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ARTICLE INFO ABSTRACT

Keywords: Reservoir wettability plays a critical role in determining the fluid interactions, distributions, and flow paths in

Pré-Sﬁlt Teservoir porous mediums, which is directly reflected in oil production and recovery strategies during a field’s production

g}lﬂeréls life. Many factors can influence reservoir wettability characterisation on the laboratory scale such as: sample
il aging

origin, mineralogical composition, cleaning procedures for further analysis, pressure, temperature, and the oil
aging process. The best practice to restore the sample’s original wettability by aging processes is unclear,
impacting the assessment of contact angle (CA) measurements. This work addresses the oil aging time and
experimental conditions associated with the pressure and temperature in CA measurements on rock surfaces from
a Brazilian pre-salt reservoir with a predominance of calcite, dolomite, and quartz, respectively. For this purpose,
all surfaces used were cleaned with solvents and saturated with synthetic formation water under vacuum con-
ditions. To evaluate the influence of oil aging time on the samples’ wettability, the CA measurements, by captive
bubble method, were performed on unaged surfaces. The CA measurements were then taken again on the same
surfaces after 14 and 42 days of oil aging. To evaluate the pressure and temperature effects on the CA values, the
experiments were run at 14.7 psi and 22 °C (room conditions), 14.7 psi and 60 °C and 4000 psi and 60 °C. The
results showed a mischaracterization of all surfaces’ original wettability due to the cleaning process, showing the
higher hydrophilic degree and wettability character of neutral and water-wet surfaces. The oil aging procedure
was confirmed to be a fundamental process in restoring the wettability of rock surfaces, requiring more than 14
days to be achieved. Pressure and temperature conditions also matter on CA evaluations. The surface’s hydro-
phobic degree increased as the pressure increased from 14.7 psi to 4000 psi, and the temperature from 22 °C to
60 °C. Furthermore, a higher influence of temperature than pressure was observed to impact CA values. Oil aging
and experimental conditions presented a larger effect on increasing the hydrophobic degree of samples with
calcite and dolomite predominance than those with quartz predominance.

HPHT conditions
Contact angle
Wettability

1. Introduction microscopy-based image analysis (SEM-MLA) coupled with X ray

diffraction of rock samples from a Brazilian pre-salt reservoir [6]. Each

Carbonate reservoirs are recognized by their permo-porosity het-
erogeneities and mineralogical features [1-4], which are linked to the
rock-fluid interactions and, consequently, reservoir wettability.

The main minerals content in reservoir rocks comprises carbonates
(calcite and dolomite) and quartz [5]. Calcite, dolomite, and quartz are
related as predominant minerals identified by scanning electron

mineral can interact differently with the formation fluids, such as oil and
formation water, resulting in wettability heterogeneities and therefore
making the composite rock’s wetting behaviour challenging to describe
[5,6]. The local wettability evaluation by contact angle (CA) measure-
ments of target reservoir rocks, considering surfaces with high concen-
trations of predominant minerals, can help understand the mineral-fluid
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behavior and its wettability tendency [6]. Arif et al. [7] emphasised that
using an analogous mineral sample to represent the carbonate rock
reservoir is not entirely justified for contact angle measurements.

CA is a quantitative method for determining the wettability of rock
samples [8]. However, the wetting properties can be influenced by
pressure, temperature, salinity, pH, oil composition, rock type, surface
mineralogy, sample roughness, and sample handling, such as the
cleaning method and oil aging conditions [7,9-11]. Moreover, the
droplet size can influence the CA measurements [12-14]. However, the
contact angle’s droplet size dependence can be negligible when using
smooth homogeneous surfaces [14].

The application of solvents to remove the organic and inorganic
compounds from rock samples tends to change the original wettability to
water wet [8,15,16]. This effect can be emphasized by the water aging
process; a procedure recommended to be performed before the oil aging
[4,17,18]. Moreover, this water wet behavior can be correlated before
the crude oil migration process [5].

After water aging, to restore the rock wettability, an oil aging process
must be carried out. The adsorption of organic compounds on rock
surfaces is considered a critical issue for proper wettability character-
ization [11,19-21]. Furthermore, the total oil acid number (AN), char-
acterized by the carboxylic and naphthenic acid content in the crude oil
[20], also impacts the wetting nature of the reservoir [22]. Nevertheless,
as noted in the literature, there is no consensus about the time required
to conduct the aging process. According to some studies, the aging times
adopted ranged from 5 min to 60 days [4,17,18,23,24].

