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As oil reservoir pressure diminishes with production, technology for efficient oil recovery becomes
imperative. Water flooding emerges as a proven method to restore reservoir pressure, emphasizing
the critical role of water composition. This study explores the ionic impact of engineered water on
oil recovery in carbonate reservoirs. Through contact angle, interfacial tension, and core flooding
experiments, seawater with double sulfate ion concentration (SW2S) performs best, altering
wettability and reducing IFT via sulfate-driven ionic interactions. SW2S caused the IFT to change

by -5.63, altered the contact angle by 65.72, and increased oil recovery with the added benefit of
promoting emulsion formation, particularly in the S-1 crude oil system, where it achieved the oil
recovery by 10.27%. Results reveal the influence of crude oil components on water composition
effectiveness, with resin and asphaltene playing key roles. The study emphasizes considering crude
oil characteristics when selecting optimal water compositions, proposing a combination of sulfate,
magnesium, and calcium ions to enhance oil recovery in carbonate reservoirs. This research provides
crucial insights into the ionic effects of engineered water, emphasizing the significance of reservoir and
crude oil specifics in water composition optimization.
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As oil reservoir pressure decreases and production declines substantially, most oil will be trapped underground
(about 85% of the original oil in place)!. Therefore, methods must be used to enhance oil production from
depleted reservoirs by producing residual oil. Water flooding is the most popular and well-studied technique for
increasing oil recovery efficiency®>.

The effectiveness of engineered water in enhancing oil recovery from carbonate reservoirs hinges on two
primary mechanisms: wettability alteration and interfacial tension (IFT) reduction. Carbonate rocks are often
oil-wet due to the adsorption of polar oil components, such as carboxylic acids, onto the positively charged
rock surface. Wettability alteration shifts this state toward water-wetness by enabling specific ions, like
sulfate, to adsorb onto the rock, displacing these oil components and promoting water displacement of oil2.
Simultaneously, IFT reduction lowers the capillary forces trapping oil by altering the oil-water interface through
ionic interactions with polar oil constituents, such as resins and asphaltenes™S. Additionally, engineered water,
particularly low salinity water, can facilitate emulsions’ formation, further enhancing oil recovery by improving
sweep efficiency”®. These mechanisms are critical for optimizing water composition to improve recovery
efficiency>*1°.

The water flooding technique could be enhanced by modifying the salt concentrations by manipulating
viscous forces, fluid/fluid interactions (IFT), and fluid/solids interactions (wettability) to modify the mobility
ratio during the fluid injection process!'''2. Previous investigations revealed that higher oil recovery efficiency can
be achieved if the ion concentration presented in the injection water is manipulated'®. This type of saline water,
which is commonly known as Engineered Water (EW), is recently gaining attention as a new and efficient EOR
technique; it consists of two types of saline water, which are called Low Salinity Water (LSW) and Smart Water
(SmW)!*15, The popularity of this technique comes from several unique advantages, including the efficiency of
displacing light to medium gravity crude oils, ease of injection into oil-bearing formation, water availability and
affordability, being environmentally friendly, no expensive chemicals added, low damage problems and lower
capital and operating costs for the fields already treated by the water flooding process!*1¢1718,
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The literature proposes various mechanisms to explain the additional oil recovery from LSWI/SmW injection.
The researchers’ significant mechanisms include interfacial tension reduction and wettability alteration®!%1%,
These mechanisms explain the improvement in oil recovery resulting from the rock’s wettability changing from
a mixed-wet state to a more water-wet condition.

Although LSW/SmW injection has received growing attention over recent years, the effect of LSW/SmW
injection on carbonate rock has not been systematically investigated compared to sandstones?*®. Previously
performed investigations revealed that most carbonate reservoirs are between neutral and oil-wet states due to
the natural surfactants’ adsorption in the crude oil. On the other hand, since more than half of the world’s proven
hydrocarbon reserves are stored in carbonate reservoirs, it is necessary to systematically investigate the effect of
LSW/SmW injection on the oil recovery of these specific reservoirs??22,

Interfacial tension (IFT) measurements for LSW/SmW injection were made by numerous studies, which
found that the reduction of the IFT was too small to impact oil recovery. The results showed that LSW/SmW
injection impacts the Contact Angle (CA) more than IFT. More impact on CA than IFT implies that diluted
Seawater (SW) influences rock/oil/brine rather than oil/brine interactions. In some cases, even the reverse effect
of LSW on IFT was observed®*?>%. An increase in IFT with decreasing salinity was reported by Alameri et al.
(2014), in contradiction with the improvement of oil recovery by the low salinity effect. According to recent
research, altering the qualitative characteristics of an oil-water interface could be more important than merely
changing the interfacial tension?”23, The interface can be viscous, liquid-like, elastic, or solid-like, depending on
the compositions of the contacting fluids. Intermediate states are also possible. This effect has been known for
at least 60 years for oil-brine contacts?. It was attributed to surface-active compounds in the oil, particularly
asphaltenes?®,

Recently, it has been realized that IFT reduction is vital for LSW/SmW injection. If an oil-brine interface
becomes solid-like, oil separates more easily from the rock surface. On the contrary, if the interface is liquid-
like, separate oil drops can coalesce and form a continuous flowing oil phase. The ions that make the oil-water
interface more elastic should concentrate close to the rock surface in the ideal brine recipe, while the ions that
make the interface more viscous should remain in the solution. Notably, the presence of sulfates in a brine
sometimes promotes the hardening of the interface?’.

The wettability of any rock can be reversed toward being oil-wet to release oil capillary trapping or toward
being water-wet to enhance water imbibition and oil counter-current production. Cassie and Baxter, Buckley
et al.’!, Furthermore, Chen et al.>? indicated that the water film separating crude oil from the mineral surface
is not always stable and that the original water wetness of the rock can be altered by destabilizing the water
film. Consequently, changing the wettability must overcome the disjoining pressure to destabilize and break the
water film. Zhang et al.# examined the role of divalent cations, namely, calcium, magnesium, and sulfate ions,
on wettability alteration in carbonates. The ratio of Ca?*/SO,*"was found to have a more pronounced effect on
wettability alteration and recovery than monovalent anions®3-3435.

