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Abstract: Wettability is a key parameter that determines the distribution and behavior of fluids in the
porous media of oil reservoirs. Understanding and controlling wettability significantly impacts the
effectiveness of various enhanced oil recovery (EOR) methods and CO2 sequestration. This review
article provides a comprehensive analysis of various methods for measuring and altering wettability,
classifying them by mechanisms and discussing their applications and limitations. The main methods
for measuring wettability include spontaneous imbibition methods such as Amott–Harvey tests and
USBM, contact angle measurement methods, and methods based on the characteristics of imbibed
fluids such as infrared spectroscopy (IR) and nuclear magnetic resonance (NMR). These methods
offer varying degrees of accuracy and applicability depending on the properties of rocks and fluids.
Altering the wettability of rocks is crucial for enhancing oil recovery efficiency. The article discusses
methods such as low-salinity water flooding (LSWF), the use of surfactants (SAAs), and carbonated
water injection (CWI). LSWF has shown effectiveness in increasing water wettability and improving
oil displacement. Surfactants alter interfacial tension and wettability, aiding in better oil displacement.
CWI also contributes to altering the wettability of the rock surface to a more water-wet state. An
important aspect is also the alteration of wettability through the dissolution and precipitation of
minerals in rocks. The process of dissolution and precipitation affects pore structure, capillary
pressure, and relative permeabilities, which in turn alters wettability and oil displacement efficiency.

Keywords: wettability; wettability measurement; wettability alteration; mineral dissolution; relative
permeability; precipitation; porous media

1. Introduction

The wettability of rock formations is a fundamental parameter that determines the
interaction between fluids and the solid phase surface, hydrogeological processes, and
water resource management. This property has a significant impact on single- or multiphase
fluid flow in porous media during such processes as the production of hydrocarbons
from oil and gas reservoirs, carbon capture and storage into a geological aquifer, and
the monitoring of the quality of underground water. In the production of hydrocarbons,
wettability dictates the efficiency of displacement of hydrocarbons by water or other agents,
directly influencing the hydrocarbon recovery factor. Understanding and controlling
wettability is crucial for optimizing oil and gas production, as well as for developing new
enhanced oil recovery (EOR) techniques [1,2].

The wettability of rock surfaces depends on a multitude of factors, including the
mineral composition of the rock, the types of fluids present, and the pore structures. These
factors can vary significantly depending on geological conditions and reservoir characteris-
tics, making the task of controlling wettability complex and multifaceted [3,4]. Additionally,
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changes in wettability can occur both naturally and as a result of the application of various
technological methods.

The methods for evaluating rock wettability are diverse and offer unique advantages.
The Amott–Harvey and USBM tests measure the rock’s ability to absorb fluids and are
widely used in practice [5–13]. Contact angle measurement provides information on surface
wettability. Advanced techniques, such as micro-CT and SEM, provide detailed data at the
microscopic level [14–23]. Methods like IR spectroscopy and NMR allow for the analysis of
chemical composition and wettability changes [24–35]. Analytical approaches, including
the Lakh method and its modifications, assess wettability based on relative permeability
curves [36–38].

Altering the wettability of rocks is a key process in an enhanced oil recovery. Several
methods for changing wettability are actively being studied and utilized in the oil industry.
One of the most promising methods is the low-salinity water flooding (LSWF) technique.
Reducing the salinity of injected water can increase the water wettability of the rock and
improve oil displacement. Studies have shown that LSWF promotes the desorption of ions
from the rock surface and reduces interfacial tension, ultimately leading to increased oil
recovery [39–47].

Another important method involves the use of surfactants, which can significantly alter
interfacial tension and wettability [48–50]. Surfactants are capable of reducing the surface
tension between oil and water, thereby facilitating improved oil displacement [51–56].
Cationic and anionic surfactants interact with rock surfaces in various ways, facilitating
control over wettability and an increase in the oil recovery factor [26,57–62].

Carbonated water injection (CWI) is yet another method that has gained popularity in
recent years. Introducing CO2 into the injected water can alter the wettability of the rock,
making it more water-wet and thereby enhancing oil recovery [63,64]. An additional ad-
vantage of this method is the reduction in greenhouse gas emissions, as CO2 is sequestered
in underground reservoirs [65–70].

Furthermore, chemical reactions occurring between the rock surface and reactants can
significantly influence the wettability of the rock surface. The dissolution and blockage of
minerals in rocks alter the pore structure, which affects phase distribution and, consequently,
the relative permeability and oil recovery factor [71,72]. Studies have shown that the
introduction of certain chemical reagents can promote the stability of the pore structure
and precipitation [71,72].

Thus, understanding the mechanisms and factors influencing rock wettability is crucial
for developing effective strategies for managing multiphase fluid flows in porous media.
Unlike previous studies that have focused on individual methods in isolation, this review
integrates the latest findings on the interplay between wettability, pore structure, and
fluid dynamics. The aim of this review paper is to provide a comprehensive overview
of various methods for measuring and altering rock wettability. Furthermore, this paper
introduces a method for the evaluation of wettability alteration, considering factors such as
mineral dissolution and pore precipitation, which have been relatively underexplored in
the literature. To calculate the wettability index (WI) [36], relative phase permeability data
in [71,72] were used according to two mechanisms, namely dissolution and precipitation,
and the effects of sample properties and pore structure on wettability were studied.

