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Abstract: Carbonate rock reservoirs comprise approximately 60% of the world’s oil and gas reserves.
Complex flow mechanisms and strong adsorption of crude oil on carbonate formation surfaces
can reduce hydrocarbon recovery of an oil-wet carbonate reservoir to as low as 10%. Low salinity
waterflooding (LSW) has been confirmed as a promising technique to improve the oil recovery factor.
However, the principal mechanism underpinning this recovery method is not fully understood,
which poses a challenge toward designing the optimal salinity and ionic composition of any injection
solution. In general, it is believed that there is more than one mechanism involved in LSW of
carbonates; even though wettability alteration toward a more desirable state for oil to be recovered
could be the main cause during LSW, how this alteration happens is still the subject of debate.
This paper reviews different working conditions of LSW, previous studies, and field observations,
alongside the proposed interfacial mechanisms which affect the colloidal interactions at oil–rock–brine
interfaces. This paper provides a comprehensive review of studies on LSW in carbonate formation
and further analyzes the latest achievements of LSW application in carbonates, which helps to better
understand the challenges involved in these complicated multicomponent systems and potentially
benefits the oil production industry.

Keywords: enhanced oil recovery; wettability alteration; recovery factor; surface charge;
electric double layer; multicomponent ion exchange; fluid–fluid interactions

1. Introduction

Maximizing the amount of crude oil extracted from existing reservoirs is vital for the oil and gas
industry to increase its profitability and sustainability. However, studies [1,2] have shown that about
70% of global oil reserves cannot be extracted using conventional oil recovery techniques. It is also
suggested that improving the global oil recovery factor by only 1% has the potential to produce an extra
88 billion barrels of oil, equal to three years of annual oil production, at current rates [3]. In principle,
all hydrocarbon recovery operations involve three phases. During the primary oil recovery phase,
the natural pressure within the reservoir pushes the oil out from the oil well. This stage can generally
extract only 10% of available oil reserves in the reservoir. During the secondary oil recovery phase,
also known as improved oil recovery (IOR), waterflooding is commonly used to provide pressure
support and improve the sweep efficiency [2]. Conventional oil recovery phases, including both the

Colloids Interfaces 2018, 2, 20; doi:10.3390/colloids2020020 www.mdpi.com/journal/colloids

http://www.mdpi.com/journal/colloids
http://www.mdpi.com
https://orcid.org/0000-0001-8817-2218
https://orcid.org/0000-0003-3915-8887
https://orcid.org/0000-0001-7788-6805
https://orcid.org/0000-0003-0441-7578
https://orcid.org/0000-0003-0243-2109
http://www.mdpi.com/2504-5377/2/2/20?type=check_update&version=1
http://dx.doi.org/10.3390/colloids2020020
http://www.mdpi.com/journal/colloids


Colloids Interfaces 2018, 2, 20 2 of 43

primary and secondary phases, can only extract a maximum of 30–35% of the available hydrocarbon
from oil reservoirs [1]. During the tertiary oil recovery phase, also known as enhanced oil recovery
(EOR), chemicals flooding (polymers, alkaline, and surfactants), miscible flooding (carbon dioxide,
liquefied petroleum gases, methane, and nitrogen), thermal flooding (steam), microbial flooding
(microorganisms), or a combination of them, are introduced, which helps the flow of the oil trapped
in the reservoir rock by decreasing both the surface tension and viscosity of the crude oil [1,2,4,5].
This could be achieved by single or multiple changes of reservoir fluids properties and its interfacial
energy. The application of each technique depends on the reservoir conditions, such as viscosity of the
crude oil, brine salinity, rock permeability, as well as reservoir depth (temperature). EOR processes can
recover an additional 5–20% of the original oil in place (OOIP), so that the total oil recovery can be
improved potentially up to 50–70% depending on specific reservoir conditions [3].

During the secondary oil recovery phase, waterflooding (formation water) is conventionally used
to maintain reservoir pressure above the bubble point pressure of the oil, improve sweep efficiency,
and displace oil by water by taking advantage of viscous force [2,3]. It was first shown that either altering
the brine composition or reducing the salinity of injected brine below that of the initial formation water
can lead to additional oil recovery for Berea sandstone [6–12]. Such results attracted many oil and gas
companies, such as British Petroleum [13–19], Shell [20–26], ExxonMobil [27,28], Schlumberger [29–31],
TOTAL [32,33], and Statoil [34,35] to investigate and further explore the potential and applicability of
low salinity waterflooding (LSW) for improved oil recovery. LSW, also known as designer waterflood,
advanced ion management, and smart waterflooding, injects brine with controlled ionic concentration
and composition (also known as smart water or dynamic water) into the well [17,20,27]. The devised
formulation destabilizes the equilibrium of the initial oil–rock–brine system, which results in alteration
of initial wettability conditions, and has a positive influence on the capillary pressure and relative
permeability [3]. LSW can produce up to 10% extra crude oil compared to simple waterflooding
methods [1]. During LSW, no expensive chemicals are added; therefore, this technique is cheap and
environmentally friendly, and has no associated injection issues. Additionally, it is economically efficient
to use LSW improved recovery from the start of the waterflooding process [3].

Water treatment processes for LSW are performed over two stages: nanofiltration and reverse
osmosis. In the nanofiltration process, contaminations, such as sulphate, as well as other divalent
ions, are removed to decrease the hardness of the brine and the probability of membrane blockage in
the reverse osmosis process [3]. During the reverse osmosis process, salinity is reduced by removing
salts from the injected brine. LSW permits variations in the operation window of key parameters
allowing customization of the ionic concentration and composition of the injected brine, making it
suitable for a particular reservoir condition, with the consideration of the clay swelling and reservoir
souring, also to prevent corrosion and aerobic bacterial issues. The advantage of this technology is its
lower operating and capital costs compared to most EOR processes [16,36–38]. Additionally, LSW is
not only applicable from the early stages of the oil recovery process (unlike EOR techniques), but can
also be applied during the late life cycle of the reservoir [36,37]. LSW techniques can also be used
alongside chemical and thermal EOR processes. Studies show that using low salinity water, instead of
sea water, in polymer flooding processes can decrease polymer consumption considerably (5–10 times),
which is additional to the potential benefits of LSW itself [39]. Appropriate implementation of LSW
could potentially improve hydrocarbon recovery efficiencies up to 40% of OOIP, corresponding to a
reduction in residual oil saturation of up to 20% pore-volume [36,40–43]. LSW has been demonstrated
as a promising approach to improve the oil recovery factor and it can be used both onshore and
offshore. However, inconsistent and conflicting results about efficiency of this technique have been
reported in literature. Additionally, the principal mechanism underpinning this technique is not yet
fully understood and poses a challenge in designing and optimizing the salinity and ionic composition
of the injected brine.

Approximately 60% of the world’s oil reserves are found in carbonate fields (limestone, chalks,
and dolomites) with a large portion located in the Middle East; these comprise 75% of oil and
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90% of gas reserves for the region [44,45]. Carbonates are sedimentary rocks formed of minerals,
including those predominately containing carbonate ions, e.g., calcite and dolomite [46]. Carbonate
rock may also contain aragonite, anhydrite, phosphate, glauconite, chert, quartz, pyrite, ankerite,
clay minerals, and siderite [44]. It is likely that carbonate rocks undergo dissolution, recrystallization,
and mineralogical replacement by varying the temperature, pressure, and pore-fluid chemistry [44].
Limited knowledge with regards to the petrophysical properties of carbonate reservoir, such as
heterogeneity, porosity, permeability, and wettability, is one the greatest challenges that the oil industry
is facing to manage such reservoirs and maximize its oil recovery factor [44]. Carbonate surfaces are
originally water-wet, containing positively charged surface electrostatics over a wide range of pH [47].
However, adsorption of negatively charged carboxylic materials (–COO−), present in the heavy
end fractions of crude oil such as resin and asphaltene fractions, onto positively charged carbonate
rock surfaces, results in large crude oil particles covering the carbonate surface and could promote
mixed-wet or oil-wet characteristics [45,47–50]. Carbonate reservoir rocks have inherently higher
chemical activities compared to minerals in sandstone reservoirs (quartz); additionally, there have
been difficulties in modelling the distribution of permeability in carbonates and predicting reservoir
behaviour, due to poor correlation between permeability and porosity. Researchers have also reported
the presence of fractures, and large-scale heterogeneity, which generates complex paths available for
fluid flow [51]; thus, the combination of these factors, as well as reduced water wetness, results in low
oil recovery (30–10%) from oil-wet carbonate reservoirs [52,53].

Extensive studies on the application of LSW in both sandstone [9–13,18,54–57] and
carbonate [58–62] reservoirs have been reported in the literature. However, the effect of LSW at
field scale was not observed in carbonates until the recent work by Yousef and colleagues [37], where
they conducted coreflooding experiments under reservoir conditions and executed successful field
trails. Implementation of LSW in carbonate reservoirs has received inconsistent feedback compared
to sandstone reservoirs. This is most likely due to the carbonate heterogeneity and considerably
high bonding energy between carbonate surface and polar components in crude oil, in comparison
with more homogeneous sandstone formations, as well as a deficiency of clay and certain minerals
in carbonates [55,60]. Although improvement of oil recovery in carbonates was reported by using
LSW injection [15,20,38,52,61,63–68], a few studies [69,70] reported failure in improving oil recovery
efficiency when seawater or diluted seawater was used. Moreover, Fathi and coworkers [65] observed
a reduction in oil recovery for outcrop chalk cores, from 60% to 15% of OOIP, by using diluted seawater
compared to seawater, due to a decrease in active ions.

Improved oil recovery was observed in both secondary mode (at initial formation water saturation)
and tertiary mode (after seawater residual saturation) [46,57,71,72], or solely in the secondary LSW
mode [57,73–75]. No specific temperature range has been proposed for performing LSW, despite
that the process is mostly carried out at temperatures of less than 100 ◦C [60,76]. Even though very
low concentrations (up to 5 kppm) of total dissolved solids (TDS) have been proposed for LSW in
sandstones [16,41,76,77], there are other works whereby improved oil recovery in carbonates was
achieved by a considerably higher salinity of injected brine (up to 33 kppm) [60,65]. It is suggested
that LSW in carbonates can improve oil recovery even at higher salinity of the injected brine, as long
as it contains a different relative concentration of active ions compared to the formation water.

A survey of the literature shows that the wetting condition of a carbonate rock can be altered by
increasing the concentration of divalent anion (e.g., SO2−

4 ), decreasing the concentration of divalent
cations (Ca2+ or Mg2+), reducing the salinity of brine, or removing sodium chloride (NaCl) from
seawater [62,78,79]. For example, it was reported that removing sodium chloride from the injection
brine and increasing SO2−

4 concentration, at high temperature (above 90 ◦C), could modify the
rock wettability significantly, improving oil recovery from 37% to 62% of OOIP from chalk cores,
compared to original seawater flooding [79]. Depending on the characteristics of the crude oil,
the reservoir condition, and the properties of the formation brine, several mechanisms have been
suggested to interpret LSW in carbonate reservoirs. The primary mechanisms proposed include fines
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migration, rock dissolution, reduction of interfacial tension (IFT), fluid–fluid interaction and formation
of microemulsions, multicomponent ionic exchange (MIE), and expansion of electric double layer
(EDL) [46,80–84]. The desirable condition for enhanced oil recovery could be due to an alteration
in the wettability of the rock, which is determined by the thickness and stability of a water film
between the rock surface and crude oil. It is generally accepted that LSW disturbs the pre-established
thermodynamic equilibrium between rock, formation water and oil interfaces and facilitates a new
chemical equilibrium, which modifies the wetting properties towards a more desirable condition to
improve oil recovery from reservoir rock pores. The wettability alteration is affected by temperature,
pressure, pore water and crude oil chemistry [85]. In general, it is believed that there is more than
one mechanism involved in LSW of carbonates; wettability alteration could be the main cause during
LSW, although how this alteration happens is still the subject of debate. Understanding the colloidal
interactions at oil–rock–brine interfaces, the underlying physiochemical mechanisms involved in LSW,
as well as detecting its suitability to a specific type of reservoir, are essential before implementing this
technique to a given carbonate reservoir.

This paper provides a critical review on LSW in carbonate reservoirs by discussing different variables
involved in this technique, such as reservoir and the injected brine parameters, previous experimental
and theoretical studies on surface wettability, interfacial tension and recovery factors, as well as field
observations, and finally the proposed interfacial mechanisms. Our review summarizes and further
analyzes the latest achievements of LSW in carbonates, which helps to better understand the challenges
involved in these complicated multicomponent systems, and potentially benefits the oil industry.

2. Working Conditions

Based on previous studies, various conditions have been suggested to affect oil recovery
improvement during LSW in carbonate formations, such as specific reservoir conditions, oil–rock–brine
properties, and well pattern. Both reservoir and the injected brine parameters are summarized
in this section.