The literature points out that carbonate reservoirs can present water,
mixed/neutral, or oil wettability [25-27]. However, there is a consensus
that this kind of reservoir has mixed or oil-wet wetting properties
[19,28].

Some wettability variation is correlated to surface charge variation
associated with mineralogical composition [29]. A positive charge on
carbonate surfaces [30] can contribute to the adsorption of carboxyl
groups during oil aging [31]. Using Zeta potential measurements, She-
hata and Nasr-El-Din [32] verified that carbonate samples such as calcite
and dolomite present more positive values than sandstone.

Some authors have evaluated the pressure and temperature influence
on CA values. Wang and Gupta [23] assessed the wettability of calcite
and quartz samples. These samples were classified as water wet.
Nevertheless, as the pressure increased (200 psi up to 3000 psi), the
hydrophobic degree increased also, while the temperature effect shows
an opposite trend. However, it is worth noting that the samples were
aged for only 5 min in this work. Such a short period may not have been
enough to restore the wettability of the sample.

Hamouda and Gomari [18] evaluated a system consisting of calcite
and mineral oil containing fatty acids. The samples were aged for 24 h.
According to the results, by increasing the temperature, the calcite
surfaces became more hydrophilic. Zeta potential analysis corroborated
this result. The increase in temperature led to a reduction in the positive
charges on the calcite surface. In this way, the adherence of fatty acids
on the mineral surface was less effective. However, in the former work
cited [23], the aging time was relatively short.

On carbonate reservoir samples aged for 30 days, Najafi et al. [33]
observed that by increasing the pressure (3000 to 4500 psi) at a constant
temperature, the hydrophobic degree increased, but without changing
the wettability classification. The increase in temperature (25 °C to
110 °C) at constant pressure for two samples presented a hydrophobic
effect, which changed the wettability classification (water to neutral).
For the sample that showed the highest hydrophilic degree, the authors
associated the water wetness with the high resin/asphaltene ratio in the
oleic phase.

Arif et al. [7] evaluated the pressure and temperature effects of rock
samples’ mineralogical composition, ranging from 100% calcite to
100% dolomite. Increasing the pressure from 14.7 psi up to 2175.57psi
at 50 °C, it was observed that the hydrophobic degree increased.
Considering the temperature effect (25 °C up to 50° at 14.7 psi), the
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authors reported different hydrophilicity behavior from the samples due
to their mineralogical composition. The sample with 100% dolomite
showed a higher hydrophobic degree than other samples.

According to works published elsewhere, the pressure influence on
CA values is less significant when compared to the temperature influ-
ence [7,33]. However, the temperature effect is not evident, so that
these differences may be associated with the oil-rock and oil-brine sys-
tems [10].

Despite the existence of scientific investigations into the influence of
pressure and temperature on the contact angle, including studies on
carbonates, little is known about these properties in ultra-deep basin
reservoirs, such as the case of the Brazilian pre-salt reservoirs. The pe-
culiarities of these reservoirs include high pressure and temperatures
acting in specific mineralogical proportions. In such a scenario, there is a
lack of studies with systematic approaches evaluating the oil aging
process to restore the sample’s original wettability, emphasizing the
reservoir’s mineral heterogeneity in this process. The characterization of
these systems has a considerable influence on the modeling of reservoirs
and, consequently, on the reduction of uncertainties related to oil and
gas recovery.

This work evaluates the influence of dead oil aging time, tempera-
ture, and pressure in the CA values on rock surfaces from a Brazilian pre-
salt reservoir, where mineralogical composition was mostly of calcite,
dolomite, quartz and mixture of these components.

2. Experimental procedures

In this section, the experimental procedures to evaluate the CA
measurements by the captive bubble method of varying the aging time
and experimental conditions will be described in detail.

2.1. Test protocol

The experimental test protocol is presented in Fig. 1. The flowchart
represents each step taken to develop contact angle (CA) measurements
considering distinct oil aging periods, temperature and pressure
conditions.

The experiments were carried out using dead oil, synthetic formation
water (SFW), and surfaces with a predominance of calcite, dolomite and
quartz, and a mixture of them. These surfaces refer to plugs’ slices
samples from a Brazilian pre-salt carbonate reservoir.