Although the majority of researchers proposed a change in wettability as the governing mechanism in
carbonates during the LSW/SmW injection, IFT reduction between two phases has also been checked by some
researchers?>3%3738_ Several factors affect IFT, like injection brine components, salt concentration, temperature,
pressure, pH, etc. According to the literature reviews, pressure and temperature have the most negligible effects
on IFT reduction, and the most important factors on IFT reduction are injection brine components and salt
concentration?¥+40, which are investigated in this study. Some of the mentioned studies show disagreements
and conflict in IFT analysis and the governing mechanisms. Taking into account all of these contradicting
results, in this study, the effect of different types of injection water on the surface properties of liquid-liquid
(IFT) and liquid-rock (CA) due to the presence of polar compounds using five different types of crude oil from
one of the oil field in the south of Iran (OFSI) were examined systematically. For designing injection water with
a constant value of Total Dissolved Solids (TDS) equal to seawater, several analyses have been performed using
OLI ScaleChem software.

Additionally, experimental and simulation compatibility analysis is done for all types of injection water.
PHREEQC software chooses the optimal injection water with a minimum potential for mineral scale precipitation.
After designing and selecting the most effective injection water and conducting IFT and CA experimental tests,
core flooding tests were performed for injection water with the best performance in IFT and CA experimental
tests. Finally, the superior injection water with the highest oil recovery is chosen for each formation.

Methodology

Brine

This study chose two types of water as injection fluids to investigate their impact on oil recovery. The first
injection fluid category was low-salinity water. The experiments considered Persian Gulf seawater (SW), which
has a total salinity of 40,572 ppm, and three other low-salinity waters. The compositions of the different types of
injection water used in this study are given in Table 1.

Second, injection water with an equal salinity of SW was used as smart water in the experimental tests. The
SmW was named SW(x)Ca(y)Mg(z)S, where (x), (y), and (z) represent the concentration order of Ca?*, Mg?",
and SO, respectively, instead of SW. For example, SW2 Ca indicates a double concentration of Ca?* in the
modified seawater compared to the SW at the constant concentrations of Mg?* and SO,*". Mg** and SO,*
concentrations are zero in SWOMg0S, but the concentration of Ca?* remains constant in SW. Table 2 lists the
composition of all SmW used, and Fig. 1 shows its image.

Crude oil
A crude oil sample from five formations of OFSI was employed in this investigation. The oil sample was first
centrifuged and filtered through 5 mm filter paper to remove solid particles, dissolved gases, and water. Table 3
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Fw 31,315 187.5 761.3 | 7615.2 65129.5 259.8 209.6 | 1581.9 107,060 2030.567
SwW 12,538 282 1528 | 461 22,404 151 3209 |- 40,573 1291
LSW 5DSW | 2507.6 56 306 92 4480.8 30 642 - 8114.4 161.435
20DSW | 626.9 14 76.5 23 1120.2 7.5 160.5 |- 2028.6 40.3544
40DSW | 313.45 7 3825 |11.5 560.1 3.75 80.25 |- 1014.3 20.175

Table 1. Ionic composition of FW, SW, and LSW.

SWo0 Ca 13,038 282 1528 0 22,365 151 3209 | - 40,573 1304
SWos 12,866 282 1528 461 25,285 151 01]- 40,573 1357
SWoMg 14,891 282 0 461 21,579 151 3209 | - 40,573 1311
SW2 Ca 12,034 282 1528 922 22,447 151 3209 | - 40,573 1286
SwW2s 12,206 282 1528 461 19,527 151 6418 | - 40,573 1233
SW2Mg 10,181 282 3056 461 23,233 151 3209 | - 40,573 1278
SW3 Ca 11,532 282 1528 1383 22,488 151 3209 | - 40,573 1276
SmW SW3S 11,877 282 1528 461 16,647 151 9627 | - 40,573 1170
SW3Mg 7824 282 4584 461 24,062 151 3209 | - 40,573 1262
SW4 Ca 11,030 282 1528 1844 22,529 151 3209 | - 40,573 1267
SW4S 11,547 282 1528 461 13,768 151 12,836 | - 40,573 1108
SW4Mg 5470 282 6112 461 24,888 151 3209 | - 40,573 1246
SWO0 Ca0Mg | 15,394 282 0 0 21,537 151 3209 | - 40,573 1320
SW0 Ca0S 13,368 282 1528 0 25,244 151 0]- 40,573 1366
SWO0Mg0S 15,221 282 0 461 24,458 151 01- 40,573 1373

Table 2. Ionic composition of SmW.

Fig. 1. Brine samples.

G-1 53.9 40.4 2.3 3.4 335
S-1 349 35.7 15.5 13.9 20.7
K-1 51.3 23.4 7.1 1.8 30.7
F-1 77.0 18.5 4.0 0.5 35.4
F-2 58.6 27.5 12.5 14 29.8

Table 3. SARA analysis for different oil samples.
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provides SARA analysis for different oil samples. Also, the Component characterization and physical properties
of crude oil samples are shown in Supplementary Tables S-1 and S-2.

Cores

Two cores were utilized for core flooding tests. XRD analysis revealed that they comprised 96% CaMg(CO,),,
1.5% CaCO,, and 1% Sio,, indicating that the cores were carbonate rocks. The characteristics of the cores are
presented in Supplementary Table S-3. Also, Carbonate core samples from a single reservoir were used for
consistency in rock properties, while crude oils from five formations (G-1, S-1, K-1, F-1, F-2) were evaluated for
IFT and contact angle. Core flooding experiments focused on three oils (S-1, K-1, F-1) to assess recovery under
representative conditions.

Apparatus

Drop shape analysis (DSA) apparatus

This study used a drop shape analysis apparatus (DSA) based on the pendant drop technique to determine the
IFT between crude oil and brine. The DSA technique is probably the most advanced and accurate method for
measuring the IFT, especially for the IFT range of 3-80 mN/m. Compared to the other existing methods, the
DSA technique for the pendant drop case is accurate for the IFT measurement (0.05 mN/m), fully automatic,
and completely free of the operator’s subjectivity?*2. Therefore, this technique has been widely proposed as
a standard method for measuring the IFT*. In the case of IFT measurements, a precise interfacial tension
measurement is achievable with the help of a computer-controlled IFT measuring device outfitted with image
analysis software.

Contact angle measurement (CA) apparatus

An oil droplet was placed on the carbonate’s thin-section surface to measure the contact angle. The droplet was
allowed to equilibrate for one day before measurements were taken. The droplet images were taken using a high-
resolution camera, and contact angles were calculated and analyzed using Image] software.

