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: Abstract
¢ Inrecent years, the combined use of brine and surfactants has attracted attention
: as an enhanced oil recovery (EOR) method in carbonate reservoirs, which are
: challenging due to complex pore structures and predominantly oil-wet
: conditions. This study investigates the synergistic effects of brine—surfactant
: injection on interfacial properties and oil recovery efficiency in carbonate media.
¢ Two main mechanisms were examined: (1) interfacial tension (IFT) reduction
: and (2) wettability alteration, assessed through contact angle measurements.
¢ Screening tests compared seawater and diluted seawater, with and without
¢ surfactants. Untreated seawater showed better performance than diluted brine,
: reducing IFT to 16.12 mN/m and contact angle to 46°, and was therefore chosen
. as the base injection fluid.

: Since brine alone had limited impact on IFT, two surfactant types—Ethoxylated
: Sulfonates (anionic) and Amphoteric surfactants—were tested in seawater. Both
: improved interfacial properties, but Ethoxylated Sulfonates performed best,
: lowering IFT to 12.34 mN/m and contact angle to 38°.

: Micromodel displacement experiments confirmed these effects under porous
: media conditions. Baseline seawater injection achieved 46.59% oil recovery,
: while Amphoteric surfactant addition increased recovery to 60.75%. The
: Ethoxylated Sulfonate system yielded the highest recovery at 67.74%.

: These results demonstrate that surfactant-assisted brine flooding significantly
: enhances oil recovery in carbonate reservoirs by reducing capillary forces and
: promoting water-wet conditions. The findings highlight the promise of
: optimized seawater—surfactant formulations for offshore and fractured carbonate
: systems where seawater is readily available.
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Extended Abstract

Introduction:

Enhanced oil recovery (EOR) has become a vital
research focus in petroleum engineering due to the
increasing global demand for energy and the decline
of easily accessible hydrocarbon reserves. Among
the different EOR methods, chemical flooding and
water-based recovery techniques have received
particular attention in recent decades. Low-salinity
water injection (LSWI) has been demonstrated as a
relatively low-cost, environmentally friendly, and
technically feasible approach to improve oil
recovery by altering rock wettability and reducing
interfacial tension. Similarly, surfactant flooding
has shown significant potential in mobilizing
trapped oil by lowering oil-water interfacial tension
(IFT) and modifying wettability. However, the
combination of these two approaches—injecting
surfactant solutions in low-salinity brines—has not
been adequately explored, particularly under
conditions relevant to carbonate reservoirs where oil
recovery efficiency is typically low due to the
strongly oil-wet nature of the rock.

The current experimental study was designed to
investigate the synergistic effect of combining low-
salinity water injection and surfactant flooding.
Specifically, the research examined how seawater
and its dilutions, when combined with a sulfonated
ethoxylated surfactant, could influence key
parameters of wettability alteration, interfacial
tension reduction, and ultimately oil recovery in
carbonate rock systems. By systematically
analyzing contact angle variations, interfacial
tension measurements, and core flooding results,
this work provides new insights into designing more
effective chemical flooding strategies for enhanced
oil recovery.

Methodology

The study was conducted through a multi-step
experimental program involving brine preparation,
surfactant solution design, wettability and IFT
measurements, and core flooding experiments.
Brine preparation. Synthetic seawater (SW) was
prepared to simulate field conditions. To evaluate
the impact of ionic strength, seawater was diluted
twofold (2SW), tenfold (10SW), and fiftyfold
(50SW) with deionized water. lonic compositions of
all prepared brines were controlled to reflect realistic
concentrations of major ions such as Na* , Ca?* ,
Mg#* , SO, 2 ,and CI™ .

Surfactant preparation. A sulfonated ethoxylated
surfactant was employed due to its known interfacial
activity and stability under reservoir conditions.
Three concentrations—0.1 wt%, 0.3 wt%, and 0.5
wt%—were prepared in both distilled water and
seawater. These solutions were selected to assess the
critical micelle concentration (CMC) and evaluate
the concentration-dependent behavior of IFT and
wettability modification.