2. Wettability Measurement Methods

The choice of a wettability measurement method depends on the properties of the
fluid and surface, the accuracy required, and the equipment available. In this paper, we
have roughly divided wettability measurement methods into four categories based on
their underlying mechanisms: methods that take into account the effect of the spontaneous
absorption of liquid by the rock, methods that measure the contact angle between the rock
surface and the liquid droplet, methods that take into account the characteristics of liquids
absorbed by the rock, and analytical methods for determining wettability with already
available relative phase permeability curve data.
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It is important to note that methods based on contact angle measurements reflect the
local wettability of the sample, which depends on surface roughness and chemistry. Other
methods indicate the apparent wettability.

2.1. Methods Based on Spontaneous Absorption of Liquid by Rock and Capillary Pressure
2.1.1. Amott–Harvey Test

The Amott–Harvey test is a reliable method for determining the wettability of reservoir
rocks at the core scale and consists of four steps aimed at assessing wettability. Two of these
stages involve spontaneous imbibition processes (Figure 1: steps 1 and 3), while the other
two involve forced displacement processes (Figure 1: steps 2 and 4) [6,7]. First, a sample
pre-saturated with oil is immersed in the Amott apparatus for an extended period, and
the volume of oil spontaneously displaced by water is measured (Figure 1: steps 1). Next,
water is forcibly injected into the core using a centrifuge, and the total volume of displaced
oil is recorded (Figure 1: steps 2). In steps 3 and 4, the procedure is repeated, but this time,
the fluids are reversed: oil is first spontaneously imbibed into the sample, followed by its
forced injection to displace water.
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The injection pressure plays a critical role in ensuring the correct execution of the test. It
must be high enough to ensure efficient fluid displacement from the rock but not so high as
to damage the sample or create improper flow conditions [73,74]. During forced imbibition,
it is important to control the injection pressure to achieve a fluid flow rate that accurately
reflects reservoir conditions. This allows for more effective modeling of real conditions and
the acquisition of reliable data on fluid displacement and wettability indices.

The test can be described by the conduction of two Amott measurements in which the
Amott water (Iw) and oil (Io) indices are determined as follows [6]:

Iw =
Voi
Vot

, Io =
Vwi
Vwt

(1)

where (Voi) is the volume of oil displaced by spontaneous imbibition of water, and (Vot)
denotes the total volume of oil displaced by spontaneous and forced imbibition of water;
(Vwi) and (Vwt) represent the volume of water displaced by the spontaneous imbibition of
oil and the total volume of water displaced by the spontaneous and forced imbibition of
oil, respectively (Figure 1). The Amott–Harvey wettability index (IAH) is defined as the
difference between (Iw) and (Io) [6]:

IAH = Iw − Io (2)
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The values of the Amott–Harvey wettability index IAH , calculated by Equation (1),
are depicted in Table 1. The Amott–Harvey wettability index (IAH) ranges from −1 to 1
describing strongly oil-wet (IAH = −1), strongly water-wet (IAH = 1) and mixed-wet (IAH
from −0.3 to 0.3) rocks.

Table 1. Rock wettability and the Amott–Harvey index.

Type Amott–Harvey Wettability Index

water-wet 0.3–1

mixed-wet −0.3–0.3

oil-wet −1~−0.3

The main limitation of the Amott–Harvey test is its insensitivity to the wettability
of samples with values close to neutral [75]. Additionally, this test is time-consuming,
as there is no clear criterion for determining the endpoint of the spontaneous imbibition
stage for either water or oil. In some experiments, this stage may take around 20 h, but in
several studies, the imbibition time extended up to 10 days [8,76,77]. Insufficient exposure
of samples during the spontaneous imbibition stage can lead to the underestimation of
their wettability [75,78].

2.1.2. United States Bureau of Mines (USBM) Method

The USBM wettability evaluation method follows the same steps as the Amott–Harvey
test. The USBM index is defined as the logarithmic ratio between the area under the
capillary pressure curve of the oil displacement curve AO and the area under the water
displacement curve AW (see Figure 2) using Equation (3) [9] as follows:

IUSBM = log
(

AO
AW

)
(3)
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The USBM wettability index values are most often in the range from −2 to 2 [10]. The
results of the assessment of rock wettability according to the USBM wettability index value
are presented in Table 2. The USBM method as well as the Amott–Harvey method allow
for the determination of core wettability, and they are reliable, but the former allows for
the determination of wettability values close to neutral. The limitation of this method is its
cost, complexity, and relative slowness, as it takes 1–2 days.
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Table 2. Rock wettability and the USBM index.

Type USBM Wettability Index

water-wet >0

mixed-wet ~0

oil-wet <0

The USBM method differs from the Amott–Harvey test in that it does not involve the
spontaneous imbibition of the sample. This accelerates the process of obtaining wettability
results and makes the method more sensitive to samples with neutral wettability [75]. It
cannot be definitively stated that one method is superior to the other, as each has its own
limitations. Therefore, in practice, both methods are often used simultaneously to provide
a more accurate assessment of sample wettability [76,77].

2.1.3. Flotation Test

The flotation test is based on the preference of a solid material for one liquid over
another [79]. When rock particles are water-wet, they tend to adhere more strongly to
water than to oil, causing them to sink in the oil phase, as they prefer contact with water.
Conversely, if the particles are oil-wet, they will exhibit a stronger affinity for oil. This
results in the particles floating on the surface of the water phase, as they preferentially
adhere to the oil. To determine wettability using the flotation test, the rock sample is
crushed to a known particle size. The crushed particles are then placed in a two-phase
liquid system and gently agitated. After some time, the volume of particles floating in each
liquid is measured, as shown in Figure 3 [11,12].
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This method is convenient and quick, but it has limitations. Crushing the sample
destroys its porous structure, and the test works best in systems with high wettability. The
results are also influenced by the size, density, and composition of the particles, which can
distort the assessment of wettability [13,75].