Rock surface preparation

Cleaning; saturation; water aging

Fluids preparation
Dead oil and SFW

Apparatus assembly
System stabilization
22°C-14.7psi; 60°C-14.7psi;
60°C-4000psi

l—l

CA measurements (N
Captive bubble method

\—l

Data treatments
Oil aging and experimental conditions
i onCA

Oil aging process
14 and 42 days at 60°C

Fig. 1. Test protocol for CA measurements under different aging periods and
experimental conditions of temperature and pressure.
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Fig. 2. Contact angle measured from the denser phase as is the
usual convention.

Table 1

Synthetic formation water composition and dead oil properties.
SWF Nacl CaCl.2H20  MgCly-6H,O  KCl NayS0;  NaHCO3
Salts
ppm 175,312 27,182 14,002 6,593 58 25

Some phases properties

@ SFW solution: pH = 7.7 and density = 1.14 g/cm® (22 °C and 14.7psi)

@ Dead oil: 29.5°API; Total acid number (TAN) = 0.57 mg KOH/g; Density, viscosity
and dead 0il-SFW interfacial tension (IFT) are 0.8884 g/cm3, 25.03 mPa.s and 9.66
mN/m, respectivelly (at 60 °C and 4000 psi)

Source: Adapted from Ferrari et al. [6].

2.2. SFW composition and dead oil properties

The external phase in CA measurements was the SWF, the denser
phase where the contact angle is, by convention, measured [8] as in
Fig. 2, and the droplet was the dead oil. These phases represent the
target reservoir fluid formation, and their properties are in Table 1.

2.3. Rock surfaces preparation: Cleaning, saturation, and SFW aging
process

The surfaces used to perform the CA measurements were the same
ones used by Ferrari et al. [6], i.e., two samples of each mineral pre-
dominant, such as calcite (C1 and C2), dolomite (D1 and D2), quartz (Q1
and Q2) and the mixture of them (M1 and M2).

The previous work published [6] focused on the influence of
mineralogy on contact angle measurements and wettability de-
terminations. In this previous work, the contact angle was measured on
selected surfaces guided by SEM-MLA results. Those same selected sur-
faces, mineralogically characterized by the SEM-MLA analysis, were
used in the contact angle measurements in this present work, now
considering an oil aging, temperature and pressure effects. These SEM-
MLA results are presented in Table 2. Also, it is important to mention
that XRD bulk analyses were carried out in representative aliquots of the
bulk sample and represent the mineralogical composition of the whole
sample. XRD results contributed to the correct identification of minerals
by SEM-MLA since this system identifies only chemical composition but
not crystalline phases. Based on the mineral map, we selected the areas
for CA analysis.

Each sample presented in Table 2, refers to a smooth surface, due to
the polishing process applied to SEM-MLA analysis and, also to minimize
the roughness effect on CA measurements. According to the literature,
polishing procedures reduced the surface roughness reducing the
magnitude of contact angles values [34,35].

The samples surfaces were slightly cleaned with toluene and meth-
anol, followed by the saturation process with SFW under vacuum
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conditions. After that, the SFW aging process under 60 °C for 24 h was
performed. The whole procedure can be observed in detail in Ferrari et
al. [6].

It is important to clarify that core samples acquired in wells are often
contaminated with drilling fluid and other impurities, which completely
mischaracterizes the properties of the reservoir fluids. In this way, it is
not possible to analyze the core samples without the cleaning process.
The provided core samples were previously cleaned using a systematic
process common in core sample analytical routines [36]. Then, after
that, it is necessary to restore the wettability of samples with an oil aging
process [37].

The samples only aged in SFW will be considered as t0, i.e., no-oil
aging. After CA measurements at tO, the oil aging process was per-
formed for further measurements.

2.4. 0il aging evaluation

Oil aging was carried out to restore the original wettability of rock
sample surfaces. To assess whether the aging time would influence the
samples’ wettability, the CA measurements were performed in three
different periods. The first refers to no oil aged surfaces (t0), and the
second and third after 14 (t14) and 42 (t42) days of oil aging, respec-
tively. The process was performed by immersing each surface in dead oil
and placing it into an air-bath at 60 °C during the respective period.

2.5. Experimental setup and CA quantification

The High Pressute and High Temperature apparatus (HPHT - up to
10,000 psi and 200 °C) used for CA measurements was the IFT Cell Part
No 10 model from Core Lab Instruments, as shown in Fig. 3, which
presents a measurement resolution of 0.1°.

