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ABSTRACT: Wetting characteristics of a hydrocarbon reservoir are generally quantified for
cost-effective field development. The wetting process of rock by oil is a complex process
involving reactions among compounds (rock, oil, and brine), the impact of environmental
conditions (temperature, pressure, etc.), and treatment history (coring, transportation, etc.).
There has not been much attention given to understanding the mechanisms causing different
rock wetting states to quantify rock’s wettability. This work aims to provide an in-depth insight
into rock wettability influencing factors including CO, & H,. In addition, advanced
computational approaches such as molecular dynamics simulation, computational fluid
dynamics, and machine learning for wettability have also been reviewed to govern the
undiscovered interactions and mechanisms of this complex process. The key observation is that
the polarity of organic components (asphaltenes and long-chain acids) determines the oil
wetness in crude oil. In addition, acidic polar organics dominate oil-wetting in carbonate rocks;
basic polar organics are key in sandstone. Also, environmental factors such as water films, brine
salinity, and pH influence wettability significantly.

1. INTRODUCTION In oil-wet formation, waterflooding typically sweeps larger
pores, forming an uneven displacement front, causing a pore
scale maneuver resembling overtaking that breaks the oil
continuity and traps oil blobs.'* The oil recovery rate can be
enhanced by wettability alteration,>'® which promotes the
spontaneous imbibition of brine and thus the displacement of
oil."”~"? 1t also enhances the relative permeability of oil'® and
assists in mobilizing the trapped oil in the dead-ends.”® On the
other hand, oil-wetness is found to reduce polymer adsorption
in chemical ﬂooding;21 conflicting observations were also
recorded.”” It is believed in the case of initially water-wet rock
that changing the wettability toward oil-wet conditions can
enhance oil recovery.”””* To do this, there are different types
of wettability modifiers, including commonly used materials
such as polymers,25 surfactants,”® alkalis,”” low salinity water,”®
and novel materials (nanoﬂuids,29 ionic liquids,30 CO,
saturated brine®"). To determine the most applicable material,
it is of critical importance to know the specific mechanism for
oil-wetness.

In practice, there are various techniques to determine the
wettability: by contact angle,”” Amott-Harvey test,”” USBM
(U.S. Bureau of Mines) test,”* flotation test,””*® and relative

Wettability has been a subject of debate and investigation,
especially regarding the factors that lead to water-wet or oil-
wet conditions.' ™ It has been observed that the adsorption of
organic matter on rock surfaces is the source of oil-wetness.””
This understanding is supported by many reported observa-
tions, including the formation of an organic layer of tens of
nanometers thick on the rock surface after crude oil
adsorption,” the presence of oblate hemispheric organic
adsorbate (diameter 120—360 nm, height 30—90 nm),” and
the adsorption of asphaltenes.” Many factors determine the
adsorption of organic materials at the solid—liquid interface,
including the electrostatic attraction between the adsorbate
and the surface, the fit of the adsorbate in the surface lattice
pattern, the solubility of the adsorbate, the distribution of
attachment sites on the adsorbate, and so on.” The reactions
between functional groups in the oil and the rock surface are
under the influence of the polarity of the oil and the surface
charge density of the rock,'® facilitating the adsorption of other
organic materials. In the oil-wetting process of rock, alongside
other interactions including ligand binding, van der Waals
forces, electrical double layer (EDL) repulsion, hydration
force, hydroxyl adsorption, etc., four main interactions' ' in the
oil/brine/rock system are (i) polar interactions (in the absence
of a water film between oil and solid), (ii) surface precipitation
(concerning the asphaltenes), (iii) acid/base interactions
(control surface charge at oil/water and solid/water inter-
faces), and (iv) ion binding (between charged sites and higher
valency ions).'>"?
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permeability measurement.”” Novel techniques include MRI
(magnetic resonance imaging),*® solution-state NMR (nuclear
magnetic resonance spectroscopy) index’” and solid-state
NMR,* in situ contact angle by Micro-CT,*' QCM-D (quartz
crystal microbalance with dissipation),* and IGC (inverse gas
chromatography).**** There are other techniques usually used
to validate or explain the wettability evaluations, including
SEM (scanning electron microscope) for surface adsorption
visualization,”*® FTIR (Fourier transform infrared) for
functional groups in the adsorbate,”” TGA (thermogravimetric
analysis) for mass and composition of the adsorbate,*®* AFM
(atomic force microscopy) for surface morphology change
before and after adsorption,” QCM (quartz crystal micro-
balance) for adsorption studies,” oil-film-peeling test for
wettability alteration,”’ and zeta potential for surface charge
study.>”

The wettability of rock cannot be described without
specifying the conditions (oil composition, brine properties,
gas composition, rock mineralogy and morphology, pH,
temperature, pressure, and aging time) of the oil/water/rock
system.” Previous review work mostly focuses on wettability
alteration of oil-wet rock to water-wet conditions for enhanced
oil recovery (EOR) purposes,”**° except for the work of
Anderson.*® This review’s key objective is to provide in-depth
insight into numerous influencing factors (oil composition,
brine composition, CO,, H,, rock types of wettability, pressure,
temperature, and aging time) on the oil-wetting process.
Furthermore, advancements in studying the electrokinetics of
the oil/water/rock system are also highlighted using numerical
simulations based on thermodynamics®” or molecular dynam-
ics,””*® and Artificial Intelligence (AI) tools. The information
and insights provided in the paper can be helpful for
researchers interested in preparing oil-wet rock surfaces or in
assessing the wettability alteration performance of different
materials. Besides, it also emphasizes the need to study the
impact of new materials (such as CO, and H,) on rock
wettability while studying their oil recovery implications.

2. ROCK WETTABILITY INFLUENCING FACTORS

2.1. Impact of Oil Type. As mixtures of thousands of
compounds, crude oils are generally divided into four
categories: saturates, aromatics, resins, and asphaltenes.
Crude oil used in the laboratory is usually dead oil without
dissolved gas. The impact of light phases, such as methane,
light alkanes, N,, CO,, etc., which remain in live crude oil,
should be considered. To simulate formation conditions, it is
preferable to use live oil at deoxygenated reservoir conditions””
instead of dead oil in an open environment.