2.2. Methods Based on Contact Angle Measurement
2.2.1. Visual Contact Angle Measurement Method

Contact angle measurement techniques are widely used to determine the wettability
of rock. A drop of liquid is applied to a cleaned and dried rock sample using a needle.
The droplet lying on the surface of the sample is captured with a camera, and the software
measures the angle between the droplet and the rock surface, as shown in Figure 2 [14]. The
contact angle value serves as a criterion for assessing the wettability, as shown in Table 3. A
schematic illustration is provided in Figure 4 [15].
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Table 3. Dependence of wettability estimation on contact angle value [17].

Type Contact Angle (deg.)

water-wet 0–80

intermediate-wet 80–100

oil-wet 100–160

strongly oil-wet 160–180
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Figure 4. Schematic of surface wetting angles Θ. γSO, γOW and γSW are surface energies between
surface and oil, oil and water, and surface and water, respectively. Here (a) the surface is water-wet,
(b) intermediate-wet, (c) strongly oil-wet [15].

The visual contact angle measurement method quickly and conveniently determines
wettability at the surface but does not report information about wettability within the
sample [16].

2.2.2. Contact Angle Measurement Using micro-CT

With the help of microcomputed tomography (micro-CT), it is possible to obtain a
three-dimensional visualization of rocks, which makes it possible to extract information
about oil and water distribution in pore structures, as well as pore distribution, interfacial
tension, and absolute permeability [18]. In order to correct the mapping of pore space,
filtration and segmentation operations are carried out in which water and oil saturation are
used. Additionally, wettability is determined through contact angle, as shown in Figure 5.
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Figure 5. Measured wetting angles on the processed image from micro-CT. Angles were measured
through the non-wetting phase (scCO2) and are shown by the pink arc. Angles indicated are additions
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When scanning a sample with micro-CT, the integrity of the rock is not destroyed,
which is an advantage. Limitations of this method are its accuracy, which depends on
the resolution of micro-CT; errors during data segmentation; heterogeneity of wettability
measured at different points of the sample; and its high cost [18,19].
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2.2.3. Contact Angle Measurement Using SEM

The idea of bombarding the surface of samples with beams of high-energy electrons
appeared in the 1930s. At this stage of technology development, scanning electron mi-
croscopy (SEM) is used to analyze the crystal structure, chemical composition, and surface
topography of samples under various conditions [21]. The use of SEM in combination with
X-ray mapping for different rock types helps to understand the wetting heterogeneity at the
micro level [22,23]. Figure 4 shows the surface images of carbonate rock before (Figure 6a)
and after (Figure 6b) soaking it under palmatine acid. Correspondingly, the measured
contact angles before and after soaking are shown in Figure 6c and 6d, respectively. With
SEM, it is possible to obtain high-quality images of the sample surface, which requires a
corresponding computational power. This implies the costliness of this method and the
lack of information about the wettability within the rock matrix.
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Figure 6. SEM images of the calcite surface before (a) and after (b) soaking in palmitic acid. Examples
of wetting angle measurements on the calcite surface before (c) and after soaking (d) in palmitic
acid [23].

2.3. Methods That Consider the Characteristics of Liquid Absorption
2.3.1. Infrared Spectroscopy (IR)

The wettability of samples depends on numerous factors, including the chemical com-
position of their surface [80,81]. This aspect can be investigated using infrared spectroscopy
(IR spectroscopy), which is based on the absorption of infrared radiation by molecules of
the substance. Absorption occurs due to the vibrational movements of molecules, leading
to a reduction in the intensity of transmitted light. Fourier transform infrared spectroscopy
(FT-IR) allows for the characterization of this attenuation through wavenumbers, as shown
in Figure 7 [24]. Different chemical bonds in the sample produce peak intensities at
various wavenumbers.
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Figure 7. Infrared spectra of the dense sandstone Chang 7 [24].

The advantage of this method is its ability to analyze chemical bonds on a sub-pore
scale, as well as the relatively quick execution of the experiment. It should be noted,
however, that IR spectroscopy is expensive to perform. Although primarily used for
qualitative analysis and not for the direct quantitative measurement of chemical bond
concentrations, IR spectroscopy provides valuable information on chemical changes in the
sample after treatment with various substances [25–29]. For example, Figure 8 presents
the IR spectra of calcite and dolomite before and after exposure to solutions with different
concentrations of seawater. Despite the identical number of peaks, the differences in
absorption intensity between fresh and treated samples indicate changes in their chemical
and wettability properties [25].
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2.3.2. Nuclear Magnetic Resonance (NMR)

The method for determining rock wettability using nuclear magnetic resonance is
based on the fact that water has different relaxation times in the volume and surface of
the sample. Water exists in the rock as separately as in the oil. At least three parameters
are determined by NMR: T1, T2, and diffusion. Wettability affects all these parameters,
which means there is no universal method to extract wettability data using NMR [30]. For
example, the authors of [31] proposed a model to determine wettability based on T2. This
model works well in sandstones under intermediate and water-wettable conditions. In a
subsequent study, the NMR wettability of quartz-rich sandstone was investigated for CO2
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displacement by water in this rock, and it was found that CO2 significantly reduces the
hydrophilicity of sandstone [32].