Before assembling the system, the excess oil covering each surface
was removed with absorbent paper until no more oil was transferred
from the rock to the paper. The rock was then immersed in SFW and
dried with soft paper. To place the rock samples into the HPHT cell, item
7 of Fig. 3, a double-sided tape was used to secure them in the sample
holder, item 8 of Fig. 3.

After the apparatus was assembled, the external fluid (SFW) and the
oil droplet were manually pumped into the HPHT cell. The system
configuration after the mentioned procedure is present in Fig. 4.

To avoid the droplet size effect on CA measurements, the same
needle was used in all experiments, with 0.793 mm ID (inner Diameter)
and 1 mm OD (outer diameter), item 9 of Fig. 3, to put the oil droplets on
the surfaces.

The experiments were carried out at 14.7 psi and 22 °C (room con-
ditions), 14.7 psi and 60 °C, and at 4000 psi and 60 °C. In this way, it was
possible to evaluate the pressure and temperature effects of CA
characterization.

To perform the experiments at high pressure (4000 psi), the value
was set by SWF injection and back pressure valve adjustments. In the
experiments at high temperature (60 °C), the value was set by a
digitally-controlled heating blanket. This temperature refers to a
maximum value of further USBM (United States Bureau of Mines) ex-
periments (not addressed in this work).

The captive bubble method was used to measure the external CA of
the oil droplet on the mineral surface surrounded by SFW. The wetta-
bility classification as water-wet, neutral or oil-wet was considered for
CA values lower than 75°, ranging from 75°up to 105° and higher than
105°, respectively [8,38].
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Table 2
Samples identification and mineralogical composition.
Predominant mineral Calcite Dolomite Quartz Mixture
Sample/Area C1 C2 D1 D2 Q1 Q2 M1 M2
Main mineral content (w/w) Quartz 3.76% 2.47% 12.83% 7.30% 93.93% 55.06% 16.27% 23.29%
Dolomite 25.59% 16.05% 85.42% 89.37% 3.47% 25.86% 45.40% 49.99%
Calcite 69.93% 81.23% 1.52% 0.09% 2.52% 18.67% 37.96% 25.85%

Reprinted from Journal of Petroleum Science and Engineering, Vol 199, J.V. Ferrari et al., Influence of carbonate reservoir mineral heterogeneities on contact angle

measurements, 108313, Copyright 2021, with permission from Elsevier.

4 - Bottle (oil)
5 - Camera
6 — Needle for droplet injection

1 - Manually pump
2 - Selector valve
3 — Bottle (SFW)

7 — Holder/HPHT cell
8 — Needle/Sample holder
9 - Light

10 - Backpressure
11 - Waste flask
12 — Data acquisition system

Fig. 3. Scheme of experimental apparatus for CA measurements.

Sample holder

Surface

Oil | /»

Fig. 4. Picture of SFW/oil droplet/surface/sample holder inside the HPHT cell.

3. Results and discussion

The global results of CA measurements of each surface, aging time,
and experimental conditions are summarized in Fig. 5. All points were
measured every 60 s until the end of the experiment. CA values reported
were the average of at least ten points in the equilibrium.

In Fig. 5, three data for some samples in some conditions (D2 at t00 —
22°C — 14.7psi; Q2 at t00 — 60 °C — 14.7psi; M2 at t42 — 22 °C — 14.7

psi) were not presented due to problems with the data acquisition during
those measurements.

The presented data points out that the aging process and experi-
mental conditions can alter the CA values and the wetting tendency of
the samples tested. Increasing the oil aging period, temperature, and
pressure tends to increase the CA values for all surfaces. In the following
items, both effects on CA values will be presented.

3.1. Oil aging effect

According to the data presented in Fig. 5, lower values of contact
angles were observed in each mineral surface with no oil aging (t0). As
the CA values were lower than 105°, the surfaces presented neutral and
water wetting tendencies. This higher hydrophilic degree is associated
with the cleaning process, which modifies the original rock samples’
wettability. According to the literature, the application of toluene and
methanol on the rock surface alters its wettability to water-wet tendency
[8,15,16].

After 14 days of oil aging (t14), Fig. 5 shows a tendency to increase
the contact angles for all samples compared to the t0 data. For the quartz
surfaces, even with CA increase, the wettability was not altered to oil-
wet. However, for samples with a predominance of carbonate min-
erals, the CA values are concentrated in the oil-wet region (CA > 105°).