2.1. Reservoir Parameters

2.1.1. Formation Water Composition and pH

The composition of the formation (connate) water in reservoirs and its pH can influence the
efficiency of oil recovery by affecting the initial rock wettability and interactions with the injected
brine. The charge of rock–brine interfaces is affected by potential determining ions (PDIs) present in
the formation water, as well as the pH of the formation water [58]. Natural pH of formation water in
carbonate reservoirs is slightly basic (7–8) [58,61]. However, due to the high buffer capacity of calcium
carbonate from the formation water, the pH remains unchanged, due to chemical equilibrium at the
oil–rock–brine interface. Thus, it is suggested that wettability alteration, as a result of pH variation is
temporary [61]. Table 1 shows the variation in composition of brine (formation water and seawater)
in different regions, such as the Persian Gulf, Ekofisk and common areas [3,30,38,86]. Formation
water is usually extremely saline (up to 250 kppm), and contains a high concentration of Ca2+ ions,
but much lower concentration Mg2+ ions. Additionally, SO2−

4 is known as the most active anion in
altering wettability of carbonate rock. However, the concentration of SO2−

4 ions is very low, due to the
high concentration of Ca2+ in the formation water, especially at high temperatures, which results in
precipitation of anhydrite (CaSO4) [87]. Romanuka et al. [88] suggested that injection of seawater with
high concentrations of surface interacting ions (SO2−

4 , BO3−
3 or PO3−

4 ), with the presence of divalent
cations, e.g., barium (Ba2+) and strontium (Sr2+), in formation water, can increase the chance of scale
formation in the production lines and plugging of reservoir rock in the production well. Additionally,
injection of seawater with high concentration of SO2−

4 can turn sweet oil fields to sour oil fields [89].
The interactions between small amounts of SO2−

4 dissolved in formation water and the rock surface
using chalk cores at 20–130 ◦C was studied by Shariatpanahi et al. [87]. Their experimental results
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showed that even small concentrations of SO2−
4 ions (up to 2 mmol/L) present in formation water

can influence initial wetting conditions of carbonate rock reservoir considerably and alter it to a more
water-wet state. Therefore, composition of the formation water in carbonate fields must be taken into
account before designing the injected brine for LSW in order to prevent the chance of reservoir souring
and plugging, and to be able to maximize oil production from a specific carbonate reservoir.

Table 1. Composition of the formation water and seawater compared in different regions (the Persian
Gulf, Ekofisk, and common areas) [3,30,38,86].

Type Seawater (ppm) Formation Water (ppm)

Ionic Composition Persian Gulf Ekofisk Common Persian Gulf Ekofisk Common

Na+ 18,040 10,345 10,890 59,491 15,745 31,275
K+ 0 390 460 0 0 654

Ba2+ 0 0 0 0 0 269
Ca2+ 650 521 428 19,040 9258 5038
Mg2+ 2160 1093 1368 2439 607 379
Sr2+ 10 0 0 0 0 771
SO2−

4 4450 2305 2960 350 0 0
Cl− 31,810 18,719 19,766 132,060 42,437 60,412

CO2−
3 30 0 0 0 0 0

HCO−
3 120 122 0 354 0 0

Total 57,270 33,497 35,872 213,734 68,050 98,798

2.1.2. Initial Water Saturation

Initial water saturation (Swi) is determined as the amount of water adsorbed on the surface of
rock porous channels per pore-volume and exist as free water in the pore space [90]. It is suggested
that reducing initial water saturation results in reduction of the water-wet condition for sandstone
cores [8,91]. The effect of initial water saturation on wettability alteration of reservoir limestone
cores was studied by Strand et al. [59], where their experimental results showed an increase in oil
recovery of reservoir limestone cores by increasing the initial water saturation from 9.1% to 14.8%.
They showed that the core with higher initial water saturation produced an additional 15% compared
with OOIP. Similarly, Puntervold et al. [92] examined a range of initial water saturations, such as
100% oil saturation (Swi = 0), low initial water saturation (Swi = 10%), and high initial water saturation
(Swi = 30–50%), where they observed a decrease in water wetness of chalk cores by decreasing the
initial water saturation. By contrast, in their later published work [93], two different residual water
saturations (10% and 22%) and a crude oil were used, where the experimental results showed no
correlation between initial water saturation and improved oil recovery from chalk cores, as the authors
observed 50% recovery for both cores. They suggested that initial water saturation has a negligible
impact on wettability alteration of chalk cores.

2.1.3. Crude Oil Composition

An appropriate evaluation of crude oil composition is a prerequisite for any successful LSW
process. Polarity of crude oil is related to the presence of heteroatoms such as sulphur, nitrogen,
and oxygen, which are found in the functional groups of acidic and basic organic molecules in the
crude oil, such as asphaltene and resins, which can affect rock wettability [94]. Asphaltenes are the
most dense, most aromatic, and most polar component of crude oil, having a great importance in
predicting the chemistry and properties of crude oil [95,96]. Asphaltenes have a complex nature and
their molecular structures are not well known [97], and associated clogging in reservoir rock and oil
wells, reduces oil production and has significant negative effects on the economics of this industry [98].
The amount of carboxylic material in crude oil can be quantified by the acid number (AN), determined
as the number of milligrams of potassium hydroxide required to neutralize 1 g of crude oil (mg
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KOH/g) [99]. The AN and the chemical properties of the carboxylic material in the crude oil can
strongly affect the wetting properties of carbonate [100,101]. Austad and colleagues [61] suggested that
low salinity effect is dependent on a mixed-wet state, and such influence increases as the AN of crude
oil is increased. However, no direct correlation was established between the AN of a crude oil and
improvement in oil recovery by LSW [55]. Standnes and Austad [102,103] showed that oil recovery
and water wetness increases as the AN of the oil decreases (Figure 1). Even though the base number
(BN) of crude oils are believed to have a minor impact on wettability alteration, Puntervold et al. [92]
observed an improvement in water-wetness of chalk by increasing the BN of crude oil with a given
AN. It was argued that the formation of an acid–base complex in the crude oil can make the acidic
material less active toward the carbonate rock surface.

Figure 1. Oil production from a chalk core at 40 ◦C, when the core was saturated with crude oils with
different AN from [102]. Reproduced with permission from Standnes and Austad, J. Pet. Sci. Eng.;
published by Elsevier, 2000.

The effect of acidic material on wettability alteration of chalk was systematically examined by
extracting water-soluble acids (naphthenic acids) from a crude oil a with high AN [104]. The results
indicate that the core, saturated with oil depleted in water-soluble acids, was more water-wet, showing
that water-soluble acids can influence the stability of the initial water film at oil–rock interfaces. In a
different study, Yi and Sarma [80] observed 17% additional LSW oil recovery by using a heavy oil,
in comparison with 9% for a thin field oil. They attributed such difference to the ability of large
molecules in the viscous oil to reach equilibrium with the rock surface and re-establish the mixed or
oil-wet condition, as opposed to a thin oil, where wettability restoration would take a longer time and
the final wettability state would be less oil-wet. This suggests that LSW can be more efficient in the
case with heavier oil compared to lighter oil, as the more oil-wet initial state can be altered to a more
water-wet condition and LSW has a higher chance to make a significant wettability alteration.

The effects of various chemical compounds (carboxylic acids, alcohols, SO2−
4 , sulphonates, amines,

amino acids, and carboxylated polymers) on surface adsorption, and consequently modification of
the rock wettability of carbonate minerals (calcite, dolomite, and magnesite), were investigated by
Thomas and co-workers [105]. They reported that organic compounds can readily adsorb on carbonate
surfaces from both organic and aqueous solvents and fatty acid can be adsorbed from aqueous
solutions irreversibly. Additionally, it was found that carboxylic acids adsorb most strongly to the
carbonate surface and their adsorption is stabilized by long straight chains, due to interactions between
closed-packed hydrophobic layer, or by polymeric structures by providing multiple attachments
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sites, altering the wettability of rock to strongly oil-wet. In a separate study [106], it was shown that
long chain carboxylic acids (naphthenic acid) could alter the wettability of chalk to a more oil-wet
condition, comparing to short chain fatty acids (acetic acid). Rezaei Gomari et al. [107] studied
the effect of different fatty acids, such as short chain (heptanoic acid), long chain (stearic and oleic
acids), and naphthenic acids (cyclohexane-pentanoic and decahydronaphthalene-pentanoic acids) on
wettability alteration of calcite crystal surfaces. Their experimental results showed that long chain
saturated stearic acid, as well as long chain unsaturated oleic acid, are by far the most effective among
the studied acidic species to alter the calcite surfaces to a more oil-wet state. Therefore, higher AN of
crude oil, as well as the presence of long chain carboxylic acids, are suggested to play role in wettability
alteration of carbonate surfaces toward a more oil-wet state.

2.1.4. Aging Time, Temperature, and Pressure

Reservoir temperature is an essential factor that affects the activation energy required for the
chemical reaction for wettability improvement to occur by LSW [59]. Carbonate rock reservoirs are
suggested to be more water-wet at higher temperatures [108]. It is believed that reservoir temperature
and the AN of crude oil are related to each other: as the reservoir temperature increases, the AN
decreases, due to increased decarboxylation of the acidic molecules at high temperature [109]. The effect
of aging time and temperature on the wettability alteration of carbonate surfaces were studied by
Heidari et al. [110], where they reached an intermediate-wet state at 50 ◦C after 10 days aging of
carbonate slides, as opposed to 63 days aging at 25 ◦C. They suggested that aging is an essential
parameter in wettability modification in order to produce similar oil-wet conditions to a reservoir;
however they concluded that wettability of rock is mostly influenced by temperature rather than
the time for which the core is aged with oil. Core preparation involves, first solvent cleaning using
Dean–Stark extraction to remove contamination before petrophysical measurements (dimensions and
porosity) and wettability restoration. Then, the core is saturated with the formation water under
vacuum and permeability is determined by the formation water flooding using different flooding rates.
Afterwards, crude oil is injected to the core to achieve initial water saturation, and the core plug is aged
using steel aging cell under experimental temperature and pressure of about 200 psi [80]. For limestone
core plugs to restore the reservoir wettability, Yi and Sarma suggested that, according to properties of
the rock core and fluids, a minimum aging time of three weeks is required [80]: they suggested that
a deficiency in aging time may result in improved oil recovery in the secondary oil recovery mode,
but limited wettability modification in the tertiary mode. In contrast, it was suggested that aging time
and temperature have a negligible impact on oil recovery from chalks, as the oil–rock–brine system
reaches equilibrium quickly [111,112]. Pressure may also affect wettability of carbonate rock reservoirs,
due to changes in solubility of compounds in the crude oil. Solubility of asphaltenes decreases,
as the pressure decreases toward the bubble point of the crude oil, which results in precipitation and
adsorption of the polyaromatic compounds on the rock surface [113].

2.1.5. Rock Mineralogy

Different carbonate minerals, such as chalk, limestone (reservoir and outcrop), and dolomite
possess different surface areas and available binding sites toward PDIs. Chalk and reservoir limestone
cores are reactive toward the active ions present in seawater, resulting in wettability modification.
However, reactivity of reservoir limestone cores toward PDIs (Ca2+, Mg2+, and SO2−

4 ) can vary.
For example, it was shown that wettability of oil-wet reservoir limestone cores can be improved by
firstly cleaning with toluene and methanol, and then flooding with synthetic seawater at 130 ◦C,
resulting in an improvement of the water-wet fraction by approximately 30% [114]. Furthermore,
the results show that oil recovery from low permeable reservoir limestone was improved considerably,
from 8% to 37% of OOIP, after switching the injected brine from formation water to seawater in
both secondary and tertiary oil recovery modes. However, in a different investigation, Fathi and
colleagues [115] showed that it was impossible to improve the water-wetness of an offshore oil-wet
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reservoir limestone, even though the reservoir crude oil had a very low AN. Different behavior
of outcrop limestone from reservoir limestone in a wettability modification process was shown by
Ravari et al. [116]. Two outcrop limestones collected from different regions were examined, and both
of them showed that wettability can be modified in the presence of crude oil. However, no reactivity
toward PDIs was observed on the outcrop limestone surfaces, while wettability modification and
improved oil recovery could not be obtained using seawater at high temperature. This could be
due to outcrop limestone acting oil-wet without being in contact with oil, or outcrop limestone
acting water-wet, but showing no reactivity towards PDIs due to structural differences between
outcrop limestone with that of reservoir limestone, or due to adsorption of polymeric hydrophilic
materials on the rock surface. It was concluded that care must be taken to use outcrop limestone as
a model for carbonate reservoir rock in systematic studies of wettability alteration and oil recovery.
However, even different sources of limestone showed different surface reactivity towards variation
in brine salinity, which could be due to their different grain structure and degree of crystallinity [25].
Chalk is made of pure biogenic CaCO3 (fragmentary portions of calcite skeletones generated by
plankton) and is known to have higher reactivity towards PDIs than limestone [59]. It is suggested
that seawater has higher potential to act as a wettability modifier towards chalk surfaces compared to
limestone [59]. NaCl depleted seawater was recognized as a better wettability modifier toward chalk
surfaces than seawater [117]. Moreover, Austad et al. [62] observed no low salinity effect for chalk
cores that do not contain anhydrite and suggested that much higher oil recovery (up to 20% of OOIP) in
limestone cores can be obtained if the core contains a high amount of anhydrite. Similarly, even though
Zahid et al. [69] observed considerable oil recovery improvement in a tertiary mode for reservoir
carbonate (limestone) cores, by reducing concentration of seawater at 90 ◦C, they did not notice any oil
recovery improvement in anhydrite free chalk cores. Additionally, different types of outcrop chalk
cores are shown to have different degree of reactivity towards SO2−

4 ions [118]. Dolomite surfaces
are suggested to behave similar to calcite surfaces in wettability alteration toward LSW [30,31,62,119].
However, it was suggested that, adsorption of stearic acid molecules on dolomite surfaces is stronger
than on calcite surfaces, due to the positive surface charge of dolomite in diluted seawater [31].
Consequently, diluted seawater is less efficient in altering the surface charge of dolomite and releasing
adsorbed carboxylic acid materials when compared to calcite [31]. Mahani and co-workers [25,26]
explained that different carbonate rocks exhibited different surface reactivity and wettability alteration
by variation in the brine salinity, pH, and temperature. It was shown that chalk surfaces had the highest
surface reactivity towards alteration in brine concentration and pH, while dolomite surfaces showed
the lowest [26]. Furthermore, a more noticeable improvement in wettability of dolomite surfaces at
elevated temperature was observed compared to limestone surfaces [25]. Lastly, it is suggested that the
optimal brine concentration for LSW that produces the highest oil recovery varies in different layers of
the same reservoir and is dependant on the rock mineralogy and properties [22].