Core flooding apparatus
The core flooding apparatus used in this research is designed to conduct experiments under high-pressure,
high-temperature (HPHT), or ambient conditions to evaluate oil recovery using waterflooding or any other type
of injection. Pressure transducers that monitor absolute and differential pressure record the system pressure
through data gathering.

Experimental test procedure

Experimental tests were divided into several stages to investigate the effect of LSW/SmW injection on improving
oil production and reducing residual oil: solutions preparation, compatibility analysis, IFT analysis, contact
angle measurements, and core flooding tests.

Solution Preparation

Different LSW/SmW were initially designed and chosen based on published literature in the same fields in
Iran or worldwide. For LSW solutions, the Persian SW was diluted 5, 20, and 40 times, as detailed in Table 1.
Also, all SmW's were prepared by dissolving a specific concentration of different salts in deionized water (DIW).
Noteworthy is the fact that OLI ScaleChem software is used to calculate and maintain a charge balance between
ions in solutions. The salts (NaCl, KCI, MgCl,.6H,0, CaCl,.2H,0, NaHCO,, Na,SO,) were all purchased with
a purity of 99% from Merk Co. To prevent the precipitation of salts through the water synthesis process, they
should be added in a successive order of CaClZ, MgClz, KCl, NaCl, Na,SO,, and NaHCO,. The ionic compositions
of 15 types of SmW considered for experiments in the research are listed in Table 2. The amount of different salts
used for preparing various injection solutions is detailed in Supplementary Table S-4.

Compatibility analysis

After designing the solutions, their compatibility with formation water (FW) was analyzed. Since formation
water contains a high concentration of divalent cations (Mg?*, Ca?" and Sr?*) and SW’s sulfate concentration is
too high, precipitation is probable for inorganic minerals (SrSO,, CaSO,)*. In this regard, PHEERQC software
was employed to simulate injection solution mixing at various ratios. This step was performed to screen the
designed fluid.

IFT measurement

Interfacial tension is the force that exists between two dissimilar phases, such as a gas-liquid, gas-solid, liquid-
liquid, or liquid-solid interface. As a result of the molecules in the substance, whether solid or liquid, having
the same kind as their neighbors, they are drawn equally in every direction, resulting in zero net force. It is a
different situation at the interface. Through cohesive forces, the molecules will interact with similar molecules
they see below and on their sides. These cohesive forces can be powerful in air-liquid systems, especially in air-
solid systems, resulting in high surface tension and free energy values. However, the adhesive forces between the
dissimilar molecules also matter and balance the forces at the interface when two immiscible liquids, liquid and
solid, come into contact.

Interfacial tension (IFT) measurement is essential to identify suitable injection water solutions with the effect
of desirable selective ions on reducing surface tension. Due to the tendency of small drops to be spherical, the
IFT between different types of LSW/SmW and crude oil was measured based on the drop shape by the pendant
drop method. When a drop starts to form, the camera captures a video until the drop is entirely detached from
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the needle, and the last image before detachment is used for IFT measurement. Each experiment was conducted
four times to verify the accuracy of the data. Also, to obtain a constant coeflicient for measuring IFT, the density
of the injection water was measured, and the density difference with crude oil from various formations was
multiplied by gravity drainage. These coeflicients are listed in Supplementary Table S-5.

Contact angle measurements

Many methods are used to determine wettability, such as contact angle measurement (sessile drop method), the
Amott-Harvey test, and USBM (centrifuge method). However, the method that is often used to determine the
wettability of a water-oil system is contact angle measurement. In this technique, a drop of water is placed on a
mineral surface where reservoir oil is present, and based on the shape and dimensions of the drop, the degree of
wettability and the contact angle are ascertained.

The CA is the angle conventionally measured through the denser liquid, where a liquid-vapor interface
meets a solid surface. It quantifies the wettability of a solid surface by a liquid via the Young equation. A
unique equilibrium contact angle exists for a given system of solids, liquids, and vapors at a given pressure and
temperature. In actuality, though, contact angle hysteresis is frequently seen as a dynamic phenomenon that
ranges from the receding (minimal) to the advancing (maximal) contact angle. These values can be used to
calculate the equilibrium contact contained within them. The equilibrium contact angle indicates the strength
of the molecular interactions between liquid, solid, and vapor. If the contact angle is between 0° and 90°, the
system is water-wet (hydrophilic), while if this angle is equal to 90°, the system is intermediate-wet. For the
values greater than 90°, the system becomes oil-wet (hydrophobic).

Wettability alteration is one of the primary EOR mechanisms used in LSW/SmW injection. Several contact
angle tests were conducted in this study to examine the crucial function of the wettability change of LSW/SmW
injection. Figure 2 shows thin sections of a rock sample from the OFSI oil fields (F-1, F-2, K-1, -1, and G-1) aged
with crude oil from the reservoirs for a month to conduct contact angle tests. The interaction between fluid/rock
was tested for all prepared fluids. A drop was settled on the thin section’s surface, and 24 h were used to measure
the drop’s contact angle. The best injection solution could change the contact angle more than others and change
the wettability to more mixed-wet or water-wet conditions.

Core flooding tests
A core flooding study examined how altering the salinity and ionic composition of the injection water affects
oil recovery. The experimental parameters and procedures were well designed to reflect the initial conditions
usually found in carbonate reservoirs and current field injection practices.

The core flooding process was conducted after measuring the initial properties of clean, dry cores. The
following experimental procedure is described below:

1. The cores were cleaned with toluene and dried in an oven for 24 h. A vacuum pump suctioned each clean
core sample for an hour.

2. A confining pressure 400 psi higher than the injection pressure was applied.

Injection FW completely saturated the cores at an injection rate of 0.3 mL/min.

4. The pressure difference along the core was measured at three injection rates: 0.1, 0.5, and 1 mL/min. Then,
using Darcy’s law, the permeability was determined.

5. The saturated core with FW was allowed to age for two days, and then its weight was measured to indicate
its pore volume and porosity.

6. Filtered crude oil was injected into the core samples at 0.3, 0.6, and 0.9 mL/min to ensure the cores were
entirely at their initial water saturation (S_;) state.