Considering 42 days of oil aging (t42), it was observed that the CA
increasing tendency stayed the same, increasing the hydrophobic degree
of all surfaces tested. This is supported by CA values higher than 105°,
except for samples Q1 and M2, which presented water-wetting and
neutral-wetting, respectively.

The higher hydrophobic degree may be associated with the oil phase
contact on the rock surface during aging processes, and, consequently,
the adsorption of organic compounds on the rock surface. This behavior
is consistent with the information in the literature [4,11,24,38].
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Fig. 5. Contact angle and wettability classification for each surface, aging time, and experimental condition.
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Fig. 6. Aging effect between 0 and 14 and 14-42 days on the contact angle
measurements.

Fig. 6 presents the CA variation for each sample at 60 °C and 4000 psi
(T60P4000), considering the data between 0 and 14 days and the con-
tinuity of the process, i.e., between 14 and 42 days oil aging.

Analyzing the aging process for the initial 14 days and afterwards up
to 42 days, the collected data show a CA positive variation increase
tendency that ranged from 16.8° to 55.8° and from 2.9° to 50.2°,
respectively. In this way, the CA increase tendency after 14 to 42 days of
aging was identified for all surfaces, except for samples C2 (-8.1°) and
M2 (-18.0°). According to Okasha [39], the dead oil droplet becomes
more spread on the rock surface due to asphaltene deposition as the
aging time increase. Furthermore, oil aging shows more influence on
carbonate samples compared to quartz ones.

Regarding the exceptions observed, the C2 sample has the higher
calcite mineral content. As previously mentioned, a more positive
charge on carbonate surfaces [30] can contribute to an easier adsorption
of carboxyl groups during oil aging [31], in comparison with sandstone
[32]. A hypothesis to explain such behavior of sample C2 would be a
more favorable adsorption of such compounds during the oil aging
process due to its higher calcite content, reducing its positive charge,
and promoting a process of adsorption reversal, observed only after 42
days. In fact, the C2 sample presented a higher positive variation of the
contact angle after 14 days, indicating higher adsorption of such organic
compounds. On the other hand, sample M2 presents the third-highest
quartz content in a carbonate-containing mineral bulk, following sam-
ples Q1 and Q2. Both this relatively higher quartz content and a bulk

containing carbonate minerals would explain the similar behavior of the
M2 sample to the C2 sample after 42 days of oil aging.

According to the presented data of the different mineralogies eval-
uated under the experimental conditions, it can be inferred that the
period required to restore the surface’s wettability is longer than 14 days
for these particular rock samples and fluid samples.

In summary, the cleaning and oil aging process is important in
contact angle evaluation. Oil aging is an essential process to restore the
original wettability of rock samples. According to Drexler et al. [11], oil
aging is one of the main factors influencing the wettability character-
ization of reservoir rock samples.

3.2. Temperature and pressure effect on CA values

The influence of temperature on CA measurements was evaluated
from 22 °C to 60 °C at constant pressure (14.7 psi). Pressure influence
was evaluated from 14.7 psi to 4000 psi at constant temperature (60 °C).
The CA values for these conditions are separatedly presented in Fig. 7,
considering all surfaces and aging times.

The presented data, considering all periods of oil aging, shows that as
the temperature (Fig. 7(a)) and pressure increase (Fig. 7(b)), the contact
angles tend to increase. This trend is stressed in Fig. 8. The plotted values
represent the increase in CA values due to the influence of temperature
(Fig. 8(a)) and pressure (Fig. 8(b)).

Increasing the temperature from 22° C to 60° C, there was an average
increase in the CA values of 10.3°, 2.9° and 3.8° for t0, t14 and t42,
respectively. Also, the CA variation was more significant for non-aged
surfaces. This behaviour was similar to that reported by Okasha [39],
when the author increases the temperature from 26.6 °C to 90 °C at
3000psi using calcite samples and crude oil. Furthermore, the oil droplet
on non-aged samples can start the aging process during the contact angle
measurements [39].

Increasing the pressure from 14.7 psi to 4000 psi, there was an
average increase in the contact angle of 3.4°, 4.1°, and 1.5° for t0, t14
t42, respectively. The experimental condition influenced more on sam-
ples with carbonate mineral predominance compared to the samples
with quartz predominance.

