant on the surface of rocks analogue to oil reservoirs and
estimate it in a reliable manner for dynamic conditions.

To accomplish this objective, a set of specific objectives need to also to be

accomplished:

o Develop a methodology to precisely quantify the low adsorption
values of CAPB in the equilibrated solutions from static tests and

in the effluent samples from dynamic tests.

o Develop a methodology for static and dynamic adsorption

experiments.

o Measure the surface area of the adsorbent under particulate and
core forms, through nitrogen gas adsorption isotherm analysis
(BET) and microtomography images (uCT-scan), for

normalization of adsorption results.

o Integrate adsorption results with estimates of surface potential and
surface speciation through a validated surface complexation
model, as the experimental conditions of salinity do not allow for

direct surface potential measurements.

o Finally, compare static and dynamic adsorption and verify if it has

the same behavior in such different conditions.
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3. Main concepts

3.1 Surfactants and adsorption

Surfactants, derived from combining the terms: surface active agents, are
compounds that significantly reduce interfacial tension (IFT) and easily adsorb at
interfaces, that is, compounds that demonstrate activity in the region between two
immiscible phases [15]. They are organic compounds that have a nonpolar
structural group, called the lipophilic group, or simply tail, and a polar group, called
the hydrophilic group or simply head.

Depending on the nature of the polar group, surfactants are classified as:
anionic, cationic, zwitterionic (which are also amphoteric), and non-ionic (Figure
4). Anionic surfactants have a negative charge in a portion of the molecule, while
cationic ones have a positive charge. Zwitterionics have both charges in their polar
group. Finally, non-ionic ones have no ion charge, making the polarity more

dependent on the formation of dipoles.

Type of Surfactants
Non-ionic group
®e%%c%%%% ¢ ¢ o Non-ionic "‘}‘&m
9e%0%%0% %% T Cationic WO
0e%¢%%0%%% — Anionic -
Amphoteric S
Zwitterionic head

Figure 4: Types of surfactants, adapted from Alconox.com [14]

Because its structural groups have affinity for different types of solvent
(polar and nonpolar), when inserted into water (polar solvent), the nonpolar group
distorts the structures of the solvent, adding energy to the system by breaking the
hydrogen bonds and guiding the water molecules in the vicinity of this group [15].
The system reacts in a way that reduces contact between the nonpolar group and
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the water molecules. As a result, surfactant molecules are expelled from the bulk
and adsorb at the interfaces, both processes occurring spontaneously [15]. In the
process of adsorption on solid-liquid interfaces, the surfactant adsorbed is called
the adsorbate (before adsorption is called adsorpt) and the material in which it is
adsorbed is called the adsorbent (Figure 5).

=)
o Adsorpt —»0

L #) %]

Figure 5: Elements of adsorption on solid-liquid interfaces. Used with permission of

Butt, HJ et al., from [16]; permission conveyed through Copyright Clearance Center, Inc.

The main aspect of investigating surfactant adsorption is to quantify the
amount of surfactant left in the interface by means of experiments, and to use
models to adjust this data in order to explain its behavior at constant temperature

(isotherms).

3.2 Surfactants aggregation and CMC

At low concentrations, surfactants act as individual monomers with
interfacial activity. However, as the concentration rises, these surfactant monomers
start to aggregate, aligning their hydrophilic heads outward towards the surrounding
solution and their hydrophobic tails inward away from the water. This
rearrangement is driven by the goal of minimizing the system's free energy (and
maximizing entropy). The specific concentration at which this aggregation takes
place is referred to as the critical micelle concentration (CMC), and the resulting
aggregates are termed micelles (Figure 6). As a phenomenon of surfactant
aggregation, micelle formation significantly changes the physical-chemical
properties of a surfactant solution. Therefore, it is important to determine the

concentration at which micelle formation starts to occur, i.e., the critical micelle
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concentration (CMC), because the concentrations of surfactants slugs in EOR
applications are often far above this number, so the adsorption experiments must
attend this condition.

balcelie / Monomers

Figure 6: Representation of aqueous surfactant solutions above CMC, depicting the
equilibria involving monomers, micelles, and adsorbed surfactant molecules at the interface for

zwitterionic surfactant.

Surfactants in solution can also form other types of aggregates, which
depend on specific factors, such as temperature, salinity, concentration, and
surfactant structure [16,17]. From these diverse forms (shown in Figure 7) some
like micelle and bilayers will be important for visualizing some of the mechanisms
related to adsorption of surfactants in this work, since they might influence the

adsorption of the zwitterionic surfactant.

Inverted
micelles

Cylindrical
or rod-like
micelle

Bilayer

Figure 7: Other surfactant aggregates. Used with permission of Butt, HJ et al., from [16];

permission conveyed through Copyright Clearance Center, Inc.
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4. Literature review on surfactant adsorption

Surfactant adsorbs on surfaces as monomers rather than micelles [18] and
a considerable number of authors had presented a range of mechanisms responsible
for adsorption on mineral surfaces. Dang [19], Paria and Khillar [20],
Somansundaran and Huang [21], Zhang and Somansudaran [22], have shown
mechanisms where ion exchange, ion association or pairing, hydrophobic bonding,
polarization of r electrons, and dispersion forces play a major role in surfactant
adsorption (Fig. 8). Commonly, the overall mechanisms are derived from
electrostatic and van der Waals interactions, which arise between the proximity of
the solid surface and the surfactant molecules [10].
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Figure 8: Common surfactant adsorption mechanisms: (a) ion-exchange, (b) ion pairing,
(c) hydrogen bonding, hydrophobic bonding on (d) uncharged surface and (e) oppositely charged
surface and (f) dispersion forces on nonpolar surface. Used with permission of Rosen, M.J., from

[15], Copyright 2023; permission conveyed through Copyright Clearance Center, Inc.

For applications involving chemical flooding, the surfactant adsorption on
reservoir rock is the most important parameter [23, 24], and this phenomenon
depends on a variety of physical-chemical conditions related to both the surfactant
and the rock surface, such as surfactant concentration, water salinity, pH, and
temperature [15, 24]. The next sections will discuss in greater detail the influence
of these parameters, focusing on the behavior of ionic and zwitterionic surfactants

(such as the one used in this work).
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4.1 Effects and influence of adsorption parameters on surfactant adsorption

4.1.1 Influence of surfactant concentration

Adsorption is directly affected by surfactant concentration, where the more
available surfactant molecules in bulk, the more adsorbed molecules are found at
the solid-liquid interface. This can occur until a certain level of surfactant
concentration (CMC) is reached, when the monomers start to aggregate and

associate themselves forming micelles rather than to adsorb (Figure 9).

Region IV

Log Adsorption

{ Regionll / 5
; i Region Il

Log equilibrium surfactant concentration

Figure 9: Surfactant adsorption with increase in equilibrium concentration. Adapted
from [25].

Each of the four regions labeled in the image exhibits a distinct adsorption
behavior, typical of ionic surfactants on surfaces with opposite charges. The Four-
Region theory, developed upon the work of Somasundaran and Fuerstenau [26],
explains that in Region I, at low concentrations, the surfactant adsorbs solely by
electrostatic interactions [20] and usually obeys Henry’s law [25]. In region 11, the
sudden increase in the adsorption occurs due to lateral interactions, resulting in
surface aggregation of surfactants (hemimicelles [20]). Region 1l shows a slower

rate of adsorption compared to region Il, and finally, region 1V is the plateau region
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above the CMC [20]. In the plateau, micelles are formed in solution, and the
adsorption density does not vary further, and the main driving force behind
adsorption is the lateral hydrophobic interaction between hydrocarbon chains [25].
Adsorption maxima could occur within this four-region regime [20,27].
The occurrence of these maxima, rather than a plateau typical of surface saturation,
is a phenomenon not well understood yet, and the main explanation is that surface
active impurities could be adsorbed below CMC, and solubilized in micelles above
CMC, decreasing the adsorbed amount [28]. Trogus et. al [29] showed that
adsorption maxima can also occur in surfactant mixtures, even if each surfactant
has simple adsorption behavior, such as obeying Henry’s law. The absence of
adsorption maxima could indicate, according to Arnebrant et. al [30], that surfactant
samples do not contain impurities with higher affinity for the adsorbent surface.
Additionally, adsorption can decrease past CMC values in the case of non-
ionic surfactants [27,31], anionic [27,30], cationic [28,30], surfactant mixtures [29]
and, more recently, zwitterionic surfactants [32] (Figure 10) at pH 8 (seawater) and

pH 6 (connate water), with CMC on the 180-300 ppm range.
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Figure 10: Adsorption maxima phenomenon in zwitterionic surfactant solutions at different

salinities. Adapted with permission from Nieto-Alvarez et al. [32]. Copyright 2023 American

Chemical Society.
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A few works have demonstrated also that adsorption of zwitterionic
surfactant increases with equilibrium concentrations above CMC in a variety of
salinity and temperature conditions [12, 32-35]. This could be attributed to the lack
of CMC measurements in the presence of the solid interface from the adsorbent,
where the measurements typically occur with only liquid-gas interfaces.

These works also demonstrate the complex behavior of zwitterionic

surfactant adsorption on rocks related to reservoir formations.

4.1.2 Effect of salinity

Salinity is another important factor that influences surfactant adsorption,
and its effect is complex. Depending on the nature of the surfactant, the rock
surface, and the surfactant concentration, salinity has different effects due to various
interactions occurring on the interface. One example is the decrease of repulsive
forces arising between surfactant molecules and the rock surface, with an opposite
charge, because of increased salinity [10, 23], which will lead to a higher
adsorption. This was explained in the case of anionic and cationic surfactants in
oppositely charged surfaces at high surfactant concentrations by Lee et. al [36]: as
the ionic strength rises, mutual head group repulsion is reduced, thus, adsorption is
increased.

The influence of salinity on non-ionic surfactant adsorption occurs as the
solubility, surface activity, and aggregation properties change with the increase in
electrolyte concentration [15]. Denoyel and Rouquerol [37] found out that the CMC
decrease of a non-ionic surfactant in the presence of electrolytes produced a shift
of the adsorption plateau to lower concentrations, therefore increasing adsorption
in certain concentration range. This was explained by the increase in lateral
interactions between the polar groups as salinity increases. However, Nevskaia et.
al [38] showed that non-ionic surfactant adsorption can decrease or increase with
salinity depending on the nature and quantity of the surface hydroxyl groups from
the solid.

Salinity alterations can affect in an even more complex way the
zwitterionic surfactant adsorption mechanisms. Mannhardt et. al [39] demonstrated
that increasing salinity slightly increased and shifted the adsorption plateau of a

betaine surfactant towards low equilibrium concentrations in limestone. The same
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could not be affirmed for sandstone, where the increase in salinity decreased
adsorption, and shifted the plateau towards higher equilibrium concentrations. Li
et. al [34] showed quite a similar adsorption behavior of betaines in quartz sand.
Low NaCl concentrations (1 wt%) in the brine implied higher adsorption for
sulfobetaine, as also NaCl concentrations up to 30 wt%, but middle concentrations
presented the lowest adsorption values. The same behavior occurred for the
carboxylbetaine between 1% and 10% wt.% NaCl concentrations, but the
adsorption was very much higher at the high salinity condition. Nieto-Alvarez et.
al [32] presented an adsorption increase of sulfobetaine in limestone with increased
salinity. Zhong et. al [35] also presented this result for a sulfobetaine in Bakken-
Formation minerals which has different surface charge nature compared to
limestone at the tested conditions. In the later work, adsorption seemed to decrease
with salinity for the carboxyl betaine.

In summary, salinity is a factor that, combined with the mineralogy of the
rock and pH, could alter adsorption behavior in a complex manner for every type
of surfactant, and deserves a more cautious approach to generalize its effects in

surfactant-brine-rock systems.

4.1.3 Effect of temperature

In general, adsorption of surfactants is an exothermic process (AH > 0)
and thus tends to decrease as the temperature increases [24]. However, some works
showed that the influence of temperature depends on whether the process is
enthalpy- or entropy-driven [10, 40-42]. As Kamal et al [10] pointed out, based on
the works of Hirasaki et. al [40, 41] and Tackie-Otoo et. al [42], if the process is
enthalpy-driven, as it is the case for surfactants with low adsorption density,
adsorption increases with temperature. If the process is entropy-driven, in the case
of a surfactant with high adsorption density, the reverse happens, and a temperature
increase decreases adsorption.

Non-ionic surfactants adsorption typically increases with temperature due
to solvation effect at high adsorption [43]. Liu et. al [24] explained that the increase
in temperature progressively dehydrates the head groups of surfactants, rendering
it to be less hydrophilic and more compact, and therefore increases the surface

activities and adsorption amount. This type of surfactant could have their adsorption
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lowered with temperature increase at low concentrations, and the opposite was
found for high concentrations [44]. Liu et. al [24] also pointed out, based on Azam’s
work [23], that anionic surfactant adsorption seemed to be reduced by temperature
as at high temperatures the relatively high kinetic energy contributes to destabilize
aggregate organizations.

In the case of a zwitterionic surfactant, Mannhardt et al [11] reported no
alteration in the surfactant adsorption on Berea sandstone with significant
temperature difference, while an anionic surfactant had its adsorption lowered with
the same temperature increase.

Jian et. al [45] also reported that temperature seemed to have no significant
effect on the adsorption of zwitterionic surfactants in calcite, dolomite, silica, and
kaolin with deionized water (Figure 11). However, temperature was responsible for
the increase in one of the zwitterionic surfactants (carboxylbetaine) studied in
Zhong et. al [35] at low initial concentration (Figure 12 (a)), but when concentration
was 10 times the latter (Figure 12 (b)), the temperature effect was the opposite,
resulting in less adsorption. The conclusion about the latter work could be also that
temperature effect was also not clear because of the close adsorption values may
laying inside an experimental error range, and the lack of replicates corroborates to

that conclusion.
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Figure 11: Adsorption of zwitterionic surfactant (LB-lauryl betaine) on different
minerals at 20°C and 80°C. Adapted from [45], Copyright 2023, with permission from Elsevier.
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4.1.4 Effect of alkalis and pH

The addition of alkaline species and variation of pH can significantly
modify surface properties and, thus, the surfactant adsorption behavior at solid-
liquid interfaces. More specifically, surface charge is influenced by salinity and pH
of the surfactant solution, which has a direct effect on surfactant adsorption [15].

The use of alkaline species is related to in situ soap generation, as less
surfactant is needed to be injected. However, as Weinfeng et. al [33] demonstrated,
it reduces adsorption of anionic and zwitterionic surfactants by increasing pH, thus
increasing the number of negative sites in kaolinite. The zwitterionic surfactant
behavior pointed out by Weifeng et. al [33], in this case the used betaine, is totally

anionic in the alkaline conditions because of deprotonation of the quaternary
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ammonium present in the surfactant molecule, so a more negative surface would
difficult its adsorption via electrostatic interactions. Alkalis are also more sensitive
to divalent cations, and its capability of sequestrating Ca*? and Mg*? in the solution
limits its application onto low salinity/hardness waters [15, 24]. This capability
reduces divalent ion interactions with the charged surface sites, which become less
positive.