7. Oil relative permeability was calculated based on the pressure difference along the core.

8. One week of aging was applied at 80 degrees Celsius to restore the cores’ wettability.

w

Fig. 2. Thin section samples before (Left) and after aging (Right).
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9. 4PV oils are injected to mimic oil-saturated reservoir conditions.
10. FW was injected to displace the oil at 0.3, 0.6, and 0.9 mL/min flow rate (for 10 PV). Oil recovery during
waterflooding and water relative permeability were determined.
11. SW was injected using the same procedure as FW.
12. EWs were injected to investigate the effect of LSW/SmW on incremental oil recovery and wettability alter-
ation. Oil production, flow rate, and pressure drop were recorded and analyzed during the core flooding
experiment.

Result and discussion

Compatibility study

LSW/SmW injection has many advantages and is more economical than other methods, but it could cause
some problems and formation damage>#>:46:47:48:49.50 Besides, due to the high reactivity of carbonate rocks with
chemical fluid in the water phase and active ions, some issues may occur during water flooding®!:>%535455.56,

LSW/SmW contains different salts, and mixing with FW causes some incompatibilities®. For example, there
is a high SO,* concentration in SW, whereas FW has a high concentration of divalent cations, like Ca** and
Sr2*. As a result, when injection fluids from SW and FW are mixed, insoluble scales precipitate (e.g., CaSO A and
SrS0),)3960.616263.6465,

The generation of inorganic scales lowers the reservoir productivity index (PI) and the permeability of the
porous media. Also, the precipitation of inorganic scales can restrict and clog downhole or wellhead facilities.
Research has been conducted to eliminate metal-containing precipitation from water, which entails significant
costs and time®®-67:68:6%70 Therefore, when engineers choose to run the water flooding process, they must pay close
attention to the FW and SW and their ionic composition. In addition to IFT measurements, the compatibility of
injection water was examined in this research when mixed with FW. Since the connate water saturation of the
petroleum reservoirs is about 20%, the compatibility study was done at an injection water ratio of 80%.

The PHREEQC software was used to simulate mixing FW with various types of injection water to form
mineral scales. Data such as pH, temperature, pressure, and brine ionic compositions should be inputted to the
PHREEQC for modeling. Each injection water (LSW/SmW) was simulated in ambient and reservoir conditions.

According to the outcomes of the PHREEQC software, most of the minerals created at ambient conditions
are related to FW. 73% of the material created was Celestite with a value of 210.5 mg/l, and 27% was Calcite
with 76.63 mg/l. The next multi-scale water that formed different mineral scales is SW4 Ca, and the total scale
includes very close amounts of Gypsum and Dolomite. In two types of injection water, which include SWOMg
and SWOMg0S, the total quantity of mineral scale equals Calcite. However, Dolomite was only formed for the
remaining injection water.

The simulation results with PHREEQC software at a temperature of 140 degrees Celsius, and a pressure
of 4500 psi showed that most of the minerals formed are related to SW4 Ca. The minerals formed were 92%
anhydrite, with a value of 2703.7 mg/], and 8% Calcite, with a value of 250.6 mg/l. In this condition, the total
quantity of mineral scale equals Calcite for 5SDSW, SW0S, and SW0MgOS. In addition, just Dolomite was formed
for SW, SW2Mg, SW3Mg, and SW4Mg.

In the next step, various kinds of injection and formation water were combined under ambient and reservoir
conditions (Figs. 3 and 4). The simulation results for mixing formation water and injected water at ambient
and reservoir conditions showed that the quantity of mineral scale was higher in reservoir conditions®®”!. The
highest amount of total minerals formed is related to mixing 40% of formation water with 60% of SW4S. After
SW4S, SW3S and SW2S have more mineral scale deposition than other injection water.

The saturation index for each scale (SrSO,, for example) was provided following computations. Inorganic
mineral scales have a thermodynamic tendency to form when each mineral’s saturation index is more than zero.
Additionally, to the saturation index, PHREEQC could calculate the amount of each scale?8. Table 4 demonstrates
the amount of inorganic precipitation when various injection fluids were mixed with FW.

Table 4 provides critical insights into the potential for inorganic scale formation, a key operational challenge
in waterflooding processes. When injection fluids mix with the formation water in a reservoir, differences in
ionic compositions can trigger the precipitation of sparingly soluble minerals, such as calcium sulfate (CaSO,)
and strontium sulfate (SrSO,). This scaling can clog pore spaces, reduce permeability, and impair injectivity,
ultimately compromising the efficiency of waterflooding and EOR. The table evaluates two categories of injection
fluids:

1) low salinity water (LSW): variants of diluted seawater (SW, 5DSW, 20DSW,
40DSW)
2) smart water (SmW): seawater modified with adjusted ion concentrations (SW2S, SW4S,
SWO0S, SW2 Ca, SW4 Ca)
The 80:20 mixing ratio reflects a realistic scenario where injection water dominates but still interacts with
residual FW, making the data highly relevant for predicting scaling risks under typical reservoir conditions.
When injection water and FW share ions that form low-solubility compounds (Ca®* and SO,*), their
combined concentrations can exceed the solubility product, leading to precipitation. Seawater (SW) contains
high SO,*" (3209 ppm), while FW is rich in Ca** (7615.2 ppm) and Sr?* (1581.9 ppm). Mixing these fluids can
precipitate CaSO, and SrSO,. In summary, the results of the table reveal that mixing injection fluids with FW
at an 80:20 ratio can lead to significant inorganic precipitation, with sulfate-rich smart waters (SW4S: 5.729 g/1)
posing the greatest scaling risk due to CaSO, and SrSO, formation. In contrast, highly diluted LSW (20DSW:
0.005 g/1) nearly eliminates scaling by reducing ionic concentrations. The common ion effect and supersaturation
drive these outcomes, with sulfate playing a pivotal role. While SW2S offers EOR advantages, which will be
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Mixing of Formation Water with Different Injection Waters in ambient condition
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Fig. 3. Total mineral scale deposition comparison in different injection waters at ambient conditions.