The presented results agree with those reported by Najafi et al. [33]
and Arif et al. [7], in which the hydrophobic degree of surfaces tested
increased as the temperature and pressure increased. Furthermore, the
higher influence of temperature on CA measurements, compared to the
pressure, also fits their results. In some cases (C1, D2, and M2),
increasing the temperature from 22 °C to 60 °C changed the wettability
classification, unlike the effect of pressure. Even though it showed a
tendency to increase the contact angle, the pressure effect did not
change the classification of surface wettability.
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Fig. 8. Temperature (a) and pressure (b) effect on the contact angle measurements.

4. Conclusions

The contact angle measurements of the surfaces of rock samples
extracted from plugs from a Brazilian Pre-Salt carbonate reservoir
confirmed the mischaracterization of the original wettability of all sur-
faces due to the cleaning process.

The aging of the surfaces with dead oil was required to restore the
original mineral’s wettability. The dead oil contact on mineral surfaces
decreases the wetness of the water phase for all samples tested.

Considering the system and experimental conditions evaluated, the
results showed that the samples required more than 14 days of oil aging
to restore wettability. A tendency for the contact angle values measured
after 42 days of oil aging to increase was verified. This indicates that the
hydrophobic degree of the samples increased after 14 days of oil aging.

Temperature changes showed significant effects on contact angle
values following a tendency of CA to increase as the temperature rises.
On the other hand, pressure changes showed less intense effects on CA

although it followed an overall tendency to oil wetness when the pres-
sure was increased. These results emphasize the need to evaluate
wettability under the HPHT conditions found in the reservoirs.

Both the oil aging process and experimental conditions, associated
with pressure and temperature, had a larger influence on increasing the
hydrophobic degree on samples with carbonate mineral predominance
when compared to the samples with quartz predominance.

CRediT authorship contribution statement

Bruno Marco de Oliveira Silveira: Conceptualization, Methodol-
ogy, Investigation, Validation, Writing — original draft. Rafael dos
Santos Gioria: Validation, Writing — review & editing. Jhonatan Jair
Arismendi-Florez: Investigation, Writing — review & editing. Thais
Bortotti Fagundes: Investigation, Writing — review & editing. Mayara
Antunes da Trindade Silva: Investigation, Writing — review & editing.
Rodrigo Skinner: Project administration, Resources, Writing — review



B.M.O. Silveira et al.

& editing. Carina Ulsen: Project administration, Funding acquisition,
Methodology, Writing — review & editing. Cleyton de Carvalho Car-
neiro: Project administration, Funding acquisition, Writing — review &
editing. Jean Vicente Ferrari: Conceptualization, Methodology,
Writing — original draft, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors acknowledge the funding and support from Petrobras S.
A./Centro de Pesquisas e Desenvolvimento Leopoldo Américo Miguez de
Mello (CENPES) and National Agency for Petroleum, Natural Gas and
Biofuels (ANP), Brazil, Process number 2016,/00126-2.

References

[

[2

[3]

[4]

[5]
(6]

[7

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Pourmohammadi S, Hetland S, Spildo K, Skauge A. Fluid Flow Properties of
Different Carbonate Pore Classes. SPE/EAGE Reservoir Characterization and
Simulation. Conference 2007. https://doi.org/10.2118/111433-MS.

Lucia FJ. Carbonate Reservoir Characterization: An Integrated Approach. 2nd ed.
Austind: Springer-Verlag Berlin Heidelberg; 2007. https://doi.org/10.1007/978-3-
540-72742-2.

Dou Q, Sun Y, Sullivan C. Rock-physics-based carbonate pore type characterization
and reservoir permeability heterogeneity evaluation, Upper San Andres reservoir,
Permian Basin, west Texas. J. Appl. Geophys. 2011;74(1):8-18. https://doi.org/
10.1016/j.jappgeo.2011.02.010.

Sharma G, Mohanty KK. Wettability Alteration in High-Temperature and High-
Salinity Carbonate Reservoirs. SPE J. 2013;18(04):646-55. https://doi.org/
10.2118/147306-PA.

Abdallah W, et al. Fundamentals of wettability. Oilfield Rev. 2007;19:44-61.
Ferrari JV, et al. Influence of carbonate reservoir mineral heterogeneities on
contact angle measurements. J. Pet. Sci. Eng. 2021;199:108313. https://doi.org/
10.1016/j.petrol.2020.108313.

Arif M, Abu-Khamsin SA, Zhang Y, Iglauer S. Experimental investigation of
carbonate wettability as a function of mineralogical and thermo-physical
conditions. Fuel 2020;264:116846. https://doi.org/10.1016/j.fuel.2019.116846.
Anderson W. Wettability Literature Survey- Part 2: Wettability Measurement.