The NMR test can be performed under different temperature and pressure conditions;
the method itself is fast, but it is difficult and expensive to perform.

2.3.3. Thermogravimetric Analysis (TGA)

The thermogravimetric method is based on the change in the sample’s mass during
heating. Under the influence of temperature, adsorbates will evaporate from the surface of
the sample [33]. The result of TGA is a graph of the sample’s mass loss as a function of time
or temperature, as shown in Figure 9. This figure presents the TGA results of carbonate
rock aged in oil and treated with various brines. The mass loss in the sample can be
divided into three stages: physically adsorbed substances (30–120 ◦C), chemically adsorbed
materials (210–400 ◦C), and rock decomposition (T > 570 ◦C). The smaller the change in
the sample’s mass, the more effectively the brine altered the rock’s wettability [34,35].
TGA is considered an expensive and destructive method, thus limiting the possibility of
experiment repeatability.
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2.4. Analytical Methods

Given the available relative phase permeability curves for the two-phase fluid system,
it is possible to determine the wettability of the rock without additional experiments [36,37].
Craig’s triple rules [38] were used to study wettability based on the relative phase perme-
ability curves.

2.4.1. Lak Method

Mirzaei-Paiaman et al. modified Craig’s second rule, excluded the third, and com-
bined the first and second rules to create a wettability index (IL) for determining average
wettability. The (IL) value ranges from −1 to +1, with positive values indicating water-wet
rocks and negative values indicating oil-wet rocks. The (IL) values close to zero indicate
rocks with neutral wettability. The wettability index (IL) is defined using Equation (4) [36].

IL = α

(
0.3 − krw@Sor

0.3

)
+ β

(
0.5 − kr@Sor

0.5

)
+

CS − RCS
1 − Sor − Swir

, (4)
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where (krw@Sor) is the maximum relative permeability to water measured at residual oil
saturation, (CS) is the water saturation at the crossover point of the relative permeability
curves, (Swir) is the irreducible water saturation, and (Sor) is the residual oil saturation.
Constants (α) and (β) are determined with Equation (5).

krw@Sor < 0.3, then α = 0.5, β = 0
I f {0.3 ≤ krw@Sor ≤ 0.5, then α = β = 0

krw@Sor > 0.5, then α = 0, β = 0.5
(5)

RCS is the half of the connected pore space where the wettability alteration occurs
and is determined using Equation (6) as follows:

RCS =
1
2
+

Swir − Sor

2
. (6)

2.4.2. Modified Lak Method

The wettability index utilizes certain characteristics of the relative permeability curves.
Mirzaei-Paiaman et al. proposed a modified Lak method to determine wettability using
the area under the relative permeability curves, as described in Equation (7) [37].

IML =
Ao − Aw

Ao + Aw
, (7)

where Ao is the area under the oil relative permeability curve, and (Aw) is the area under
the water relative permeability curve. The values of the modified Lak method range from
−1 to +1. An index value (IML > 0) indicates a water-wet rock, while (IML < 0) suggests
an oil-wet rock. An (IML) value close to 0 indicates a neutral wettability with respect to both
water and oil. Figure 10a provides a schematic demonstration of the modified Lak method.
For example, Figure 10b shows the data obtained from real samples for the calculation of
the (IML) index. For samples 3 and 4 from the first set, the wettability calculated using the
modified Lak method was (IML = −0.41) and (IML = 0), respectively [37].
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Figure 10. (a) A schematic representation of the areas under the relative permeability curves for water
and oil, as well as the determination of the modified wettability index using the Lak method; (b) the
imbibition relative permeability data of the tested samples 3 and 4 of the first dataset [37].

Mirzaei-Paiaman et al. tested the modified Lak method on 20 carbonate samples,
divided into two groups, and compared it with other methods such as Amott–Harvey,
USBM, and Lak. Figure 11 shows the correlations between the indices. As observed, the
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modified Lak method exhibits a good correlation with the Amott–Harvey index (R2 = 0.65)
and the Lak method (R2 = 0.85), while it shows a moderately good correlation with the
USBM index (R2 = 0.45). The Lak method also demonstrates a good correlation with the
USBM index (R2 = 0.59) and the Amott–Harvey index (R2 = 0.80) [37].
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As demonstrated by the examples, the advantage of analytical methods is their ex-
ceptional convenience in determining the average wettability of a rock when the relative
permeability curves are known [37].

The limitations of these methods include the quality of the data obtained under varying
experimental conditions for determining the relative permeabilities of rock samples. The
modified Lak method is better suited for stationary experimental conditions and normal
breakthrough scenarios, while the Lak method is applicable for unsteady-state experiments
and late breakthrough conditions. Additionally, wettability determination can be influenced
by pore geometry, interfacial tension, and fluid viscosities. Therefore, these methods are
best applied under similar fluid viscosities as those tested in these studies [36,37].

3. Wettability Alteration
3.1. Injection of Low-Salinity Water

The study of rock wettability alteration, particularly in the context of hydrocarbon
reservoirs, represents a key aspect in the field of enhanced oil recovery (EOR). For instance,
the analysis of the wettability of carbonate rocks is of particular importance, given their
strong oil-wet characteristics. These changes can significantly impact the efficiency of oil
extraction processes, such as water flooding and injections of saline solutions or CO2.

One of the intriguing aspects in this field is the effect of low-salinity water flooding
(LSWF), which has become a focus of active research. Some experimental studies have
demonstrated that changes in the composition and salinity of water can positively influence
oil recovery from carbonate rocks. However, the underlying mechanisms of this effect
remain unclear [39,40].