In oil-bearing formations, kerogen organic matter contrib-
utes strongly to the oil-wetness of the formation. Experiments
showed that a thin layer of kerogen (0.08% TOC or 6 ug-acid/
g-dry-sediment) made carbonate rock oil-wet.”” The higher the
kerogen maturity, the stronger the oil-wetness.®’ Organic acids
bonded to kerogen are believed to promote the adsorption of
kerogen on rock surfaces.”” Among the crude oil components,
heavy components (residue after distillation at 400 °C)
significantly changed rock samples to oil-wet conditions.’>**
They have nitrogen-, sulfur-, or oxygen-containing functional
groups (usually aromatic, sulfurized, and oxidized struc-
tures”*), increasing the polarity.”> Crude oil deprived of
heavy components (asphaltenes and acidic components) can
fail to alter rock wettability significantly.”® The less heavy (or

“intermediate”, weakly polar) components are least effective in
altering rock wettability."*°

Depending on the specific conditions, the oil-wetness
contribution of the polar components varies (several examples
of polar compounds are shown in Figure 1). For example, in a
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Figure 1. Molecular structure of some common polar compounds.
Reprinted with permission from ref 71. Copyright 2009 John Wiley
and Sons.

crude oil flooding study using sandstone, about 30% base and
10% acid contents were retained. Acid adsorption was found to
be lower than basic adsorption in general.é7 In a coreflooding
study, the results indicated the contribution of water-soluble
molecules in the early rapid wettability change.”® Wettability
alteration is not solely dependent on the organic adsorption;69
the strength of adsorption is also an important factor.”” The
strength of the adsorption is largely influenced by the oil
composition. For example, after aging mica surfaces in
centrifuged crude oil, and rinsing the surfaces with n-hexane,
part of the organic materials were removed while asphaltenes
remained on the surfaces.”

Components in crude oil are affected by each other. For
example, resins reduce the a%gregation of asphaltenes, thereby
enhancing their solubility.”” Stearic acid and asphaltenes
exhibit a synergic effect on oil-wetting calcite mineral.”
Asphaltenes also interact with maltenes, very likely saturates, to
form macro-accumulations at a later stage of the aging
process.”” The adsorption of asphaltenes on rock is found to
be largely influenced by the oil composition.” However, some
studies suggest that minimal interactions among components
exist, implying that the overall activity of crude oil is merely the
sum of the activity of its individual components.”*

Four parameters, API gravity, viscosity, TAN (total acid
number), and TBN (total base number), are usually used to
characterize a crude oil sample. API gravity is calculated based
on the density of the oil. Lower API crude oils are usually good
solvents for asphaltenes” and are more likely to render rock
surfaces oil-wet.’"””* Viscosity is typically measured by using a
rheometer. TAN and TBN can be obtained by titration.”®
There exists a strong correlation between TAN, TBN, and the
amount of polar components.”” In a study, the AN/BN ratio is
claimed to be a more representative parameter than TAN or
TBN alone.”® The effect of AN/BN on the oil-wetting of rock,
however, is not yet clear. Buckley et al”’ found a higher AN/
BN to be roughly associated with the stronger oil-wetting
potential of oil on sandstone,'” consistent with findings from a
study on chalk,” yet Skauge et al.”” proposed the opposite
observation when studying quartz wettability.”” For crude oil
with a low AN/BN ratio, the wetting potential is significantly
influenced by brine composition, whereas for oil with a high
AN/BN ratio, brine composition showed negligible influ-
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ence.”” The AN/BN ratio also affects ion concentrations in the
formation brine.'” A study involving 20 crude oil samples
showed a strong correlation between asphaltene content and
TBN,’® as described in eq 1.

asphaltenes = 0.16 + 1.42TBN + 1.15TBN’ (1)

2.1.1. Oil Component Analysis Techniques. There are
different categorizations of oil components that can sometimes
overlap. Conventionally used names such as paraffin and
bitumen, overlap with the asphaltenes category in the widely
adopted SARA categorization.”"*” Table 1 provides examples
of SARA analysis results for the crude oil.

Table 1. SARA Analysis Results of Multiple Crude Oil
Samples from the Literature

No. Saturates Aromatics Resins Asphaltenes  Ref
1 16.3-23.1 38.1-417  19.5-28.5 154-160 83
2 40.95-53.37 24.9—-39.76 6.87—34.1 0.001-0.82 82
3 27-91 4-S53 4-16 0-$§ 81
4 55.19-58.72  32.93-33.32  7.34-8.80 5.97-827 84

Various techniques are available for analyzing the oil
components. Distillation is usually used to separate crude
oils into fractions of different boiling points, which roughly
correspond to different molecular weights.”> TLC-FID (thin-
layer chromatography—flame ionization detection) using
iatroscan is also widely employed for group separation of
organic compounds.®> XRD (X-ray diffraction) can be used to
analyze functional groups, such as benzene rings, in powdered
samples.” Infrared,”” near-infrared,*® and fluorescence spec-
troscopy are other techniques for identifying functional groups.
The SCME (sulfuric acid-methanol extraction) can be used to
extract nitrogenous components from crude oils. The sulfuric
acid neutralizes the basic nitrogenous compounds and forms
salts that are soluble in methanol.”” SAC (solid adsorbent
chromatography) can be used to separate polar components in
crude oils, as more polar compounds displace those adsorbed
on the solid adsorbent.”” GC-MS (gas chromatography-mass
spectrometry) is one of the commonly used conventional
geochemical methods for surface-active component identi-
fication. It works well with low-molecular-weight (50—330 Da)
heteroatomic compounds but is limited for high-molecular-
weight compounds.” FT-ICR-MS (Fourier transform-ion
cyclotron resonance-mass spectrometry) and ESI (electrospray
ionization) are novel techniques that extend the analytical
window up to 800 Da.*’ Molecular structures of oil

components can be analyzed usin% elemental analysis methods
including *CNMR and 'HNMR.”