As reviewed by Belhaj et. al [15], pH increase alters the magnitude of
adsorption by reducing the number of hydroxyl groups in the surface. Thus,
hydrated mineral oxides on solid surface, e.g., silica oxides/silanol, become
negatively charged. At low pH, the mineral hydroxyl groups become protonated,
acquiring a positive charge. In the case of anionic surfactants, as demonstrated by
Somasundaran et. al [46, 47], higher pH makes the surface more negative and
decreases its adsorption, while the opposite happens for cationic surfactants.

Bera et. al [48], pointed out that, in the case of a non-ionic surfactant,
adsorption decreases to neutral pH, and is almost constant at alkaline pH range. As
explained by Bera et. al [48], the lone pair of electrons of the oxygen atom in the
ethylene oxide group is attracted to the positive surface, thus increasing adsorption
at low pH, where the surface is more positive. Figure 13 shows the effect of pH on
adsorption for anionic (SDS), cationic (CTAB) and non-ionic (Tergitol 15-S-7)

surfactants, as reported by Bera et al [48].
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Figure 13: Effect of pH on the adsorption of different types of surfactants: SDS

(anionic), CTAB (cationic) and Tergitol 15-S-7 (non-ionic). Adapted from [48], Copyright 2023,

with permission from Elsevier.
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4.2 Static and dynamic adsorption of zwitterionic surfactants

Surfactant adsorption is often measured in two types of experiment: static
and dynamic (coreflood). The latter type has a lower liquid to solid ratio (mL of
liquid / g of rock) compared to the former (static), even though the dynamic
approach has more difficulties in order to determine adsorption, it simulates the
reservoir conditions better than static tests. Because of this, many researchers
choose to infer static adsorption data from dynamic experiments. Satter et. al [50],
Novosad et. al [51] and Mannhardt et. al [11, 39, 49] have reported this approach
in surfactant adsorption studied, based on good dynamic adsorption models that
adjusted well the experimental data.

Betaine, the type of zwitterionic surfactant utilized in this dissertation, had
its dynamic adsorption studied by Mannhardt et. al [39, 49] on limestone and
sandstone cores, at different salinities. They demonstrated that betaine-type
surfactant adsorbs more on Berea sandstone than on Indiana limestone, and this
adsorption is considerably increased in the presence of divalent ions on both types
of rocks. It is worth noting, that the brine utilized in this work [39] was composed
only by Na* and Ca?* cations, distancing from the desulfated sea water composition,
which is more representative of operations and, more importantly, because they did
not make the static test, nor measured the surface area of the adsorbents, comparison
between the two methods was not analyzed. The inference of such static parameters
from dynamic data should not represent the adsorption due only to interactions,
because data was obtained through flow conditions which could alter the
mechanism. This hypothesis will be tested through this work.

More recently, other authors like Weifeng et al [33], studied betaine
adsorption through dynamic and static experiments, in 10 g L™t NaCl solution and
neutral pH. They showed that the maximum dynamic adsorption (~3.2 mg g?),
using the initial concentration of the static adsorption plateau, was lower than that
obtained in the static tests (~4.3 mg g?), even though a sand pack was used in
dynamic case and 100% kaolinite powder in the static case. Also, they concluded
that alkali addition and pH increase lowered the static adsorption plateau (Figure
14 (a)), and the breakthrough curves shifted to low PVs (Figure 14 (b)).
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Figure 14: Betaine (a) static adsorption and (b) breakthrough curves with different alkali

addition. Adapted from [33], Copyright 2023, with permission from Elsevier.

Dai et. al [12] studied CAPB adsorption with static and dynamic

experiments at high temperature and salinity. Zhao et. al [52] studied, at the same

conditions of Dai, the adsorption of cocamidopropyl dimethyl amine oxide (CAQ)

under static and dynamic conditions. It should be noticed that the molecular formula

of CAO is slightly different from CAPB, as the head group of the former does not

have a terminal carboxylic group. Despite the difference in the surfactants, both

studies demonstrated that static adsorption was considerably higher than the

dynamic results, and CAO showed almost the double amount of adsorption

compared to CAPB with the same adsorbent, at same salinity and temperature

conditions. Despite this, dynamic adsorption was higher for CAO than CAPB, but

the magnitude of the difference was considerably lower than static adsorption.
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Figure 15 (a) and (b) showed the static and dynamic results for CAPB and CAO
respectively, from the works of Dai et. al [12] and Zhao et. al [52].

Both authors concluded that the adsorption of CAPB and CAO were too
high, and they assigned the possibility of multilayer adsorption of these surfactants

to explain the results.
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Figure 15: Structural formula and static and dynamic adsorption of (a) CAPB and (b)
CAO on natural sandstone cores. (a) Used with permission of Dai et al. from [12], Copyright
2023; permission conveyed through Copyright Clearance Center, Inc. (b) Adapted from [52],
Copyright 2023, with permission from Elsevier.

These works that approached the static and dynamic adsorption of
zwitterionic surfactants clearly showed that adsorption of zwitterionic surfactants

is higher at static conditions, but none of them explained the possible mechanisms
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of adsorption for the static tests results by isotherm modelling, given that without
the mechanisms the improvement of such models, and then reliable estimates for
adsorption, does not progress.

Although some authors have focused on the static adsorption of
zwitterionic surfactants on mineral surfaces [32, 34, 35, 45, 53], only a few
described isotherm modelling to explain possible mechanisms of static adsorption
[32, 35, 53]. Li et. al [34] evaluated static adsorption of carboxyl and sulfo betaines
on quartz sand with carbon chain number varying from 16 to 18 at different
salinities. They demonstrated that maximum static adsorption of the
carboxylbetaine could range from 4 to 23 mg g depending on the salinity and
surfactant concentration, and 2 to 5.5 mg g for the sulfobetaine.

Nieto-Alvarez et. al [32], found out that a sulfobetaine in
connate/formation water adsorbs on limestone (~4 mg g*') almost two-fold
compared to adsorption with sea water (~2 mg g). This is one of the few works
that show a decrease of adsorption in such a system, and the authors explained this
effect regarding the micelle-vesicle equilibrium in a theorical framework,
introducing a new model resembling Langmuir isotherm, and with images of
vesicles that proves its existence in connate water.

Jian et. al [45] evaluated the static adsorption of lauryl betaine on two
carbonate minerals: calcite and dolomite and two silicate ones: silica and kaolin.
The betaine adsorption was determined separately and blended with anionic
surfactants. They showed that the betaine adsorbs on silicate minerals in the range
of 1to 2 mg m*2 and in the carbonate minerals on the range of 0.1 to 0.5 mg m™2,
These experiments consider changes in salinity and temperature. The authors
concluded that the blending with anionic surfactant increased adsorption on calcite
and decreased on dolomite.

Zhong et. al [35], found out maximum static adsorption values of two
carboxylbetaines on calcite and clay were in the range of: 1 to 2 mg g for calcite
and 10 to 15 mg g for clay, with high salinity brine. They also obtained an
adsorption maximum between 4 and 5 mg g* for Berea sandstone with the same
brine. Kumar et. al [53], also compared the adsorption of betaine in carbonate and
sandstone surface with deionized water. In this case, adsorption on carbonate was

considerably higher in the carbonate rather than in the sandstone.
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4.2.1 Static adsorption models

Surfactant adsorption behavior can be described by physical or empirical
isotherm models which were applied on many works in the literature. As explained
by Wang et. al [55]: “isotherm refers to the relationship between the equilibrium
adsorbate concentration in the liquid-phase and the equilibrium adsorption amount
on the solid-phase at certain temperature”. So, equilibrium adsorption data can be
modelled by isotherms to obtain information about mechanisms, maximum
adsorption capacity and other properties of the adsorbents.

Kalam et. al [25] and Liu et. al [24] listed a huge set of isotherm models
that are usually applied to adjust static adsorption curves of surfactants. There is no
evidence of application of some of these models in the case of zwitterionic
surfactant adsorption, but a handful of the classical isotherms developed by
Langmuir, Freundlich, Redlich-Peterson and Sips, have been already applied for
modelling surfactant adsorption data of every type of surfactant [48,53].

Each isotherm will be explained next on its original mathematical form
(not the linear one) because, as pointed out by Foo et. al [54] and Wang et. al [55]
reviews, propagated errors are generated in the linearization process, leading to

inaccurate estimation of parameters or to bias in adsorption data.

4.2.1.1 Langmuir isotherm

The Langmuir isotherm is one of the most used isotherm models and it was
initially developed to represent gas-solid adsorption [56], but it was also used for
various adsorbents [25]. It is a theoretical model based on kinetic principles, which
balances the relative rates of adsorption and desorption. Equation (1) shows how
the adsorption density (g [mg g']) is related to equilibrium concentration (C, [g L

17) in the Langmuir model:

_ qooKL Ce

1+K,C, (1)
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Where K; (L g?) is the Langmuir equilibrium constant, C, (g L™?) is the
equilibrium concentration and q., is the maximum adsorption capacity of the
adsorbent in mg g™.

This model assumes that: adsorption in monolayer fashion, sites are
homogeneous and have constant adsorption energy, and there are no lateral
interactions between the adsorbed molecules.

4.2.1.2 Freundlich isotherm

Unlike Langmuir, Freundlich isotherm can be used to represent
multiplayer adsorption behavior on heterogeneous sites, and it’s described by
equation (2) [57]:

q=bCe1/n ()

In this case b is the adsorption capacity term in L g™ and 1/n is adsorption
intensity or surface heterogeneity. The main assumption is that adsorption heat

distribution and affinities toward the heterogeneous surface are nonuniform [25].

4.2.1.3 Redlich-Peterson isotherm

Redlich-Peterson isotherm was developed to fit adsorption data related to
molecular sieves [58], but it appeared to be a combination of the Langmuir and
Freundlich isotherms. The authors of the original paper found a relation where at
low adsorbate concentrations, the adsorption approaches the Langmuir regime and
at high concentrations the Freundlich regime. Its isotherm is described by the

equation (3):

K,C,

9=_—"3 3
1+a,.CPr ®)
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Where K, (L g?), a, (L m?g) are empirical constants, and £, is an
empirical adjusted exponent. The mechanism of adsorption is a mix of the previous

two adsorption models and does not follow ideal monolayer adsorption.

4.2.1.4 Sips isotherm

The Sips isotherm is also a combination of the Langmuir and Freundlich
isotherms, but it overcomes the limitation of indefinite adsorption of the Redlich-
Peterson model at increasing concentrations. Its mathematical description is as
follows [59]:

K,Cl?

q= H—T:Ceﬁs 4)
The adjusted Sips isotherm model constant are K (L g) and a; (L mg).
Bs is the Sips isotherm exponent. This model is suitable for explaining and
predicting adsorption on heterogeneous surfaces. At low concentrations the model
has a Freundlich regime, and at high concentrations the Langmuir regime is reached

giving it a S-shape curve with a maximum adsorption density plateau.

4.2.1.5 Alternative isotherms and Bilayer approach

Ayawei et. al [60] and Wang et. al [55] showed a vast set of isotherm
models and its mechanisms that could be added to surfactant adsorption
investigation. Some works on literature even applied multi-site, or multi-layers,
models for gas-solid adsorption, describing multi-layer adsorption models with the
already presented isotherms, where the total adsorption is the sum of the adsorption
on each layer or site [61].

In this work, a considerable range of isotherm models were fitted to
experimental data. These models were categorized in single layer isotherm models
and bilayer models. Because of hydrophobic nature of the surfactant chain,
surfactants can interact laterally on the surface to form hemimicelles and interact
vertically forming bilayers or admicelles (Figure 16). This motivates the use of the

bilayer approach which states that surfactant adsorbs in two layers: one
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corresponding to surface surfactant interaction and the other to surfactant-surfactant
interactions. The bilayer models used in this work were also composed of a novel
description where surfactant adsorption behavior is represented by different

isotherm models for each layer.

micelle

Y —

o9
UL -

Figure 16: Structure of micelle, hemimicelle and admicelle. Adapted from [62],

Copyright 2023, with permission from Elsevier.

Some works have already used bilayer models for surfactant adsorption in
static [63] and dynamic experiments [64] with relative success. In the case of the
static case, they were limited to Langmuir and Langmuir-Freundlich type isotherms
for both adsorption layers, the latter isotherm has the same mathematical
description as the Sips isotherm. In this work, some combinations of the previous
isotherm models were applied, and the results were interpreted according to each
layer proposed model/behavior premises.

The bilayer approach to model adsorption data considers the total
adsorption as a sum of each layer and the expression for the second layer is

dependent on the first one (Equation (5)):

q=q;+q(q1) (5)
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The deduction of the general bilayer isotherm model could be understood
assuming that there is a maximum adsorption capacity for each layer: q.,, and g,
and a fraction term, representing the related isotherm behavior for the surface
coverage fraction in each layer, which depends on the equilibrium concentration:
f1(C.) and f,(C,). Because it’s considered adsorption in bilayers, the adsorbed
amount on the second layer is proportional to the quantity already adsorbed on the
first layer or first sites, according to Koresh et. al [65]. The model could be re-

written on the following form:

4 =G, f1 + G, [2 (6)

And:

q002 =aq (7)

Where « is a constant of proportionality. So, the overall formula for the

bilayer approach is:

q=qoo, i1+ af7) (8)

The terms f; and £, can be substituted for similar terms of the presented

isotherm models. The general equation for bilayer adsorption model is then:

b,C,* by C.?
e —e (14 g2 9
1= 9 T p, 1+ b,C™ ®)

Where, depending on the combination and values of the model parameters
different interpretations of these terms could arise, e. g., the a term could be
interpreted as how much maximum adsorption capacity is available on the second
layer per quantity adsorbed on the first layer.