J. Pet. Technol. 1986;38(11):1246-62. https://doi.org/10.2118/13933-PA.
Shedid SA, Ghannam MT. Factors affecting contact-angle measurement of reservoir
rocks. J. Pet. Sci. Eng. 2004;44(3-4):193-203. https://doi.org/10.1016/j.
petrol.2004.04.002.

Sohal MA, Thyne G, Sggaard EG. Effect of the Temperature on Wettability and
Optimum Wetting Conditions for Maximum Oil Recovery in a Carbonate Reservoir
System. Energy Fuels 2017;31(4):3557-66. https://doi.org/10.1021/acs.
energyfuels.6b02612.

Drexler S, Souza FP, Correia EL, Silveira TMG, Couto P. Investigation of the Key
Parameters Affecting Wettability of a Brazilian Pre-Salt Crude Oil And Brine On
Pure Minerals Through Statistical Analysis. Braz J Pet Gas 2018;12:195-204.
https://doi.org/10.5419/bjpg2018-0018.

Drelich J, Miller JD, Good RJ. The Effect of Drop (Bubble) Size on Advancing and
Receding Contact Angles for Heterogeneous and Rough Solid Surfaces as Observed
with Sessile-Drop and Captive-Bubble Techniques. J Colloid Interface Sci 1996;
179:37-50. https://doi.org/10.1006/jcis.1996.0186.

Drelich J. The Effect of Drop (Bubble) Size on Contact Angle at Solid Surfaces.

J. Adhes. 1997;63(1-3):31-51. https://doi.org/10.1080/00218469708015212.
Prydatko AV, Belyaeva LA, Jiang L, Lima LMC, Schneider GF. Contact angle
measurement of free-standing square-millimeter single-layer graphene. Nat.
Commun. 2018;9(1). https://doi.org/10.1038/541467-018-06608-0.

Marzouk I. Wettability and Saturation in Abu Dhabi Carbonate Reservoirs. Middle
East Oil Show Conf. Bahrain 1999. https://doi.org/10.2118/53379-MS.

Okasha TM, Funk JJ, Rashidi HN. Fifty Years of Wettability Measurements in the
Arab-D Carbonate Reservoir. SPE Middle East Oil and Gas Show and. Conference
2007. https://doi.org/10.2118/105114-MS.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Fuel 310 (2022) 122414

Gupta R, Mohanty KK. Wettability Alteration of Fractured Carbonate Reservoirs.
SPE Symp. Improv. Oil Recovery, Tulsa, Oklahoma, USA: Society of Petroleum
Engineers; 2008. https://doi.org/10.2118/113407-MS.

Hamouda AA, Rezaei Gomari KA. Influence of Temperature on Wettability
Alteration of Carbonate Reservoirs. SPE/DOE Symp. Improv. Oil Recovery, Tulsa,
Oklahoma, USA: Society of Petroleum Engineers; 2006. https://doi.org/10.2118
/99848-MS.

Ivanova A, Mitiurev N, Cheremisin A, Orekhov A, Kamyshinsky R, Vasiliev A.
Characterization of Organic Layer in Oil Carbonate Reservoir Rocks and its Effect
on Microscale Wetting Properties. Sci. Rep. 2019;9(1). https://doi.org/10.1038/
$41598-019-47139-y.

Al-Balushi MA, Karimi M, Al-Maamari RS. Impact of Acid and Base Numbers and
Their Ratios on Wettability Alteration of the Calcite Surface. Energy Fuels 2020;34
(1):245-57. https://doi.org/10.1021/acs.energyfuels.9b03538.

Morrow NR. Wettability and Its Effect on Oil Recovery. J. Pet. Technol 1990;42
(12):1476-84. https://doi.org/10.2118/21621-PA.

Zhang P, Austad T. The Relative Effects of Acid Number and Temperature on Chalk
Wettability. SPE Int. Symp. Oilfield Chem., The Woodlands, Texas: Society of
Petroleum Engineers 2005. https://doi.org/10.2118/92999-MS.

Wang W, Gupta A. Investigation of the Effect of Temperature and Pressure on
Wettability Using Modified Pendant Drop Method. SPE Annu. Tech. Conf. Exhib.,
Dallas, Texas: Society of Petroleum Engineers 1995. https://doi.org/10.2118/
30544-MS.