2.1.2. Asphaltenes. Generally, asphaltenes are the residue
after dissolving crude oil in a large volume of low-molecular-
weight hydrocarbon solvent (typically 40 volumes of
pentane).””" They are known as large, heterocyclic, aromatic
compounds with nitrogen, oxygen, and sulfur atoms through-
out the ring structure,”> as well as trace amounts of metal
elements such as iron, nickel, and vanadium.®* They contain
the heaviest and most polar components (represented by O-
containing carboxylic acids and N-containing aromatic
compounds,” charged species such as salts and zwitterionic
complexes could also exist in asphaltenes’) in the crude oil.”®
They are believed to adsorb horizontally and make the surface
oil-wet.” The adsorption of asphaltenes happens much
stronger, more continuous,” and faster’ than any other
components; sometimes the adsorbed asphaltenes can be
easily removed.”® They are found to be one of the major
contributors of rock oil-wetness.”"”®” For example, the
wettability alteration of a mica sample treated with oil changed
rapidly only after the onset of asphaltenes flocculation.”
Nevertheless, it should be noted that the wetting potential of
oil is not directly related to the amount of asphaltenes.” Figure
2 illustrates two possible asphaltene molecular structures.

It is difficult to quantify the properties of asphaltenes, which
is a complex group of large organic molecular materials
associating among themselves and with other compounds.**
Asphaltenes extracted from crude oil from different sources can
exhibit significant behaviors in oil-wetting rock due to
compositional differences.””® Interestingly, asphaltenes from
the same crude oil can also vary depending on the isolation
methods applied.”” Determining the molecular weight of
asphaltenes is difficult, as it can range significantly from 700 to
about 10,000 amu.'*’ The measured molecular weight can vary
substantially even for the same sample, depending on the
measurement methods, including cryoscopy, viscosimetry,
tonometry, ebullioscopy, and ultracentrifugation.”* The
calculation of the asphaltenes adsorption amount is not a
straightforward task'®" by spectrophotometric due to a lack of
a distinct absorbance peak at any wavelength. One way to
improve the accuracy is to also monitor the concentration of
asphaltenes from the effluent by techniques like measuring
ultraviolet (UV) absorbance.’

Besides, the classical CMC (critical micellization concen-
tration) concept does not directly apply to asphaltenes. The
term “aggregate” is more appropriate than “micelle”,** though
the asphaltenes aggregation shares similarities with the
micellization process of surfactants, and micellization of

Figure 2. Proposed molecular structures (3D and 2D) for two asphaltenes. Adapted from ref 90. Copyright 2022 Elsevier.
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Table 2. Examples of Common Organic Acids from Crude Oils”

Sr. | Type Compound name Structure formula Ref
No
1 Straight- Heptanoic acid 0) 112
chain,
saturated
carboxylic CH3(CH2)4CH2 OH
acids
2 | Straight- Capric acid 0O %
chain, /\/\/\)l\
saturated OH
carboxylic
acids
3 Straight- Stearic acid 0 12
Chain, /‘\/\/'\\/\/\/\//\/\/LKOH
saturated
carboxylic
acids
4 | Unsaturate | Oleic acid /—\/\/\/\jt 1
B _ CHa(CHa)eCHz ™ OH
carboxylic
acids
5 | Naphthenic | Cyclohexane O %
acids carboxylic acid
OH
6 | Naphthenic | Cyclohexane 9
acids pentanoic acid OH
o)
7 | Naphthenic | Decahydronaphthelen [COOH] | 110
acids e pentanoic acid EI)/\/\/
8 | Aromatic Phenylacetic acid OH 95
carboxylic ©/\|/
acids o
9 Aromatic 18- (CH ) -COOH 11
carboxylic | Phenoloctadecanoic 2717
acids acid

10 | Aromatic 1-Naphthaleneacetic
carboxylic | acid
acids

5,10

95
OH

“Adapted from ref 95. Copyright 2019 Elsevier. Adapted from ref 110. Copyright 2006 Elsevier. Adapted from ref 111. Copyright 2006 Elsevier.

asphaltenes in solution has been observed, by experiments'*”

and molecular simulations.'”® The aggregation process of
asphaltenes (mainly due to the hydrogen bond, and the 7—7
bond) can be divided into four steps: molecule, micelle,
elementary aggregate, and high-size aggregate (which ulti-
mately leads to flocculation).** Asphaltenes affect the oil /water
IFT, a property leveraged to measure the so-called “CMC” of
asphaltenes and to detect the onset of flocculation.'”* The
mixture refractive index is often used to monitor the stability of
asphaltenes in crude oil.”>”® The “CMC” of asphaltenes (in a
stepwise manner) in a pure solvent can also be obtained by
calorimetric measurements.' >

The adsorption of asphaltenes on rock surfaces can occur by
different mechanisms. Buckley suggested polar interaction
(without brine), ionic interaction (with brine), and colloidal
interaction (near the onset of asphaltene precipitation), as the

three mechanisms.”” Jaber et al. suggested that there are three
factors determining the eventual wettability: strength of the
electrostatic interaction, the capacity of calcite surface to
adsorb asphaltene particles, and the potential of asphaltene to
change the wettability (which is mainly related to the hydrogen
bonding).>* Asphaltenes precipitation is a major source of oil-
wetness, which is strongly associated with the aggregation and
flocculation processes of asphaltenes. Various models have
been developed to describe and predict asphaltene aggregation,
among them the Yen-Mullins model is widely accepted.*”'*
The onset of asphaltene flocculation can be determined
through accurate measurements of the viscosity of crude oil
upon titration with a precipitating agent.'°® Elementary studies
have shown the critical importance of heteroatoms including
sulfur, nitrogen, and oxygen atoms, in making asphaltenes as
strong oil-wetting materials.’” The relative importance of them,
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however, needs further clarity.”> Metal elements, such as
vanadium and nickel, also have an impact on the aégregation of
asphaltenes, which leads to solid deposition.'*”"