Mixing of Formation Water with Different Injection Waters in reservoir conditions
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Fig. 4. Total mineral scale deposition comparison in different injection waters at reservoir conditions.

discussed in the results and discussion of the core flooding section, its scaling potential (2.302 g/I) underscores
the need for a balanced approach, integrating recovery optimization with scale mitigation to ensure operational
success in waterflooding projects.
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Tests’ Category Brine Mineral scale deposition in 0.8/0.2 injection water/formation water ratio (g/1)
SW (Persian Gulf) 0.671
L - 5 times diluted SW | 0.343
Low Salinity Water Injection 20 times diluted SW | 0.005
40 times diluted SW | 0.004
SWO0 Ca 0.671
SWoS 0.044
SWOMg 0.686
SW2 Ca 0.672
SW2S 2.302
SW2Mg 0.660
SW3 Ca 0.672
Smart Water Injection SW3S 0.4379
SW3Mg 0.645
SW4 Ca 0.789
SW4S 5.729
SW4Mg 0.630
SW0 CaOMg 0.683
SWO0 Ca0S 0.042
SWOMg0S 0.042
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Table 4. Amount of inorganic precipitation during mixing of injection fluids with FW.
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Fig. 5. IFT reduction between G-1 crude oil sample and different LSW/SmW.

IFT analysis

The tension that exists between two distinct liquids is known as interfacial tension. Higher interfacial tension
means that both liquids tend to separate into two phases. As the two fluids’ respective densities get closer to
one another, the IFT will decrease. If the IFT is zero, the forces between the fluids are balanced so that these
fluids combine to form a single miscible fluid. Thus, reducing the interfacial tension is essential to creating a
stable emulsion and enhancing oil recovery’?. In this investigation, the IFT between oil samples is measured and
analyzed using twenty types of injection water. The IFT reduction is calculated from Eq. 1.

AIFT =TFT ;6 - TET gy (1)-

Based on the results obtained for the G-1 crude oil (Fig. 5), reducing the salinity of injection water plays an
influential role in interfacial tension reduction because at low salinity of injecting water, the solubility of organic
material (asphaltene and resin) is greater than that of water solution with high salinity and this results in better
IFT reduction at lower concentration of injecting water (salting-in effect)® Among low salinity water, the best
performance is forty times diluted seawater (40DSW). However, in the injection of smart water, no specific
trend is observed for calcium and magnesium ions, and their best performance is observed at two- and a three-
times excess amount of ions, respectively. However, increasing sulfate ion concentration will decrease IFT. In
the following, the same behavior was observed for brine-containing single potential determining ion (PDI). As
shown in Fig. 6, Regarding interfacial tension measurements and their decrease, SW2 Ca, SW3Mg, and SW0
Ca0Mg injecting water have demonstrated the best performance in the G-1 formation overall.
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Fig. 6. The last image before the droplet separation for IFT measurement, the best performance LSW/SmW
samples for G-1 crude oil.
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Fig. 7. IFT reduction between S-1 crude oil sample and different LSW/SmW.

According to Fig. 7, for the S-1 crude oil, the amount of IFT increases as the injection water salinity decreases.
Thus, five times diluted seawater (5DSW) has the highest IFT reduction. Some researchers claimed that the high
affinity of the divalent cation to the oxygen in the resin structure mitigated the salting-out effect, preventing
IFT reduction, based on results from IR (Infrared) spectroscopy at high divalent ion concentrations®. Moreover,
other researchers stated that the mechanism behind this behavior might be the tendency of salt ions to migrate
to the oil-water interface (at low concentrations) and consequently break down the hydrogen bond between
water molecules or move back to the bulk of the brine (at high concentrations)”. The best IFT reduction can be
obtained except for sulfate at the minimum concentration of ions. Compared to magnesium and calcium, sulfate
ions are crucial in lowering IFT”%; this behavior can be confirmed by injection of water with individual PDIs in
which SW0 Ca0Mg, which contains only sulfate ions, has the best IFT reduction in comparison with two other
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brines. According to Supplementary Figure S-1, SW0 Ca, SW0Mg, SW2S, and SW0 CaOMg are the best water-
injection systems for reducing the IFT of the S-1 formation.

The significant reduction in IFT observed with SW2S (for S-1 crude oil, a decrease of 5.18 mN/m) highlights
the role of sulfate ions in altering the oil-water interface. Due to their high charge density, sulfate ions likely
interact with the polar fractions of crude oil, specifically resins and asphaltenes, which are abundant in S-1
(13.9 wt% asphaltene, 15.5 wt% resin). These interactions may involve coordination or complexation with
polar molecules, reorienting them at the interface and stabilizing them, which reduces IFT. This effect is less
pronounced in oils with lower polar content, such as F-1, which will be discussed later (0.5 wt% asphaltene, 4.0
wt% resin), where IFT reduction was minimal (0.21 mN/m). This oil-specific response underscores how crude
oil composition influences the efficacy of engineered water in EOR.

As shown in Fig. 8, for the K-1 crude oil formation, the least amount of IFT is obtained at an optimum
salinity. For water with low salinity, five times diluted seawater (5SDSW) performs better IFT reduction compared
with two other low salinity waters. The optimum IFT decrease for the K-1 formation in smart water is achieved
by brine, which has three times the excess amount of magnesium ions and twice the excess amount of calcium
and sulfate ions compared to the concentration of seawater. Also, the sulfate ion, in comparison with other PDIs,
has shown a more influential contribution to lowering IFT and has reduced the amount of IFT even up to 5.94
mN/m, which can be observed in the results of injection water containing individual PDIs because SW0 Ca0Mg
has shown better performance compared to other brine. Based on the results, for the K-1 formation, all injection
water has shown positive performance in reducing IFT. As can be seen in Supplementary Figure S-2, SWO0
Ca0Mg, 5DSW, SW2S, SW2 Ca, and SW3Mg have shown the best performance in reducing IFT, respectively.

Figure 9 illustrates that, except for injecting water containing magnesium, there is an ideal concentration
of salts at the injection of low salinity and smart water for the F-1 formation, which results in the greatest
decrease in interfacial tension measurements. These optimal concentrations are 20DSW, SW3 Ca, and SW3S.
Calcium ions have played an important role in lowering IFT compared to two other PDIs, and magnesium
has the weakest performance in reducing IFT. As observed in the results of brine containing individual PDIs,
SWOMgOS possesses the lowest IFT compared to other brine. Based on Supplementary Figure S-3, the best-
selected injection waters for the F-1 formation are SW0Mg, 20DSW, SW3 Ca, and SW3S.