2.1.6. Rock Porosity and Permeability

Carbonate reservoir wettability is also affected by rock porosity and relative permeability (the
permeability difference between the fractures and the matrix block). Porosity is directly linked
to the amount of oil in place and permeability is linked to the rate at which the crude oil can be
recovered [105]. Evaluation of porosity and permeability in carbonates is multifarious, due to complex
pore systems and their chemical reactivity. If the natural fractures have a high degree of connectivity,
the viscous displacement of oil from the matrix blocks, by the injected brine, decreases, due to its
negative impact on capillary pressure, which prevents brine imbibing spontaneously from the fractures
through the matrix blocks. In contrast, displacement of oil from the matrix block, with injected brine,
results in an increase in the water saturation in matrix blocks of a reservoir and relative permeability.
Therefore, if the difference between permeability of the matrix and fractures is moderate, then a large
pore-volume of seawater flows into the matrix blocks during waterflooding [120]. Naturally fractured
outcrop chalk cores are characterized by their high porosity and low permeability. However, limestone
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is less homogeneous than chalk, in terms of porosity and permeability, and has smaller surface
area [121]. Korsnes and co-workers [122] studied the mechanical properties of high porosity outcrop
chalk using synthetic seawater, modified seawater, and distilled water at 130 ◦C. Their experimental
results showed an increase in compaction, by a factor of 2.7, when seawater, including SO2−

4 ions,
was used, due to chemical reactions at the chalk surface, rather than pure chemical dissolution of
chalk. Additionally, reductions in permeability, by a factor of 2.5, when brine contained SO2−

4 ions
was observed compared to 1.7 for brine without SO2−

4 . They suggested that no considerable reduction
in permeability, due to compaction of chalk with high porosity, was observed, by using different
brines, and seawater does not alter permeability of the chalk even at high temperature. Even though
porosity and permeability of carbonate rocks are important factors that influence oil recovery efficiency,
additional previous studies on the effect of LSW on permeability and wettability alteration were not
available in the open literature, hence, the discussion on their impact on oil recovery in carbonates
could not be extended further.

2.2. Injected Brine Parameters

2.2.1. Ionic Composition and Temperature

The effects of Ca2+, Mg2+, and SO2−
4 , three primary PDIs toward carbonate surfaces, have been

extensively studied in the literature. It was reported [123] that increasing the concentration of SO2−
4

ions at four times the concentration present in seawater can improve oil recovery from chalk cores, from
15% to 55% of OOIP after 30 days at 70 ◦C (Figure 2a). In a similar work, Zhang and co-workers [111]
reported that increasing the concentration of Ca2+ ions at four times the concentration present in
seawater whilst keeping the SO2−

4 concentration the same as in the seawater, could increase oil recovery
of chalk cores from 28% to 60% of the OOIP, after 30 days at 70 ◦C (Figure 2b). Additionally, they
suggested that increasing the concentration of Ca2+ and SO2−

4 ions in seawater and the initial brine
altered the wettability of chalk surfaces, and improved oil recovery. However, high concentrations of
Ca2+ ions did not enhance oil recovery when cores were aged with a crude oil of high AN. The effect of
Ca2+ and SO2−

4 ions on wettability modification of chalk surfaces were investigated, and it was found
that adsorption of SO2−

4 , and co-adsorption of Ca2+, onto chalk surfaces with increasing temperature,
could result in enhanced water-wetness conditions and improved oil recovery [58,124]. However, the
surface adsorption decreases as the ratio of Ca2+/SO2−

4 increases, at temperatures beyond 100 ◦C,
due to precipitation of anhydrite (CaSO4). Additionally, reduction of brine salinity and increasing
concentration of SO2−

4 ions are shown to improve oil recovery in sandstone cores with a low clay
content, containing high amount of dolomite and anhydrite and the interstitial dolomite crystals are
argued to play a role in low salinity oil recovery mechanism [119].

Activity of SO2−
4 , as a PDI and wettability modifier of chalk surfaces, could increase as temperature

increases from 70–130 ◦C [125]. Oil recovery from a chalk core at two different temperatures (100 ◦C
and 130 ◦C) for a fixed oil by varying concentration of SO2−

4 ions in a synthetic seawater is shown
in Figure 3 [123]. However, individual observations need to be carefully considered with respect to
a system of interest as anticipated gains may not always be obtained (Figure 4) [111]. Systematic
series of studies was carried out to investigate the effect of divalent cations (Mg2+ as well as Ca2+)
and an anion (SO2−

4 ) on the wettability alteration of chalk surfaces [63,120,122,126]. They revealed
that, at high temperatures (above 70 ◦C), Mg2+ can substitute Ca2+ on the chalk, and the quantity of
carboxylate complexes and the degree of substitution increases as temperature increases. Similarly,
it was shown that (Mg2+ ions can substitute Ca2+ on reservoir limestone cores at high temperature
(130 ◦C), but the reactivity was less than for chalk [59]. It is possible that SO2−

4 cannot improve
water-wetness and oil recovery alone in the absence of divalent cations (Mg2+ and Ca2+). Additionally,
Chandrasekhar and Mohanty [43], as well as Shehata et al. [127], suggested that Mg2+ and SO2−

4
ions are more efficient than Ca2+ ions in wettability alteration and improved oil recovery of reservoir
limestone. Figure 5 shows that the equilibria established with specific seawater concentrations can
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be significantly affected by additional PDIs. Yi and Sarma [80] studied the effect of reducing ionic
strength and increasing concentration of SO2−

4 ions on wettability alteration and oil recovery of
reservoir limestone cores at 70–120 ◦C. They argued that, at 70 ◦C, lowering the concentration of brine
is more efficient than increasing the concentration of SO2−

4 ions, whereas, at 120 ◦C, reducing water
salinity and increasing SO2−

4 concentration resulted in much higher oil recovery. Additionally, at 90 ◦C,
oil recovery can be improved by either lowering water salinity or increasing SO2−

4 concentration,
while divalent cations had a negligible impact on wettability alteration [80]. However, it is shown
that wettability of carbonate rock surfaces can be altered to a more water-wet state even at ambient
temperature, depending on specific type of rock, and elevated temperature does not always lead to a
more water-wet condition [25,128].

Figure 2. Oil recovery from a chalk core 70 ◦C when a synthetic seawater (SSW) with different
concentrations of: (a) SO2−

4 (0–4 times the concentration present in synthetic seawater (SSW-US,
SSW-1/2S, SSW, SSWx2S, and SSWx4S)) from [123] (reproduced with permission from Zhang et al.,
Colloids Surf. A; published by Elsevier, 2006); and (b) Ca2+ (0–4 times the concentration present
in seawater (SW-0Ca, SW-1/2Ca, SW, SWx3Ca, and SWx4Ca)), but constant amount of SO2−

4 ions
from [111] (reproduced with permission from Zhang et al., Energy Fuels; published by American
Chemical Society, 2006), were used as imbibing fluids (AN = 0.55 mg KOH/g).
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Figure 3. Effect of temperature (100 ◦C and 130 ◦C) and different concentrations of SO2−
4 ions (0–4

times the concentration present in synthetic seawater (SSW-US, SSW-1/2S, SSW, SSWx2S, and SSWx4S))
on oil recovery from a chalk core (AN = 2.07 mg KOH/g) from [123]. Reproduced with permission
from Zhang et al., Colloids Surf. A; published by Elsevier, 2006.

Figure 4. Effect of temperature (100 ◦C and 130 ◦C) and different concentrations of Ca2+ ions (0–4 times
the concentration present in seawater (SW-0Ca, SW, and SWx4Ca), but constant amount of SO2−

4 ions)
on oil recovery from a chalk core (AN = 2.07 mg KOH/g) from [111]. Reproduced with permission
from Zhang et al., Energy Fuels; published by American Chemical Society, 2006.
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Figure 5. Effect of temperature (70 ◦C, 100 ◦C, and 130 ◦C) and PDIs (Ca2+, Mg2+ and SO2−
4 ) on

oil recovery from a chalk core when modified seawater depleted in Ca2+, Mg2+ ions and different
concentrations of SO2−

4 ions was used as initial imbibing fluids (SW0x0S, SW0x2S, SW0, and SS0x4S)
and Ca2+, Mg2+ ions were added later as the same concentration present in seawater (AN = 2.07 mg
KOH/g) from [63]. Reproduced with permission from Zhang et al., Colloids Surf. A; published by
Elsevier, 2007.

As for the effect of non-active salt (NaCl), Fathi and co-workers suggested that the depletion
of NaCl from seawater, as well as the presence of reactive ions (Ca2+, Mg2+ and SO2−

4 ), at elevated
temperature (120 ◦C), are essential for wettability alteration of chalk surfaces and improved oil
recovery [65,79,129]. They observed improvement in oil recovery by using NaCl depleted seawater
and increasing SO2−

4 concentration up to four-times at 90 ◦C and a decrease in oil recovery, by increasing
the concentration of NaCl in seawater up to four times at 100 ◦C (Figure 6). Similarly, improvement
in oil recovery and water-wetness were observed by using NaCl depleted seawater containing four
times the SO2−

4 concentration compared to seawater in a carbonate reservoir chalk cores [36]. However,
it should be mentioned that, by virtue of removing NaCl from seawater, the total salinity is greatly
reduced due to high concentration of this salt present in seawater. Therefore, it is expected that brine
becomes more efficient and there is a possibility that NaCl is not a determinant salt in the brine.

Influence of polyatomic anions, e.g., borate (BO3−
3 ) and phosphate (PO3−

4 ), on the wettability
alteration and improved oil recovery of limestone and dolomite cores free of anhydrite was examined,
and it was found that they could facilitate 15–20% of OOIP additional oil recovery [27]. It is likely that
considerable amounts of oil can be recovered when SO2−

4 ions are replaced by BO3−
3 and PO3−

4 ions in
the injected brine when soft water (Ca2+ and Mg2+ depleted formation water) was used. Additionally,
Meng and co-workers [130] showed that the presence of large amount of PO3−

4 ions (1000 mg/L) in
seawater can alter wettability of limestone cores to a more water-wet condition at 90 ◦C. Similarly,
it was suggested that BO3−

3 ions can substitute and replace SO2−
4 ions on chalk surfaces, but degree

of substitution is limited at field scale due to formation of precipitate and aqueous speciation at
reservoir pH [131]. It can be concluded, based on the previous studies, that the injection brine for
LSW in carbonates should contain PDIs (Ca2+ and/or Mg2+, SO2−

4 ), depleted in NaCl, and operate
at high temperatures (beyond 70 ◦C). However, there is a limit for increasing the concentration of
SO2−

4 with increasing temperature, as high concentrations of SO2−
4 at high temperature results in

precipitation of CaSO4 and reduces oil recovery. As for limestone cores containing anhydrite, the SO2−
4
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ions generated due to dissolution of CaSO4 can give rise to oil recovery, which is dependant on the
brine salinity/content and temperature. The solubility of CaSO4 increases as concentration of Ca2+

ions in the brine and temperature decreases, and concentration of NaCl increases [62]. In addition,
concentration of SO2−

4 ions in the brine decreases as temperature increases, due to adsorption on the
rock surface. On the other hand, the wettability modification process and oil recovery are improved by
increasing temperature and decreasing concentration of NaCl. Therefore, the influence of non-active
salt concentration and temperature contrast each other. Thus, for limestone, an optimum temperature
for improved oil recovery in LSW is suggested to be in range of 90–110 ◦C [62].

Figure 6. Oil recovery from a chalk core at (a) 90 ◦C (AN = 0.5 mg KOH/g) and (b) 100 ◦C (AN =
1.90 mg KOH/g) when formation water (VB), seawater (SW), NaCl depleted seawater (SW0NaCl),
NaCl depleted seawater spiked with four times the concentration of SO2−

4 ions present in seawater
(SW0NaCl-4SO4), and seawater spiked with four times the concentration of NaCl present in seawater
(SW4NaCl), were used as imbibing fluids from [79] (reproduced with permission from Fathi et al.,
Energy Fuels; published by American Chemical Society, 2011) and [65] (reproduced with permission
from Fathi et al., Energy Fuels; published by American Chemical Society, 2010).



Colloids Interfaces 2018, 2, 20 14 of 43

2.2.2. Ionic Concentration

The effect of salinity on wettability alteration of carbonate rocks was studied using both diluted
brine (formation water or seawater) and tuned brine. There are several experimental results reported in
the literature that (up to 20-times) diluted seawater showed higher potential to improved oil recovery
from carbonate reservoirs compared to the formation water and seawater [22,43,80]. For example,
Yousef and co-workers [38,66,68] enhanced oil recovery from a carbonate reservoir (composite
limestone cores) by using synthetic seawater (57,600 ppm) and up to 100-times diluted seawater.
The highest levels of oil recovery were obtained using twice diluted seawater (28,800 ppm at 7–8.5% of
OOIP) and 10 times diluted seawater (5760 ppm at 9–10% of OOIP). However, 20 times diluted seawater
(2880 ppm) resulted in lower oil recovery improvement of 1–1.6% of OOIP and 100-times diluted
seawater did not improve oil recovery. Therefore, the total additional oil recovery of approximately
18% was observed by using diluted seawater compared to the conventional waterflooding. Similarly,
Sohal et al. [131] observed improvement in water-wetness of chalk by using up to 20-times diluted
seawater, where higher dilution did not increase water-wet conditions. Effect of the formation water
(160 kppm), seawater (32 kppm), and low salinity water (2 kppm) on oil recovery from limestone
cores was studied by Tetteh et al. [81]. Their experimental results indicated 9.1% of OOIP incremental
oil recovery by switching the injected brine from seawater to low salinity water. Moreover, Shehata
and colleagues [127] observed a considerable improvement on oil recovery of limestone cores (50.4%
of OOIP) by changing the concentration of injected brine from seawater in the secondary mode to
deionized water in the tertiary mode, due to sudden changes in the injected brine ionic content
between two recovery modes. However, it is worth noting that 20% diluted seawater did not
improve oil recovery compared to seawater, while 50% diluted seawater showed a slight improvement.
An improvement of 1–5% of OOIP with oil recovery in limestone cores that contain small amounts of
anhydrite was reported in tertiary LSW, when diluting the high salinity formation brine (208,940 ppm)
by 10 and 100 times [62]. Additionally, Zahid et al. [69] reported a significant improvement in oil
recovery by using (up to 20-times) diluted synthetic seawater in reservoir carbonate (limestone) core
plugs only at high temperature (90 ◦C). Furthermore, Alotaibi et al. [132] observed 8.6% of OOIP
additional oil recovery using aquifer water (4 kppm) after the formation water (230 kppm) flooding.
Similarly, it is shown that reducing the brine salinity (25-times diluted seawater) can improve rock
water-wetness and increase oil recovery compared to seawater (44 kppm) and the formation water
(180 kppm) flooding in reservoir limestone cores [133]. It was suggested that injection of seawater can
also improve oil recovery in carbonates compared to conventional formation waterflooding, unlike
sandstone reservoirs where only low salinity brine results in improved oil recovery.