Specific techniques are applied to extract, categorize, and
remove asphaltenes. Asphaltenes can be extracted from crude
oil by mixing with a solvent, stirring, filtering, and repeated
washing.® The subfractions of asphaltenes can be obtained
using heéptane-toluene mixtures with increasing toluene
content.*® Though decane is the most commonly used base
solvent to form the oil phase in experiments,73 asphaltenes do
not dissolve in decane, which represents ical alkanes.
Instead, toluene is often used for asphaltenes.'””® The most
commonly used solvents to remove asphaltene deposits in the
formation include toluene, xylene, and BTX (the mixture of
benzene, toluene, and xylene).84

2.1.3. Organic Acids. Polar organic components (POC)
have a strong potential to alter rock wetting characteristics to
oil-wet conditions.'” While asphaltenes are the most oil-
wetting components in crude oil, they are not the most
common polar materials present. Weak organic acids, such as
phenols and indoles, and weak bases with strengths
comparable to those of amides are the most prevalent polar
components. Strong acids (e.g,, carboxylic) and strong bases
(e.g, pyridine) constitute 10—20%.”* Organic acids in crude
oils are usually narrowed to carboxylic acids, as shown in Table
2. Organic acids exhibit higher polarity than most crude oil
components. An organic layer is formed upon the adsorption
of the polar group in the organic acid’s molecule onto the rock
surface. The nonpolar part of the molecule then dominates the
surface, resulting in an oil-wet condition.

Carboxylic acids adsorb, chemically”” and physically,” in
vertical and horizontal''' orientation toward the calcite
surface. Physical adsorption, which is found to be reversible
due to the weak bonds between adsorbate and adsorbent, may
partially contribute to wettability alteration.”> When a water
film covers the rock surface, the oil-wetting process by organic
acids is controlled by acid dissociation in water, surface activity
of acid, and water solubility.”

The structure or type of acid may be more important than
its concentrations in affecting the oil-wetting of rock.""” Oils
containing phenolic materials and alkyl acids or cyclopentane/
cyclohexane acids exhibit stronger oil-wetting effects than oils
with high-molecular-weight ring-structured acids.''®> The
adsorption of naphthenic acids on calcite from n-decane
follows the order: cyclohexanepropionic acid > cyclohexane-
butyric acid > cyclohexanepentanoic acid.""* Or§anic acid that
has a longer alkyl chain has lower adsorption.'* Within long-
chain fatty acids, the one with the saturated aromatic ring
(least efficient in oil-wetting) seems to be oriented completely
parallel. In contrast, those with an unsaturated aromatic ring
(most efficient in oil-wetting), fully saturated straight chain
(more efficient in oil-wetting), or unsaturated straight chain
(less efficient in oil-wetting) tend to orient perpendicular on
the calcite surface. For mica, the orientation was probably
parallel for all fatty acids."'' The reported results stated that
long-chain fatty acids, and long-chain naphthenic acids have a
main contribution to oil-wetness while unsaturated acids have
minor effects.”” Oleic acid is found to have higher water affinity
than heptanoic acid, stearic acid, 18-phenoloctadecanoic acid,
and 18-cyclohexyloctadecanoic acid.''> There is a study
showing long-chain acids and short-chain acids having opposite
wetting impacts on sandstone and carbonate with a decreasing
salinity.*®

Several studies on specific functional groups suggest that
increasing the alkyl chain length in carboxylic acids enhances
wettability alteration potential.”''* Naphthenic acid contain-
ing two rings (decahydro- naphthelen-pentanoic acid) are
more effective at altering wettability than naphthenic acid
containing only one ring (cyclohexane-pentanoic acid).'"’
Oleic acid with a double bond in its alkyl chain exhibits
adsorption on calcite lower than that of oleic acid without a
double bond. The presence of a double bond makes the
molecule more polar, reactive, and less hydrophobic, leading to
nonlinear adsorption and a reduced adsorption amount.”> An
increase in the benzene ring number in 1-naphalenacetic acids
decreases their oil-wetting potential. The addition of benzene
rings increases the reactivity and polarity of organic acids.
However, it may affect the orientation of molecules on the
surface and reduce the amount of adsorption.”

2.2. Impact of Rock Minerals. Rock mineralogy has a
fundamental impact on wettability, partially because of the
surface charge difference between different minerals. This
effect is minimal when the oil lacks polar components.®!
Techniques like QEMSCAN (quantitative evaluation of
materials by scanning electron microscopy)''® and XRD'"
are convenient for quantifying rock mineral composition.

When treated with the same oil components, sandstone and
carbonate vary in the resulting wetting conditions.’” Studies
have used specific materials to restore oil-wetness in different
rock types: or%anic acids for carbonate and organochlorosilane
for sandstone.”” Carbonate has a basic surface. Sandstone has
an acidic surface. This fundamental difference contributes to
the organic adsorption difference.”” Calcite is positively
charged at pH < ~9, while sandstone is generally negatively
charged at pH > ~2.”>'" The main oil-wetting materials for
carbonate rocks are found to be the negatively charged acidic
polar organic components (POC), i.e., carboxylate,” which
adsorb as anions at pH above 4.5—5."% For sandstone rock,
basic POC components play a larger role.'” The adsorption of
both types occurs rapidly, within the first pore volume of oil
injection during crude oil flooding tests.'”’

Compared to calcite, dolomite appears more hydrophobic
based on contact angle measurements on calcite and dolomite
samples (~70°difference)''” and mixed dolomite/calcite
systems (22.1°difference).'”” Aromatics and resins have a
higher affinity to quartz than calcite.”' Clay contents affect the
rock wettability significantly, possibly due to its predominant
contribution to the rock surface.''® Clay content on
carbonate'”' and sandstone''® rock surfaces can increase
organic material adsorption. When sandstone outcrops contain
a limited amount of clay, they have a low organic adsorption
capacity and no apparent adsorption affinity for acidic or basic
components. When it contains a larger amount of clay
minerals, however, the adsorption capacity is larger, and
there is a clear affinity for basic components.”