Chen Y, Xie Q, Sari A, Brady PV, Saeedi A. Oil/water/rock wettability: Influencing
factors and implications for low salinity water flooding in carbonate reservoirs.
Fuel 2018;215:171-7. https://doi.org/10.1016/j.fuel.2017.10.031.

Okasha, T.M., Funk, J.J., and S.M. Al-Enezi. "Wettability and Relative Permeability
of Lower Cretaceous Carbonate Rock Reservoir, Saudi Arabia." Paper presented at
the Middle East Oil Show, Bahrain, June 2003. doi: https://doi.org/10.2118/8148
4-MS.

Mohan K, Gupta R, Mohanty KK. Wettability Altering Secondary Oil Recovery in
Carbonate Rocks. Energy Fuels 2011;25(9):3966-73. https://doi.org/10.1021/
ef200449y.

Karimi A, Fakhroueian Z, Bahramian A, Pour Khiabani N, Darabad JB, Azin R, et al.
Wettability Alteration in Carbonates using Zirconium Oxide Nanofluids: EOR
Implications. Energy Fuels 2012;26(2):1028-36. https://doi.org/10.1021/
ef201475u.

Alotaibi MBB, Nasralla RAA, Nasr-El-Din HAA. Wettability Studies Using Low-
Salinity Water in Sandstone Reservoirs. SPE Reserv. Eval. Eng. 2011;14(06):
713-25. https://doi.org/10.2118/149942-PA.

Riicker M, Bartels W-B, Singh K, Brussee N, Coorn A, Linde HA, et al. The Effect of
Mixed Wettability on Pore-Scale Flow Regimes Based on a Flooding Experiment in
Ketton Limestone. Geophys. Res. Lett. 2019;46(6):3225-34. https://doi.org/
10.1029/2018GL081784.

Deng X, Kamal MS, Patil S, Hussain SMS, Zhou X. A Review on Wettability
Alteration in Carbonate Rocks: Wettability Modifiers. Energy Fuels 2020;34(1):
31-54. https://doi.org/10.1021/acs.energyfuels.9b03409.

Rahimi A, Honarvar B, Safari M. The role of salinity and aging time on carbonate
reservoir in low salinity seawater and smart seawater flooding. J. Pet. Sci. Eng.
2020;187:106739. https://doi.org/10.1016/j.petrol.2019.106739.

Shehata, Ahmed M., and Hisham A. Nasr-El-Din. "Zeta Potential Measurements:
Impact of Salinity on Sandstone Minerals." Paper presented at the SPE International
Symposium on Oilfield Chemistry, The Woodlands, Texas, USA, April 2015. doi:
https://doi.org/10.2118/173763-MS.

Najafi-Marghmaleki A, Barati-Harooni A, Soleymanzadeh A, Samadi SJ, Roshani B,
Yari A. Experimental investigation of effect of temperature and pressure on contact
angle of four Iranian carbonate oil reservoirs. J. Pet. Sci. Eng. 2016;142:77-84.
https://doi.org/10.1016/j.petrol.2016.02.004.

A. Kittu, R. Bulut, e J. Puckette, Effects of Surface Roughness on Contact Angle
Measurements on a Limestone Aggregate. Geo-Hubei 2014 International Conference
on Sustainable Civil Infrastructure. 2014, p. 8. https://doi.org/10.1061/97807844
78493.001.

Klimenko A, Molinier V, Bourrel M. Mechanisms underlying the adhesion of crude
oil to mineral surfaces: Relevance of oil-brine interactions. J. Pet. Sci. Eng. 2020;
190:107036. https://doi.org/10.1016/j.petrol.2020.107036.

American Petroleum Institute. Recommended Practice for Core Analysis Procedure.
API RP40. API Publ.,1998..

Anderson WG. Wettability Literature Survey- Part 1: Rock/Oil/Brine Interactions
and the Effects of Core Handling on Wettability. J. Pet. Technol 1986;38(10):
1125-44. https://doi.org/10.2118/13932-PA.

Esfahani MR, Haghighi M. Wettability evaluation of Iranian carbonate formations.
J. Pet. Sci. Eng. 2004;42(2-4):257-65. https://doi.org/10.1016/].
petrol.2003.12.016.

Okasha TM. Investigation of the effect of temperature and pressure on interfacial
tension and wettability. International Symposium of the Society of Core Analysts
2018.