Mahani et al. conducted experiments to study the behavior of oil droplets on the
surfaces of limestone and dolomite in various salt solutions [41]. Their results indicate
that in formation water (FW), the shape of oil droplets stabilizes over time, reaching an
equilibrium state where the contact angle remains constant. When switching to seawater
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(SW), after 40 h, the contact angles for the oil droplets on both limestone and dolomite
decreased by approximately 5–17 degrees. This is illustrated in Figure 12.
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Figure 12. The contact angle of oil droplets on limestone at high salinities of FW and SW. L1 and L2

represent the diameters of the droplets, which decrease as the contact angle increases [39].

Tang and Morrow [41] conducted a study revealing that a decrease in water salinity
leads to increased permeability in sandstone formations and improved oil recovery. In
their work, Nasralla et al. [42] noted an increase in oil recovery when using low-salinity
water (LSW) for injection. They experimented by varying the salinity of water from
0 to 17,400 mg/L in oil-saturated sandstones, using mica sheets. Changes in the mica’s wet-
tability angle suggest a possible influence of low-salinity water on its wettability. Figure 13
shows images of the contact angles of crude oil on mica in various brines at a pressure of
1000 psi and a temperature of 212 ◦F.
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Figure 13. Images of the contact angles of crude oil on mica in various brines at a pressure of 1000 psi
and a temperature of 212 ◦F. These images are magnified, with actual dimensions of 4.5 ± 0.5 mm by
4.5 ± 0.5 mm [42].

Recent studies on the process of spontaneous water injection with varying salinities
have shown that both the imbibition rate and ultimate oil recovery are higher when using
LSW [43,44]. According to the authors, changes in salinity may play a key role in altering
the wettability of sandstone formations under the influence of LSW, particularly when clay
components dictate oil wettability.
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The mechanisms of wettability alteration are crucial for understanding the effec-
tiveness of LSWF in carbonate and sandstone reservoirs. Despite the growing interest
in this topic, significant disagreements remain regarding the underlying mechanisms.
Alomair et al. suggest that wettability changes may be a dominant mechanism, yet their
quantitative impact on increased oil recovery remains unclear [40].

To quantitatively assess the impact of low-salinity waterflooding on rock wettability
and enhanced oil recovery, a series of tests were conducted using a petroleum product on
clay-free Berea sandstone samples. The experimental results confirmed a slight shift in
wettability toward more favorable conditions with decreasing water salinity [40]. Alomair
et al. demonstrated that reducing water salinity from 85,000 to 4000 ppm led to an increase
in the USBM index from approximately 0.26 to 0.38 on average (see Figure 14) [40]. Thus,
the studies by Alomair et al. provide insights into the impact of low-salinity waterflooding
on wettability alteration and enhanced oil recovery in clean sandstone formations.
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mineralization level [40].

The modeling of rock wettability is another important aspect of research. Kallel
et al. (2023) have demonstrated progress in understanding the mechanisms of wettability
alteration, including the impact of pore space structure on this process [45].

It is also important to consider that different research models show mixed results
in predicting the effectiveness of wettability alteration and its impact on enhanced oil
recovery. For instance, the model developed by Boampong et al. (2023) incorporates
several mechanisms of wettability alteration, such as surface charge, calcite dissolution,
and ion exchange, and successfully reproduces experimental data. This model enables the
prediction of oil recovery efficiency using low-salinity solutions, which is crucial for the
practical implementation of such methods [46].

The study by Mahsa et al. provides insights into the effect of diethylenetriamine
penta-acetic acid seawater (DTPA-SW) on wettability alteration in sandstone and enhanced
oil recovery [47]. The introduction of a 5% DTPA-SW solution resulted in a significant
reduction in the contact angle between the rock and oil phases, as well as a decrease in
potential, shifting the rock wettability from an oil-wet state to a strongly water-wet state
(see Figure 15). The tests also demonstrated a 39.6% increase in oil recovery with the use of
the DTPA-SW solution. These results enhance the understanding of the effectiveness of
DTPA in altering rock wettability and its impact on improving the oil recovery process [47].
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Figure 15. The wettability angle of sandstone and oil in the presence of solutions with varying mass
fractions [47].

3.2. Injection of Surfactants and Ionized Fluids

Surfactants are a unique group of chemical compounds capable of altering the inter-
facial tension between different phases, such as oil and water. The primary goal of using
surfactants is to reduce this interfacial tension to minimal values, which is a crucial aspect
of efforts to alter oil wettability.

Positively charged surfactant particles interact electrostatically with negatively charged
carbonates in crude oil, forming ionic pairs [48]. This interaction of ionic pairs is reinforced
by hydrophobic interactions between the surfactants and the tails of the oil components [49].

Since the formation of ionic pairs is associated with intense interactions between
them, it is assumed that the desorption of organic material and the alteration of wettability
occur [50]. When a surfactant interacts with Mg2+ ions, it leads to the removal of adsorbed
carbonates from the surface, resulting in a more water-wet surface due to the action of the
surfactant (see Figure 16).
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Figure 16. Proposed mechanisms of wettability alteration for oil-wet calcite surfaces after treatment
with magnesium chloride solution: (a) magnesium ions may replace calcium ions on the surface and
desorb the Ca2+–carboxylate complex, thereby altering the surface wettability; (b) magnesium ions
may interact with adsorbed carboxylate, bind with the carboxylate group, and remove the carboxylate
from the surface [50].
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The study by Tabatabai et al. [51] demonstrated that the adsorption of cationic surfac-
tants on carbonates is lower compared to anionic surfactants with similar hydrophilic chain
lengths. This effect can be enhanced by adding multivalent cations. Additionally, it was
found that the addition of alkali significantly reduces the adsorption of anionic surfactants
on carbonate surfaces, as noted by Seethepalli et al. [52].