According to Fig. 10for the F-2 crude oil, there is a direct relationship between reducing injection water
salinity and interfacial tension”*. Therefore, according to the results of IFT measurements, a low salinity water
injection method is not recommended for the F-2 formation. IFT is not considerably decreased for smart water
injection by raising the PDI concentration. In addition, the effectiveness of calcium ions is higher in lowering
the tension between surfaces compared to magnesium ions in this formation. Therefore, the best performance
among PDIs is the role of the sulfate ion, and the weakest performance corresponds to the magnesium ion,
which can be seen in the results of brine containing only one PDI. In summary, according to Supplementary
Figure S-4, the best-selected brine are SW0 Ca, SWOMg, and SW4S, respectively.

To sum up, in this study, LSW has no positive effect on IFT reduction in crude oils containing resin particles.

A closer examination of the findings showed that the IFT of crude oil was reduced because of divalent ions®”.
This observed trend is related to the fact that polar organic components of asphaltene and resin react with the
divalent cations (Mg?* and Ca?*)®”> and consequently produce complex ions (especially if they are bound to
the Cl anions), which are easily soluble in the phase of water and resulted in IFT reduction’®”7. Thus, divalent
cations are much more effective in reducing IFT than monovalent cations®”>787%,
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Fig. 10. IFT reduction between F-2 crude oil sample and different LSW/SmW.

Moreover, among divalent cations, Mg?* ions are more likely to reduce IFT than Ca**ions®. This behavior was
observed in Mg?* compared to Ca®*, which causes the charge density to increase and the affinity of Mg?* toward
oxygen (found in crude oil) than Ca?*7%. This information was taken from Mendeleev’s periodic table. Therefore,
magnesium can coordinate the oxygen compounds in the resin structure of crude oil because it is the central
atom. Compared to Ca**, Mg**had a more favorable chemical interaction with the crude oil surface-active agent
and a greater influence on IFT reduction®783.

According to Table 3, the F-2 oil sample has a high percentage of resin particles; therefore, diluted SW
causes an increase in IFT between oil and brines. Besides, presenting resins in oils influences the effectiveness
of different PDIs®"#!. Figures 9 and 10 show that Ca?* and Mg?* raise the interaction forces between oil and
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injection solutions. However, Sulfate anions could change the IFT between crude oil and brines positively, and
they could obtain less IFT. The F-2 oil sample has 12.5% wt% resin particles, with the lowest IFT with SW4S and
SW3S.

Results indicate that oil-containing resin and asphaltene have more IFT reduction than other samples
Comparing the results in Fig. 7with other formations’ IFT demonstrates that S-1 IFT with various SmW is
the lowest. This phenomenon is because of the high polar organic component (POC) concentration in the
S-1 formation. POC behave like surfactants and adhere to the interface between two immiscible fluids’®3!.
Consequently, the miscibility of the two fluids increases, and the IFT between them decreases®.

Looking precisely at the IFT results, it was illustrated that presenting asphaltene in crude oils affects Mg?*
and Ca**ions®. The injection brine with only Ca (SW0SOMg) significantly reduces IFT for oil containing the
least asphaltene. The F-1oil sample has 0.5 wt% asphaltenes and has less IFT with SW0SOMg than SW0 Ca0S.

80,81

Contact angle analysis

The liquid’s free surface and the liquid’s and solid’s properties in contact determine the contact angle!. How the
solid is angled to the liquid’s surface is irrelevant. It changes with surface tension and hence with the purity of the
liquid®*. Other factors also affect the contact angle, like temperature, pH, pressure, and aging time, but the most
crucial factor is the effect of the injection water component®®. Therefore, this study has attempted to investigate
the key role of brine component injection while other influencing factors are assumed constant. Figures 11, 12,
13, 14, 15 and 16 display the oil droplet’s contact angle in various LSW/SmW presence.

It could be concluded from the contact angle results of the G-1 formation (Fig. 11) that decreasing the salinity
of seawater has a positive role in wettability alteration toward water-wetness®, as can be observed, forty times
diluted seawater (40DSW) has better performance in decreasing contact angle.

Additionally, based on the results, magnesium and calcium ions have optimum concentrations for reaching
the minimum value of contact angle, which is SW2 Ca and SW2Mg, respectively. However, by enhancing sulfate
ions from injection water, better performance could be achieved, as SW2S, with a value of 88.4 degrees, has the
best wettability alteration, which can demonstrate the essential role of magnesium and calcium PDIs when they
are acting together®.

The optimum contact angle decrease for individual PDIs was demonstrated by SW0 Ca0Mg and SW0 Ca0S,
indicating that sulfate and magnesium ions may each result in an appropriate adjustment in wettability. Finally,
the great wettability alteration can be obtained from SW2 Ca, SW0S, SW0 Ca0S, SW0 Ca0Mg, 40DSW, and
SW2Mg for the G-1 formation (Fig. 12).

Figure 13 shows the K-1 formation contact angle results; LSW does not significantly affect wettability
alteration or hydrophilicity. However, for SmW, the most effective way to reduce the contact angle has been
demonstrated by water containing sulfate ions, particularly at two times the excess sulfate. Magnesium and
calcium ions were placed in second and third, respectively.

Removing the calcium ions significantly reduces the contact angle (due to the simultaneous action of sulfate
and magnesium ions®. In injection water with individual PDIs, sulfate ions decrease the contact angle. In
general, according to Supplementary Figure S-5, SW2S, SW3Mg, SW0 Ca0Mg, SW0 Ca, and 40DSW perform
best in altering the wettability of carbonate surfaces and directing them towards hydrophilicity, respectively.

Five times diluted seawater (5DSW) is the best salinity concentration for the F-1 formation (Fig. 14), at
which the lowest degree of contact angle can be produced. A similar trend is observed for PDIs of sulfate and
calcium, both of which have shown the best performance in diminishing the contact angle. Nevertheless, for
magnesium ions, four times the excess amount of this ion relative to the seawater has the smallest angle of
contact. Examining the results of individual PDIs indicates that compared with other PDIs, calcium ions have
the best effect in changing wettability to hydrophilicity.

According to Supplementary Figure S-6, the injection water with the best performance in wettability
alteration of the F-1 formation are SW2S, SW2 Ca, SWOMg0S, 5DSW, and SW4Mg, respectively.