Langmuir, or abbreviated to “Lang, Redlich-Peterson, “RP”, and Sips

isotherms, also, its combinations included: Lang-Lang, RP-RP, Sips-Sips, Lang-
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RP, RP-Lang, Lang-Sips, Sips-Lang, RP-Sips and Sips-RP. Are resumed in table 1

on the single layer and bilayer approach:

Model Equation Approach
Langmuir = M
g 1= 17K,
Freundlich q=bc" Single
layer
Redelich- q= K. C,
Peterson 1+ arceﬁr
Bs
. K.C
Sips q=—""73
1+ a,C?
qoolKLlce KLZCe
Lang-Lan = 1
g-Lang 1T 13K,C. 1+K,,C,
o Ky C K, C
RP-RP q=q1”; 1+a ”"’B
1+ a;,CLm 1+ a;,Co"
* ﬁs * BS
o Ks,C K. C
Sips-Sips q= Aoy Ts Sl1+a "2 ¢ 2
1+a5 C° 1+a,,C°
oo KLCe K;ZCe
Lang-RP g=—"—"(14+a—2"—
| 1 +1<Lce< 1+ aysCh
oo, Kr Ce ( K, Ce ) :
RP-Lan q=—"—z\1ta—7+ Bilayer
; 1+ azch T TTHKC y
* ~Bs
0, K;.C KSC
Lang-Sips g=aeiile (g g g Sste 2
1+K,C. 1+azch
* ~Bs
o, KsC K, C
Sips-Lang ooy Ts v ( a—2" )
1+ aiC* 1+K.C
* * ~Bs
. oo, K C K;C
RP-Sips qqur; +a——"
1+ a;C" 1+ a3C”°
* BS *
. o, KsC K;C
Sips-RP q= ql—s‘;(l + ar—eﬁ>
1+ aiC.? 1+a;C"

Table 1: Static adsorption isotherm models



49

The isotherm constants with superscript * represents the initial presented
constant of each related isotherm, but without physical or chemical units, because
the model already assumes a term of maximum capacity the other terms compose
the separate coverages and don’t need have any units.

Each bilayer approach isotherm model on table 1 has different premises
related to the intrinsic mechanisms of surfactant adsorption, most of them divided

into homogeneous/heterogeneous and monolayer m-tultilayer adsorption behavior.

4.2.2 Dynamic adsorption models

Dynamic adsorption modelling is based on the adjustment and prediction
of breakthrough curves from species that travel through the porous media. Because
of the aqueous phase flow and diffusion, solutes who behave like a tracer, which
does not interact with the rock matrix, can travel in the capillaries of the rock and
its quantity in the effluent, in this case, concentration, can be described
mathematically by the hydrodynamic dispersion equation. This model is commonly
called the convection-dispersion equation and has been used for a long time in
describing breakthrough curves from non-adsorbing species ([66], [67], [50], [68],
[51], [69], [64], [70] and [71]). Its deducted formulation is found in Bear [72]:

dcC d*c dc

=DV (10)

Where D is the coefficient of dispersion in cm? min™t and V is average
interstitial velocity (cm min™) of the solute in porous media. Solutions of this
equation are often used as the tracer model for breakthrough curves. However, it
can be used for adsorbed species if the adsorption term is added to the equation as
Trogus et. al [73] and Kwok et. al [64] formulated:

dcC d?C dcC ar
“_pdt A E (11)
dt dx? dx ¢ dt

The term added depends on the bulk density of the rock (p,), the porosity
(¢) and the adsorption of the transported species (I'). When adsorption is
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considered to reach the equilibrium faster, the effluent concentration is considered
the equilibrium equation C = C, and adsorption becomes a function of that
concentration T'(C,). As pointed out by Satter. et. al [50], the adsorption rate term

could be substituted by:

dr _dr dC_ dr dC,
dt dC dt dC, dt

(12)

The term % means the derivative of the isotherm model with respect to

e

equilibrium concentration. Thus, the reformulated model becomes:

oy dI‘)dC d’C  dC
pp dU'ydC _ d*C _ dC 13
( tac)a " Pae Viax (13)

The term (1+%%) is known to be the retardation factor of the

breakthrough curve [72]. When the equilibrium is not assumed, the rate of
adsorption becomes described by kinetic models.

Kwok et. al [64] listed a couple of simple and effective models capable of
adjustment and prediction of surfactant the breakthrough curves when equilibrium

and non-equilibrium is assumed:

Expression adsorption term Model -type
dr T
ac. =Ky Henry - Equilibrium
dr qK; . e
= Langmuir - equilibrium
dC, ~ (1+ K,C.)? g i
% =k,C(T, —T) — k4T Langmuir - Kinetic

dry
T ka,C(Tooy —T1) — kg, T
Two-site - Kinetic

dr,
= KayC(Tooy = T) — ka, T
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dr,

dt ka1C(F001 - Fl) - kdll—‘l

Bilayer - Kinetic
dr,

I,
dt = ka2C _Fl—rz —kdzrz

[y

Table 2: Dynamic adsorption models presented in [64]

The bilayer and the two-site kinetic models performed very well on

adjusting and predicting breakthrough curves in Kwok et. al [64] (Figure 17),

despite this advantage of kinetic models, some works reported good agreement of

equilibrium models on fitting surfactant breakthrough curves such as in Novosad

et. al [51].
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Figure 17: Bilayer model adjusting well breakthrough curves of surfactant in Berea

sandstone. Adapted from [64], Copyright 2023, with permission from Elsevier.
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For the sake of comparison between isotherm models in static and dynamic
form, another isotherm models can be added besides the equilibrium models already
cited:

Expression adsorption term Model -type
ar b 1. : I
=2cnt Freundlich - Equilibrium
dC, n ¢

ar K (1+@-B)a,cl) | o
ac. - 5 Redlich-Peterson - Equilibrium
€ (1 + arCfr)

o _ el .
= 2 ips - Equilibrium
dCe (1+asCfs)

Table 3: Other dynamic adsorption models developed from classical isotherm models
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4.3 Surface complexation model

As seen in the review of literature on surfactant adsorption, salinity and
pH could significantly alter the adsorption behavior of every type of surfactant
species. This happens mainly because it modifies the surface sites which the
surfactant molecules can adsorb, whether deprotonating and protonating surface
species or exchanging ions, thus changing the potential of the surface. Yet, for solid
particles or surfaces to acquire surface electric charges, the contact with a polar
medium is sufficient.

Electrostatic and van der Waals interactions always arise between
surfactant molecules and sites; the latter are mostly metal hydroxide with hydroxyl
groups for the minerals of this work. They can be found protonated, deprotonated
(equations 14 and 15) or in their natural form. As presented by surface charge basic
theory in Shaw [74], hydrogen and hydroxyl are potential determining ions (PDI)
because their concentration determines the electrical potential of the solid particle

surface. Therefore, pH is a major factor in the surface potential determination.

Me — OH + H* 2 Me — OHj (14)

Me — OH + OH™ 2 Me — 0~ + H,0 (15)

Considering that the aqueous phase in contact with the surface always has
solvated electrolytes species, they tend to adsorb on the surface of these protonated
or deprotonated hydroxyl groups through ion exchange and ion-ion interactions
mechanisms. This ion-adsorption proceeds to form layers of ions and counterions
and complexation may occur as different ions adsorb in different distributions
(Figure 18). The layers of adsorbed ions are situated in two different regions: the
closest to the surface, mostly referred to as Stern layer, and the most outer region
called the Diffuse Double Layer (Figure 18).
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Figure 18: Stern layer and Diffusive Double Layer. The largest and smallest white
circles are oxygen and hydrogen atoms, respectively, and the black circles represent solvated ions.
The inner sphere complexes are formed between the 0-plane and the 1-plane of the stern layer, and

the outer sphere complexes are formed at a minimum distance of approach of hydrated ions
Adapted from [75], Copyright 2023, with permission from Elsevier.

The structure of these adsorbed ion layers is often constructed based on a
three-plane model (TP) [75] commonly called triple layer model by other authors
([76], [77] and [78]). In this approach, three electrostatic planes exist at the surface
of the solid: 0-, 1- and 2- or d planes, the latter divides the two regions of the Stern
Layer and the Diffuse Double Layer (DDL), both constitute the electrical double
layer (EDL).

The ionic species interact with the hydroxyl sites and form complexes in
the inner sphere and outer sphere. The location of the central ionic species of the
complexes closest to the surface is between the 0- and 1- plane (inner sphere) where
the ligands shared with the surface are in the 0- plane. The other ligands are located
in the 1- plane, where other central ions adsorbs between the 1- and 2- or d plane.
(outer sphere) [75]. As Rahnemaie et. al [77] pointed out, the outer ion complexes
do not have common ligands with surface groups (Figure 19).

Because many ions can form inner sphere complexes with surface groups,
one or more ligands of the adsorbed ion are common with the surface, other ligands

are oriented towards the solution. These differences in orientation lead to
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differences in the distance from the surface, and then the compact part of the EDL,
i.e., the Stern Layers, will have a distribution of charge. This is the charge
distribution (CD) principle of the TP model presented by Hiemstra and van
Riemsdijk [75]. For each defined surface reaction, e.g., dissociation and adsorption,
there is a charge distribution Az; in each plane (Az,, Az,,Az,) which must be
imputed to the model.

Besides the charge location, another that need to be imputed is the
capacitance of the Stern Layer, which is calculated from the combination of the

capacitance of the inner (C,) and outer sphere (C,):
1_1 + ! 16
cC ¢ G, (16)

Where each capacitance depends on the relative dielectric permittivity of
the medium ¢, in this case, water (78.5 at 25°C), and the distance of the planes

from the surface (d;), as shown in equation (16):

Ci = (17)

The €, is the dielectric permittivity of the vacuum (8.854x10*2 F m™?) and
the distances of the planes are adjustable with experimental data.

The charge distribution approach needs to be accompanied by a multi-site
complexation model (MUSIC) since there are different metal oxides and other
surface groups in the minerals in this work. This was first introduced by Hiemstra
et. al [79], because of the different proton affinities of the metal oxides on the solid
Liquid interface. Combined with the concepts of charge distribution, the CD-
MUSIC complexation model is then assumed to be the triple-layer model utilized
for surface charge, potential and speciation in this work. This conceptual framework
proved to be effective in predicting surface potentials and adsorption phenomena
([75], [771, [78], [80], [81]).

According to Bonto et. al [82] review’s, CD-MUSIC model can determine
the surface potentials (¥;) through the charge density (o;) of each plane (Figure

19). Surface potentials are assigned for the three planes and their values decrease
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with the distance from the surface towards the bulk until reaching zero. In the inner
sphere and outer spheres, the potential decreases linearly with distance and
proportional to the capacitance of each compressed layer. Entering the DDL domain
the potential decreases rapidly because charge density decreases almost
exponentially.

AY CD-MUSIC
ll»‘o 112
og=-{ 2¢o¢ RTEm [exp(ZE¥9)1]}
[;jl \ I RT
¥, | Og+0;+0+04=0
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Figure 19: Surface potentials determination through CD-MUSIC equations. Adapted
from Bonto, Maria et al. [82]

The zeta potential represents the potential at the boundary between
stagnant and mobile ions, or commonly known as the slip or shear plane [82] and it
is an effective indicator of electrostatic forces on the solid-liquid interface. As
Bonto et. al [82] stated, prediction zeta potential with surface complexation models
(SCM), such as CD-MUSIC, necessarily involves assumptions for the distances of
the electrostatic planes, x; (Figure 19) or d;. The shear plane is considered an
adjustable variable, but it provoked contrasting values in the literature in the case
of calcite-brine interface [96]. To reduce the number of adjustable parameters is
often assumed that the zeta potential coincides with the potential at 2-, d- or outer
sphere plane ¥, or ¥,.

Therefore, changes in que molar quantities of the adsorbed ions derived
from the brine-rock equilibrium will alter the charge density of the planes, thus the
zeta potential estimation. Software with a database of species involved in the
equilibrium, as well the equilibrium constants, is necessary to develop such
estimations and determine the polarity and magnitude of the zeta potential of

sandstone and limestone.
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The geochemical simulation software PHREEQc has built in its code the
proper implementation of the CD-MUSIC model. Charge distribution, capacitance
of the compressed layers and reactions involving dissociation, protonation or
complexation of sites need to be defined before the calculations. In this case the
works of Takeya et. al [78],[80], Elakneswaran et. al [81] defined the parameters
which adjusted experimental data of zeta potential for the brine-calcite and brine-
sandstone systems where the utilized brine is sea water with closer concentration to
the brine utilized in this work.

Table 4 and 5 show all ion adsorption, dissociation or protonation reactions
and parameters assumed on the works of Takeya and Elakneswaran which
performed well on adjusting to experimental data.

Limestone Sandstone

> CO3H (4.95) quartz > SiOH (2.95)
sites (site density [sites m*2rock]) | > CaOH (4.95) kaolinite > SiOH (0.32)
kaolinite > AlOH (0.32)

specific surface area [m2 g 1.23 1.37
Cl[Fm? 3.098 3.098
C2 [Fm? 0.65 0.2

Table 4: PHREEQc sites parameters

Site density was corrected for the sandstone since the original values from
Elakneswaran et. al [81] were related to each mineral surface area, and in this work
only the rock surface area as a role was obtained. The site density was then pondered
by its quantity in 1 g of rock based on the reference composition and specific surface
area values for each mineral on sandstone. Had the site quantity in 1 g of sandstone
being estimated, the determined specific surface is of sandstone in this work was
used to correct the values from site per mineral surface area to site per rock surface
area.

The capacitance of the inner sphere was defined based on the size of the
largest ion adsorbed (calcium) for both interfaces. The outer sphere capacitance was
calculated for the calcite case, as the sum of the Stern layers distance was 13A [80].

In the case of the outer sphere capacitance for quartz and kaolinite surface, the
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values assigned are based on Leroy et. al [76]. Finally, the PDI’s considered in this
work are H*, OH", Ca?*, Mg?* and SO42".

Reactions Az, Az, Az, log(K) [25°C]

Calcite-Brine interface

> CO3H 2> C03 +H" -1 0 0 -7.3

> CaOH + H" 2> CaOH; 1 0 0 15
> CO3H + Ca** 2 > C0;Ca* + HY -1 2 0 -6.45
> COsH + Mg** 2> C0;Mg* + H* -1 2 0 -6.15
> CaOH + H* + S0~ 2 > Ca0OH,S0;} 1 -2 0 14.75

Quartz-Brine interface
> SiOH + H* 2 > SiOH} 1 0 0 -1.75
> Si0~ + H" 2> SiOH -1 0 0 6.75
> SiOH + Ca** 2> Si0Ca* + H* -1 2 0 -5.70
> SiOH + Mg?* 2> SiOMg* + H* -1 2 0 -5.70
Kaolinite-Brine interface

> SiOH + H* 2 > SiOH; 1 0 0 0.80
> Si0~ + H* 2 > SiOH -1 0 0 7.00
> SiOH + Ca** 2 > Si0Ca™ + H* -1 2 0 -6.00
> SiOH + Mg** 2 > SiOMg* + H* -1 2 0 -5.55
> AlOH + H* 2 > AlOH} 1 0 0 0.80
> AlO~ + H* 2 > AlOH -1 0 0 7.00
> AlOH + Ca** 2> AlOCa* + H* -1 2 0 -6.00
> AlOH + Mg** 2 > AloMg* + H* -1 2 0 -5.55

Table 5: CD-MUSIC parameters on PHREEQc

Some other works utilized models with slightly different formulations and
parameters for quartz [83] and calcite [84], but the works previous mentioned in

table 5 accounts for experiments at conditions like the ones of this dissertation and
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used the same model for the two types of rocks (considering limestone as calcite

and sandstone as quartz and kaolinite), thus maintaining assumptions.