Concentrations of the cationic surfactant C12TAB equal to or exceeding the critical
micelle concentration (CMC) can alter the wettability of carbonate rocks more effectively
than anionic surfactants, as established by other researchers [53]. However, Wu et al. [54]
did not find a clear correlation between oil recovery and CMC.

Studies have shown that anionic surfactants have a minor impact on wettability
alteration, even when efforts are made to shift it toward a more water-wet state [26,55].

Various ions present in the injected water, such as Na+, Ca2+, Mg2+, and SO4
2−, play a

crucial role in altering wettability toward a water-wet state, leading to a significant increase
in additional oil recovery [56].

Sulfate (SO4
2−) plays a dominant role in altering wettability in carbonate rocks at

high temperatures [57]. An increase in sulfate concentration enhances oil recovery [58].
However, studies have shown that sulfate alone does not significantly affect wettability
without the introduction of magnesium [59,60]. In high-salinity brine solutions, sulfate is
not suitable as a modifier due to the potential for CaSO4 precipitation, which can lead to
precipitation [61].

Sakthivel studied the effect of various imidazolium-based ionic liquids on wettability
alteration by measuring contact angles [62]. He systematically investigated parameters
such as rock type, type and concentration of fluids, temperature, pressure, and salinity.
The results revealed significant changes in static wettability angles upon the addition of
ionic liquids (ILs), indicating a shift toward a more water-wet state, particularly noticeable
in oil-saturated samples [62]. Figure 17 illustrates the effects of different ionic liquids on
contact angles when interacting with oil, rock, and seawater for (a) brine-saturated and
(b) oil-saturated rocks at 25 ◦C.
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Figure 17. The effect of concentrations of ionic liquid [C12mim]+[Cl]− on the wettability angle of the
oil–rock–seawater system at 25 ◦C for (a) brine-saturated and (b) oil-saturated rocks [62].

3.3. Injection of Carbonated Water

Other studies focus on the role of CO2 in altering rock wettability. Research indicates
that the introduction of CO2 into water can reduce oil wettability and increase oil recovery
in carbonate reservoirs [65–67]. Drexler et al. demonstrated that the addition of CO2 to
water reduces the contact angle in limestone, shifting wettability from oil-wet to water-wet,
which positively impacts oil recovery (see Figure 18) [65].

When carbonated water is injected into carbonate reservoir rocks, it can alter the
wettability of the rock surface, shifting it toward a more water-wet state. This mecha-
nism of wettability alteration has been shown to enhance oil recovery by increasing oil
permeability [65].
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Figure 18. Effect of carbon dioxide on droplet shape and contact angle on limestone surface [65].

Studies on surface complexation modeling have shown that during the injection of
carbonated water, wettability shifts toward more water-wet conditions, ultimately affecting
the overall wettability of the system [68]. Understanding and managing wettability changes
resulting from carbonated water injection can significantly impact oil recovery processes in
carbonate reservoirs.

Arjomand et al. investigated the alteration of sandstone wettability using supercritical
CO2 silicification and demonstrated its ability to modify the wettability of the pore space in
reservoir formations [69]. Studies show that silicification using scCO2 can provide similar
or more effective chemical surface coatings compared to traditional silicification methods,
due to the enhanced mass transfer and diffusion rates characteristic of this approach. This
improved surface coating leads to a more significant wettability alteration of the rock,
which is assessed through contact angle measurements [69].

Nowrouzi et al. investigated the mechanisms of wettability alteration in carbon-
ate reservoirs using contact angle measurements and imbibition experiments [70]. They
demonstrated the effectiveness of carbonated water in enhancing oil recovery through
wettability alteration. They also emphasized the importance of ion management in smart
water injection for controlling the mechanisms of wettability change in carbonate rocks.

4. Wettability Alteration Due to Rock Dissolution and Precipitation

In this section, calculations are performed to determine wettability and the influencing
factors. Data on relative permeabilities from two studies [71,72] were used to calculate
wettability before and after dissolution or pore precipitation using the Lak method, as
described in Section 2.4.1.

4.1. Wettability Alteration Due to Rock Dissolution

A previous study [71] investigated how mineral dissolution affects multiphase flow
properties in carbonate rocks, demonstrating changes in relative phase permeability. Two
distinct carbonate rocks, Ketton and Estaillades, were used based on their different pore
structures. High-resolution X-ray imaging and mercury porosimetry were employed to
characterize their properties, which are shown in Table 4. In the study, nitrogen (N2)
was used as the non-wetting phase, and deionized water was used as the wetting phase.
Eight stages of dissolution were considered, during which 0.5% of the mineral volume was
uniformly dissolved into the core sample using an acid solution at a controlled temperature.

Table 4. Properties of the samples [71].

Rock Diameter (cm) Length (cm) Porosity Permeability (mD)

Ketton 38 16.4 0.218 2840

Estaillades 38 16.5 0.279 196

According to the relative phase permeability curves (Figure 19), the wettability index
was calculated using the Lak method. The wettability index ranges from 0.177 to 0.401.
Values close to 0.3 indicate a neutral-wet or weakly water-wet rock.
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Figure 19. Relative permeabilities for Ketton (top) and Estaillades (bottom) carbonates at different
dissolution stages [71].