2.3. Impact of Brine. Water in the form of water film”
(with a simulated thickness of around 0.5 nm'**) adsorbed on
rock surface can largely inhibit the adsorption of organic
materials,””’”*® though a difference between the adsorption of
asphaltenes and organic acids is noted when water is
present.'”® The stability of the water film can be described
using the DLVO (Derjaguin and Landau’s and Verwey and
Overbeek’s) theory'**'**> of colloidal stability and its
extensions.' The rapture of water film is considered necessary
for significant wettability alteration of rock by crude oil.”> The
presence of water is found to enhance fatty acid adsorption on
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calcite,'** whereas it prevents the adsorption on mica.''" In the
absence of water, crude oils with asphaltenes can change the
wettability of dry glass in less than a day, with minimal impact
from the temperature and time. With water, the wettability
alteration is much slower.”” When treated with asphaltenes,
Berea sandstone samples of higher initial water saturation
showed a weaker oil-wetness.”

Three main parameters of the brine affect the oil-wetting
process: salinity, ion type, and pH value. Salinity is an
important factor, though results are sometimes conflicting for
both sandstone’®® and carbonate rocks. In one study,
substrates treated with seawater or formation brine (230
kppm, 50—132.5 °C, 200—2000 psi), in the crude oil/brine/
carbonate systems, became oil-wet, while those treated with
deionized water became water-wet.'>® This indicates that brine
with a higher salinity has a weaker resistance to wettability
alteration caused by crude oil. However, in another study,
decreasing salinity (2.87—287 kppm, 60 °C, 2000 psi)
increased oil-wetness.'”” There are many common conditions
in these two studies, yet they gave conflicting results, probably
due to differences in the following. (1) Rock sample
mineralogy: the reported mineralo§37 of pink desert lime-
stone'**'*” and Silurian dolomite'*”'*" features no quartz
content, unlike the calcite (98.1% calcite, 0.7% quartz, and
1.2% ankerite) used in the later study. (2) Crude oil density:
The latter study used oil with higher density, which means a
larger proportion of polar heavy components, increasing oil-
wetting potential. (3) AN/BN: the AN/BN value of crude oil
in the latter study was around 0.5. Since base components
more easily alter sandstone wettability, this may explain the
discrepancy. (4) Brine composition: sometimes the impact of
brine composition is more significant than that of salinity.*’
There is a significant difference in the portion of divalent ions
in the two brines.

In another experimental report, natural surfactants and other
amphiphilic macromolecules, instead of asphaltenes, became
the main oil-wetness contributors at high pH and high salinity
case.”> When model oils of organic acids and decane were
used, lowered salinity increased oil-wetness in long-chain acid
cases and decreased it in short-chain acid cases,”® possibly due
to an optimal salinity for maximum wettability alteration,
which is usually much lower than formation brine and seawater
salinities.'>> A uniform shrinkage of the brine film was
observed with an increasing brine salinity in sandstone/crude
oil/brine systems,"*” which could be due to the stronger
polarity of the aqueous phase promoting aromatic and resin
adsorption,” or greater attraction between oil/brine and
brine/mineral interfaces.">> Zeta potential experiments find
that when salinity is decreased, the negative charges on both
the oil/brine and the brine/mineral interfaces increase,134
which leads to a stronger repulsion between the two interfaces,
and thus a more water-wet condition.

The type of ion also plays a significant role in oil-wetting,
sometimes more so than oil composition. A study showed that
stearic acid adsorption was more affected by Ca*" in brine than
by the POC.'*> Mg** may induce ion binding and increase the
oil-wetness.'’® After treating with asphaltenes, the rock
wettability varies from oil-wet to water-wet, depending on
the brine composition.”” Researchers observed the impact of
water in the lab that when rock samples were pretreated with a
small amount of brine, the properties of deposited oil films
were largely influenced by the brine composition."*” Tron ions
can be a particularly powerful mordant to link organic

y

molecules to the rock surface."*® The removal of iron ions
from the core sample was inferred as the main reason that the
sample remained water-wet after the oil-aging process.’”
Cations may slow down the adsorption of positively charged
organic molecules on quartz surfaces due to competitive
adsorption."*”

A higher divalent cation ratio can strengthen the attraction
between the oil/brine and the brine/mineral interfaces,

133 . .
Multivalent ions are

resulting in a more oil-wet condition.
found to promote the adsorption of asphaltenes® and organic
acids."*> The higher the cation valency, the greater the
adsorption and oil-wetness.’ A lot of studies have been done to
see the impact of common salts or ions. For clay minerals,
kaolinite, montmorillonite, Illite, and chlorite, the presence of
salts in brine enhances the organic material adsorption in a
sequence of NaHCOj; < Na,SO, < NaCl < MgCl, < CaCl,."*!

pH controls surface chemistries at oil/brine and brine/rock
interfaces'*” and is a dominant factor in crude oil adhesion.
The charges of the organic bases and acids are dependent on
water pH (see eqs 2 and 3).”” The number of oil surface
chemical groups also depends strongly on the pH, as shown in

20

~—-NH+FB

—— -NH+ 10dFB
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Figure 3. Number of oil surface chemical groups versus pH and
dilution. Reprinted from ref 127. Copyright 2018 Elsevier.

Figure 3. With an increasing pH in the range of 1—12, the zeta

potential of crude oils reduces from +50 mV to —150 mV.""!
Alkaline pH Acidic pH
Base RyN: +H,0= R,NH' + OH~ )

Acid R—COOH + H,0= R—COO + H;0"  (3)

Twenty out of twenty-two crude oil samples changed from
adhesion to nonadhesion behavior when the pH value
increased over a narrow range of about 6.5 + 2.°" H*
adsorption at the oil—brine and brine—carbonate interfaces
has been reported to result in a strong water-wetness. At low
pH (ie, pH < 5), this effect dominates the wettability
alteration, making the effect of salinity, ionic strength, and ion
type, less important.'**"*° However, other studies have found
that a lower pH can lead to stronger oil-wetness, especially
when the oil has a high TBN."”” A higher pH (ie, pH = 12)
can deprotonate the stearic acid and reduce its concentration
at the oil/brine interface, thus resulting in a weaker oil-
wetness.'>> When pH increases, the adhesion force between
the nonpolar oil group (—CHj;) and calcite decreases.'*” The
zeta potential of both the nonpolar group (—CO;)-brine and
calcite-brine interfaces becomes more negative,142 leading to a
stronger repulsion between the two interfaces.
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A 2D wettability map, obtained by aging mica with live
crude oil under different salinity and pH conditions,
demonstrates the impact of pH on the oil-wetting process’
in a straightforward way, as shown in Figure 4. With a pH of

12

1

10
9
8

pH Water wet
(6=0°)

6
. !——-;!-
4
3

Na* Concentration (M)

Figure 4. Wettability map based on static contact angle measurements
for live crude oil on mica in aqueous NaNOj; and NaCl solutions.
Reprinted from ref 53. Copyright 2002 Elsevier.