5. Materials and Methods
5.1 Surfactant, brine and rocks
5.1.1 Surfactant characteristics and properties

The zwitterionic, or zwitterionic, surfactant utilized in this work was
Cocamidopropyl betaine (CAPB), obtained as a gift from Oxiteno (Brazil) in the
form of a commercial formulation (Oxitaine CP 30 APH) containing 30 wt.% of
the active compound. This surfactant is commonly used in EOR-oriented research
[85, 86], and its molecular formula and molecular weight are, respectively,
Ci19H3sN203 and 342.5 g mol™. The chemical structure is represented in Figure 20.

" ;Y 0"
VVWVY"WT(\[

Figure 20: CAPB molecular structure, from [88]

CAPB is obtained from the reaction between coconut oil fatty acids and
3,3-dimethylamine propylamine (DMAPA) in aqueous solution, where an
intermediate product (cocamidopropyl dimethylamine) is reacted with sodium
monochloroacetate to produce the intended betaine [87].

This surfactant can be present in two forms, depending on pH, which
confers its zwitterionic character. At acidic pH (below isoelectric point 3.34 [89]),
the carboxylic acid moiety is protonated, and the cationic form is predominant. At
higher pH values occurs deprotonation of the acid, and at pH > 6 most surfactant
molecules are in the zwitterionic form [90]. Therefore, in the tested conditions of

this work (pH > 7) the zwitterionic form is the sole one.
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5.1.2 Brine (DSW) composition and properties

The brine used in this work had similar composition to desulfated seawater
(DSW), often used as injection water in offshore environments [93,94]. The
dissolved salts utilized on the making of the DSW were: NaCl, CaCl>-2H-0,
MgCl.-6H20, KCI, NaHCOs and Na2SOyq, all from Sigma Aldrich, Brazil with
>99% purity. The DSW was prepared by adding the appropriate mass of salt to
deionized water to the concentration shown on Table 6:

Composition
lons Concentration [mg L™]
Na* 11,000
Ca*? 132
Mg*? 151
K* 393
CI 17,937
S042 23
HCOs 72
Physical-Chemical Properties
Salinity [mg L] 30,529
lonic Strength [mol kgw] 0.517
pH* 7.86 % 0.10
Conductivity* [mS cm™] 4558 +0.02
Viscosity [mPa.s] 0.90

*average between static and dynamic tests brine

Table 6: DSW composition and physical-chemical properties

The pH and conductivity of this brine was measured with a calibrated
Metrohm pH Meter/Conductometer at ambient temperature, resulting in the
respective values of 7.95 and 45.55 mS cm™ for the static adsorption tests and 7.76
and 45.60 mS cm™ for the coreflood tests. For the brine mixed with surfactant was
added LiCl to a concentration of 2 g L. Brine viscosity at 30°C was 0.90 mPa.s,
measured with a HAAKE MARS Rheometer.
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5.1.3 Rocks characteristics and properties

The adsorption tests were conducted in two types of outcrop rocks
mimicking composition of carbonate and sandstone reservoir rocks. Two subtypes
of sandstones cores were obtained: Berea Buff and Berea Spider; as also one
subtype of limestone core: Indiana. The Indiana core is a carbonate that originated
from the Mississippian formation and the two sandstones came from the Upper
Devonian formation. Both types of rocks were analogue to oil reservoirs and were
supplied in cylindrical shape by Kocurek Inc. (Figure 21).

Indiana e

Berea Spider Berea Buff

Figure 21: Rock cores, adapted from [95]

The main difference between the sandstones compositions is that the
limestone is predominantly constituted of calcite (CaCO3) and the sandstones of
quartz (SiO2). However, the clay content (kaolinite, illite, chlorite, smectite, and
muscovite) may vary between Berea Buff and Spider subtype, being considerably
higher for Berea Spider. Table 7 shows sandstones and limestone composition

obtained from works in the literature, as well as physical properties of the cores.

Rock Diameter Length [cm] Main mineral Clay content
subtype [cm] g (%) (%)
Berea Buff Quartz (>83%)* 5%**
Berea Spider 2,54 15 Quartz (>90%)** 7.6%**
. Calcit
Indiana (>9gt;|)*e** 0%***

* ([97], [98], [81]) **[97] *** ([99],[100],[101])

Table 7: Rock subtypes and main characteristics
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For the dynamic experiments, cylindrical rock plugs of Berea Spider
sandstone (Figure 22 (b) and Indiana limestone (Figure 22 (b)) were separated for
dynamic adsorption experiments. Its petrophysical properties are described in table
8.

The methodology which was utilized to determine the basic petrophysical
properties of the cores is detailed in Section5.4.1 Preparation and petrophysical

characterization of rock plugs for the experiments.

(b)

Figure 22: (a) Indiana Limestone and (b) Berea Spider Sandstone cores

The measured petrophysical properties are shown on Table 8.

Gas Permeabilit Bulk Bulk
Core sample Porosity [%] [mD] y Pore Volume [cm®] Volume Mass[g] density [g
[em3] cm3]
Limestone 15.22 +0.14 180.10 + 14.80 11.47 £0.10 75.38 167 2.22
Sandstone 19.52 + 0.04 207.58 £17.35 14.78 £ 0.04 75.77 158 2.08

Table 8: Core samples basic petrophysical properties
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5.2 Surfactant characterization and quantification

5.2.1 Determination of CAPB critical micelle concentration (CMC)

The critical micelle concentration of CAPB was determined from surface
tension measurements. The tensiometer Kibron Ez-Pi Plus was used for all the
measurements. Prior to the tests, the equipment was calibrated utilizing deionized
water which has a known surface tension of 72 mN m™. CAPB solution’s surface
tension was measured at ambient temperature (25 °C).

To calculate the CMC of the surfactant solutions, it is considered that the
interfacial tension, or superficial tension if it is an air-liquid interface, does not
change significantly with concentration past a certain point, which is the CMC itself
[15]. Thus, the calculation involves fitting a straight line on two regions of the plot,
the first one lies on the decrease in surface tension with the logarithm of the

concentration and the second one is the region of constant surface tension.

5.2.2 Determination of CAPB absorption spectrum

The absorbance spectra of CAPB range were determined to optimize
analytical methods suited for its detection, as in the case of High-Performance
Liquid Chromatography (HPLC) with a UV-lamp. There is a need to adjust the
wavelength of the light source to get maximum absorbance and improve selectivity
while injecting in the chromatography column.

One of the prepared CAPB solutions was evaluated in the Agilent 1260
Infinity Il HPLC apparatus utilizing a Diode Array Detector (DAD). The

spectrometer bandwidth is limited to a 190 nm-950 nm range.

5.2.3 Quantification of CAPB by High performance liquid chromatography
(HPLC)

To determine surfactant adsorption in static and dynamic experiments, an
analytical method capable of detecting and quantifying the CAPB molecules
needed to be implemented. The method consists of injecting a mobile phase of

variable volumetric ratio of Acetonitrile (CH3CN) from Supelco e (for HPLC
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Gradient Analysis) and Ammonium Acetate (NH4sOAc), also from Supelco (for
HPLC LiChropur) at acidic pH, using a UV-lamp source to create an absorbance
spectrum. Then the samples are drawn to be analyzed.

This gradient approach for mobile phase injection led to a tilted baseline
for the spectrum during sample analysis. In comparison to a standard isocratic
injection of mobile phase (50:50 volume of Acetonitrile and Ammonium Acetate),
a good separation was obtained between the peaks from species from the matrix
(brine/DSW) and the analyte itself (CAPB) with de gradient injection.

The utilized method was applied with a chromatographer (Agilent® 1260
Infinity 11) and a suitable column for the analyte (Acclaim Surfactant Plus; 250 x
4.6 mm, 5um). Samples were previous filtered with .22 um hydrophilic filter before

injection into the column.

5.3 Methodology for Static Adsorption Experiments

5.3.1 Preparation of rock samples

The preparation for the static adsorption experiment started by preparing
the rock powder as adsorbent. It was prepared by crushing two core samples
provided by Kocurek: one from Berea Buff Sandstone and another from Indiana
Limestone. Both cores were brought to CETEM (Centro de Tecnologia Mineral -
Ilha do Fundéao) where they were crushed utilizing a jaw crusher followed by a disc
crusher, resulting in a thin powder which was collected and labeled afterwards.

The collected powder was sieved in an electromagnetic sieve utilizing 32
and 150 MESH size for 30 minutes with vibration intensity set to 10 (maximum).
The sieving was executed until we had enough powder to fill a single 50 ml Falcon
tube for each rock. A 32 MESH allows particles with diameter below 518 pum, used
for larger debris from the core crushing step, and a 150 MESH allows particles with
111 pm of diameter or lower.

After sieved, both materials were cleaned through a Soxhlet apparatus. The
glassware was assembled over a bowl of glycerin with a heating plate beneath. A
magnetic stirrer was inserted into the round flask and the bowl, the latter supported

the temperature sensor for the glycerin bath.



65

Toluene was left to cycle in the Soxhlet within 1 day at 150 °C and then
substituted by methanol to cycle within the same period at 90°C. As soon as the
cycles were completed, the remaining material was dried in a vacuum oven at 90°C

and 0.1 bar. At last, each powder was collected and stored in a Falcon tube.

5.3.2 Determination of superficial area by Brunauer-Emmett-Teller (BET)
adsorption isotherm

Determining the surface area of the adsorbent (rock powder) is necessary
to evaluate the mechanism of adsorption for CAPB on the rock surface. Hence, a
representative sample of the cleaned rock powder obtained during preparation was
sampled and sent to BET analysis for specific surface area quantification. The BET
analysis consisted in evaluating N2 adsorption on samples of Berea Buff and
Indiana after the drying step. The samples were sent to CENPES (PDAB/TFCC
division) where roughly 0.3 g of each rock was submitted to a -195°C bath for
analysis. N2 adsorption was calculated in relation to relative pressure (current
pressure and vapor pressure ratio) to create an isotherm plot. The equilibration
elapsed time was around 1 hour and 40 minutes for both samples.

The BET equation (18) for linear adjustment of the N2 isotherms is
demonstrated below [102].

1 1 C—1(P>

“o.c?t P 18
Qp%_l] QmC  QmC \P, (18)

Where Q is the amount of gas molecules adsorbed per mass of adsorbent,
Q,,,is the coverage of the first layer (considered a monolayer), P is the actual gas

pressure, P, is the N2 vapor pressure and C is an isotherm parameter. By plotting

: P1 1—] versus Pi , a straight line is adjusted and the slope CCQ;l determined. As the
Py 0 m
value C is usually very large, the slope becomes Qi [102]. The surface is calculated

from equation (19):
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S = Qm NA am (19)

Where N, is the Avogadro number and a,, is the molecular projected area
of the N2[102].

5.3.3 Methodology for static adsorption test

The static adsorption of CAPB on Berea Buff Sandstone and Indiana
Limestone was evaluated through a batch experiment (Figure 23) where crushed
rock powder was contacted with a known concentration surfactant solution
(prepared with DSW) under agitation. Prior to performing experiments with
different surfactant concentration to determine adsorption isotherm, an evaluation
of the optimum liquid to solid ratio was done to determine the appropriate mass of
rock and volume of surfactant solution needed for the experiments.

One of the points to consider in the methodology adopted in the static
adsorption studies is the ratio between solid and liquid phases in the batch
experiment. As shown in Section6.1.2.2 Results from method of quantification of
CAPB by HPLC, the chromatograms showed a significant peak of surfactant, and
the difference between the area of the chromatogram peak from initial solution and
from the equilibrated solution needed to be greater than the quantification error.
Therefore, three liquid-to-solid ratios were tested prior to adsorption experiments
to select the one with least variation in the results due quantification error (see
Apendix 9.1 Results of selected liquid to solid ratio for static experiments)

The ratios changed in relation to the solid quantity, as the volume was set
to 10 mL and the adsorbent masses were: 0.5, 1.0 and 2.0 grams. The 5:1 liquid to
solid ratio was selected among the other two because of the significant adsorption.
To use less adsorbent material in the tests, the 5 to 1 ratio was maintained with 5
mL of solution 1 g of adsorbent material. Then, it was tested in Indiana limestone
against other ratios (20 to 1 and 10 to 1) in triplicate to ensure the conclusion taken
on the first chromatograms in Apendix 9.1 Results of selected liquid to solid ratio
for static experiments.

After the optimum liquid to solid ratio was determined the experiments

were performed. They began by placing 1 g of the prepared adsorbent material into



67

a vial containing 5 mL of a known concentration CAPB solution. Afterwards, the
vial was closed with a cap and securely placed on the orbital shaker. This step was
done simultaneously for all 9 concentrations (0.05 — 1.00 g L) evaluated in this
work. All the experiments were performed with an agitation of 300 rpm and
temperature of 30°C. To assess repeatability of the data, all the experiments were
carried out in triplicates. All the experiments were carried out for 24 hours to allow
the system to reach equilibrium, that is, no change in surfactant concentration in the

aqueous phase.
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Figure 23: Schematic of static adsorption methodology

After that time, a process of transferring and filtering the sample with a
0.22 pum filter to a 2 mL HPLC flask was executed. The filtered samples were
quantified by HPLC-UV utilizing an optimized chromatographic condition
previously presented. (Figure 23). The quantification results were then computed
into a spreadsheet where the adsorption could be calculated with two formulas, one
standing for mass of surfactant per mass of rock (q,mg/g) and per BET surface

area (I', mg/m?):
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. (CO - Ce)V
1= Myock (20)

(C - Ce)V
[=——— (21)

Myrock As,BET

Where C, and C, are, respectively, the initial and equilibrium concentrations
of the CAPB (g L), V is the volume of the solution (mL), m,,, as the mass of
adsorbent weighted before (g) the test and A zzr is the specific surface area (m? g-
1) of each rock powder determined by BET analysis.

The pH and conductivity of the brine were measured before and after the

experiment to assess any changes that might have occurred.

5.3.4 Methodology for zeta potential and surface complexation modelling

To calculate zeta potential of the system: DSW-limestone and DSW-
sandstone without surfactant, a script on the geochemical simulator PHREEQc was
written, firstly, to match the experimental data obtained by Takeya et. al [80] and
Elakneswaran et. al [81] and the calculated potential zeta value utilizing their
parameters and conditions.

After validation, the DSW composition, ion concentrations, pH, quantities
of liquid and solid phase and specific surface area from BET were inputted to the
PHREEQc code to match the conditions of the static adsorption experiments. Then
the equilibrium conditions were calculated using the defined reactions and

parameters on Section 4.3 Surface complexation model on the literature review.