Based on the contact angle results for the F-2 formation (Fig. 15), there is an optimal salinity concentration
where the lowest contact degree can be obtained, twenty times diluted seawater (5SDSW), where the contact angle
is reduced to 95.3 degrees. Moreover, sulfate ions exhibit the best circumstances for decreasing the contact angle;
SW2S yields the lowest contact angle. However, for magnesium and calcium ions, the contact angle decreases
with the increase and decrease of the ions’ concentration, respectively. Furthermore, the best way to reduce
the angle of contact in F-2 formation was to inject water with specific PDIs of SW0Mg0S, SW0 Ca0S, and
SWO0 Ca0Mg, indicating that the cations calcium and magnesium are crucial in modifying the F-2 formation’s
wettability.

As shown in Supplementary Figure S-7, SW2S, SW4 Ca, 20DSW, and SWOMg0S decrease the contact angle
of the F-2 formation most effectively.

Like most formations, in the S-1 formation, the reduction of injected water salinity positively affects the
measurement of the contact angle results. As shown in Fig. 16, there is also an optimal concentration of sulfate
and magnesium ions at which the lowest degree of contact angle can be obtained. These optimal concentrations
are two- and three-times excess amounts of sulfate and magnesium ions relative to seawater concentration. In
addition, sulfate, compared to magnesium, has shown a more effective role in changing wettability toward water
wetness®’. However, calcium ions have no specific trend. However, the minimal contact angle is observed at four
times the excess calcium ions relative to the seawater concentration.

In addition, SW0 Ca0S and SW0 Ca0Mg perform best in reducing the angle of contact, respectively, which
indicates the effective role of sulfate and magnesium ions in changing wettability individually. According to
Supplementary Figure S-8, Considering the results of contact angle measurements for the S-1 formation, the best
injection waters are SW2S, SW4 Ca, and SW0 Ca0S.
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Fig. 11. Effect of (a) low salinity brine, (b, ¢, d) symbiotic behavior of PDIs, and (e) individual PDI, Ca2+,
SO2~, Mg2 +on static contact angle alteration of oil-wet thin section, illustrated on the third day for G-1
formation.

The contact angle reduction with SW2S demonstrates a transition from an oil-wet to a more water-wet
carbonate surface. This change is likely driven by sulfate ions adsorbing onto the positively charged carbonate
rock (calcite), which typically attracts negatively charged oil components like carboxylic acids. By adsorbing,
sulfate ions weaken these electrostatic interactions, displacing oil molecules and allowing water to spread more
readily across the surface. Figure 17 shows that this mechanism is particularly effective in systems with high
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Fig. 12. Images and average contact angle for samples with significant wettability alteration for G-1 formation.

resin and asphaltene content (S-1 and F-2), as these polar components enhance oil-rock adhesion, making
sulfate-mediated displacement more impactful.

Table 5 summarizes the IFT and ACA (Eq. 2) results obtained for five formations, which can be used to select
the best SmW. SW2S caused the most IFT reduction in almost all formations. Besides, SW2S alters the rock’s
wettability more than other solutions. As a result, SW2S was chosen for core flooding tests.

ACA =CA -CA

oil/FW 0il/SmW (2)

Core flooding results

This section will discuss the core flooding results for S-1, K-1, and F-1 formations. Figures 18 and 19, and Fig. 20
show the oil recovery after different injection scenarios. As mentioned above, to ascertain the effects of SmW
on oil recovery, FW, SW, and SW2S were injected, respectively, and the oil recovery was measured at 10 PV for
each water injection.

Figure 18 plots oil recovery and pressure drop versus PV for FW, SW, and SW2S injection water in the S-1
formation. As shown in Fig. 18, FW injection at the first injection scenario caused 68.45% oil recovery. Then,
the oil recovery will be enhanced by 5.51% after SW flooding. Finally, The enhanced oil recovery observed with
SW2S, which increased recovery by 10.27% in the S-1 formation compared to seawater, can be attributed to its
dual impact on wettability alteration and IFT reduction. In carbonate reservoirs, the rock surface is typically
positively charged due to calcium and magnesium ions, promoting the adsorption of negatively charged
carboxylic acids from the oil, rendering the surface oil wet. SW2S, with its elevated sulfate concentration,
introduces negatively charged sulfate ions that adsorb onto the rock surface. This adsorption competes with and
displaces the oil components, establishing a water film between the rock and oil, thus shifting the wettability
toward a more water-wet state. This mechanism aligns with findings by Zhang et al. (2006)*, who demonstrated
sulfate’s role in altering carbonate wettability. Simultaneously, SW2S significantly reduced IFT, particularly for
crude oils rich in resins and asphaltenes, such as S-1. This reduction likely results from sulfate ions interacting
with the polar groups of these components at the oil-water interface. By coordinating with these molecules,
sulfate ions may alter their orientation or form complexes, lowering the interfacial energy and, thus, the IFT.

Additionally, SW2S promotes the formation of stable emulsions in the S-1 crude oil system, where the high
resin and asphaltene content serve as natural emulsifiers. These emulsions form as sulfate ions enhance oil
dispersion into the water phase, stabilized by the polar oil components adsorbing at the droplet interfaces. This
process increases the viscosity of the displacing fluid, improving sweep efficiency by reducing the mobility ratio
and ensuring a more uniform displacement front across the reservoir. Furthermore, the emulsions mobilize
trapped oil droplets, carrying them within the water phase and enhancing recovery from the oil-wet pores of the
S-1 crude oil porous media. This emulsion mechanism, synergistic with IFT reduction and wettability alteration,
significantly contributes to the 10.27% recovery increase, an effect amplified by the polar-rich nature of S-1
crude oil. This effect is more pronounced in oils with higher polar content, explaining the variability across
formations. Austad et al. (2010) similarly noted that ionic interactions with oil components can enhance IFT
reduction in low-salinity flooding!®.

According to Fig. 19, the first injection scenario of FW injection caused an oil recovery of 84.03% for the K-1
formation. The incremental oil recovery will be 3.42% after SW flooding. Finally, SW2S injection improved oil
recovery by 6.55%.

According to Fig. 20, FW injection in the first scenario caused 76.64% oil recovery for the F-1 formation.
The incremental oil recovery will be 7.44% after SW flooding. Finally, SW2S injection improved oil recovery by
5.51%.
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Fig. 13. Effect of (a) low salinity brine, (b, ¢, d) symbiotic behavior of PDIs, and (e) individual PDI, Ca?™,
SO2~, Mg?* on static contact angle alteration of oil-wet thin section, illustrated on the third day for K-1
formation.