9—12, and Na" concentration between 107'~10 M, the rock
was oil-wet. For pH between 3—9 and Na' concentration
between 107°~107", the rock was mostly intermediate-wet
with partial rupture of the water film. Other conditions tested
showed water-wetness. The thin water film was found to be
stable, likely due to enhanced electrostatic repulsion between
surfaces by high pH and high salinity.”’

Indeed, the salinity, ion type, and pH interact with each
other. For instance, the impact of certain salts is dependent on
pH. One study relates Mg** to more water-wetness at pH
values below and above 7. However, it shows SO,>” increases
water-wetness at pH < 7, while increasing oil-wetness at pH >
7.11% On the other hand, the impact of pH value is dependent
on the ion type. In the NaCl solution, an increased pH led to
less oil-wetness. In the CaCl, solution, however, this
phenomenon was not observed.'” At a moderate pH value
(i.e., 8), the impact of the salinity and ion type can play a major
role in the oil-wetting process. At a low pH, however, the
impact of salinity and ion type becomes insignificant.

With the recent development of the LSW (low salinity
water) technique,'** the wettability alteration potential of
brine has been intensively studied. Brine ions are found to
change rock wettability.'*> Several possible mechanisms have
been proposed for the effects of LSW,'*® which may depend
on timing, including the formation of microdispersions (water
particles wrapped by organic materials) with polar agents
enriched with nitrogen, sulfur, and aromatic rings in the crude
oils,*” the change of zeta potential on the rock surface'*” and
thus the removal of organic materials,"**'*® and so on. Ions
can affect the surface potential, thus affecting the adsorption of
organic materials. Potential determinin§ ions (PDI) for
carbonate (Mg*", Ca*",'*” and SO,>7)"">"*¥13%15! are proven
to have promising efficiency in the removal of organic materials
from carbonate surface,'*'*%!> among which sulfate might
be the most efficient one.”*'*" Mg?* and Ca®* are found to
adsorb more on clay than on silica, relating the efficiency of
LSW with clay content.">® There are also studies reporting
negative results brought by some ions.”® Besides, other ions,

including K+, Mn?*,"* and so on, have also been studied.
Aside from their impact individually, the interactions among
ions can result in different wettability alteration extents.'>*

Apart from the main parameters, there are other properties
of brine, such as the oxidation of brine,'** also affecting the oil-
wetting process. Brine properties not only directly affect the
oil-wetting process of the rock but also significantly impact the
effect of temperature.">® In one study on the calcite/crude oil/
brine system, the temperature effect was observed to be
strongly dependent on NaCl concentration, while a weak
dependence was observed in the MgCl, case.'>

2.4. Impact of CO, and H,. Considering the CO, EOR
and CO, sequestration, *°~"*% it is crucial to understand the
impact of CO, on rock wettability.

CO, exists as a supercritical phase above its critical
temperature (31 °C) and critical pressure (7.38 MPa).
Applications of CO, are typically either in supercritical
condition'*” or as emulsion.'® It can largely increase the
salinity of brine to the extent of triggering salt precilpitation
near sc-CO,/brine interfaces by the dry-out effect.'®’ It can
also reduce the brine pH to around S,'%” resulting in water-wet
conditions."* The effect of CO, in increasing the water-
wetness of the rock is supported by much research'®*~'** and
is found to be enhanced at lower temperatures or higher
pressures, due to the increased solubility of CO, under these
conditions.'*® Besides, CO, can change the properties'¢”'%
and the composition'® of crude oil by dissolving into crude oil
and by extracting oil components. Adding CO, destabilizes
asphaltenes in the crude oil,”' """ resulting in a more oil-wet
condition. The wettability impact of CO, is largely dependent
on the oil composition.

Apart from CO,, H, storage has also gained a lot of attention
in the recent decade.'”” Although H, storage in depleted oil
reservoirs is a viable option, some research considers
combining H, storage and oil recovery.'”> H, itself does not
directly affect rock wettability,'”* but its solubility in crude
oil'”? can modify oil properties and thereby affect the oil-
wetness. In addition, the temperature and pressure conditions
during H, injection also influence rock wettability.

2.5. Impact of Temperature. The temperature impacts
the oil components’ stability and the interfacial behavior of the
oil/water/rock system, thus significantly affecting rock
wettability. With an increasing temperature, the oil/water
IFT in a glass cell decreases, while the oil/water IFT in a high-
pressure cell increases.'”> This phenomenon may be explained
by a combination of oxidation (reducing IFT) and temperature
increase (reducing surfactant concentration at the inter-
face).'”®

An increase in temperature alters rock more water-wet as
tested in Berea sandstone during waterflooding in the range of
2275 °C,°® in quartz by contact angle measurements in the
range of 25—150 °C,” in calcite in the range of 25—130 oc!76
and 25—65 °C."*® The underlying mechanism is that adsorbed
organic materials dissolve at higher temperatures, thus
reducing the oil-wetness.””''® Increased temperature accel-
erates the adsorption and rearrangement of crude oil
components.177 During oil-aging, an increase in temperature
has been reported to enhance the oil-wetness of silicate,
sandstone, and carbonate rocks.*”'”® Higher temperature can
also destabilize wettability modifiers in the oil/brine/rock
system, leading to an enhanced oil-wetness.”® Temperature
increase is found to enhance the impact of organic acids on
rock wettability for Berea, chalk, dolomite, and limestone.>
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There are other aspects to consider: (i) increased temper-
ature enhances mineral dissolution,''®'”” altering formation
brine composition and affecting the rock wettability; (ii)
temperature also affects the partition coefficient of organic
acids in the oil/water system. Organic acids tend to have
higher partition coeflicients at lower temperatures. The
partition coefficient of saturated organic acids are more
affected by temperature than that of unsaturated ones;'”
(iii) below the bubble point of crude oil, temperature increase
decreases asphaltenes solubility. Above the bubble point, the
temperature increase enhances asphaltenes solubility. As a
result, the rock wettability can have drastic changes with
changing temperature;'®” and (iv) responses of different
minerals to the temperature change can differ. For example,
contact angle changes with a changing temperature are found
to be different in calcite and quartz cases,"®" calcite turns more
water-wet with an increasing temperature, while dolomite may
turn more oil-wet.""”