To study the impact of porosity on wettability, a graph was plotted showing the
relationship between the Lak index and porosity (Figure 20). The highest Lak index value
(0.40) is observed at stage 8 of dissolution, corresponding to the highest porosity (0.25).
This suggests an increase in wettability at high dissolution stages (Figure 20). This is also
evident from the relative phase permeability curves, as the residual oil saturation shifts to
lower values (Figure 19).

This behavior can be attributed to changes in pore structure in the sample. In the
Ketton carbonate rock, a decrease in the proportion of pores with throat sizes r > 3.16 µm
was observed with increasing dissolution, while the proportion of pores with throat sizes
r < 0.1 µm increased (Figure 21). The mineral dissolution process led to an increase in
the proportion of the smallest pores and a decrease in the proportion of the largest pores,
which resulted in increased overall porosity. This change in rock structure created new
pathways for the flow of the non-wetting phase in areas that were previously blocked,
thereby enhancing relative permeability and bringing the rock’s wettability closer to a more
water-wet state.
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Figure 21. Pore size distribution for Ketton (left) and Estaillades (right) carbonates at different
dissolution stages. The top row shows the raw data, while the bottom row presents pore sizes divided
into three categories to more clearly illustrate trends in pore structure evolution [71].

Porosity gradually increased with advancing dissolution stages for Estaillades. This
indicates that the dissolution process of Estaillades rock leads to an increase in porosity.

The wettability index calculated from the relative permeability curves (Figure 19)
ranges from −0.032 to 0.286 (Figure 22). These values indicate varying degrees of wettabil-
ity: a negative value at stage 0 suggests weak oil-wet conditions, while positive values at
other stages indicate neutral wettability.
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Figure 22. Changes in wettability index with respect to porosity during dissolution for the Estaillades
sample.

The mineral dissolution process led to a reduction in the proportion of both the
smallest and largest pore size groups, while the proportion of medium-sized pores in-
creased (Figure 21). Consequently, the separation of wetting and non-wetting phases
became less effective in both fine and large pore networks, as evidenced by changes in the
wettability index.

Figure 23 shows changes in the Land trapping coefficient as a function of porosity for
Ketton carbonates (top) and Estaillades carbonates (bottom). Notably, there is a similarity
in the behavior of residual trapping and wettability with respect to porosity. In Ketton
carbonate, a moderate but consistent decrease in residual trapping is observed with an
increase in porosity (Figure 23). The dissolution of minerals primarily affects small pores,
increasing their average size (Figure 21), which likely alters wettability. The trapping of the
wetting phase occurs through layers on the walls of rock pores. As pressure on the wetting
phase increases, these layers swell, aiding in the separation and isolation of individual
droplets of the non-wetting phase. Conversely, in Estaillades carbonate, residual trapping
remains virtually unchanged with increasing porosity, as shown in Figure 23.
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The dissolution process not only alters the pore structure but also creates changes
in capillary barriers within the porous medium, which significantly affect two-phase
displacement and wettability characteristics. Recent studies, such as those by Meng et al.
and Darezhat et al., have investigated these dynamic interactions at the pore scale, focusing
particularly on how changes in pore geometry influence the behavior of non-wetting and
wetting fluids [82,83]. These findings provide a broader context for understanding the role
of dissolution in altering the fluid distribution and the overall wettability characteristics of
the porous medium.

4.2. Wettability Alteration Due to Precipitation

Another study [72] investigated the impact of carbonate precipitation on pore structure
and two-phase fluid flow in porous media. To examine changes in porosity and relative
permeability caused by carbonate precipitation, a pore-scale numerical model was devel-
oped and applied to real rock microstructures. The geometric model of these rocks was
created based on micro-CT scans of Berea sandstone samples. Direct flow simulations were
conducted on the reconstructed rock space model. By analyzing changes in pore structure
resulting from deposition, permeability changes can be assessed. The scanned images of
Berea sandstone have a resolution of up to 3.2 µm. The entire dataset comprises 396 slices.
In the study, nitrogen (CO2) was used as the non-wetting phase, while water served as the
wetting phase.

Two clogging models were used to study the impact of carbonate precipitation on pore
structure and relative permeability in porous media. The first model employed chemical
reaction theory to assess local changes in sediment volume and introduced a mass variable
to track the amount of deposited carbonate. The second model adjusted the grayscale
threshold to modify sediment structure, effectively narrowing the pore space and reducing
porosity, thereby eliminating the need to calculate the Ca2+ concentration field.

Figure 24 shows the results of modeling two-phase flow through Berea sandstone,
specifically the relative permeability curves for the two clogging models.
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Figure 24. The evolution of relative permeability with changes in porosity (0.210–0.103) of Berea
sandstone due to precipitation under the first (left) and second (right) clogging models [72].

Using the relative phase permeability data, the wettability index was calculated using
the Lak method for various porosity values due to precipitation. Figure 25 shows the
results of the wettability changes as a function of porosity reduction for the first model.
Overall, it was observed that the wettability of the rock remained closer to neutral across
all porosity values. As porosity decreased, the wettability index trended toward a more
strongly neutral state.
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Figure 25. Changes in wettability as a function of porosity during carbonate precipitation according
to the first model.

The reactive precipitation model focuses on the concentration of reactive components,
with advection and diffusion of the concentration field being regulated by the flow, pore
structure, and pore connectivity. Thus, changes in wettability caused by precipitation
depend on both the distribution of flow velocity and modifications in pore geometry.