5.3.5 Adsorption isotherm fitting for static adsorption results

The adsorption isotherm models applied for fitting the static adsorption, per
mass of rock (q) data were selected from the literature (Section 4.2.1 Static
adsorption models) based on previous documented applications and some were
based on combinations of common applied isotherm models for two layers [63].
These bilayers combinations were implemented to be tested on its capacity of

describing surfactant adsorption phenomena in comparison to monolayer models.
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A monolayer approach differs from bilayer approach because the latter assumes two
layers of adsorption. They also could differ, or agree, in underlaying mechanisms
of adsorption, where each layer is modelled with different, or equal, isotherm types.
The two approaches were compared with each other with respect to its performance
adjusting the experimental data.

The model adjustment was implemented in a MATLAB script with the fit
function, which applies the non-linear squares method. This method was chosen
primarily over linearization of the isotherms and linear regression because the latter
could add bias to the fitted parameters errors [54,55]. The Trust-Region algorithm
was utilized in the static adsorption isotherm fitting.

Also, a method of randomized reinitialization of the parameters vector was
applied until its values converge within a tolerance range: the parameters are
updated with a deviation g; with magnitude greater or equal to |a; + a;4[, where
a; is the initial set of parameters (initial guess) and the a;,, is the resulted set of
parameters from the fitting [106].

Fit evaluation has been made with two metrics: adjusted Rz and RMSE
(Root Mean Square Error), as described in [55]. Therefore, best fit will be the one
with R2 closest to one and lowest RMSE.

After selecting the best fit models of each set, the parameters were
interpreted based on described mechanisms appointed in the literature review
section for each model. Then, the two sets, monolayer and bilayer approach models,
were compared in performance. A potential mechanism was detailed and illustrated

for CAPB adsorption on each rock surface.

5.4 Determination of dynamic adsorption through flow tests

5.4.1 Preparation and petrophysical characterization of rock plugs for the

experiments

Prior to the experiments, the cores were cleaned using Soxhlet extraction.
The procedure was very similar to the rock powder preparation but, cycling only
methanol at 90°C, instead of toluene followed by methanol. After one day cycle,
both cores were dried in the same vacuum oven of the rock powder preparation step,
also at 90°C.
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Had the cores been cleaned and dried, their petrophysical properties such
as permeability and porosity were measured. Gas permeability was measured with
nitrogen using a permeameter (Ultraperm®610), and porosity and pore volume
were measured using a helium porosimeter (UltraPore®600). Both measurements
were performed in the LMR (Laboratério de Mecanica de Rochas) at PUC-Rio,
before and after adsorption experiments. Also, both measurements were performed
using a confining pressure of 138 bar, which is the same used for the dynamic

adsorption experiments.

5.4.2 Determination of rock cores surface area (pore space) using
microtomography

A significant part of the surfactant transport characteristics depends on the
pore space properties, such as dispersion with tortuosity [72]. Hence, some of these
were analyzed through a computed tomography scan, in the micro scale (uCT-
scan). More importantly, a representative specific surface area was determined from
CT images for understanding the dynamic adsorption behavior as a function of rock
chemical composition and structure.

A ZEISS Xradia 510 Versa X-ray microCT scanner from the Laboratorio de
Microtomografia de Raios-X, at PUC-Rio, was utilized to acquire images from the
pore space of the Berea Spider and Indiana core samples, after the experiments in
two different resolutions: 35 and 6 um per pixel, both acquisitions performed with
voltage set to 140 kV. As shown in Figure 24, to obtain the 3D images of the pore
space the sample is exposed to an X-ray source in a rotating platform with a detector
behind the sample, aligned with the light source. 2D projections are obtained from
the light intensity profiles acquired with the detector, and through a series of
computer methods and transformations, 2D images are converted to cross sectional
images of the core. Finally, these cross-sectional images are compiled in a single

3D image.
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Figure 24: The process of image acquisition in a CT-scan

After image acquisition with the micro-CT scanner, the images were
processed to enhance the image quality and to segment its regions into pore space
and everything that is not void, utilizing software such as ImageJ, DragonFly,
MATLAB Image Processing Toolbox and Avizo. The segmentation step involves
a binarization of the image pixels assigning values of 1 to pore space and 0 for
everything else (Figure 25). This binarization is achieved with Otsu’s algorithm
[104].

Figure 25: Core image default and binarized image

As the output binary images do not represent entirely the core properties,
random Representative Elementary Volumes (REV) were cropped from the entire
composition of images related to the measured porosity of each sample (Figure 26)
with different edge lengths ranging randomly between 200 to 300 pixels and

calculated porosity close to the measured for the entire core.
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Figure 26: REV extracted from core 3D image and projections shown in Avizo software

REV porosity was determined by calculating the ratio of pixels with

assigned value one to the total volume of the REV:

total pixels of pores
total pixels of REV

REV =

(22)

The REV specific surface was determined with the Object Specific Surface
module which calculates the superficial area of the pore space (area3d) and

normalizes by its volume (volume3d):

area3d

SSApor = (23)

volume3d

Each resolution had a different SSA,,;, so it was observed a direct
relationship between SSA,,; and the resolution of the acquired digital images,
because new small pores start to appear with increased resolution. The final SSA,,,;
will be the extrapolation to the limit where resolution tends to the value of zero.

To calculate the final superficial area, and therefore the SSA (m2 g) of each
core sample, the measured pore volume is multiplied by average SSA,,; of the
randomly selected REVs and then normalized by the core mass (equations 24 and
25).
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SAcore = SSAy,0 ¥ Pore Volume (24)

SSA — SACOT'@

(25)

core

Finally, the REV tortuosity was determined by Centroid Path Tortuosity
(CPT) module which calculates the tortuosity of path created by the centroid of each
cross section thought the core length (Equation 26 and Figure 27). Since tortuosity
is a property of the porous media that influences dispersion phenomena it is

fundamental to calculate it, and CPT is an efficient way of give it a value.

H-1
i=1 di

Tortuosity = CPT = T

(26)

Where d; is the distance between centroids of consecutives cross sections,
and H is the total number of cross sections or planes which the centroid was

calculated. Figure 27 shows a representation of the features involved in this metric:

z{n}

z{n-1}

{0}

Figure 27: Visualization of Centroid Path Tortuosity (CPT), adapted from [105]

In this case, REVs were cropped throughout the entire length of the 3D
images for centroid path tortuosity (CPT) calculation (Figure 28).
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Sandstone Limestone

Figure 28: Example of cropped tortuosity REVs in Berea and Indiana cores at 6

um/pixel of resolution

5.4.3 Methodology for dynamic adsorption experiments

Three solutions were prepared for the dynamic adsorption studies: brine
(DSW), 1.0 g L't CAPB solution in DSW. The surfactant solution was dopped with
lithium chloride (2.0 g L), and the lithium was used as a non-reactive tracer. A
third solution consisting of 50:50 DSW: methanol was used to clean the core after
the experiments. After the preparation, the three solutions were propped stored in
the accumulators of the core flood system with proper caution to not generate
bubbles or considerable air in the solution.

The system is mainly composed of: three accumulators which storage the
solutions to be injected; the core holder, where the core is confined at high pressure;
a series of differential pressure transducers linked to the core holder entrance,
middle and exit sections; a system of automatic valves for isolating the core and
permitting the flow of the liquids of interest; a system of syringe pumps to control
flow rate and injection and confinement pressures; a back pressure system utilized
to maintain the working pressure during the experiment; an oven with a
thermocouple (core holder entrance) and temperature control; and finally, a fraction
collector which collects produced effluent samples.

To prepare for dynamic adsorption tests, first, the system lines were cleaned

with pure methanol and dried by blowing synthetic air through the lines. Then the
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core was mounted in the Hassler type coreholder and connected to the closed
accumulators. Afterwards, a confining pressure of 34.5 bar was applied to the core,
and it was saturated with DSW under vacuum. After saturation of the core, all the
lines were filled with brine. The pressure transducers were also purged during this
process to make sure they could make accurate readings. Once the system was filled
with brine, the core’s pore pressure and the confining pressure of the system were
raised to 100 bar and 172.4 bar, respectively. Brine was slowly injected overnight
to make sure the core was saturated. The temperature of the system for the whole
experiment was 30°C. Prior to the adsorption experiments DSW was through the
core at five different flowrates, while recording pressure drop along the core. The

core’s brine permeability was determined using Darcy’s law (see Table 9).

Core Total (mD)
Sandstone 168.5 **
Limestone 260.1 **

** Test 3 with only dp2 and dp3 sections

Table 9: Total K,, of each core sample

The odd result where limestone has more permeability related to the aqueous
phase than gas phase could have occurred due to lack of the pressure drop
measurement on the first segment of the core, which could assign a lower value for
its entrance and reducing overall permeability.

After the K;, determination, the dynamic adsorption tests were performed
in triplicates for each core at 0.7242 cm3 min™ (6.8 ft/day) flow rate, 30°C, 100 bar
of working pressure. For the test, 5 PV of 1000 ppm CAPB surfactant solution
dopped with lithium was injected (breakthrough/adsorption curve) followed by
injection of 7 PV of DSW (elution/desorption curve).

During both stages, samples of the effluent were collected with the aid of a
fractional collector (1.88 mL for limestone and 2.35 ml for sandstone). The effluent
samples were filtered with a hydrophilic 0.22 um diameter filter and surfactant
concentration in the sample was determined from chromatographic analysis
(HPLC) (see Figure 29).
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For measurement of non-reactive tracer concentration (Li*) in the effluent,
the samples were diluted (1 to 100) and sent to elementary analysis through ICP-
OES at LABSPECTRO (PUC-Rio). After the experiments 10 PV of a
methanol/DSW mixture was injected (overnight injection) to remove all remaining
surfactant from the core surface. Samples at 3 PV and at 10 PV were taken and

surfactant concentration was also measured by HPLC.

Figure 29: Dynamic adsorption setup and methodology

The dead volumes (red lines in Figure 29) of the surfactant injection
corresponding to the line path of the accumulator to the core entrance and from the
core exit to the fraction collector, were subtracted from the breakthrough curves
and pressure drop data. With this adjustment, the PVs now represent the effective

fluid quantity injected through the core samples.

5.4.4 History-matching of experimental dynamic adsorption data

Differently from the static adsorption behavior model adjustment, the

dynamic adsorption behavior depends on the transport characteristics of the
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surfactant solution in the porous media, and it is rather impossible or very much
time and resource consuming to derive analytical solutions to surfactant
breakthroughs. A more practical approach is implementing a numerical model
which accounts for the hydrodynamic dispersion of the solutes coupled with
adsorption kinetics or isotherm models and solve its parameters until a satisfactory
fit is obtained. As the adjustment is numerically determined to match coreflood
production data, the procedure is called history-matching.

As seen in Section 4.2.2 Dynamic adsorption models, the equations of the
Advection-Dispersion model and Advection-Dispersion-Adsorption model are
solved for the tracer and surfactant respectively, utilizing functions of the
MATLAB Partial Differential Equation Toolbox, such as pdepe. The boundary and

initial conditions are shown in table 10;

Expression Condition

C(x,0)=0 Initial condition

C(Xintet, t) = Cy 0 <t <t

Boundary condition at inlet
C(Xinter, t) =0 t > tin; y

dc(xoutlet: t) _

it 0 Boundary condition at outlet

Table 10: Boundary and initial conditions applied for hydrodynamic dispersion

equations

The solutions were evaluated in the last cell of the discretized space and the
model breakthrough curves are interpolated in the interval of time of experimental
data for purposes of comparison with coreflood data. The adjustment is also
performed utilizing the non-linear squares method, with low tolerance, randomized
reinitialization of parameters and adjustable parameters boundaries for seeking

better solutions when convergence is biased to lower or upper boundaries.
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The same metrics of the isotherm adjustments were applied for evaluation
of the breakthrough curves and the experimental ones, and the best match was
chosen based on highest adjusted R? and lowest RMSE.



79

6. Results and Discussion

This section is divided into four main subsections 6.1, 6.2, 6.3 and 6.4. 6.1
and 6.2 related to specific objectives and 6.3 and 6.4 related to the main objectives
results. Subsection 6.1.2 shows the results from the developed method of CAPB
quantification at the concentration interval of interest. The 6.2 subsection presents
the specific surface area determination from BET and uCT analysis for the rock
samples in static and dynamic experiments. In the subsection 6.3, theoretical
models were used to fit the data and gain further understanding of the dominating
mechanisms of adsorption. These fittings were integrated to surface potential and
speciation estimates to determine which active sites were available for adsorption
on the rock surface, giving further insights on adsorption mechanisms. And finally,
in section 6.4, the chosen history-match model from the dynamic adsorption results

is used for estimating CAPB adsorption in limestone under dynamic equilibrium.

6.1 Results of surfactant characterization and quantification

6.1.1 Determination of CAPB critical micelle concentration (CMC)

Both fits of the respective regions are shown in Figure 30. The CMC is the

intercept point of the two linear adjustments.
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Figure 30: Surface tension measurements and linear adjustment
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The resulting CMC from the calculation of the intercept is 23.89 mg L™
(~0.0024 % wt) for the CAPB in brine.

6.1.2 CAPB identification and quantification through HPLC
6.1.2.1 Results from determination of CAPB absorption spectrum

Figure 31 shows the CAPB spectrum obtained through the methodology
of the Section 5.2.3 Quantification of CAPB by High performance liquid
chromatography (HPLC):

CalCurve_ZW11_P13|DAD1 Scan RT=5.302 Minutes | CalCurve_ZW11_P13-2022-10-19 21-01-52-03-00dx
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Figure 31: CAPB (tagged as ZW11) absorbance spectrum

It’s observed that CAPB maximum absorbance is in the UV region, with a
wavelength value closer to the minimum that could be emitted by the spectrometer
(190 nm). Other impurities from the commercial mixture could also absorb light in
that range of spectrum, such as free amidoamine, sodium dichloroacetate and
monochloroacetate [87], however, the selectivity of the analytical method would
occur at time of retardation, not at the specific wavelength of absorption, as is
explained in Section 5.2.3 Quantification of CAPB by High performance liquid
chromatography (HPLC)
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6.1.2.2 Results from method of quantification of CAPB by HPLC

The CAPB peak appears in the 5 — 6 min of injection with a significant
signal value (Figure 32).

Three calibration curves were made for static experiments in different days
of sample preparation: one for the batch experiment with the carbonate, another for
the sandstone, and a curve for the dynamic experiment of adsorption on the
carbonate. As the section 6.3.2 Results of dynamic adsorption experiments and
history-matching of experimental resultsshows, the sandstone did not need a
calibration curve because no surfactant was detected in the effluent samples from
injection.