2.6. Impact of Pressure. Pressure has a less pronounced
effect on rock properties than temperature. For model oil
systems, pressure changes between 0.1 and 50 MPa had little
impact on the wettability of n-decane/water/mica or n-decane
+ stearic acid/water/calcite systems.'”” Similar findings were
reported for stock tank oil/brine/quartz or calcite mineral
systems at 66 °C, 600 psi,'"” and crude oil/brine/calcite
systems at S0 °C, 15 MPa."'"” However, pressure changes can
impact rock wettability by altering the oil composition. For
instance, when pressure drops, some oils may have asphaltene
precipitation.”® An experiment showed that with a pressure
reduction from 2500 to 500 psi, the oil/water contact angle on
the pure dolomite surface increased from 111.2° to 135.5°."*°

2.7. Impact of Surface Roughness and Aging Time.
The impact of roughness on surface wettability and wettability
measurement is well-recognized'®> but not yet fully under-
stood.'®" Greater rock roughness may limit the contact
between rock and the introduced fluid, reducing or delaying
the wettability alteration.'®’ Increased convexity of the rock
surface can rupture the water film covering the rock surface,
exposing it to oil and promoting oil-wetting.” An AFM study
showed that organic materials tend to adsorb along the convex
edges on calcite surface.”

Aging time can be understood as the reaction time of the
oil/water/rock system. Oil-wetness increases, either rapidly or
gradually, until reaching a plateau, after which further aging
does not increase oil-wetness.'®® Depending on the specific
condition, the relationship between aging time and rock oil-
wetness can vary greatly.'*® For example, dry rock generally
requires a much shorter time than rock with connate water to
reach the oil-wet status. Surface wetting is faster and easier
than the wetting of the internal.”” Saputra et al. compiled the
data from 44 shale EOR publications and obtained a wide
aging time range of 0 days ~1 year.®' Table 3 summarizes
studies involving the oil-aging process under different
conditions.

3. ADVANCED COMPUTATIONAL APPROACHES FOR
THE WETTABILITY STUDY

Given the complex factors affecting rock oil-wetness and
uncertainties in restoring the rock surface condition as well as
inherent rock heterogeneity, performing experiments that
isolate a single factor while controlling others is extremely
challenging. Numerical simulation can address these limita-
tions by avoiding the multifactor complications inherent in

experiments, allowing the characterization of the influence of
different factors on wettability.'® Numerical simulation has
shown its potential in various aspects related to wettability,
such as the dynamics of droplet motion on wettability-graded
surfaces’”®™""? and in microchannels,’”® the relationship
between the charges on the oil/brine, as well as the brine/
rock, interfaces and rock wettability,'”* the impact of
impurities, pH, and PDI concentration on rock wettability,””
using methods including the Finite Element Method
(FEM),"”® Lattice Boltzmann Method (LBM),'”° etc.
Computational Fluid Dynamics (CFD),"”” numerical simu-
lations emphasizing fluid flow in porous media, is widely used
to study the impact of wettability and temperature on oil
recovery'*® and the effectiveness of surfactants,"””** nano-
fluids,"®” carbonated water,”* and so on, as EOR materials.

Molecular Dynamics Simulation (MDS) is very helpful in
understanding the structure, dynamics, and thermodynamics of
surface physiochemistry, encompassing aspects such as surface
chemistry, energy, and contact angles. MDS provides a detailed
atomistic view, exploring the static and dynamic aspects of
such phenomena on an atomic scale. Various MDS scenarios
have been explored to understand interactions and determine
wettability, using contact angle experiments and MDS
calculations on different surfaces.””” It has been applied in
studying the impact of CO, on the shale,”” kerogen,””*
graphene wettability,”* clay,”***” the impact of increasing
salinity on reducing the water-wetness of sandstone,'® the
impact of increasing temperature on promoting the adsorption
of asphaltenes on quartz,”® the impact of surfactants on
changin% rock wettability,209 the interactions between
particles,”'® the adsorption of organic molecules on the
mineral surface,”' > clay,**® and so on.>'*7?!¢

Machine learning enables the discovery of relationships and
dependencies among wettability parameters, in addition to
predictin§ outcomes, resulting in the design of optimized
systems.”’” Various ML techniques, including artificial neural
network (ANN), linear regression (LR), nonlinear regression
(NLR), random forests (RF), function networks (FN),
adaptive neuro-fuzzy inference systems (ANFIS), and support
vector machines (SVM), are capable of forecasting certain
parameters using easily accessible data without incurring
additional expenses.”'*"**° One common technique in this
paradigm is artificial neural networks (ANN). ANN is
nowadays extensively used in wettability predictions®*'™>*°
without complex extensive programming.227

In conclusion, numerical simulations, MDS, and ML offer
faster, more cost-effective, and powerful alternatives to
complex experimental analyses. Table 4 summarizes previous
studies that have used MDS, CFD, and ML for wettability
evaluations, outlining the primary objectives, types of
simulations used, simulation tools and software applied, and

the key findings of each study.