These combined effects, wettability alteration and IFT reduction, facilitate oil displacement. In the S-1
formation, the substantial reductions in both IFT and contact angle with SW2S correlate directly with the
observed recovery improvement. In contrast, formations like K-1 and F-1, with less pronounced changes,
exhibited smaller recovery gains, underscoring the role of oil composition in modulating these mechanisms.

Scientific Reports|  (2025) 15:15665 | https://doi.org/10.1038/s41598-025-99203-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

160

140

120

100

80

60

40

Static Contact Angle Alteration

20

160

140

120

100

80

60

40

Static Contact Angle Alteration

20

160

140

120

100

80

60

40

Static Contact Angle Alteration

20

160

140 131.7 129.6

1

120.8 120.3

120

100

80

60

40

Static Contact Angle Alteration

20

5DSW 20DSW 40DSW SWO0Ca SW2Ca SW3Ca SW4cCa

160 | (d)

140 129.0

121.9
120

108.3

§

100

80

60

40

Static Contact Angle Alteration

20

SW2s Sw3s swas SWOMg Sw2mg SW3Mg swamg

SWO0CaOMg SWO0Ca0s SWOMg0s

Fig. 14. Effect of (a) low salinity brine, (b, ¢, d) symbiotic behavior of PDIs, and (e) individual PDI, Ca?™,
SO2~, Mg?* on static contact angle alteration of oil-wet thin section, illustrated on the third day for F-1
formation.

Conclusion

Through a series of experimental tests, the ionic effect of engineered water on the contact angle, interfacial
tension, and improving oil recovery was fully explored in this work. Based on the experimental and simulation
results, the following conclusions are drawn:
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SO2~, Mg?* on static contact angle alteration of oil-wet thin section, illustrated on the third day for F-2
formation.

« The highest amount of total minerals formed is related to mixing formation water with SW4S.

« Crude oil components significantly affect the effectiveness of PDIs. Depending on the oil type, each PDI could
have various effects.

« The importance of sulfate ions in driving wettability alteration and IFT reduction offers insights for optimiz-
ing engineered water in carbonate reservoirs.
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SO2~, Mg?* on static contact angle alteration of oil-wet thin section, illustrated on the third day for S-1
formation.

o LSW does not positively affect IFT reduction in crude oils containing resin particles.

« The oil containing resin and asphaltene has a higher IFT reduction than other samples.

o The injection brine with only Ca (SW0SOMg) significantly reduces IFT for oils containing the minimum
amount of asphaltene.

« The existence of resin particles in crude oil influences the effectiveness of different PDIs.
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Mobilization of Crude Oil

Oil Recovery Improvement

G-1 S-1 K-1 F-1 EF-2

Tests | Brine AIFT | ACA | AIFT | ACA | AIFT | ACA | ATFT | ACA | AIFT | ACA
SW 0.00 920 |0.00 |13.49 |0.00 |11.86 |0.00 |12.01 [0.00 |8.18
5DSW —0.79 | 14.83 | —4.50 | 24.71 | -5.85 | 12.72 | -0.82 | 36.82 | 1.50 | 25.89

LW 20DSW —0.99 | 15.81 | -1.24 | 29.20 | -0.69 | 11.62 | -1.61 | 23.79 | 3.26 | 55.34
40DSW —2.55 | 3498 | 552 |32.90 | -1.32 | 20.90 | 0.61 |24.28 |3.71 |23.55
SWO0 Ca -1.34 | 22.82 | -6.26 | 31.88 | —2.57 | 25.37 | 0.48 | 11.49 | -3.62 | 30.79
SW2 Ca —6.09 | 30.83 | -3.03 | 29.04 | —5.22 | 11.30 | 0.04 |48.73 |1.17 | 15.66
SW3 Ca =3.11 | 30.19 | -3.22 | 21.80 | —2.83 | 21.83 | -0.64 | 12.92 | 1.76 | 31.82
SW4 Ca —-3.41 | 30.33 | -0.96 | 39.29 | —4.38 | 9.39 |0.89 |15.01 |1.88 |55.42
SWOMg —-2.52 | 12,51 | =5.55 | 24.01 | -3.73 | 21.81 | —-1.84 | 27.68 | —1.78 | 42.99
SW2Mg -1.85 | 32.72 | -0.01 | 27.19 | —4.25 | 22.46 | 0.33 | 28.64 | 0.37 |27.03
SW3Mg =520 | 24.76 | -0.83 | 31.75 | —4.57 | 32.80 | 0.88 | 15.60 | 5.04 | 16.01

SmW | SW4Mg -3.43 | 11.20 | 0.16 |22.71 | -1.14 | 24.14 | 3.63 |36.34 | 829 |29.84
SWO0S —0.35 | 48.97 | —4.54 | 35.29 | -3.00 | 15.20 | 0.22 |6.28 |-0.49 |32.94
SW2§ -2.03 | 59.07 | -5.18 | 54.50 | =5.63 | 62.31 | 0.21 |62.74 | 4.22 |65.72
SW3S -2.78 | 34.69 | —-3.44 | 34.33 | —4.25 | 21.78 | -0.45 | 30.21 | -0.50 | 49.70
SW4S -3.38 | 12.31 | -3.17 | 22.40 | -2.52 | 24.77 | 2.95 |22.71 | -1.06 | 42.57
SWO0 CaOMg | —4.99 | 36.15 | =5.22 | 36.46 | -5.94 | 30.61 | 1.66 | 14.93 | —0.66 | 36.45
SWO0 Ca0S —4.93 | 36.77 | —4.75 | 38.57 | —2.58 | 13.41 | 2.25 |20.27 |7.48 |43.92
SWOMg0S —4.41 | 19.21 | -2.64 | 21.67 | -2.16 | 10.62 | 0.02 | 40.73 | 0.03 | 52.82

Table 5. IFT and CA results of LSW/SmW for different formations.

« In almost all formations, SW2S caused the most IFT reduction and wettability alteration compared to other
solutions.
o The core flooding results show that SW2S injection has the most oil recovery at the S-1 formation.
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Fig. 18. Core flooding results for different water injection scenarios for the S-1 formation.
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Fig. 19. Core flooding results for different water injection scenarios for the K-1 formation.
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Fig. 20. Core flooding results for different water injection scenarios for the F-1 formation.
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