The prepared surfactant solutions (triplicates) for calibration curves had
concentrations equal to 0.050, 0.100, 0.300, 0.500, 1.000, 1.500 g L. The
adjustment was made with weighted linear fit. Adjusted R? and weighted sum of
square residuals (WSS) were the metric applied to evaluate the calibration curve
performance (Table 11). Figure 33 shows the calibrations curves for solutions in

each test.
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Figure 32: CAPB (tagged as ZW11) chromatogram peak
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Figure 33: CAPB calibration curves in DSW for HPLC

Calibration Curve Adj-Rz WSS
IL - Dynamic 0,9990 45,25
IL- Static 0,9998 0,457

BS - Static 0,9983 2,778

Table 11: Calibration curves evaluation metrics

The three adjustments were satisfactory as the analyte is expected to be

quantified in the 0.05-1.00 g L™ interval. Errors in quantification due to the

weighted linear regression were higher for the calibration curve of the dynamic tests

for the carbonate core, however, most of variations are outside the quantitative

range of the analysis.

6.2 Specific Surface Area (SSA) results for static and dynamic experiments

6.2.1 Results of specific surface area from Brunauer-Emmett-Teller (BET)

adsorption isotherm

As a result, from the methodology explained in Section 5.3.2

Determination of superficial area by Brunauer-Emmett-Teller (BET) adsorption
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isotherm, the fitting of N2 adsorption isotherms for both adsorbents, are shown in

Figure 34 and Figure 35.
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Figure 34: Isotherm plot for N adsorption on Berea Buff sandstone
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Figure 35: Isotherm plot for N, adsorption on Indiana limestone

The calculated BET surface area from the isotherm adjustment for each

rock powder is shown in Table 12.

Berea Buff sandstone Indiana limestone

BET SSA (m?g) 1.3703 + 0.0036 1.2336 + 0.0065

Table 12: BET Specific Surface Area of the sandstone and limestone powder
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6.2.2 Results of specific surface area from uCT-scan image analysis

As proposed in Section 5.4.2 Determination of rock cores surface area (pore
space) using microtomography, the extrapolation of the specific surface area related
to pore volume SSA,,; will be used as a mean of determine the SSA for each core
sample. It can be obtained by the intercept of the adjusted line of the two data points
in the plot: SSA,,; versus image resolution, with the vertical axis (Figure 36). A
representative measure of SSA,,,; was made for each core sample, and the properties
of the REV are shown in tablel13.
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Figure 36: SSA.q extrapolation with image resolution

As well as the SSA,,,;, tortuosity (CPT) trends were extrapolated to image

resolution value of zero (Figure 37):
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Figure 37: CPT extrapolation through uCT-scan image resolution
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Firstly, the REV data for the SSA,,,; and CPT properties are shown in Table

13 for demonstrations of the representativity of the REVs in comparison to the

measured porosity.

Core tvbe Resolution REV [%] for ¢REV [%] for  Measured ¢
yp [um/pixel] sSAvol CPT [%]

Sandstone 35 0.184 + 0.005 0.185 + 0.007

19.52 + 0.04
Sandstone 6 0.178 + 0.001 0.179 + 0.000
Limestone 35 0.149 £ 0.001 0.155 £ 0.007

15.22 +0.14
Limestone 6 0.142 + 0.009 0.157 £ 0.001

Table 13: REV data for each core

Then, all core properties extracted from the uCT-scan images were

compiled in Table 14:

Coretype SSAvol[m?m3] SA[m?] SSA[m?g?] CPT
Sandstone 132472 1.96 1.24E-02 1.71
Limestone 62026 0.71 4.26E-03 2.91

Table 14: Calculated pore space properties for each core

6.3 Adsorption behavior and mechanisms of CAPB adsorption on sandstone

and limestone

6.3.1.1 Results of CAPB static adsorption behavior

The first goal of this dissertation was to provide models that could explain

adsorption behavior in both experiments static and dynamic. In order to do that

experimental data needs to have some pattern and not seemly random results. In the

case of this wok, adsorption isotherms were constructed with experimental data for

surfactant concentration ranging from 0.05 to 0.6 g L™ considering both the mass

of rock powder and its specific surface area. After the batch experiments, CAPB

adsorption was evaluated with the method of quantification described in section

5.3.3 Methodology for static adsorption test.
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Results showed that an isotherm-like curve for CAPB on both adsorbents
was obtained by the static adsorption experiments (Figure 38 (a) and (b)). That
could not have been the case as seen in some works in literature involving
zwitterionic surfactants [34], where adsorption seemed to increase without an
isotherm-like pattern like L, S or L-S shaped curves [25]. The data showed that
maximum adsorption per gram of adsorbent was higher in the sandstone at the same

experimental conditions compared with Indiana limestone rock powder.
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Figure 38: Static adsorption of CAPB on (a) Berea Buff Sandstone and (b) Indiana

limestone, (c) both per mass of rock and (d) both per BET area
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The difference between maximum adsorption of CAPB in the adsorbents
is reduced when the BET specific area is used for normalization (Table 15). This
happens because the sandstone powder has a slightly higher surface area per gram
of material, thus reducing slightly its normalized values.

The results for maximum adsorption (normalized and not normalized) are

shown in Table 15:

Max Adsorption Berea sandstone  Indiana limestone
q [mg g] 2.951 +0.003 23103
[ [mg m?] 2.153+0.002 1.846 + 0.241

Table 15: Maximum CAPB static adsorption on static experiments

Both adsorption curves resemble type-S isotherms (Figure 38 (a) and (b)),
however adsorption tends to drop at highest concentrations. Some works in
literature attribute this observation to monomer-micelle-vesicle equilibrium, with
betaines capable of forming vesicles, since the aqueous solutions were prepared
with high salinity brines [32], thus favoring micelle/vesicle formation at high
surfactant concentrations at the expense of the monomers involved in adsorption
equilibrium,

Negligible changes were observed for pH and small variations in
conductivity were observed in the equilibrated solution (Table 16). The low
increase in conductivity demonstrates the dissolution or exchange of rock matrix
and brine ions within the surfactant solution, but not enough to significantly affect

brine salinity.

Suspended 1
powder ApH AC [mS cm™]

Sandstone 0 2.6

Limestone 0.4 2.5

Table 16: Change of solution properties with batch experiments

However, these changes could be responsible for more variability on the
results for limestone, where the calcite-brine equilibrium could be more sensible to

pH and ionic changes in composition.
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6.3.1.2 Evaluation of static adsorption results by analysis of estimated rock
surface potential and speciation

The CD-MUSIC model was used as a triple-layer surface complexation
model for estimation of zeta potential and surface speciation. By estimating the zeta
potential, one can infer the possibility of electrostatic interaction between surfactant
and rock surface and by having the surface speciation, inferences about adsorption
sites can be done for adsorption.

For a matter of quality verification of the data generated by the PHREEQC
simulations, pH and aqueous phase conductivity of the synthetic brines and the
simulated brines were checked (Table 17). Good agreement between estimated and
determined values was observed. Therefore, the assumptions underlying the
equilibrium between suspended rock powder and the DSW/brine were considered
valid.

Powder Data pH C[mS cm]
estimated  7.92 51.6
Sandstone measured  7.95 48.2
Limestone estimated  8.03 51.6
measured  7.99 48.0

Table 17: Estimated vs measured physical-chemical properties of the equilibrated brine

The estimated zeta potential (Figure 39 (a)) for quartz and kaolinite,
representing the sandstone surface, is considerably negative at the pH, temperature,
and brine conditions of the test. For the calcite zeta potential, representing potential
at the ion-covered limestone surface, is high and positive. As Figure 39 (b) shows,
the distribution of sites in the quartz surface is mainly neutral silanol (>SiOH),
followed by deprotonated silanol (>SiO"), positive sites with adsorbed divalent
cations (>SiOMg* and >SiOCa") and, for the last, the protonated silanol (>SiOH").
The same can be observed in kaolinite aluminol (> AIOH) and silanol. Yet, for the
calcite surface (Figure 39 (c)), the main site composition is the protonated >CaOH
site (>CaOH>") and the deprotonated > COsH one (>COy3’). In this case the positive
site has a slightly higher quantity than the negative one, contributing to the positive
zeta potential. The sites with divalent cations do not have significant concentration

in the calcite surface, thus its quantity is negligible.
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Figure 39: a) Zeta potential estimation from CD-MUSIC built-in PHREEQC for the brine and
mineral equilibrium. b) Surface speciation of the quartz/kaolinite equilibrium with DSW per mass

of sandstone. v) Surface speciation of the calcite equilibrium with DSW per mass of limestone.

Table 18 sums up the contributions of the electrostatic nature of each site
for each type of rock, as well as the comparison between the maximum quantity of

surfactant adsorbed and the estimated total number of sites:
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Surface . Total estimated Maximum CAPB
] Fraction . .
Rock species 0 sites per rock adsorption
[%] 1 1
charge mass [umol g] [umol g*]
Neutral 70.6
Sandstone Negative 15.2 9.62 8.62
Positive 14.1
Neutral 1.3
Limestone Negative 48.7 20.21 6.71
Positive 50.0

Table 18: Estimated surface sites density and polarity

It was observed in static adsorption experiments that a larger adsorption of
CAPB was found on sandstone rock (2.153 mg m?) compared to limestone rock
(1.846 mg m). Based on the surface complexation and zeta potential results, one
should expect that for sandstone rocks, whose largest fraction of adsorption sites
were neutral, adsorption would be dominated by ion-dipole interactions between
the quaternary amine in CAPB molecules and hydroxylated surface species such as
silanol (>SiOH). A smaller fraction of adsorption was due to electrostatic
interactions between the positive CAPB charge and negatively charged silanol site
(>SiO"). Furthermore, the negative charge of CAPB head could also interact with
positively charged sites (>SiOCa*, >SiOMg*) through ion binding. At least three
mechanisms of adsorption could be identified for CAPB on Berea Buff sandstone,
where two are ion-ion interactions and one ion-dipole interaction.

As for calcite surface, electrostatic interactions take place between
CAPB’s positive charge and >COj3" sites; or between CAPB’s negative charge and
>CaOH?* sites. Lower adsorption values for limestone rock compared to sandstone
rock could be attributed to electrostatic hindrance effect of the alternate >CO3™ and
>CaOH>" sites, where there is simultaneous attraction and repulsion depending on
the charge of CAPB’s head that is approaching the surface, causing poorer packing
of the molecules (right hand-side Figure 40). For the sandstone rock surface better

packing, thus higher adsorption, could be achieved (left-hand side Figure 40)



91

EASAER A

o}
(@]

A A/ ANAN

‘ Sandstone Limestone

Si-OH ----

Si-OMg*

Si-OCa*

Ca-OH,* -
0s
a-OH,*

> Al-OH

Figure 40: CAPB interactions with probable surface species by CD-MUSIC triple layer

model

After understanding how surface potential and available adsorption sites
affected static adsorption results, the aim was to understand what kind of adsorption
models (monolayer/bilayer) would best describe the results obtained.

It is worth mentioning that monolayer approach does not mean the
mechanisms are limited to a monolayer formation, as some models incorporate
multilayer adsorption through Freundlich isotherm approximations, but rather to
distinguish between models where the next layer of adsorbed molecules does not
depend on the first layer. The bilayer approach tries to extend the available isotherm
models for combinations of isotherms which are necessarily dependent on
adsorption of the first layer. With that in mind, one can have a complete overview

of the adsorption mechanisms for CAPB molecules.
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6.3.1.3 Fitting of static adsorption results with monolayer models

The results of the data fitting utilizing the monolayer approach group are
shown in Figure 41 and Table 19:

Isotherm models - CAPB on Isotherm models - CAPB on
BS 1L

AN k=S 1
[=n 1 [=n i
0.5 03
0 0
0.6 0 0.2 0.4 0.6
Ce [g/L] Ce [¢/L]
Langmuir Freundlich Langmuir Freundlich
Redlich-Peterson Sips Redlich-Peterson Sips
Figure 41: Adjusted isotherm models from monolayer approach
Isotherm model BS IL
Adj - R? RMSE Adj - R? RMSE
Langmuir 0.60 0.64 0.69 0.44
Freundlich 0.54 0.50 0.60 0.50
Redlich-Peterson 0.72 0.54 0.87 0.28
Sips 0.82 0.43 0.84 0.32

Table 19: Evaluation metrics of adjusted isotherm models from monolayer approach.
Best fit models are highlighted.

In this approach Redlich-Peterson and Sips isotherms were the best isotherm
fit to experimental data of CAPB adsorption on Indiana Limestone and Berea
Sandstone respectively (Figure 42), accordingly to the chosen metrics (adjusted R2
and RMSE).

0.8
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Isotherm best fit - CAPB Isotherm best fit - CAPB on
on BS IL

0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
Ce [g/L] Ce [g/L]
—Sips  ® Exp Redlich-Peterson ® Exp

Figure 42: Best-fit isotherm models, monolayer approach.

The parameters from the best evaluated isotherm models for each dataset

are shown in Table 20 for interpretation of potential adsorption mechanisms.

Sandstone Limestone

Sips (monolayer) Redlich-Peterson (monolayer)
KslLg'l B asltm’gl K. [Lg'l B  ay[Lmig]
3.9x10* 55 1.4x10* 6.8 5.2 24

Table 20: Sips and Redlich-Peterson isotherms parameters from best fit

This best fit result could be interpreted in a way that one of the underlying
mechanisms in CAPB adsorption on Indiana Limestone is a heterogeneous
distribution of the adsorbate due to adsorption sites with different adsorption
energies, as seen in the speciation results that show high quantities of deprotonate
carbonate sites (>CQOj3’) and protonated hydroxyl groups (>CaOH:") in calcite. The
same could be stated for the Berea Buff sandstone where there is a high quantity of
neutral sites and a significant quantity of charged sites.