4. RESEARCH GAPS

On the basis of the review, the following research gaps are
listed. (1) Quantifying the relationship between the polarity of
organic components and their wetting potential: Polarity
dominates the wetting potential of an organic component.
Polar organic molecules, such as asphaltenes and organic acids,
are the main oil-wetness contributors in crude oil in most
cases. However, no work has quantified the polarity of organic
components and relate it to the oil-wetting potential. (2)
Quantifying the impact of mineralogy: Rock minerals show

https://doi.org/10.1021/acsomega.4c07387
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different surface charges and other properties in the same
condition. As a result, the adsorption of acidic polar organic
components presents as the main contributor to oil-wetting
carbonate rocks, while the basic polar organic components are
more important for sandstone rocks. However, relating the
mineralogy, including the portion and distribution of all
minerals, to the wettability remains a problem. (3) Formation
Water and Temperature Effects: The impact of formation
water varies significantly depending on the oil composition.
The presence of salts in brine seems to promote the oil-wetting
process. However, the impact of salinity is not clear. Among all
common ions, the potential determining ions (PDI) usually
play the main role. It has been noticed that a higher
temperature can fasten the adsorption of organic acids
(which increases oil-wetness), while on the other hand
dissolving the precipitated asphaltenes on the rock surface
(which reduces oil-wetness). (4) CO, and H, Injection: CO,
injection increases the salinity in the vicinity of the CO,/brine
interface. It also reduces the pH value of the brine, possibly
destabilizes asphaltenes, and induces other changes that can
affect wettability in different directions. H, is reported not to
affect rock wettability, though its injection can cause changes
in temperature and pressure and indirectly change wettability
to a limited extent. To date, reports focusing on the wettability
implication of CO, and H, injection are still limited in number.
(5) Aging Time Standardization: Reported aging time varies
from 1 day to 1 year, depending on the specific rock, brine, oil,
and environmental conditions. There is a need to study this
aspect in future studies to set a standard time in couple with
influencing factors. (6) Properties of Asphaltenes: More
insights are needed regarding the properties, structure,
flocculation, and adsorption mechanisms of asphaltenes.
Given the interdependence of all factors (oil components,
brine, rock minerals, temperature, pressure), numerical
simulations and AI tools are essential for understanding
these complex systems.

5. SUMMARY

This paper summarizes the impact of materials, including oil,
rock minerals, brine, and CO,, H,, as well as environmental
factors, including temperature, pressure, and aging time, on the
wetting properties. The potential of numerical simulation and
Artificial Intelligence tools in the study of wettability
mechanisms, factors, and predictions is also emphasized.
Although the impact of a specific factor can be very different,
sometimes opposite, in different situations, some general
understandings about the impact of factors can be given. (i)
Polarity of organic components (asphaltenes and long-chain
acids) determines oil-wetness in crude oil. Though asphaltenes
can render rock oil-wetness by adsorption, asphaltenes’
flocculation is usually a sign of strong oil-wetness. For organic
acids, the molecular structure is more important than the
concentration. Long-chain acids are significantly stronger than
short-chain acids. (ii) A lower pH value (pH < S) usually
relates to water-wet conditions and mitigates the effect of
salinity and ion type. When pH is higher, its impact is more
dependent on the oil composition. Brine injection in low-
salinity-waterflooding is reported to make oil-wet rock more
water-wet. (iii) Acidic polar organics dominate oil-wetting in
carbonate rocks; basic polar organics are key in sandstone. (iv)
Environmental factors like water films, brine salinity, and pH
influence wettability significantly.

The information and insights provided in this article can
help researchers prepare oil-wet rock surfaces, especially when
multiple factors are required. Besides, with the increasing
interest in CCUS (carbon capture, utilization, and storage) and
hydrogen storage, wettability change induced by these gases
requires a deeper understanding. This work organized
information presented in the literature to briefly explain the
main mechanism of the wettability change caused by CO, and
H,. Last but not least, considering the complexity of rock
surface wettability as a parameter impacted by many factors, as
well as the difficulty in conducting a control study by
experiments, this paper emphasizes the need and potential of
applying computational approaches for wettability study.
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B ABBREVIATIONS

2D Two-dimensional

AFM Atomic force microscopy

Al Artificial intelligence

AN/BN Acid number/base number

ANFIS Adaptive neuro-fuzzy inference systems

ANN Artificial neural network

API American Petroleum Institute

BTX Benzene, toluene, and xylene

CCUS Carbon capture, utilization, and storage

CMC Critical micelle concentration

CFD Computational fluid dynamics

DCA Dynamic contact angle

DLVO Derjaguin and Landau’s and Verwey and Over-
beek’s

EDL Electrical double layer

EO Ethoxylate

EOR Enhanced oil recovery

ESI Electrospray ionization

FEM Finite element method

FCFNN Fully connected feedforward neural network

FN Function networks

FT-ICR-MS Fourier transform-ion cyclotron resonance-mass
spectrometry

FTIR Fourier transform infrared

GC-MS Gas chromatography-mass spectrometry

GRNN General regression neural network

IFT Interfacial tension

IGC Inverse gas chromatography

LAMMPS  Large-scale atomic/molecular massively parallel
simulator

LBM Lattice Boltzmann method

LR Linear regression

LSW Low salinity water

MDS Molecular dynamics simulation

ML Machine learning

Micro-CT  Microcomputed tomography

MRI Magnetic resonance imaging

MVO Many-objective optimization

NEMD Nonequilibrium molecular dynamics

NLR Nonlinear regression

NMR Nuclear magnetic resonance spectroscopy

PDI Potential determining ions

POC Polar organic components

QCM Quartz crystal microbalance

QCM-D Quartz crystal microbalance with dissipation

QEMSCAN Quantitative evaluation of materials by scanning
electron microscopy

RBENN Radial basis function neural networks

RF Random forests

SAC Solid adsorbent chromatography

SARA Saturates, aromatics, resins, asphaltenes

SCME Sulfuric acid-methanol extraction

SCA Static contact angle

SEM Scanning electron microscope

SVM Support vector machines

TAN Total acid number

TBN Total base number

TGA Thermogravimetric analysis

TLC-FID  Thin-layer chromatography—flame ionization
detection

TOC Total organic carbon

USBM U.S. Bureau of Mines

uv Ultraviolet

VOF Volume-of-fluid

XRD X-ray diffraction
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