Wettability behavior is related to changes in pore structure due to carbonate precipita-
tion (Figure 26), which resulted in a significant reduction in the absolute permeability of
the porous medium. Absolute permeability decreased from 769 mD to 169 mD and 11 mD
at porosities of 21% and 10.3%, respectively [72]. During two-phase flow simulations, the
relative permeability of the non-wetting phase was significantly reduced after precipitation,
affecting the liquid flow properties (Figure 24).
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Figure 26. The evolution of pore structure due to precipitation according to the first model at
cross-sections perpendicular to the flow direction (light gray, initial; dark red, plugged areas) [72].

Figure 27 shows the results of the wettability index as a function of porosity change
according to the second model. At both maximum and minimum porosities, it can be
observed that the wettability index remained practically unchanged, despite the fact that
absolute permeability decreased from 769 mD to 268 mD and 103 mD at porosities of 21%
and 10.3%, respectively [72].
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Figure 27. Changes in wettability as a function of porosity during carbonate precipitation according
to the second model.

Such minimal change is attributed to the fact that in the threshold adjustment model,
the pore space contracts along the edge walls, and the artificially added particles attain
uniformity (Figure 28).
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Figure 28. The evolution of pore space distribution in the second clogging model (light gray, initial;
dark red, plugged areas) [72].

The wettability index shows different values in the two models. The reactive transport
precipitation model exhibits significantly lower permeability due to the uneven distribution
of deposits [72]. Some of the sediment partially blocks the pores, dividing the pore spaces
into smaller regions and disrupting the uniformity of Berea sandstone. This transition
from uniformity to non-uniformity results in changes in wettability (Figure 24). In contrast,
the threshold adjustment precipitation model maintains uniformity, with only the relative
permeability of the non-wetting phase decreasing due to the reduction in pore space.

Pore blockage caused by precipitation can have significant consequences for fluid
flow and wettability in reservoir rocks. Studies by Meng et al. highlight the critical role of
capillary forces and their interaction with pore geometry and fluid viscosity, particularly
in low-permeability systems [84]. These studies emphasize the importance of considering
localized capillary effects resulting from pore blockage, providing further insights into how
sedimentation can alter fluid flow and apparent wettability.

The role of pore structure in capillary effects remains a key aspect when evaluating
wettability characteristics. According to Ning and co-authors, capillary barriers caused
by dual porosity can significantly impact two-phase flows in porous media. This, in turn,



Appl. Sci. 2024, 14, 8663 23 of 27

leads to changes in apparent wettability, as local capillary effects are determined by both
the fluid properties and the porous structure. In particular, in low-permeability rocks, as
shown in different studies [82], viscosity and capillary forces play a crucial role in phase
distribution and must be considered when assessing wettability properties. These effects
highlight the need for further investigation into the influence of pore structure on apparent
wettability characteristics.

5. Conclusions

A review of methods for measuring and altering wettability highlights the importance
of this parameter for optimizing hydrocarbon extraction processes and improving the
efficiency of oil field development. Various methods for measuring the wettability index
include Amott–Harvey and USBM tests, contact angle measurements, infrared spectroscopy,
and nuclear magnetic resonance, each with its own advantages and limitations.

This study examined four categories of methods for measuring rock wettability: spon-
taneous fluid imbibition, contact angle measurement, characteristics of imbibed fluids, and
analytical methods. Methods based on spontaneous imbibition and capillary pressure are
effective but time-consuming and expensive. Contact angle measurement provides rapid
results but is limited to the surface of samples. Methods that consider the characteristics
of imbibed fluids and analytical methods require sophisticated equipment but provide
a detailed understanding of wettability. The choice of method depends on the research
objective, the required accuracy, and the available equipment.

Wettability alteration methods, such as low-salinity water flooding, the use of surfac-
tants, and the injection of carbonated water, have proven effective in both laboratory and
field conditions. Low-salinity water flooding enhances water wettability and improves oil
displacement, which is associated with ion desorption and changes in capillary forces. Sur-
factants reduce interfacial tension and alter wettability, thereby improving oil displacement.
The injection of carbonated water also contributes to the wettability modification of the rock
surface, transitioning it to a more water-wet state and enhancing oil recovery efficiency.

This review has highlighted the critical role of wettability alteration in enhancing oil
recovery, offering a detailed assessment of various methods for both measuring and chang-
ing wettability. Among the methods reviewed, low-salinity water flooding (LSWF) and the
use of surfactants emerged as highly effective in laboratory and field conditions. LSWF, for
instance, is relatively low-cost and environmentally friendly, though its effectiveness can be
influenced by the specific mineralogical composition of the reservoir. Surfactant flooding,
while providing more precise control over wettability, comes with higher operational costs
and potential environmental concerns due to chemical usage.

Carbonated water injection (CWI) is a less conventional method that shows promise in
altering wettability while simultaneously reducing CO2 emissions. However, the long-term
effects of CWI on reservoir performance require further investigation.

Section 4 of the review focused on the impacts of mineral dissolution and pore precipi-
tation on wettability. Mineral dissolution increases porosity and modifies pore structure,
which affects relative permeabilities. These processes create new flow pathways for fluids
and contribute to improved oil displacement. It was found that dissolution can lead to
significant changes in the pore structure, thereby affecting fluid flow and wettability. The
results of wettability calculations during these phenomena underscore the importance of
carefully balancing the benefits and drawbacks of wettability alteration methods.
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