A major difference in the observed heterogeneity mechanism resides in a
property of Sips isotherm that consists in reaching a plateau of amount of surfactant

adsorbed at higher concentrations, as Redlich-Peterson model would not have a
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finite limit. However, due to exponent values greater than 1, Redlich-Peterson will
have a finite limit of zero adsorption at higher concentrations and an adsorption
maximum. This could be explained by a similarity between Redlich-Peterson model
and an approximation of a novel and validated isotherm model, that accounts for
monomer-micelle-vesicle equilibrium in adsorption of a zwitterionic surfactant on

limestone with seawater [32]:

o I kC,
1+ kCe + ki (Co — Come)™H(Ce — Come)

(27)

Where T, is the maximum adsorption capacity, k is the adsorption
equilibrium constant, k,, is the adsorbed monomer-micelle equilibrium constant
and the H(C, — Ccyc) is a Heavside function that activates when the equilibrium
concentration is greater than the critical micelle concentration. Considering a
greater contribution of the monomer-micelle equilibrium (k,, > k), the model

becomes:

_ TkC,
- 1+k,,Cl

(28)
This mathematical description is very similar to Redlich-Peterson isotherm
model and could imply that surfactant aggregation in form of micelles is a major
factor in the surfactant-surface equilibrium of a zwitterionic surfactant in DSW. In
this case, the mechanism of desorption into bulk to aggregate in form of
micelle/vesicle could be responsible for reducing CAPB adsorption on Indiana
Limestone at higher equilibrium concentrations thus creating a maximum point in
the isotherm curve. As explained in the previous section, the electrostatic hindrance
effect would imply that as surfactant keeps being added to the bulk, more favorable
sites are occupied and more hindrance will be encountered by other molecules
diffusing to the interface, since their only interactions would be electrostatic
repulsion and hydrophobic interactions with the already adsorbed ones. This could
favor micelle formation on the bulk because the surfactant doesn’t need to diffuse

all the way to the surface to make hydrophobic interactions at higher concentrations.
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In the case of CAPB adsorption on Berea Sandstone, Sips isotherm model
was more adequate because of the apparent behavior observed in the experiments
resembling a S-type or sigmoid curve. The underlying mechanism of the Sips
adsorption isotherm is related to heterogeneous adsorption because of the unequal
energy distribution through sites, low and high energy sites appear far less frequent
than average energy, this stimulates competition between adsorbates molecules for
higher energy sites since there are few. Despite the similarities with the Redlich-
Peterson model, Sips could not be approximated to a model that involves monomer-
micelle equilibrium and therefore the exponent won’t be interpreted as an
aggregation number. However, a Sips exponent greater than one could be a sign of
cooperative adsorption and lateral interaction between adsorbates [107, 108]. This
could mean that 1/B8, (~0.2) is the number of sites a single molecule of surfactant
would interact with and adsorb. Therefore, considering lateral interactions, a
minimum of 5 molecules would be involved in a single site adsorption, on average,
in the case of Berea Sandstone.

New experiments need to be carried out at larger concentrations intervals to
confirm if these models could predict CAPB adsorption behavior on Indiana
Limestone and Berea Sandstone at higher concentrations. The proposed
mechanisms for this approach are illustrated in Figure 43:

"','_J*;*r’“ &0

limestone surface sandstone surface

Figure 43: Monolayer approach proposed mechanisms.
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6.3.1.4 Fitting of static adsorption results with bilayer models

The monolayer approach models are limited to one distribution of sites and
interdependence of the layers. The bilayer approach tries to mitigate the neglected
effects of bilayer formation (admicelles and hemimicelles formation), directly
considering the dependence of adsorption on the first layer.

Figure 44 and Table 21 show fitting results for bilayer premise and its
combinations for first and second layers:

Isotherm models - CAPB on Isotherm models - CAPB on IL
BS 2.5

&0 ab
> . E
E = o 1
o, °
0.5
1
0 -+ 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
Ce [g/L] Ce [g/L]
Lang-Lang RP-RP — Sips-Sips Lang-Lang RP-RP — Sips-Sips
Lang-RP  ——RP-Lang ® Exp Lang-RP  ——RP-Lang ® Exp
Lang-Sips Sips-Lang RP-Sips Lang-Sips Sips-Lang RP-Sips
Sips-RP Sips-RP

Figure 44: Adjusted isotherm models for bilayer approach

Isotherm models BS L
adjusted R*> RMSE adjusted R* RMSE

Lang-Lang bi 0.51 0.71 0.69 0.44
RP-RP bi 0.84 0.40 0.89 0.26
Sips-Sips bi 0.82 0.43 0.84 0.32
Lang-RP bi 0.84 0.40 0.92 0.22
RP-Lang bi 0.81 0.44 0.89 0.26
Lang-Sips bi 0.76 0.50 0.79 0.36

Sips-Lang bi 0.82 0.43 0.84 0.32
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RP-Sips bi 0.88 0.35 0.81 0.35
Sips-RP bi 0.79 0.47 0.84 0.32

Table 21: Evaluation metrics of adjusted isotherm models from bilayer approach. Best

fit models are highlighted.

In this approach Langmuir-Redlich-Peterson and Redlich-Peterson-Sips
isotherms were the best fit to experimental data of CAPB adsorption on Indiana
Limestone and Berea Sandstone respectively (Figures 45), according to the chosen

metrics.

Isotherm best-fit for CAPB on BS and IL

® exp-BS

RP-Sips model
----CMC

Lang-RP model
® exp-IL

0 0.2 0.4 0.6 0.8
Ce[gL?]

Figure 45: Best-fit isotherm models, bilayer approach

The parameters of the adjusted models are demonstrated in Table 22:

Berea Sandstone Indiana Limestone
Redlich-Peterson (first layer) Langmuir (first layer)
K.[Lg'l fp  a[Lmig] g, [mgg?] K[Lg"]
5.2 5.4 3.3x10? 2x10% 3.10
Sips (second layer) Redlich-Peterson (second layer)
a=2840 a = 3.49x103
K Bs as Ky Br ay
3.4x102 5.4 3.4x10? 2.5x10! 3.8 2.5x10!

Table 22: R-P-Sips and Langmuir-R-P isotherms parameters from best fit
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In this approach, the combination of Langmuir (first layer) and Redlich-
Peterson (second layer) isotherms had the best fit for adsorption, according to the
previous metrics, on Indiana Limestone. Redlich-Peterson (first layer) and Sips
(second layer) combined were the best fit to experimental data of CAPB adsorption
on Berea Sandstone.

Both fits surpassed in evaluation metrics (adjusted R? and RMSE) the
previous approach of monolayer adsorption and maintained the potential
mechanisms described but, in this case, only for the second layer. New potential
mechanisms arise from this data for the first layer adsorption of CAPB in both
rocks.

Given the bilayer approach results, adsorption takes place homogeneously
and with much less intensity for CAPB on the Limestone surface due to the
Langmuir premise of uniform energy distribution across the adsorbent surface.

Contradicting the previous interpretation, the uniform adsorption of the
CAPB for limestone paves the way for adsorption on the second layer which occurs
in a heterogenous manner. The second layer is formed due to hydrophobic
interactions between CAPB hydrocarbon chains. Which makes surfactant aggregate
on the already adsorbed monomers. The complete potential arrangement related to
this approach is illustrated in Figure 46.

So, a closer look at the fitted parameters reveals that maximum capacity for
Langmuir type behavior is very low and second layer capacity is very high («),
therefore a major contribution of the hydrophobic interactions exists for surfactant
adsorption on the limestone. The same could not be said for sandstone, which has

a low a, indicating less effect of the bilayer formation.
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Figure 46: Potential mechanisms of CAPB adsorption on Indiana Limestone

In the first layer of the Sandstone, two aspects of CAPB adsorption can be
proposed: a mechanism of heterogeneous adsorption due to unequal site energy,
and a monomer micelle equilibrium that promotes a maximum point in the isotherm
curve because of the Redlich-Peterson model adjustment for first layer. Differently
from adsorption on limestone where the monomer micelle-equilibrium impacted
the second layer, in the sandstone the first layer is involved in monomer-micelle
equilibrium with the bulk of the solution. As explained earlier, because of a low «a
does not contribute much to the adsorption on sandstone compared with limestone.

For the second layer, the Sips adequacy implies a heterogeneous distribution
of monomers adsorbing and a possible lateral interaction that could make the
exponent Ss mean that roughly 5 monomers aggregate per site.

Adsorption capacity is considerable higher for the second layer as created
sites on the first layer adsorption permits more adsorption. This could be
intermediate by ion binding (Mg*? and Ca*?) since the zeta potential is negative.
Surfactants could also aggregate closer to these ions and interact with each other
chains laterally.

Because of low Ca*? and Mg*™ concentrations in DSW, this type of
facilitated adsorption is not so common but the lateral interactions could increase
adsorption significantly per ion, implicating in a higher adsorption capacity for the
second layer as we increase divalent ions concentrations in solution. As seen in the
estimated surface species, neutral sites such as silanol promotes ion-dipole
interactions of the quaternary amine group of CAPB molecule, and this could
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promote lateral interactions as the CAPB molecules interact with the distorted
orbitals of the hydroxylated groups of the surface.

Figure 47 illustrates the potential mechanism for CAPB adsorption on Berea
Sandstone surface.

Monomer-Micelle equilibrium

Surfactant concentration

D

x
SRl Al SR

Sandstone
Surface

Figure 47: Potential mechanisms of CAPB adsorption on Berea Sandstone
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6.3.2 Results of dynamic adsorption experiments and history-matching of

experimental results

6.3.2.1 Evaluation of brine-rock interactions through dispersion and ion

concentration profile

For the tracer model adjustment, the parameters D (dispersion coefficient)

and V (interstitial velocity) are shown in Table 23.

Core D [cm?min?] V[cm min?] TO::;?I_S;'W
sandstone 0.33 0.60 1.71
limestone 1.25 0.63 2.91

Table 23: Transport properties in the pore space for both cores

It was observed that the limestone core promotes much more dispersion
throughout the transport of the non-adsorbent species and the interstitial velocity is
slightly higher for the limestone due to its lower porosity.

The higher dispersion in limestone core is noticeable in the tracer
breakthrough because of the less pronounced curves, and it is explained by the
considerably higher tortuosity, almost 2 times higher than the sandstone. This
feature could lead to higher variations in the elements involved in brine/rock

equilibrium, which will be analyzed next.

6.3.2.2 lon profiles on sandstone

Element profiles were determined by ICP-OES from effluent samples to
observe cation exchange or adsorption throughout surfactant injection, as the DSW
equilibrated with the core is displaced by the surfactant solution in a non-
equilibrated DSW. Results were analyzed for Ca, Mg, Na and K and it is considered
that these species are in the form of cations. Divalent and monovalent cations

profiles were compared separated for both injections (Figure 48 and 49):
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Figure 48: Monovalent cations profile during adsorption on sandstone

Divalent cations profile - Sandstone
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Figure 49: Divalent cations profile during adsorption on sandstone

Sodium and potassium concentrations seem to oscillate inside
reproducibility uncertainty and below the initial concentration baseline for the
sandstone; however, calcium and magnesium concentrations oscillate in lower
levels and tends to increase its distance to the baseline. This could imply divalent
cation retention through adsorption, as considered in the surface complexation
model, or exchange with monovalent cations on the pore surface of sandstone.
Cation exchange pattern is not so obvious but could happen in a subtle manner, as
sometimes the profiles do not follow the same trends.

Both types of cations presented a peak on samples close to 1 PV on the

sandstone. Dispersion has an important role in this behavior since the cations
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followed similar paths independently of their valence. This pattern breaks
throughout the injection past 1 PV, when divalent cations lowered its overall
concentration.

As the CAPB molecule has two ionic charges which allow electrostatic
interactions with charged sites of the mineral surface and solvated ions in brine,
CAPB could adsorb via divalent cation bridging [109]. Where the CAPB molecule
interacts with Ca*2 and Mg*2, which are binding with negative sites or other
surfactant molecules. The occurrence of these phenomena could be evidenced by
the lowered concentrations of divalent throughout the injection of surfactant

solution.

6.3.2.3 lon profiles on limestone

In the case of the limestone (Figures 50 and 51), the equilibrated brine with
the limestone core presented a stable concentration of divalent and monovalent
cations before the non-equilibrated brine reached 1 PV. Sodium, calcium, and
magnesium concentrations in equilibrated brine are lower than the initial. Only
potassium remains entirely on solution until 1 PV. This means that Na*, Ca*? and

Mg*? could be initially adsorbed in the limestone surface.

Monovalent cations profile - Limestone

1.1
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0.95 -
0.9

0.85
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Na =K baseline

Figure 50: Monovalent cations profile during adsorption on limestone
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Divalent cations profile - Limestone

C/co

0.7

Ca Mg baseline

Figure 51: Divalent cations profile during adsorption on limestone

After 1 PV of surfactant solution in brine all the analyzed cations
concentrations oscillated most of the time with the same pattern due to dispersion
effects. Differently from the sandstone, the is no evidence of significant cation
exchange of divalent cations because of the similar profile between the divalent and
monovalent cations throughout the injection and the high uncertainty values.

In general aspects, there is no significant rock matrix dissolution of both
cores tested because of the close distance to the initial concentration baseline. The
divalent cations seemed sorbed in the sandstone throughout the tests, but it is not

clear if that happens significantly in the limestone case.
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6.3.3 Determination of dynamic adsorption by comparison of breakthrough

curves for CAPB and tracer

The main results of dynamic adsorption experiments are breakthrough
curves, as shown in Figures 52 e 53. These curves are obtained from surfactant and
tracer quantification in the effluent samples during core flood, and then normalized
by initial solution concentration. Surfactant breakthrough curves need to be
accompanied by tracer breakthrough curves to quantify retention of surfactant due
only by adsorption phenomena, excluding dispersion phenomena. In the case of the
dynamic adsorption of CAPB, the adsorption was calculated from difference of the
area under the tracer (Li*) and surfactant breakthrough curves. Both curves for the

sandstone and limestone were constructed at 5 pore volumes (PV, given by

py = Llewratertime ¢ o rgactant and tracer injection.

core pore volume

Neither CAPB breakthrough curves recorded for Indiana limestone and
Berea sandstone reached initial concentration (C/Co = 1) in effluent samples,
indicating that there was no dynamic equilibrium. That is, adsorption for the
surfactant was not satisfied after 5PV of CAPB injection. For the sandstone core,
no surfactant was detected in the effluent during 5PV of injection, hence all the

surfactant injected remained adsorbed on the rock surface.

Breakthrough curves on Indiana limestone

1.2

A Li+
e CAPB
e tracer-model

——— CAPB model (bilayer)

Figure 52: Breakthrough curves of CAPB and tracer for limestone
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Breakthrough curves on Berea Spider sandstone
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Figure 53: Breakthrough curves of CAPB and tracer for sandstone

The calculated adsorption through difference of area under the curve
between tracer and surfactant on both rocks at dynamic conditions is shown in Table
24:

_ 4 ) 1 Adsorption at 5
Type of rock Adsorption [mg g~] SSA [m-g-]

PV [mg m?]
Berea Spider
0.339 + 0.002 1.24 x 107 27.34
sandstone
Indiana limestone 0.072 £ 0.002 4.26 x 1073 16.90

Table 24: Dynamic adsorption from breakthrough curves

CAPB adsorption was nearly five times higher for Berea Spider Sandstone
core than for Indiana Limestone. This could be explained by two factors: a much
higher surface area of the sandstone compared with the limestone and the number
of interactions related to CAPB molecules on each active site. As seen in the Table
24, the specific surface area of the sandstone (1.24 x 102 m? g*) core is almost 3-
fold the one the limestone core (4.26 x 10° m? g1), and the difference tends to
increase with higher uCT image resolution.

Differently from the statics tests, where particle size is considered

controlled (slightly difference in BET area), the dynamic tests do not have particle
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distribution, or in this case, a controlled pore distribution. This means that static
experiments could be more representative of the mechanisms of CAPB adsorption.