The potential of enhanced oil recovery in carbonate cores at much higher concentrations than
reported in literature was argued by Al-Harrasi et al. [134], based on 2, 5, 10 and 100 times diluted
formation water, at 70 ◦C. They observed improved oil recovery even with high salinity twice diluted
formation brine (9225 ppm), at 10% of OOIP, whilst the 100 times diluted formation brine (1944 ppm)
resulted in maximum oil production and a faster oil production rate (up to 21% of OOIP). Additionally,
Romanuka et al. [88] observed additional oil recovery from 4% to 20% of OOIP by lowering salinity
of seawater (up to 10-times diluted) in limestone and dolomite core plugs. However, the highest
oil recovery for chalk cores was found when using a higher concentration of SO2−

4 ions, rather than
by reducing the ionic concentration. Furthermore, Al-Attar et al. [135] attempted to determine the
optimum salinity of diluted seawater, where they observed improved oil recovery of 63–84.5% of OOIP
from reservoir limestone, by varying the concentration of Ca2+ and SO2−

4 ions, which was attributed
to intermediate wetting states. Their experimental results showed that increasing the concentration of
SO2−

4 ions beyond 46.8 ppm has a negative effect on LSW processes. However, using 20-times diluted
seawater (1600 ppm) resulted in a considerable decrease in oil recovery from chalk cores compared to
seawater, from 60% to 15% of OOIP, due to a reduction in the amount of available PDIs [65]. It was
suggested that wettability alteration is not a low salinity effect, and that seawater, up to a concentration
of 33 kppm, can modify the wettability of rocks and improve oil recovery in LSW in carbonate [54,60,65].
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Therefore, inconsistencies in the literature regarding the optimum concentration of the injected brine
are reported. Even though low salinity brine has shown to improve oil recovery in most cases, and it is
suggested that diluted brine without high quantities of PDIs can improve oil recovery from carbonates
at elevated temperature [25]. It is also argued that reducing ionic concentration does not necessarily
improve oil recovery and concentration of PDIs is claimed to play a more important role [60,65].

2.2.3. Surfactant

Wettability of carbonate surfaces can be altered toward a more water-wet state in the presence
of surface active cationic surfactants dissolved in seawater, which help to enhance efficiency of LSW.
Fourteen different types of surfactants were investigated to analyze the effect of surfactant on wettability
alteration of oil-wet chalk cores [102]. The results suggested that cationic surfactants, of the type of
alkyl trimethyl ammonium (R–N+(CH3)3), were able to desorb and release carboxylic material from
the chalk surface in an irreversible way, and consequently improve oil recovery by up to 70% of OOIP.
It was also found that anionic surfactants were not able to desorb anionic organic carboxylic molecules
or modify the wettability irreversibly. The mechanism for wettability modification, in this case, was
proposed as ion-pair formation between the cationic surfactants and the negatively charged carboxylic
layer adsorbed on the carbonate, which results in formation of cationic–anionic complexes, releasing
carboxylates from the rock surface. In a separate study, the effects of a non-ionic surfactant (ethoxylated
alcohol, EA) and a cationic surfactant (dodecyltrimethylammonium bromide, DTAB) on wettability
alteration of oil-wet carbonate reservoir cores were examined [136]. The experimental results showed
that DTAB was more efficient than EA in wettability alteration towards a more water-wet condition, by
recovering 45% and 10% of OOIP, respectively. Hognesen et al. [125] suggested that the activity of SO2−

4
as a PDI and wettability modifier of chalk surfaces increases as temperature is increased, by addition of
cationic surfactant (DTAB) to the studied brine. Furthermore, Jarrahian et al. [137] studied the effect
of a cationic surfactant (DTAB), nonionic surfactant (Triton X-100), and anionic surfactant (SDS) on
wettability alteration of dolomite surfaces using various analytical techniques. Their results indicated
that DTAB is most efficient in wettability alteration of dolomite surfaces to a more water-wet condition.
In addition, Triton X-100 and SDS changed the wettability to weak water-wet and neutral wet conditions,
respectively. Lastly, it was shown that Mg2+ ions in the presence of a cationic surfactant (DTAB) are
able to remove adsorbed carboxylic material from calcite surfaces and led to a more water-wet surface
compared to the absence of this surfactant [49].

3. Investigation Techniques

3.1. Surface Wettability

In an oil reservoir, wettability describes to what degree oil or water have the tendency to spread
over the rock surface. In other words, wettability is a measure of the affinity of a surface towards one
contacting fluid over another immiscible fluid, which is also present in the bulk. Wettability is an essential
factor in a multiphase flow and fluid distribution in reservoir rocks. It also affects the relative permeability
of a rock–fluid system [36]. Electrostatic attraction between carbonate rock–brine and oil–brine interfaces
facilitate the formation of a thin and unstable water film and brings oil in contact with the carbonate
mineral surface, which consequently traps hydrocarbons in the reservoir rock pores and reduces the oil
recovery efficiency [138]. In this section, we review different techniques to infer surface wettability of
carbonate rocks, such as chromatographic wettability test, contact angle measurements, diffusion nuclear
magnetic resonance (NMR), atomic force microscopy (AFM), zeta potential measurements, and surface
complexation modelling, and present the findings from such measurements.

3.1.1. Chromatographic Wettability

The chromatographic wettability test is a technique developed by Strand et al. [124], based on the
chromatographic separation of two water soluble compounds, such as non-adsorbing tracer (SCN−),
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and a PDI (SO2−
4 ), toward a carbonate surface. The aim is to validate the alteration in a water-wet

fraction after exposing carbonate rock samples to various fluids (water or oil). The area between
the relative concentration of SCN− and SO2−

4 , as a function of the injected pore-volume for a chalk
core at residual oil saturation, can then be related to the water-wet area of the core. However, the
chromatographic separation is only suitable for coreflooding in SO2−

4 free carbonate cores at low
temperature [131]. Core preparation and aging for the chromatographic test includes two different
procedures, depending whether the initial water is present or not. The cores are placed in a container
and aged with either crude oil (without the initial water) or brine (with the initial water saturation)
and the porosity is calculated using the weight difference, oil density, and bulk volume. The cores are
then prepared using the Hassler core holder and flooded with the crude oil with pressure of 25 bar
and then aged with the crud oil in a closed container to establish initial reservoir conditions [124].

The chromatographic test was used to determine the influence of different PDIs and
temperature on wettability alteration of chalk and limestone cores [36,58,59,65,124,129]. For example,
Strand et al. [124] examined the effect of SO2−

4 ions on wettability alteration of chalk cores using crude
oil samples with different AN and synthetic brines, based on the chromatographic wettability test.
They compared the results with those obtained from Amott–Harvey spontaneous imbibition tests at
room temperature, and concluded that the chromatographic wettability test could be an appropriate
tool to be used in the neutral-wet state and at residual oil saturation without performing long-term
imbibition tests. With the same methodology, they carried on to measure the adsorption of SO2−

4
ions on chalk cores as a function of Ca2+ concentrations and temperatures [58]. The results showed
that adsorption of SO2−

4 ions increases with increasing temperature and concentration of Ca2+ ions,
which is consistent with their imbibition and zeta potential measurement results. Fathi et al. [65]
studied the effect of salinity and the presence of Ca2+, Mg2+, and SO2−

4 ions on wettability alteration of
chalk surfaces and displacement of adsorbed carboxylic acid, at a range of temperatures (100–120 ◦C),
where the order of improved water-wet fraction from diluted seawater, seawater and NaCl depleted
seawater was confirmed by separate chromatographic wettability tests. Lastly, wettability of reservoir
limestone cores and their reactivity toward PDIs (Ca2+, Mg2+, and SO2−

4 ) in the temperature range of
20–130 ◦C was studied using the chromatographic test [59]. The experimental results indicated that
the chromatographic wettability test is also applicable to limestone, where the PDIs interacted with the
limestone surface and relative concentration of the PDIs affected the established chemical equilibrium.
Additionally, Ca2+ and Mg2+ ions showed similar adsorption from a NaCl solution on the limestone
surface at room temperature. However, by increasing temperature, Mg2+ ions adsorbed more strongly
on the rock surface and at 130 ◦C, Ca2+ ions replaced Mg2+ ions on the rock surface. Moreover,
interactions between Ca2+ and Mg2+ ions towards limestone surface in seawater was controlled by
SO2−

4 ions and Ca2+ ions showed higher affinity to adsorb on the rock surface than Mg2+ ions, due
to formation of ion-pair between Mg2+ and SO2−

4 ions and strong adsorption of SO2−
4 ions on the

limestone surface.

3.1.2. Contact Angle

A contact angle measurement can quantitatively reflect the degree of wetting when a solid and
two liquids are in contact, and is described as the angle between the solid and the liquid–liquid
interface through the denser liquid phase [139]. Contact angle values show the equilibrium between
the interfacial tensions of the two fluid phases and their adhesive attraction to the solid surface.
The degree of liquid wettability increases when the contact angle of a liquid droplet on a solid surface
decreases. In a system with reservoir rock, oil, and water, the rock could be: (i) water-wet when water
is the spreading fluid (0◦ to 75◦); (ii) intermediate/neutral-wet when the rock surface has no preference
for either oil or water to spread on it (75◦ to 115◦); and (iii) oil-wet when oil is the spreading fluid (115◦

to 180◦). Additionally, weakly water-wet and weakly oil-wet are considered as 55◦ to 75◦, and 115◦ to
135◦, respectively [140]. However, contact angle measurement requires homogeneous surfaces without
surface roughness. Therefore, a wide range of contact angle results are reported in the literature,
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which is due difference in surface roughness of each carbonate rock type. The aging procedure for
the contact angle test involves first surface alteration of carbonate surfaces with or without an initial
brine solution, and then with a crude oil to establish an oil-wet state. Following the treatment with
oil, the carbonate surfaces may be aged with a brine to study its influence on the wettability. Contact
angle can be measured by a drop of water or a drop of oil. However, it is mostly an oil drop in a bulk
of water, due to optical transparency of the system. [29].

Abdallah et al. [29] examined the effect of ionic composition (Ca2+, Mg2+, and SO2−
4 ) and

concentration of modified seawater, on wettability alteration of cleaved calcite (limestone) crystals
aged with a crude oil using static contact angle measurements. They measured the contact angle of
deionized water on calcite crystals after surface aging in crude oil and different brines. Their results
show that first SO2−

4 ions and then diluted seawater have notable impacts on wettability alteration of
calcite surfaces to strongly water-wet. Weaker wettability alteration was observed when removing
Mg2+ ions from the brine, indicating that Mg2+ ions must be present in the brine. The effect of different
smart brines on carbonate (limestone) rock wettability was measured by Awolayo et al. [78] using
different synthetic brine solutions (NaCl, Na2SO4, NaHCO3, MgCl2, and CaCl2), and an oil from a
carbonate reservoir, on polished rock plates cut from the same carbonate reservoir core plugs aged with
a synthetic brine and then the reservoir oil to restore their wettability toward reservoir conditions at
95 ◦C. Contact angle measurement of oil droplets on the submerged aged plates in the studied brines,
confirmed that the contact angle decreases with increasing exposure time to brine and increasing SO2−

4
concentration, suggesting that rock wettability was modified from a strongly oil-wet to a weakly oil-wet
condition. They explained that by increasing the concentration of SO2−

4 ions, the water film on the rock
surface becomes thicker and more stable; therefore, the contact between oil droplets and rock surfaces
is prevented, due to the repulsive electrostatic forces at the oil–rock interfaces. Thereby, wettability of
the rock is altered and carboxylic acid is desorbed from the rock surfaces, whereafter SO2−

4 ions occupy
the free sites on the rock surface. Hamouda et al. [141] studied the effect of temperature (25–80 ◦C) on
wettability alteration of calcite (limestone) crystals previously aged with stearic acid, using advancing
contact angle measurements. Their experimental results indicated that, as temperature increases,
contact angle decreases and the wettability of calcite surface improves from strongly oil-wet, at low
temperature (160 ± 3◦ at 25 ◦C), to a more water-wet condition at higher temperature (90 ± 3◦ at 80 ◦C).
The influence of brine chemistry and temperature on wettability alteration of dolomite surfaces aged
with crude oil was evaluated by water advancing contact angle [142]. The results showed that, by
using up to 15 times diluted seawater, wettability of the dolomite surfaces were altered from an oil-wet
condition (158◦) to a neutral wet condition (86◦). Additionally, similar wettability alteration behaviour
was observed by increasing SO2−

4 concentration up to two times and increasing the temperature from
26 to 121 ◦C. Yousef et al. [68] measured contact angles of oil droplets on carbonate (limestone) rock
plates submerged in brines of various salinity at reservoir conditions, and observed a reduction in
contact angle from about 90◦ to 60◦ for formation water and 100 times diluted seawater, respectively.
Lastly, oil-droplet contact angle of reservoir limestone and dolomite surfaces as a function of brine
concentration and temperature (25–100 ◦C) was measured [25]. The experimental results indicated
that by increasing temperature the rock surfaces became more water-wet, although the degree of
water-wetness was dependant on the type of rock. For example, limestone showed less response to
increasing temperature by reducing the brine salinity, while wettability of dolomite surfaces improved
considerably at elevated temperature when using low salinity brine, which consequently can result in
additional oil recovery.

3.1.3. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) has been used as a rapid, non-destructive, and non-invasive
methodology for both laboratory and field applications. A novel bench-type NMR instrument is
designed, where T2 relaxation rate of proton nuclear spins in fluid samples in a porous rock is
measured and has been used to determine the petrophysical properties of reservoir rock, such as
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pore-size distribution, porosity, permeability, and rock wettability [68]. Yousef et al. [68] performed
NMR T2 measurements on reservoir carbonate (limestone) rock samples used in their coreflooding
study, before and after LSW treatment with a core water saturation (Sw) of 1 to determine the effect
of brine salinity on pore geometry and reactivity of the formation water on carbonate rock surfaces.
Their experimental results showed that injection of various diluted seawater in the carbonate core
samples can have a significant impact on surface relaxation alteration of carbonate surfaces. Surface
relaxivity is a geochemical property that explains the capacity of the grain surface to improve relaxation
and is usually increased as the concentration of paramagnetic ions on the rock surface increases [68].
In addition, an improvement in connectivity among macro and micro pores was observed, which
was attributed to the rock dissolution, due to alteration in the brine composition. To investigate
the effect of post core cleaning (with toluene and methanol) on the measured T2, they performed
another NMR measurements on new cores before and after the cleaning process. The results indicated
that the cleaning process had a negligible effect on the NMR T2 distributions and confirmed that
modification of the brine content is indeed the cause of the observed shift in the position of T2
distribution between NMR results taken before and after LSW. However, NMR T2 distribution,
performed by Zahid et al. [69], using different diluted synthetic seawaters showed no significant
changes in surface relaxation and shift in T2 distribution of both reservoir carbonate (limestone) and
outcrop chalk cores.

3.1.4. Atomic Force Microscopy

The DLVO (Derjaguin, Landau, Verwey and Overbeek) theory is a classic mechanism explaining
long-range interaction forces between the surfaces of two electrically charged particles in aqueous
solution, based on London-dispersion (van der Waals) and electrostatic forces. Additionally,
other contributions to the interfacial forces include hydrophobic, hydration, and steric forces, as well
as hydrodynamic effects, which are known as non-DLVO (extended DLVO) forces [55,143,144]. All of
these interfacial forces could contribute to the disjoining pressure of the water film which dictates its
thickness. Generally speaking, attractive forces will have a negative contribution on the disjoining
pressure and reduce the stability and thickness of the water film, whilst repulsive forces have a
positive contributing to the disjoining pressure and produce more stable and thicker films, and a
more water-wet rock surface [99]. The van der Waals forces between oil and carbonate surfaces are
attractive, while the electrostatic force could be attractive or repulsive, based on the oil, brine and
mineral compositions, as well as pH [99]. By reducing the ionic concentration, the electrostatic
repulsive force increases and the EDLs at the oil–brine and rock–brine interfaces expand to become
more diffuse (due to reduced ion density in the diffuse layer and increase of Debye screening length),
and electrostatic screening becomes weaker, which causes the disjoining pressure to be more positive
and prevents crude oil components from adhering to the rock surface and reduce adhesion force
at rock–oil interfaces [25,26,42,145]. (However, this might not be always the case, as reducing brine
salinity did not result in increased repulsion force for dolomite surfaces at lower temperature [25]).
In contrast, by increasing the salinity, the magnitude of the electrostatic forces will be reduced and, at a
certain concentration, the van der Waals attractive forces will overwhelm the repulsive electrostatic
force and the water film will collapse, and consequently, the oil phase replaces the water phase and
adheres to the rock surface [42,145]. In other words, a water film will remain stable if it can resist the
pressure from the oil phase [85]. Therefore, rock surface wettability is dependent on the variation
between the oil and water pressure (capillary pressure). Additionally, brines with lower ionic strength
tend to reduce adhesion of the crude oil molecules on the rock surface by producing thicker water films
and modifying rock wettability toward a more water-wet condition, thereby improving oil recovery.

Atomic force microscopy (AFM) can be used to directly measure adhesion forces, a combination of
electrostatic and van der Waals forces, as well as forces, due to chemical bonds or acid–base interactions
found in different fluids by generating force versus distance curves (force curves) [143]. Force curves
provide valuable information about the solid properties, such as hardness, elasticity, surface energy
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and surface charge densities [143]. The adhesive force between two surfaces can be affected by the
properties of the material (surface roughness and inhomogeneity), as well as contact geometry [143].
To generate surface topography or force curves, the surface of the sample is scanned by a tip mounted
on a fine cantilever. Micro-fabricated silicon nitride (tips) are commonly used, as they provide high
resolution of surface force measurements; however, they introduce a further complication when
determining the surface geometry at the nanometre scale and in the presence of complex surface
chemistry [146]. This challenge can be addressed by attachment of a smooth sphere, of micrometre
size (2–10 µm), to the cantilever tip (colloidal probe), thereby considerably reducing the issues related
to sample roughness, since the sample surface needs to be smooth only at a similar scale to the radius
of the curvature at the end of the tip (5–50 nm) [146].

Most previous AFM force measurement studies [147–154] in aqueous electrolyte solutions have
used mica or silica substrates, due to their fine surface roughness, as well as providing a good basis for
comparison, due to several other investigations, undertaken on these samples using other techniques.
Limited work has been done in examining the wettability alteration of carbonate rock surfaces
(calcite and dolomite crystals), following the adsorption of polar components of crude oil, using AFM
force measurements. Undertaking AFM force measurements on calcite or dolomite crystals can be
challenging, again, due to the surface roughness of these substrates and their heterogeneous surfaces.
Karoussi and co-workers [155] studied the surface characteristics of polished and cleaved calcite
substrates coated with organic long chain or short chain carboxylic acids (stearic and heptanoic acids)
that were exposed to solutions of different pH. Both surface topography and adhesion were acquired.
Their investigation showed that cleaved calcite samples are more suitable for AFM measurement than
polished calcite, due to the surface roughness of polished samples. Due to the coating, there was a thin
layer of alkane present on the calcite surface, which prevented spontaneous recrystallization of the
surface. Force measurements showed the adhesion forces of heptanoic acid treated samples was not
responsive to the pH of the environment. However, cleaved calcite, treated with stearic acid, showed
higher adhesion forces at pH 5 than pH 10. In a recent study [156], growth and dissolution of a stearic
acid coated calcite crystal that was exposed to various aqueous salt solutions were investigated using
amplitude-modulation atomic force microscope. It was believed that stearic acid particles tend to act
as “pinning points” on the calcite crystal, interfering with the growth and dissolution process. When
supersaturated brine was used, the growth of crystal around dense stearic acid patches was observed,
including the patches into the crystal accompanied by ionic impurities present in the solution. When
the brine was diluted, the freshly grown material was dissolved and the stearic acid patches, formerly
incorporated into the crystal during the growth phase, were exposed. Sauerer et al. [48] measured the
surface free energy of calcite and dolomite samples using AFM adhesion force measurements, in order
to predict carbonate reservoir wettability. Adhesion forces, between the installed colloidal calcite and
dolomite particles on the AFM tip (Figure 7) and the planar cleaved calcite and dolomite samples,
both in air and in the presence of organic solvents (ethylene glycol, bromonaphthalene and heptane)
were measured. Reduced adhesion forces were observed in the presence of polar and non-polar
solvents compared to the same systems in air. This was attributed to the presence of adsorbed water
layers at both the AFM tip and on the mineral substrates, due to humidity in the air environment.
This experiment demonstrated the applicability of this approach for determination of surface total
energies of mineral surfaces by AFM force measurement and, therefore, provided a valuable new tool
for reservoir characterisation. Overall, AFM adhesion force measurements of carbonate surfaces has
not been studied extensively, due to the challenges involved in determination of surface roughness,
heterogeneity, tip characterisation, as well as approach/retract conditions. However, the methodology
has a great potential as a high-throughput approach to quantitatively evaluate the surface energy of
natural objects such as carbonate formation.
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Figure 7. Scanning electron microscopy image of calcite particle fixed on a cantilever (calcite probe)
used for force measurements from [48]. Reproduced with permission from Sauerer et al., J. Colloid
Interface Sci.; published by Elsevier, 2016.

3.1.5. Zeta Potential

The surface charge of rock–brine or oil–brine interfaces is critical for better understanding the
stability of water films and, therefore, the degree of rock wettability. Wettability of a rock is a function
of the sign and magnitude of the electric surface charges at the two interfaces, which arises from
the electrostatic interactions at the oil–rock–brine interfaces. Zeta potential is an essential parameter
used to evaluate the electrokinetic behaviour of solid–liquid or liquid–liquid interfaces. Zeta potential
indicates the electrokinetic properties of a particle, while the magnitude shows the stability of the
colloidal system. Expansion of the EDL at the rock–brine and oil–brine interfaces will result in increased
electrostatic repulsion between the two interfaces and consequently form a thick and stable film and
a more water-wet rock surface. On the contrary, a thin and unstable water film could reduce the
thickness of the EDL, resulting in the rock surface being more oil-wet. Additionally, the sign and
magnitude of the zeta potential at rock–brine interfaces is dependent on the type and concentration of
ions, pH, temperature, the presence of additives, such as surfactants, in the solution, as well as rock
mineralogy [26]. However, zeta potential measurements require uniformly sized particles. Also, there
are difficulties in measuring zeta potential of particles at high salinity, temperature, and pressure.

Previous zeta potential measurements have primarily focused on calcite surfaces as a
representative of carbonate rock reservoirs [58,63,111,123,157–161], with considerable work using
zeta potentials measured as a function of pH. The zeta potential measurements of carbonate surfaces
are routinely inconsistent in both trend and magnitude, which could be attributed to the specific
systems examined, such as sources of calcite. In addition, the complex dissolution mechanism of
calcite in water makes it difficult to reach equilibrium in solution. The zeta potential of calcite is
mostly measured at high pH (above 7) to prevent dissolution of the mineral. Carbonate surfaces are
aged with carboxylic acid materials using two methods: dry and wet aging [137,157,162]. In the dry
method, carbonate surfaces are immersed into dry carboxylic acid materials or carboxylic acid material
dissolved in an oil phase (e.g., n-heptane, n-decane, toluene), while, in the wet method, the carbonate
surfaces are aged with carboxylic material in the presence of water film, where carbonate surfaces
are added to deionized water (in the presence or absence of electrolytes) and then carboxylic acid
materials dissolved in an oil phase are added to the system. The suspensions in both methods are
shaken for a period of time to ensure adsorption of fatty acid molecules on the rock surface and then
the aged powder is dried.

Zeta potential of calcite particles was measured as a function of concentration of monovalent
(Na+) and multivalent (Ca2+, Ba2+ and La3+) ions, over a range of pH [163]. It was suggested that Na+

act as indifferent ions towards calcite surfaces, whilst Ba2+ showed similar behaviour to that of Ca2+,
increasing the positive magnitude of calcite zeta potential with increasing concentration. However,
the presence of Ba2+ ions resulted in a greater magnitude of zeta potential compared to Ca2+, due to
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the higher hydration energy of Ca2+ ions. However, La3+ ions showed an opposite behaviour to that
of the divalent cations, resulting in reduced zeta potential values with increasing ionic strength, due to
the lacking of specific adsorption on the calcite surfaces. The effects of concentration of two types of
divalent ions, namely Ca2+ and SO2−

4 , were investigated for their impact on surface charge of milled
chalk in NaCl brine [58]. It was suggested that surface charge of chalk surfaces is controlled by the
relative concentration of Ca2+ and SO2−

4 and the chemical mechanism for surface charge modification
was proposed as adsorption of SO2−

4 ions, in parallel with the co-adsorption of Ca2+, with increasing
temperature on the conditioned chalk surface. Similarly, the effect of PDIs (Ca2+, Mg2+, and SO2−

4 )
on surface charge and wetting properties of chalk was studied by Zhang et al. [63,111,123] using zeta
potential measurements. It was suggested that Mg2+ ions can substitute Ca2+ ions from chalk surfaces
at high temperature, and increase the positive surface charge density.

Mahani et al. [25,26,164] suggested that surface charge alteration is likely to be the main
mechanism for LSW in carbonates, where they examined calcite, limestone, chalk and dolomite
surfaces. They observed that, regardless of carbonate rock type, zeta potential is positive for the high
salinity formation water (180 kppm) at pH 6.5–8.5, while diluted seawater (1750 ppm) and addition
of SO2−

4 ions lead to more negative surface charges and more water-wet conditions. Changes in
pH influenced the zeta potential at low concentrations of brine, due to the presence of fewer active
ions compared to H+ and OH− ions. Additionally, when being exposed to diluted seawater, surface
charge of carbonate (limestone) rock particles was found to become more negative, resulting in greater
interactions with water molecules and rock wettability alteration [37,67].

Zeta potential measurements of rock–brine and oil–brine interfaces in the temperature range
of 25–70 ◦C showed that, by increasing temperature, the observed trend as a function of salinity
and pH remains the same for all rock types, although the magnitude of zeta potential changes [25].
As temperature increased, the magnitude of zeta potential of both rock–brine and oil–brine interfaces
reduces towards the point of zero potential. This reduction in magnitude of zeta potential was more
apparent for low salinity brine, which could be due to lower concentration of SO2−

4 ions, allowing
Ca2+ and Mg2+ ions to adsorb on the rock surfaces [25]. Additionally, zeta potential measurements of
calcite at elevated temperatures and pressures showed that the negative magnitude of zeta potential
increases with increasing temperature and pressure, up to 45 psi, before decreasing at higher pressures,
due to changes in solubility of minerals, which affects the EDL structure and consequently surface
charges [165].