And for the dynamic experiments, the different pore size distributions
could imply major differences in specific surface area. Just like determined by uCT-
scan images, it is the main factor of adsorption differences between dynamic
adsorptions. This surface area effect is evidenced in the almost 300% difference in
normalized dynamic adsorption, compared with nearly 16% difference in

normalized adsorption in static experiments.

6.3.4 Evaluation of history-match models for Li+ and CAPB on limestone

core

The results of history-match model performance for CAPB and Li+

breakthrough curves during surfactant injection are shown in Table 25:

Specie Model Metrics
adjusted R RMSE
Langmuir 0.9513 0.0706
Freundlich 0.9917 0.0292
Redlich-Peterson 0.9500 0.0716
CAPB Lanz:‘su" _ 0.9914 0.0296
(In limestone core) o 0.9888 0.0338
kinetic
Sips - kinetic 0.9884 0.0345

Two-Site - kinetic 0.9997 0.0060
Bilayer - kinetic 0.9997 0.0058
Limestone 0.9873 0.0380
Sandstone 0.9934 0.0310

Li+ (tracer)

Table 25: History-match model performance for core effluent data

The breakthrough curves of CAPB on limestone, and Li* (tracer) on the
sandstone and limestone at dynamic condition seemed to be in accordance with the
proposed models for each species.

Surfactant adsorption behavior is better explained by kinetic models,
which assumes adsorption occurs gradually as injection continues. Some
equilibrium models performed well, but the predictability observed in RMSE

reduces an order of magnitude if equilibrium is not a premise.
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Both two-site Langmuir and bilayer kinetic Langmuir assumptions
performed surprisingly well, with Rz > 0.9995. Considering the lowest RMSE for
its predictability, bilayer Langmuir approach was the chosen model to represent
CAPB breakthrough data. Figure 54 shows the history-match of the model
implemented for CAPB breakthrough curve and its continuity through brine

injection.

History-match: CAPB in coreflooding

C/CO

— Bilayer model

m  CAPB - limestone

01 2 3 45 6 7 8 9 1011 12 13 14
PV

Figure 54: History-match of CAPB adsorption and desorption data in limestone core

As seen in the previous plot, the model was outstandingly good at adjusting
data through surfactant injection but performed poorly after brine injection past 5
PV, when DSW was injected and eluted the surfactant in the pore space. This could
indicate that this model was not suitable for describing desorption behavior of
CAPB in the limestone in coreflood tests, since it would overestimate desorption
velocity until approximately 8 PV and underestimate past that value.

The resulting parameters for bilayer kinetic model are shown in Table 26:

Bilayer model adjusted parameters

T, 0.694 mg g*
Kad, 0.060 Lgls
ka, 1.001 5
To, 0.873 mg g*
Kad, 0.020 Lgls
ka, 0.005 s

Calculated Equilibrium Values
K, 0.06 Lg*
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K, 3.89 Lg?
T 1.567 mg g™

Table 26: Bilayer (kinetic) parameters from best history-match

Like the static experiment, the best adjusted model for CAPB adsorption
demonstrated a higher equilibrium constant and larger adsorption capacity in the
second layer of adsorption (I, > I'»,) meaning that adsorption could extend more

into the second layer created by already adsorbed surfactants.

6.4 Adsorption estimation in dynamic conditions with the best history-match
model

Having described CAPB adsorption behavior sufficiently well during
coreflood experiments, bilayer model was used to estimate adsorption at dynamic
equilibrium conditions, that is, when effluent surfactant concentration reaches the
initial surfactant concentration (C = C,). The tracer model was also used to extend
the breakthrough curve of Li* until dynamic equilibrium of CAPB, then the
difference of area under the curve of both extended breakthrough curves was used
to calculate adsorption at this infinite time of injection. The value obtained in this

study was 0.102 mg g (Figure 55).

Extended breakthrough curves
1.2 I

bilayer-model

tracer-model

C/CO

= = = Injection Limit
m  CAPB-exp

A tracer-exp

01234567 891011121314151617181920
PV

Figure 55: Extended breakthrough curves of CAPB and Li+ (tracer)
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The extended breakthrough curves (Figure 55) of both tracer and
surfactant appeared to intercept at 15 PV, meaning the dynamic equilibrium of the
CAPB adsorption was reached near that time.

Note that the equilibrium value was approximately 40% larger than the
one found considering solely injection of 5 PV of surfactant solution. Interestingly,
by comparing adsorption value for specific area at equilibrium for Indiana
Limestone (23.94 g m) with that of Berea Spider (27.34 g m), the value for the
latter is still greater than for the former which is at dynamic equilibrium. However,
this difference (14%) is significantly lower for the equilibrium value compared with
the difference in adsorption value taken at 5 PV of injection (62%, BS = 27.34gm’
2and IL = 16.90 g m™). This means that CAPB alone is very much eligible to EOR
projects in limestones/carbonates reservoir than sandstone ones, because it reaches
dynamic equilibrium at much shorter injection time than in sandstone which keeps

adsorbing.
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7. Conclusions

Static and dynamic adsorption experiments for a zwitterionic surfactant
(CAPB) were performed on limestone and sandstone cores at ambient temperature
with desulfated sea water (DSW). The surfactant adsorption behavior was evaluated
experimentally and theoretically, thus determining characteristics of the adsorption
process on each rock.

It was found that CAPB adsorption increased in both Berea Buff sandstone
and Indiana limestone until reaching 0.3 g L™ in equilibrium concentration. After
that, adsorption starts to drop on both adsorbents. This behavior is attributed to
vesicle-micelle-monomer equilibrium in the bulk solution which could be more
energetically favored than the adsorption itself past 0.3 g L.

It was concluded that the sandstone active sites could provide more
different interactions with the CAPB molecules, in comparison to limestone sites.
This explains the higher adsorption on sandstone compared to limestone. lon-dipole
interactions between silanol groups and quaternary amine could be evidenced by
the large quantity of neutral sites revealed on the site speciation through surface
complexation modelling for sandstone. lon-ion interactions, including ion binding,
were evidenced by divalent adsorption shown in ICP-OES results, even though it
was under dynamic conditions.

The adsorption on limestone sites is limited to directly electrostatic
interactions, also evidenced in the surface complexation modelling. Furthermore,
an electrostatic hindrance effect in adsorption of CAPB on limestone is considered
since there is a high quantity of negative sites on the limestone surface at the tested
conditions, despite the high quantity of positive ones, the negatives might be
alternated with the positive sites, repelling the CAPB deprotonated carboxyl group
and making it hard for other molecules to adsorb in the same site. Another aspect
of zwitterionic adsorption, which was correlated with this work, and only
previously demonstrated by Kumar et. al [53], was the heterogeneous way of a
zwitterionic surfactant adsorbing on carbonate and sandstone. It was concluded that
heterogeneous adsorption was the main aspect of CAPB adsorption on these rocks,
despite the first layer of CAPB adsorption on limestone surface, which a
homogeneous behavior was observed through the model fitted parameters. The

explanation for this is the same presented in the previous paragraph.
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The bilayer isotherm approach was found to perform better than the
monolayer approach on static experimental data, and the bilayer kinetic model on
the history-match results was found to perform better than equilibrium models on
dynamic data, because of the better values of the fitting metrics (adjusted R? and
RMSE). It is concluded that hydrophobic interactions played a significant role in
CAPB adsorption on both rocks, as evidenced by good fitting of bilayer models.
The literature demonstrated that admicelles, or bilayers, could form for cationic,
anionic, and non-ionic surfactants, where at concentrations past the CMC, the
bilayer would be saturated and no more adsorptions would occur [20, 25], but these
phenomena were never demonstrated for zwitterionic surfactants. The major
difference spotted in this work is that these hydrophobic interactions which form
bilayers take place way past the CMC value for CAPB.

CAPB adsorbed more on sandstone, compared to limestone, in both static
and dynamic experiments. In the static tests, because surface area values were very
close to each other for both adsorbents, adsorption data could be interpreted as more
representative of an adsorption behavior lead by interactions rather than site
availability. It was also found that dynamic conditions imply more pronounced
differences in adsorption between rock types than static tests. This could be
attributed to the fact that in the static test methodology, each rock powder is sieved
thus forcing very similar particle size distributions for both rocks. Since the
distribution of adsorbent particles, or pores, is not controlled on the cores,
adsorption becomes more area dependent on the dynamic case. Which means this
is a great factor that influences its retention on EOR applications.

CAPB proved to be a good choice for EOR projects in carbonate
/limestones reservoirs than sandstone ones, because even at 15 PV of injection on
limestone (simulated dynamic equilibrium) the amount of CAPB adsorbed did not
surpass the one on sandstone for only 5 PV.

Finally, the adsorption behavior proved to be dependent on the
hydrophobic and ion-dipole interactions, which were never demonstrated in the
literature for zwitterionic surfactants on such conditions, as bilayer models could
explain the experimental data better than the classical isotherms. In the end,
adsorption at dynamic equilibrium could be estimated with a provided bilayer
kinetic model which can be used to generate reliable adsorption estimates for

zwitterionic surfactant adsorption in porous media.
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9. Appendix
9.1 Results of selected liquid to solid ratio for static experiments

Figures 56 and 57 show the liquid to solid ratio tests to select and ensure

the quantity of rock powder and solution utilized on the static adsorption tests.

ratio test - sample chromatograms peaks
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Figure 56: CAPB chromatograms peaks with different liquid to solid ratios
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Figure 57: Variability of liquid to solid ratios in CAPB adsorption on Indiana Limestone
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Despite the conclusion of the chromatograms in relation to the greater
difference in peak area using the 5 to 1 liquid to solid ratio, the comparison made
in Figure 57 attests the low variability of the 5 to 1 ratio adsorption results.
Therefore, this ratio was the chosen one to be applied in the static studies.

9.2 Results of surface potential at literature conditions for validation of the
SCM

Figure 58 and 59 show the comparison between the experimental and

estimated values by their implementation and the one related to this work.

Zeta potential estimation - calcite

14

12

>
10
E 7 e
.g 8
c
()]
5 6
[a W
©
v 4
N
2
0
0 5 10 15 20 25 30 35
Dilutions
Est - Ref [80] ® Exp-Ref[80] == Est- Thiswork

Figure 58: Zeta potential experimental data vs TL model for calcite [80]
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Zeta potential estimation - sandstone
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Figure 59: Zeta potential experimental data vs TL model for sandstone [81]

After validating the implementation, the parameters were changed to make
the estimated conditions more like the experimental of the static adsorption
experiments. In this case, the input concentration of the brine (DSW) is the one
presented in Section 5.1.2 Brine (DSW) composition and properties5.1.2 Brine
(DSW) composition and properties, and the pH is set to the measured value before
the experiment. Then, equilibrium quantities, solution pH and conductivity were
calculated utilizing the default database of PHREEQc and each amount of solid and
liquid phase related to the static tests: 1 g of rock and 5 ml of aqueous phase. For
the limestone case, the equilibrium is set to calcite and for the sandstone the
equilibrium is set with quartz and kaolinite.

The resulting solution is then equilibrated with the surface species through
CD-MUSIC routine, as the parameters were shown in Section 4.3 Surface
complexation model. PHREEQc outputs the zeta potential and the molar quantities
of every surface species, as well as the physical-chemical properties of the resulting
solution. The results were shown at the Section 6.3.1.2 Evaluation of static

adsorption results by analysis of estimated rock surface potential and speciation.
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9.3 PHREEQc script for surface potential and speciation estimates

9.3.1 DSW/Calcite

SOLUTION 1
temp 30
pH 7.93
pe 4
redox pe
units mmol/kgw

density 1
Na 478.73

Ca 3.32

Mg 6.30

Ccl 506.32

S (6) 0.26

K 10.05

Alkalinity 1.18 as HCO3
-water 0.005 # kg

EQUILIBRIUM PHASES 1

Calcite 0 0.009891098

SURFACE MASTER SPECIES

Surf cal Surf calOH

Surf cal prot Surf cal protH

SURFACE SPECIES

Surf calOH = Surf calOH
-cd music 0 0 0

log k 0

Surf cal protH = Surf cal protH
-cd music 0 0 0

log k 0

Surf cal protH = Surf cal prot- + H+

-cd music -1 0 0
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log k -7.3

Surf calOH + H+ Surf calOH2+
-cd music 1 0 0

log k 15.0

Surf cal protH + Ca++ =
Surf cal protCa+ + H+
-cd music -1 2 0

log k -6.45

Surf cal protH + Mg++ =
Surf cal protMg+ + H+
-cd music -1 2 0

log k -6.15

Surf calOH + H+ + S04-- = Surf calOH2504-
-cd music 1 -2 0

log k  14.75

SURFACE 1
-equilibrate with solution 1
-sites DENSITY
Surf calOH 4.95
Surf cal protH 4.95 1.23 1
-capacitance 3.098 0.65
-cd music

END
9.3.2 DSW/Quartz/Kaolinite

SOLUTION 1
temp 30

pH 7.93

pe 4

redox pe

units mmol/kgw

density 1

Na 478.73

Ca 3.32



Mg 6.30

Ccl 506.32

S(6) 0.26

K 10.05

Alkalinity 1.18 as HCO3
-water 0.005 # kg

EQUILIBRIUM PHASES

Kaolinite

Quartz

SURFACE MASTER SPECIES

Surf al
Surf si

Surf gs

SURFACE SPECIES

Surf alOH
-cd music

log k 0

Surf siCOH
-cd music

log k 0

Surf alOH
-cd music

log k 0.

Surf siOH
-cd music

log k 0.

8

Surf alOH
Surf siOH

Surf gsOH

5.42E-05

1.52E-02

Surf alOH

0

Surf siCOH

0

H+

H+

Surf alOH2+

Surf siOH2+
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Surf alCH =
-cd music -1

log k =7

Surf siOH =
-cd music -1

log k =7

Surf alCH +
H+

-cd music -1

log k -6

Surf siOH +
H+

-cd music -1

log k -6

Surf alOH +
H+

-cd music -1

log k -5.55

Surf siOH +
H+
-cd music -1

log k -5.55

Surf gsOH =

-cd music 0

log k 0

Surf gsOH +

Surf alO-

Surf siO-

Ca++ =

Ca++ =

Mg++ =

Mg++ =

Surf gsOH

0

H+ =
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Surf alOCa+ +

Surf siOCa+ +

Surf alOMg+ +

Surf siOMg+ +

Surf gsOH2+



-cd music 1
log k -1.75

Surf gsOH =
-cd music -1
log k

-6.75

Surf gsOH +
H+

-cd music -1

log k -5.7

Surf gsOH +
H+

-cd music -1
log k -5.70

SURFACE 1

Surf gsO-

Ca++ =

Mg++ =

-sites units Density

-cd music
-equilibrate 1
Surf alCH 0.

Surf siOH 0.

64

64

Surf gsOH 2.95 1.37 1

-capacitance 3.09

END

8 0.2

H+

Surf gsOCa+

Surf gsOMg+

+

+
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