As for the effect of adsorbed carboxylic acid materials on surface charge modification of carbonates,
Gomari and co-workers [157,158] observed that zeta potential surface charge of calcite was altered
from positive to negative, in the presence of stearic and oleic acids (introduced onto the calcite particle
using both dry and wet treatments). The ability for SO2−

4 and Mg2+ ions to displace the pre-adsorbed
carboxylic acid materials from the calcite surface was suggested, based on zeta potential measurements.
It was reasoned that ions causing positive carbonate surface charges are likely to change surface
wettability of limestone and dolomite surfaces toward a more oil-wet condition, whereas negatively
charged minerals increase oil recovery by releasing trapped crude oil molecules [159,166]. The effect
of a mixture of ions (Ca2+, Mg2+, and SO2−

4 ) on zeta potential of calcite and dolomite surfaces aged
with stearic acid (using the dry method) was investigated by Kasha et al. [30]. The results confirmed
that, as the concentration of divalent Ca2+ and Mg2+ ions increases, the zeta potential of the aged
calcite was altered from negative to positive and resulted in higher positive charge in dolomite, while
SO2−

4 ions caused the zeta potential of the carbonate surfaces to be more negative. Such a change in the
measured zeta potential is highly likely, due to the affinity of Ca2+, Mg2+, and SO2−

4 ions being affected
by the presence of other PDIs when using mixtures of ions. Additionally, Jackson et al. [145] measured
zeta potentials of rock–brine and oil–brine interfaces using a reservoir limestone core sample and
various oil components to investigate the effect of different salts (NaCl, CaCl2, MgCl2, and Na2SO4)
on wettability alteration and oil recovery. It was suggested that in order to design an optimum brine
composition for LSW in carbonates, zeta potential of both mineral-brine and oil–brine must be taken
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into account. The authors reported positive surface charge for the oil-brine system for the first time.
It was concluded that LSW results in oil recovery improvement only if two mineral-brine and oil–brine
interfaces have the same sign of zeta potential (both positive or both negative), which results in
repulsive electrostatic forces and positive contribution to disjoining pressure and acts to stabilize the
water film on the mineral surface (Figure 8). Therefore, the studies that reported failure in improving
oil recovery by performing LSW, may have had a positively charged oil–brine interface, which had not
been identified [145]. Lastly, zeta potential of calcite and dolomite surfaces aged with stearic acid was
studied using synthetic diluted seawater [31]. The examined calcite surfaces maintained negative zeta
potential in the presence of deionized water and in the all tested brines, excluding diluted seawater
with higher concentration of cations (Ca2+ and Mg2+), which resulted in a positive zeta potential.
In contrast, dolomite surfaces showed positive zeta potential in deionized water and the diluted brines,
except for diluted seawater containing two and four times higher concentrations of SO2−

4 . It was
concluded that diluted seawater is less efficient in altering surface charge of dolomite, due to the
tendency of stearic acid to adsorb more strongly on dolomite surfaces.

Figure 8. Effect of disjoining pressure on wettability alteration of carbonate surfaces: (a) schematic
view of contribution of electrostatic and van der Waals forces on disjoining pressure; (b) total disjoining
pressure at low and high ionic strength (IS) when rock–brine and oil–brine interfaces have the
same/opposite sign of zeta potential; and (c–e) schematic models showing stability of water film
between oil and mineral interfaces (water-wet, mixed-wet, and oil-wet conditions, respectively).
Reproduced from reference [145].
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3.1.6. Surface Complexation Modelling

A surface complexation model (SCM) simulates the chemical equilibrium, based on the chemical
reactions occurring at the mineral-solution interfaces, which results in the formation of surface
complexes. These surface complexes are responsible for the mineral surface charge and their
equilibrium constants are assumed to be similar to the analogue reactions in the bulk solution [167].
The SCM is used to describe adsorption of inorganic ions on mineral surfaces using either inner
or outer-sphere surface complexes and fit these models to adsorption data to distinguish between
inner- and outer-sphere adsorption mechanisms [168]. The SCM has been used to understand surface
charges of carbonate particles and calculate surface potential that can be validated by experimentally
measured zeta potential values. Hiroth and co-workers [85,169,170] developed a geochemical model
to investigate the effect of water chemistry on surface charge, considering mineral precipitation and
dissolution of calcium carbonate rock, based on a calculation for formation water and seawater at
70–130 ◦C by determining the expected dissolved Ca2+ ions in the brine effluent after LSW against
oil recovery from a outcrop core. It was suggested that the model could precisely predict the surface
potential of calcite, and adsorption of SO2−

4 ions from pore water, and concluded that changes in
surface potential cannot describe all aspects of oil recovery improvement by alteration of pore water
chemistry and temperature. Instead, mineral dissolution could be the main mechanism.

A Basic–Stern surface complexation model, based on zeta potential results for calcite,
considering outer-sphere complexes of ions other than protons and hydroxide, was developed
by Heberling et al. [171]. It was suggested that the model can successfully predict zeta potential
results with acceptable values for the inner Helmholtz capacitance, which is in agreement with
the estimated Stern layer thickness, based on surface diffraction data. In another attempt,
Mahani and colleagues [167] built a surface complexation model relating the surface reaction to
their experimental zeta potential results for different types of carbonate rock, as a function of ionic
concentration and pH. Their model confirmed that zeta potential increases with increasing pH, due to
formation of surface species, which strongly affect the total surface charge. Additionally, at higher
concentration, the surface charge of carbonates is less sensitive to changes in pH, resulting in a smaller
variation in zeta potential. It was suggested that this particular model could capture the changes
in the surface charge of carbonate rocks by altering salinity and pH. Lastly, Song et al. [172] used a
double layer surface complexation to model experimental results obtained from synthetic calcite zeta
potential measurements using mixed PDIs (Ca2+, Mg2+, SO2−

4 , and CO2−
3 ) and different CO2 partial

pressures to systematically analyse the contribution of charged species, and better understand the role
of electrostatic forces in wettability alteration of calcite. It is claimed that their model can precisely
predict calcite zeta potential in brine containing PDIs and apply it to predict zeta potential at low and
high pressures of CO2.

3.2. Interfacial Tension

Distributions of fluid in the reservoir porous media are also dependant on the forces at
liquid–liquid interfaces, which are quantified by interfacial tension (IFT) measurements. The effect of
ionic content, as well as temperature and pressure on the IFT of crude oil–brine systems have been
extensively studied. For example, the influence of NaCl concentration on the IFT of an oil phase
(n-dodecane) and water was examined [173], where a critical salt concentration of NaCl (5 wt %)
resulted in the lowest IFT. It was concluded that lowering the ionic concentration of brine will not
always decrease the IFT. Moreover, Hamouda and Karoussi [155] measured IFT of stearic acid in an
n-decane-water system including MgCl2 and Na2SO4, where they observed lower IFT in the presence
of Mg2+ ions compared to SO2−

4 or distilled water by increasing temperature from 0–80 ◦C. In a
different work, Meng and co-workers [130] examined the influence of PO3−

4 ions on the IFT and
wettability alteration of carbonate reservoirs by increasing temperature from 25–90 ◦C, based on IFT
and contact angle measurements. The brine with a higher concentration of PO3−

4 ions showed higher
wettability alteration, as well as a reduction in the IFT compared to brine with a lower concentration
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of PO3−
4 . This could be due to strong ability of these ions to desorb crude oil from pore throats and

enhanced ionic exchange at both rock–fluid and fluid–fluid interfaces.
The effect of monovalent and divalent cations (NaCl, CaCl2 and MgCl2) in range of concentration

of 0–45 kppm on crude oil–brine interactions using an Iranian crude oil, as well as extracted asphaltene
and resin from the crude oil was investigated using the IFT measurements [174]. The experimental
results indicated that NaCl has a slight influence on IFT of asphaltene and resin, whereas the effect
of CaCl2 and MgCl2 on the IFT was more apparent. At low concentration of the divalent salts,
asphaltene resulted in a higher reduction in IFT compared to resin, while at higher salts concentration,
the reduction in IFT was more dominant in case of resin. Additionally, MgCl2 resulted in higher
reduction in IFT of resin than CaCl2, due to the higher affinity of Mg2+ ions to bond with the oxygen
molecules present in resin. In contrast, Ca2+ resulted in greater IFT reduction in asphaltene than
Mg2+. This could be due to a higher chance of forming of complexes between Ca2+ and asphaltene
molecules because of their molecular sizes. It was concluded that oil–brine interactions are dependant
on the presence of natural surface active compounds in crude oil (both asphaltene and resin), as well
as type and concentration of ions in brine. Similarly, it was shown that IFT of crude oil–brine interfaces
is dependant on asphaltene content of crude oil as a function of monovalent and divalent cation
(NaCl and MgCl2) concentrations [175]. In a different work, the effect of different ions (Ca2+, Mg2+,
SO2−

4 ), as well as diluted and softened seawater on dynamic IFT of crude oil–brine interfaces was
studied [176]. The experimental results indicated that in all brines, IFT reduced over time (about
12 mN/m) until it reached a stable value depending on the type of brine. It was suggested that
under dynamic conditions, active ions present in the brine can migrate to the surface until reaching
equilibrium over time. Therefore, interfacial properties were claimed as an important contribution
to the LSW mechanisms, which is affected by crude oil composition, type of ions, temperature, and
contact time. However, brine composition was suggested to have a more significant effect on IFT than
brine concentration.

The influence of brine salinity on the IFT of crude oil–brine was also studied by using diluted
reservoir fluids [177], where a reduction in IFT (critical spreading tension) for up to 50% volume diluted
reservoir brine was observed; however, further dilution of the brine increased the IFT. The authors
suggested that a critical salinity of brine should be proposed to enhance oil recovery, based on IFT
results. Similarly, Okasha et al. [178], investigated the effect of diluted brine on IFT of an oil–brine
interface, where they observed a reduction in the IFT by decreasing the ionic concentration to twice
and four-times diluted reservoir brine, using different crude oils under reservoir conditions, as well as
reduction in IFT by increasing temperature and increase in IFT by increasing pressure. They suggested
that, based on the IFT results, LSW may have a potential to improve oil recovery in carbonates.
In contrast, Alameri et al. [179] observed an increase in the IFT of oil–brine by reducing the salinity of
the brine from formation water to various diluted seawater and deionized water, which was attributed
to reduction of pH of the brines. Additionally, the effect of diluted seawater on IFT of oil–brine interfaces
was studied by Yousef et al. [38,68], when various diluted brines and crude oils at reservoir conditions
were examined. The authors only observed reduction in IFT by diluting the fluid from formation
water to seawater and no changes in IFT were observed by using different diluted seawater. It was
concluded that LSW has no significant influence on the IFT and therefore fluid–fluid interactions. Lastly,
dynamic IFT of crude oil–brine interfaces using a formation water, seawater and diluted seawater was
studied [81]. The experimental results showed that the equilibrium IFT reduced significantly in the
case of seawater, but not formation water and diluted seawater. Similar observations were reported in
the literature where seawater resulted in the lower IFT compared to low salinity brine [38,68,174,180].
This was attributed to the presence of SO2−

4 ions in seawater and its effect to reduce dynamic IFT of
seawater-crude oil interfaces [81]. Therefore, it was suggested that reduction of IFT and improvement
of the capillary number could be a mechanism for seawater flooding but not LSW.
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3.3. Recovery Factor

Recovery factor is reported as a percentage of the extracted crude oil that is initially in place, and
it is affected by the displacement mechanism. The main purpose of EOR processes is to maximize
the recovery factor. In this section, different techniques that have measured the recovery factor by
performing LSW, such as imbibition, coreflooding, and reservoir modelling are summarized.

3.3.1. Imbibition

Spontaneous imbibition is a process where a non-wetting phase is displaced by a wetting phase
in a porous medium, due to capillary forces (combined effect of interfacial tension, wettability, and
pore throat size). Therefore, it is a reliable laboratory technique that not only is used to determine the
initial rock wettability conditions, but also the ability of different fluids to modify the wettability of
rock surface towards a more water-wet state [22,181]. Wettability alteration of rock is quantitatively
measured by the amount of brine being absorbed into or oil being displaced from the porous material.
However, the spontaneous imbibition test is very time-consuming, as it takes months to collect results
using this method. In addition, the chance of precipitation in the presence of reactive anions (e.g.,
SO2−

4 ) is not taken into account in the spontaneous imbibition test [131].
A range of imbibition experiments on chalk [65,92,93,103,111,125] and reservoir limestone [59,125]

were performed by Austad and co-workers to better understand the wettability alteration mechanism
during LSW processes involving carbonates. Their findings for chalk cores were already discussed
in previous sections. As for the limestone cores, the effect of SO2−

4 ions in the imbibing fluid was
investigated, where synthetic seawater resulted in 15% OOIP additional oil recovery from a reservoir
limestone core (aged with a crude oil (AN = 0.05 and BN = 0.44 mg KOH/g) for four weeks at 90 ◦C),
compared to SO2−

4 depleted seawater at 120 ◦C [59]. Similarly, Ligthelm et al. [20] observed 5%
improvement in oil recovery (total recovery of 17% OOIP) from a microcrystalline limestone core
compared to the formation water by increasing concentration of SO2−

4 ions (up to 54 times) and
reducing concentration of Ca2+ ions (about 22 times), to avoid critical solubility and precipitation limit
of CaSO4. However, Hognesen et al. [125] observed no improvement in oil recovery in spontaneous
imbibition test on unfractured limestone cores (aged with a crude oil (AN = 1.7 mg KOH/g) for
four weeks at 90 ◦C) by increasing SO2−

4 concentration to three times the concentration present in a
synthetic seawater at 120 ◦C. Furthermore, Yi and Sarma [80] performed spontaneous imbibition on
limestone core plugs from a carbonate reservoir (aged with a crude oil for three weeks) using diluted
seawater, where they observed total oil recovery production of 23% of OOIP. Their results indicated
that rock wettability is altered toward a more water-wet condition by LSW at 70 ◦C.

Imbibition measurements can be performed under various conditions. For example,
Romanuka et al. [88] performed Amott spontaneous imbibition tests on samples collected from
oil-bearing zones, namely outcrop chalks, limestone, and dolostone (aged with different crude oils
(AN = 0.92 and BN = 0.16 mg KOH/g, AN = 0.42 and BN = 0.1 mg KOH/g, and AN = 0.07 and BN
= 1.77 mg KOH/g) for four weeks at reservoir temperature), with increasing concentration of SO2−

4 .
The tests were conducted under simulated reservoir conditions, by controlling key parameters, such as
formation water and crude oil composition, as well as temperature. Their results showed increased
oil recovery, from 4% to 20% of OOIP, in tertiary oil recovery mode, due to an improved water-wet
condition. Kazankapov et al. [36] performed spontaneous imbibition tests on carbonate reservoir cores
(aged with a crude oil (AN = 2.8 and BN = 0.74 mg KOH/g) for four weeks at 90 ◦C) acquired from
the Caspian sea using NaCl depleted seawater, containing four times the SO2−

4 concentration at 90 ◦C,
where they observed an improvement of 10% of OOIP in oil recovery compared to seawater. Lastly, Al
Harrasi et al. [134] observed an increase in oil recovery, by 16–21% of OOIP, by performing spontaneous
imbibition on carbonate reservoir core samples aged with a crude oil for 20–30 days, using synthetic
diluted seawater at 70 ◦C. Even though spontaneous imbibition shows direct evidence of oil recovery
and wettability alteration by LSW and indicates the efficiency of low salinity water as imbibing brines,
it was argued that spontaneous imbibition results cannot be used directly to evaluate the potential
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recovery of LSW on the field scale, especially for non-fractured reservoirs, as the recovery factor during
LSW is less than that of spontaneous imbibition test. For this reason, coreflooding tests are used to
quantify the effect of brine salinity and composition on incremental oil recovery during LSW.

3.3.2. Coreflooding

Coreflooding experiments are used to better understand the wettability mechanism of improved oil
recovery by performing LSW. Most previous coreflooding studies on carbonate cores [22,27,43,80,179],
were performed at low flooding rate condition (about 1 ft/day equal to 0.3 cm3/min), where up to 40%
of OOIP additional oil recovery was reported, in comparison to conventional formation waterflooding.
However, in this condition, capillary force is the dominant factor, with flow and oil production being
strongly influenced by capillary end effects, which results in marginal overestimation of residual oil
saturation and suppression of the water end point relative permeability [182]. Therefore, the reduction of
capillary end effects, due to wettability alteration toward a more water-wet state in the LSW process, could
have positive impacts on the improved oil recovery, which is not the case for real reservoir conditions, as
there is no capillary end effect at field scale. This has to be taken into consideration when interpreting
coreflooding results. For example, Gupta et al. [27] performed coreflooding experiments on limestone
and dolomite cores (aged with a crude oil (AN = 0.11 mg KOH/g) for six weeks at reservoir temperature)
with flooding rates of 1–2 ft/day (0.1 cm3/min), where they observed 7–9% improvement in oil recovery
in limestone cores by switching imbibing fluid from the formation water to seawater, 5–9% additional oil
recovery in dolomite and non-fractured limestone cores by imbibing the core with seawater with added
SO2−

4 ions, compared to the formation water, and 15% and 20% improvement in oil recovery by addition
of BO3−

3 and PO3−
4 to synthetic seawater, respectively. Moreover, Nasralla and co-workers [22] performed

quantitative and qualitative coreflood tests on reservoir limestone cores (aged with a crude oil for 28 days
at reservoir temperature (100 ◦C)) intentionally at low flooding rates (0.25 cm3/min or 0.05 cm3/min) in
order to examine capillary pressure. They observed up to 7% of OOIP improvement in oil recovery using
10-times diluted seawater and confirmed the higher potential of diluted seawater compared to seawater
and the formation water to improve oil recovery in the secondary and tertiary modes.

To overcome capillary end effects, Al-Harrasi et al. [134] examined carbonate cores (aged
with a crude oil for 20–30 days) at 70 ◦C with higher injection rates (0.4, 0.7 and 1.3 cm3/min)
during high salinity waterflooding, before injecting low salinity brine, where an improvement of oil
recovery from 3% to 5% of OOIP by using diluted formation water was observed. They reported
low salinity effects within first pore-volume of the injected brine for such a high salinity for the first
time. Additionally, Shehata et al. [127] used outcrop limestone cores (aged with a crude oil (AN =
0.18 and BN < 0.01 mg KOH/g) for 20 days at reservoir temperature (90 ◦C)) in their coreflooding
experiments, operated at secondary and tertiary modes at 90 ◦C, with injection rates of 0.25, 0.5, 1.0,
and 2.0 cm3/min to avoid capillary end effects. The experimental results showed that deionized water
and 50% diluted seawater improved oil recovery up to 3% of OOIP in the tertiary mode, compared
to seawater in the secondary mode. Laboratory coreflooding experiments were performed using
composite cores from a Saudi Arabian carbonate (limestone) reservoir (aged with a crude oil (AN =
0.25 mg KOH/g) for six weeks), and various diluted synthetic seawaters with injection rates of 1, 2
and 4 cm3/min, reflecting reservoir conditions, such as temperature, pressure, and initial formation
water [38,68]. The authors observed additional oil recovery, of up to 10% of OOIP, showing substantial
potential of LSW to improve oil recovery from carbonates. Moreover, reductions in the pressure
drop across the examined carbonate core and, consequently capillary forces by reducing the brine
salinity was observed, which was attributed to modification of oil–rock–brine interactions. Lastly,
limestone outcrop cores (aged with a crude oil (AN = 0.17 and BN = 0.11 mg KOH/g) for 40 days)
were flooded with a synthetic formation water, seawater and diluted seawater with flooding rate of
1–2 cm3/min [81]. The experimental results showed an additional 9.1% of OOIP improvement in oil
recovery by LSW (2 kppm, 49.1%), compared to seawater flooding (33 kppm, 40%) in the tertiary
mode. The coreflooding experiment was also performed using a non-aged limestone core to minimize
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the effect of wettability alteration, where improvement in oil recovery by LSW was still observed
(additional 3%), indicating that there might be another mechanism apart from wettability alteration
involved in LSW. It was concluded that both wettability alteration and fluid–fluid interactions could
be two potential mechanisms for improved oil recovery by LSW.

3.3.3. Reservoir Modelling

Reservoir modelling in carbonates includes consideration of the effect of LSW on wettability
alteration by simulating capillary pressure and relative permeability, as a function of ionic
concentration/composition or temperature. Such models have been developed using experimental
spontaneous imbibition or coreflooding experimental results. Reservoir modelling is a very valuable
tool, as it helps to verify and validate the experimental LSW results to predicts wettability process at
reservoir conditions (high temperature and pressure), where experimental work may not be possible.
Yu et al. [183] developed a numerical model to simulate dynamic wettability of oil-wet chalk cores,
taking into account molecular diffusion, adsorption of a wettability modifier agent (SO2−

4 ions),
gravity, and capillary pressure. The correlation between capillary pressure and relative permeability
and its influence on wettability alteration was calculated by interpolation. Their modelling results
indicated that the adsorption of SO2−

4 ions onto the rock surface induced wettability alteration, thus
modifying the dynamic capillary pressure curve to higher values from oil-wet to water-wet state.
Additionally, it was shown that the capillary pressure depends on both initial water saturation and the
SO2−

4 concentration, as it was altered from negative (at initial water saturation) to positive towards
to a more water-wet condition. The simulated capillary pressure and relative permeability results
were claimed to be consistent with their spontaneous imbibition experimental results, leading to the
conclusion that wettability alteration is dominated by diffusion, as shown by the initially limited
recovery rate and wettability alteration, which is a key element that must be taken into account in
simulation studies. Aladasani and colleagues [184] developed a model for LSW in carbonate reservoirs
to calculate the capillary pressure and relative permeability, as a function of phase saturations and
salt as a mass component in the water phase, based on the published coreflooding experiment results
by Yousef et al. [38] and validated their simulation results with the coreflooding experimental results.
Their simulation indicated that, in a neutral-wetting state, incremental oil recovery could be controlled
by low capillary pressure, and an increase in relative permeability is the principal mechanism for
LSW. Al-Shalabi et al. [185,186] simulated reservoir wettability to advocate that EDL expansion is
a primary mechanism for LSW in carbonates, based on recently published coreflood experiments
conducted by Yousef et al. [38]. Their simulation suggested that wettability modification has a
minor impact on water relative permeability, which is consistent with an EDL expansion mechanism.
Qiao et al. [187] modelled wettability alteration in carbonates by using a reaction network to capture
the competitive surface reactions between carboxylic groups, cations, and SO2−

4 ions. Their model was
developed, based on the published experimental results from spontaneous imbibition tests on Stevns
Klint chalk [65], and then used to predict oil recovery for various conditions, where increased recovery,
up to 30% of OOIP, was observed. Their simulation results indicated that increasing SO2−

4 anions
concentration can improve oil recovery up to 40% of OOIP, whereas increasing the concentration
Ca2+ cations reduced oil recovery by 5% of OOIP. Additionally, they predicted an optimum brine
concentration of 0.096 mol/kg for SO2−

4 ions, a moderate concentration of cations, and a total ionic
salinity of injected brine of 0.2 mol/kg for LSW of chalks.

3.4. Field Studies

There is only a limited amount of reports available in the open literature, concerning LSW
treatment in carbonates at field scale. Performing pilot waterflooding on the chalk Ekofisk field
located in the Norwegian sector of the North Sea, Thomas and co-workers [188,189] demonstrated the
potential of LSW in carbonates, where a significant increase in oil recovery rate was observed (30% over
a two-year waterflooding period). The Ekofisk field is a thick, heterogeneous, low permeability, and
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fractured chalk reservoir with a high temperature (130 ◦C) with a crude oil AN of about 0.1 mg KOH/g.
Fathi et al. [65] showed, via laboratory investigation, that oil recovery can be improved by 10% of
the OOIP by using NaCl depleted seawater. Additionally, because the reservoir is running at a high
temperature, SO2−

4 ions should not be added to the injected brine, due to potential precipitation of
anhydrite. Furthermore, Webb et al. [15] reported that seawater improved oil recovery from the Valhall
field in the North Sea considerably (40%) compared to SO2−

4 depleted formation water. The Valhall
field is an oil-wet fractured chalk field with a temperature of 90 ◦C with a crude oil AN of 0.35 mg
KOH/g. Therefore, due to the low reservoir temperature, considerable oil recovery improvement can
be achieved by removing NaCl and adding up to four times the inherent SO2−

4 ionic concentration
to the injected seawater, which indicated oil recovery improvement up to 25% of the OOIP at the
laboratory scale [65].

Additionally, significant oil recovery improvement was reported by injection of seawater from
the Persian Gulf, transported by pipelines to the desert, into a Saudi Arabian non-fractured limestone
reservoir [3]. Moreover, Yousef et al. [37] reported the first ever field trials of LSW in Saudi Arabian
carbonate reservoirs to examine the effect of ionic salinity (up to 5 kppm) on oil recovery for secondary
and tertiary recovery modes, where a single well chemical tracer was used to determine the residual oil
saturation after LSW. Their results showed great potential of LSW in tertiary and secondary oil recovery
modes, where reduction of residual oil, by seven units beyond conventional waterflooding, was observed.
Wettability alteration is confirmed as a primary mechanism for improved oil recovery and argued that
variation in oil recovery efficiency varies for carbonate reservoirs, due to a different reservoir temperature
and the chemistry of the initial formation water, oil properties and reservoir heterogeneity.

4. Proposed Mechanisms

Based on the literature, there are several mechanisms elaborated on improving oil recovery when
performing LSW, which are dependent on the type of crude oil, reservoir conditions, and the properties
of the formation brine [76]. Wettability alteration of rock surfaces towards a more desirable state for
oil to be recovered during LSW is widely accepted as a primary reason for improved oil recovery
efficiencies during LSW. Even though most of the published work [36,38,58,63,65,66,88,123] links
improved oil recovery to wettability alteration to a more water-wet condition by creating thicker and
more stable water film, only a handful of reports [135,184,190,191] attributed wettability alteration
to a mixed-wet condition. Almost all studies agree that the injection of low salinity water alters
the wettability of rock to improve oil recovery. However, there are inconsistencies regarding the
fundamental mechanisms of wettability alteration in carbonates, and the following section outlines
the principles of each mechanism. Therefore, all mechanisms mentioned in this section can lead to
wettability alteration. In other words, wettability alteration is the result of LSW, but not the cause of it.

4.1. Multicomponent Ionic Exchange

The mechanism of multicomponent ionic exchange (MIE) in chalk [20,59,61–63,121,192,193] and
reservoir limestone [20,46,59] was first proposed by Austad and co-workers. They suggested that the
presence of MIE between the injected brine and the rock surface results in a reduction of ionic bonding
between oil molecules and rock surface, which is a dominant mechanism of improved oil recovery
during LSW (Figure 9). The mechanism of MIE in carbonates is attributed to the exchange of anions,
including adsorption of potential determining anions (SO2−

4 ) and co-adsorption of divalent cations
(Ca2+ and Mg2+) onto the rock surface, resulting in desorption, and consequently release of negatively
charged fatty acid components of crude oil from the rock surface. According to this mechanism,
SO2−

4 ions act as a catalytic agent and adsorb onto the carbonate rock surface, decreasing the positive
surface charge density. This minimizes electrostatic repulsive forces, and results in co-adsorption
of Ca2+ and cations on the rock surface. The Ca2+ ions can then react with carboxylic acid groups
that are bonded to the rock surface, thus breaking the attractive interactions between the oil and
rock interface. Consequently, carboxylic acid components are released from the rock surface and the
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wettability of the rock surface is altered to a more water-wet condition. Additionally, it is suggested
that, at high temperature (above 90 ◦C), Mg2+ ions can substitute Ca2+ ions on the carbonate surface
and, therefore, displace surface bonded Ca2+ ions that are also bonded to carboxylic acid molecules,
causing them to be released in the form of calcium-carboxylate complexes, thereby further improving
oil recovery [65,129]. As a result, the presence of divalent cations (Ca2+ and Mg2+) in brine can affect
the ability of anions (SO2−

4 ) to adsorb on carbonate surfaces [29,30]. Additionally, it was explained that
the mechanism of MIE could also occur at high brine salinity given that the injected brine includes a
different relative concentration of active ions compared to the formation water [60]. The mechanism of
MIE for carbonate (limestone) cores containing anhydrite is suggested to be similar to chalk cores, the
only difference is that SO2−

4 ions are generated from the rock matrix, due to anhydrite dissolution [62].
The MIE mechanism is suggested to be valid for dolomite as well [62]. However, the MIE was not
observed by Ravari et al. [116] using outcrop limestone, where negligible increase in concentration
of Ca2+ ions and decrease in concentration of Mg2+ and SO2−

4 ions were observed. Even higher
temperature and increasing contact time between the rock surface and the injected brine did not
result in substitution of Ca2+ ions with Mg2+ ions. Moreover, Zahid and co-workers [69] observed
the MIE for outcrop chalk cores by LSW, but not for anhydrite free reservoir carbonate (limestone)
cores. However, they claimed that MIE did not result in any additional oil recovery from the chalk
cores. Therefore, the mechanism of MIE is dependent on the rock mineralogy and is not valid for all
carbonate rock types.

Figure 9. Schematic model for proposed wettability alteration mechanism by LSW when: (A) Ca2+ and
SO2−

4 ions act as PDIs toward carbonate surface at low and high temperature; and (B) Mg2+ and SO2−
4

ions act as PDIs toward carbonate surface at high temperature from [63]. Reproduced with permission
from Zhang et al., Colloids Surf. A; published by Elsevier, 2007.

4.2. Rock Dissolution

Dissolution of calcite was proposed as a mechanism for wettability alteration of chalks,
by Hiorth et al. [85,169,170], using a geochemical thermodynamic model, based on experimental
spontaneous imbibition tests conducted by Austad and co-workers [52,63,64,125,194]. Hiorth et al.
suggested that changes in surface potential cannot describe the improvement in oil recovery with
changes in pore water chemistry or temperature. Instead, they rationalized that lowering the
concentration of Ca2+ ions could result in dissolution of calcium carbonates to restore the equilibrium
with the brine. Such chemical dissolution of calcite will release the adsorbed polar components of crude
oil from the rock surface, consequently improving water-wetness. Additionally, anhydrite and dolomite
dissolutions are suggested to play a role in LSW improved oil recovery [62,195]. Although some
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researchers [27,30,31,38,43,66,67,69,80] have identified that rock dissolution may be one of the possible
mechanisms for LSW in carbonates, Austad et al. [126] strongly disagreed with the mechanism of
calcite dissolution proposed by Hiroth et al. [169], based on published experimental results, where they
questioned the applicability of the geochemical model to calculate the chemical equilibrium between
calcite and seawater during few days of spontaneous imbibition at high temperature (70–130 ◦C). It was
argued that under these conditions a large portion of minerals will be supersaturated, resulting in the
precipitation of minerals in the solution; therefore, a chemical equilibrium at rock–brine interfaces
cannot be calculated precisely to define mineral dissolution by their geochemical model. Furthermore,
it was argued that mineral dissolution cannot be a mechanism for improved oil recovery, based on
spontaneous imbibition and corefooding tests where incremental oil recovery was observed for samples
from the same geological formation without dissolution of salt mineral [88,133]. Mahani et al. [26,164]
demonstrated that improved oil recovery happens in the absence of mineral dissolution, arguing that
surface charge modification is probable to be the primary mechanism for LSW, which is good news for
field application, as calcite dissolution will not contribute at a reservoir scale. Therefore, even though
rock dissolution is suggested by some authors, based on the thermodynamic geochemical modelling,
currently there is no experimental result that validates this mechanism.

4.3. Fines Migration

A mechanism of fines migration and stripping of oil bearing particles from rock surfaces in
sandstones was proposed by Bernard et al. [196], and Tang and Morrow [12]. Both teams suggested
that fines migration could help with improving the water-wetness condition, as released movable
particles can potentially block some pore throats, in turn diverting the fluid flow and increasing the
microscopic sweep efficiency, while reducing permeability. Therefore, the fines migration can lead to
improvement in rock water-wetness condition. Additionally, an increase in pressure drop is experienced
during LSW processes in carbonates, as reported in the literature [63,68–70]. However, Lager et al. [54]
suggested that fines migration is not a mechanism of low salinity oil recovery improvement, but a
phenomenon of MIE, based on coreflooding experiments under reservoir conditions, where improved
oil recovery, without fines migration or permeability reduction, was observed. RezaeiDoust et al. [60]
supported the argument and suggested that diversion of the original flow path would be a more
important result than wettability alteration by fines migration. The mechanism of fines migration in
LSW was initially proposed for sandstone reservoirs; however, later, this mechanism also has been
suggested for carbonates by some researchers [69,70,80], who performed experimental coreflooding
tests. Additionally, it is suggested that LSW can result in anhydrite and dolomite dissolution, and
consequently fines migration [119,154,195]. Therefore, to acknowledge fines migration as a mechanism
for carbonates, petrophysical analysis of rock samples before and after performing LSW is required [80].

4.4. Reduction of Interfacial Tension and Role of pH

Increased pH and reduced interfacial tension (IFT) can result in reduction of the residual oil
saturation, and are a possible mechanism during LSW [16]. It is believed that reduction of IFT
results in an increase in capillary number, and leads to lower residual oil saturation and improved
oil recovery. The residual oil saturation is determined by the ratio of viscous force to capillary
force (capillary number) at the end of the waterflooding process. In LSW treatment, reduced
salinity and ionic composition have insignificant effect on viscosity; therefore, changes in capillary
force will have the dominant impact on the residual oil saturation. Capillary force is a primary
mechanism, causing the injected brine to be imbibed into the matrix micropores where oil is
bound, and it becomes stronger as the wettability of the rock is altered toward a more water-wet
condition. To reduce residual oil saturation, a substantial reduction in capillary force, which is
determined by fluid–fluid and fluid–rock interactions, is required. However, whether performing
LSW affects IFT (fluid–fluid interactions), contact angle (fluid–rock interactions), or both of them
is not clearly established in the literature. Meng and co-workers [130] concluded that wettability
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alteration and reduction of IFT could be the two dominant mechanisms for LSW in carbonates.
However, Yousef et al. [38,68] claimed that brine salinity has a negligible impact on the IFT of crude
oil and seawater compared to contact angle measurements. Therefore, it is probable that LSW has a
more significant impact on rock–brine interactions (contact angle) than oil–brine interactions (IFT).
Furthermore, some experimental studies showed no correlation between LSW and an increase in
pH [16,72]. Therefore, even though the mechanism of reduction of IFT in carbonates is suggested
by some authors [130,173,178], others [18,25,38,68,131,134] argued that variation in pH value and
reduction of IFT are not the primary causes of LSW oil recovery improvement.

4.5. Fluid–Fluid Interactions and Formation of Microemulsions

Interactions at oil–brine interfaces and formation of water micro-dispersions was proposed as a
potential mechanism for LSW oil recovery improvement by Sohrabi and co-workers [197–199] using
micromodels at reservoir conditions. It was suggested that when low salinity brine as opposed to
high salinity formation water comes into contact with crude oil, water micro-dispersions are formed
inside the oil phase, which results in oil recovery improvement due to depletion of natural surface
active compound from the oil–brine interface, as well as swelling of high salinity formation water
droplets. It was explained that depletion of surface active materials from oil–brine interface, results in
changes in the balance between binding and repulsive forces at rock–brine and oil–brine interfaces and
consequently alters wettability. In addition, formation of water micro-dispersions in case of low salinity
brine and their coalescence at the high salinity formation water, leads to swelling of the formation
water, redistribution of fluids, and consequently release of trapped crude oil. It should be noted that
injection of low salinity brine only improved oil recovery when a mixed-wet system and a high salinity
formation water was used. Additionally, Alvardo et al. [176,200] suggested that improved oil recovery
during LSW is due to fluid–fluid interactions and an increase in oil–brine interfacial viscoelasticity,
which suppress the trapped oil by snap-off. It was explained that by reducing concentration of the
injected brine, regardless of type of ions present in the brine, viscoelasticity of the film at the oil–brine
interface is increased and the effect of interfacial film breakage (snap-off) is decreased. Therefore,
the oil phase becomes more continuous and larger oil droplets block the pore throat and improve
flow of the low salinity brine in non-swept oil bearing pore throats, thus decrease the residual oil
saturation and increase oil recovery. Similarly, increase in oil–brine interfacial viscoelasticity at low salt
concentration, resulting in reduction of pressure fluctuations and decrease of the oil phase snap-off
and, consequently enhanced oil recovery was proposed as a mechanism for LSW [175]. Furthermore,
osmosis was proposed as a mechanism for LSW, where the oil phase inside a porous medium acts as a
semipermeable membrane and only passes brine with low ionic strength due to sudden changes in
osmosis gradient [201]. It was suggested that osmosis expansion of the formation water, which results
in relocation of oil phase inside a porous medium could be a potential mechanism of LSW. Lastly, a
mechanism of formation of water-in-oil microdispersions (with diameter of 50 µm) due to oil–brine
interactions, which results in increased sweep efficiency was suggested for improved oil recovery by
LSW [81]. It was argued that the presence of divalent cations (e.g., Ca2+) in the injected brine results in
stability of water-in-oil microdispersions in order to maintain the continuous oil phase and block the
pore throats to improve sweep efficiency.

4.6. Expansion of Electric Double Layer

A mechanism of electric double layer (EDL) expansion was first suggested by Ligthelm et al. [20],
who explained that brine with a high salinity, containing a high level of multivalent cations, can interact
with negatively charged oil surfaces, thereby screening any repulsive forces and compressing the EDL.
This results in a more oil-wet state and suppresses oil recovery. They suggested that the wettability
alteration towards increasing water-wetness is responsible for the low salinity oil recovery, due to the
increased thickness of the EDL surrounding the oil droplets and rock particles. Expansion of the EDL
increases the electrostatic repulsive forces between oil–brine and rock–brine interfaces and, therefore,
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creates a thicker and more stable water film on the rock surface, thereby altering the wettability
by increasing the water-wet condition. This was further confirmed by Fathi and co-workers who
explained that, as the concentration of NaCl in seawater is much higher than for PDIs (Ca2+, Mg2+,
and SO2−

4 ), the EDL surrounding a charged rock surface contains a large amount of ions that are
inactive in the wettability alteration process and do not form part of the inner Stern layer, which
prevents access of active ions to the rock surface [79]. Therefore, NaCl depleted seawater results in
EDL expansion and wettability alteration [179]. Additionally, increasing the pH above the carbonate
point of zero charge density, changes the rock–brine interface from positive to negative, resulting in
repulsive electrostatic forces between the rock–brine and the negatively charged oil–brine interfaces.
This results in an increase in the disjoining pressure and expansion of the EDL [202]. Similarly, it was
explained that when rock–brine and oil–brine interfaces have the same sign of electrostatic charge,
the electrostatic repulsive force will increase, resulting in an increase in the disjoining pressure and
creating a thicker and more water-wet film [99,145]. The mechanism of EDL expansion has been
suggested, by some researchers [25,42,65,87,164,179,184,186,203], for wettability alteration and LSW
oil recovery improvement in carbonates (Figure 10).

Figure 10. Schematic view of suggested mechanism for wettability alteration by expansion of EDL:
(a) original wetting condition; and (b) low salinity brine condition from [42]. Reproduced with
permission from Sohal et al., Energy Fuels; published by American Chemical Society, 2016.

5. Conclusions

This review collates evidence to show that LSW has a great potential to improve oil recovery in
carbonates. However, LSW is a very complicated technique that is dependent on different variables,
such as the specific reservoir conditions and oil–rock–brine interactions. Therefore, it is difficult to
apply a brine formulation that suits all systems and conditions and, in order to design an optimized
injection brine for a specific type of reservoir, it is essential to gain a mechanistic understanding
of the wettability alteration at oil–rock–brine interfaces under controlled laboratory conditions by
investigating the effect of individual ions and mixture of ions, as well as different oil components on
surface charge modification and wettability alteration of different carbonate mineral surfaces, as the
suggested primary mechanisms differ depending on the type of carbonate minerals.

A review of the available literature shows that mechanisms involved at both rock–brine and
oil–brine interfaces, such as wettability alteration and fluid–fluid interactions, can play a role in
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enhanced oil recovery during LSW. Surface charge modification of carbonate mineral surfaces, due to
MIE between PDIs, present in the injected brine, and carbonate rock surfaces, as well as expansion of
EDL, due to modification of electrostatic forces between rock surface and carboxylic acid materials in
line with the DLVO theory, results in an increase in the disjoining pressure and wettability alteration
of rock surfaces by creating thicker and more stable water film on the rock surface, and, therefore,
desorption and release of crude oil components from the rock surface and, consequently, improved
oil recovery. Alternatively, dissolution of carbonate minerals resulting in increased concentration
of Ca2+ ions in the brine leads to alteration of the brine pH and therefore expansion of EDL and
wettability alteration to improve oil recovery. Additionally, alteration of the brine composition could
modify oil–brine interactions and improve oil recovery as a result of fluid–fluid interactions and
formation of microemulsions, by enhancing the sweep efficiency. Therefore, a single mechanism is
incapable of explaining all oil production outcomes observed for LSW, especially in consideration
of the large variation in key parameters between reservoirs, as there are many different variables
involved in LSW in carbonates. There are also issues in the underpinning empirical data that have
been obtained for such systems, as the nature of oil–rock–brine interactions is complex and there are
inconsistencies in the experimental studies reported in the literature. Consequently, there might either
be a number of mechanisms, or even an undiscovered mechanism, playing a role in LSW improved oil
recovery processes and this work suggests greater rigour is required in experimental studies, which
may also benefit from the use of advanced techniques, including atomic force microscopy, together
with symbiotic modelling studies at realistic reservoir conditions.
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