Interfacial tension (IFT) measurements. The
pendant drop method was applied using a spinning
drop tensiometer to measure the oil-water
interfacial tension between crude oil and the
prepared solutions. Measurements were performed
at reservoir-relevant conditions to ensure realistic
results.

Wettability alteration tests. Contact angle
measurements were carried out on carbonate rock
samples aged with crude oil. The sessile drop
method was used to quantify wettability shifts
before and after exposure to brine and surfactant
solutions. Lower contact angles indicated increased
water-wet conditions, which are favorable for oil
displacement.

Core flooding experiments. To evaluate oil
recovery efficiency, carbonate core plugs were
saturated with crude oil and subjected to sequential
flooding experiments. Initially, base brines (SW,
2SW, 10SW, and 50SW) were injected, followed by
surfactant solutions prepared in distilled water or
seawater. Oil recovery was measured as the
percentage of original oil in place (OOIP) displaced
during the flooding process. Pressure drop across the
cores was also monitored to identify potential
changes in flow resistance due to surfactant
adsorption or emulsion formation.

Results

IFT behavior. The experiments confirmed that the
addition of surfactant significantly reduced oil-
water interfacial tension. The distilled water +
surfactant system achieved an IFT as low as 12.16
mN/m, whereas seawater + surfactant exhibited
even stronger performance with values decreasing to
9.75 mN/m at the optimal concentration (0.3 wt%).
This suggests that the ionic environment of seawater
enhanced the surfactant’s ability to adsorb at the oil—
water interface, lowering IFT more effectively than
surfactant in deionized water alone.

Contact angle and wettability alteration. Initial
contact angles indicated oil-wet behavior, with
values exceeding 120°. Upon exposure to seawater,
a gradual decrease in contact angle was observed,
confirming partial wettability alteration. The
addition of surfactant further accelerated this shift,
achieving contact angles around 40-50°, which
corresponds to a strongly water-wet system.
Notably, the seawater + surfactant system
outperformed all other combinations, achieving the
lowest contact angle values and demonstrating a
pronounced ability to promote wettability alteration.
Core flooding performance.

Base brine injection: Seawater injection alone
resulted in an incremental oil recovery of
approximately 18% OOIP, while 10SW and 50SW
dilutions produced somewhat higher recoveries (up
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to 25% OOIP), consistent with previous findings on
low-salinity effects.

Surfactant flooding: Surfactant solutions in
distilled water improved recovery beyond base brine
levels, with cumulative recoveries around 30%
OOIP. However, the best performance was achieved
when surfactant was injected in seawater, yielding
up to 42.25% OOIP.

Synergistic effect: The results clearly demonstrate
a synergy between low-salinity brine and surfactant,
where seawater + surfactant provided the maximum
recovery. The combined mechanism involved IFT
reduction, wettability alteration, and possible
mobilization of fine particles within the pore
network, all of which contributed to enhanced
displacement efficiency.

Discussion

The experimental findings provide clear evidence
that integrating surfactant flooding with low-salinity
water injection is a promising EOR strategy,
particularly in carbonate reservoirs where oil
recovery is typically limited.

Mechanistic interpretation.

Wettability alteration: Both seawater dilution and
surfactant addition independently promoted a shift
from oil-wet to water-wet states. However, the
combination amplified this effect, likely due to
synergistic  ion-surfactant  interactions  that
facilitated adsorption on rock surfaces and improved
water-wetness.

Interfacial tension reduction: The strong decrease
in IFT when surfactant was dissolved in seawater
rather than deionized water indicates that divalent
cations (Caz* , Mg?* ) and sulfate ions enhanced
surfactant performance. This finding suggests that
reservoir brine composition should be carefully
considered when designing chemical flooding
formulations.

Qil recovery enhancement: The observed 42.25%
OOIP recovery with seawater + surfactant is

significantly higher than either technique alone,
demonstrating the value of integrated approaches.
This increase can be attributed not only to improved
displacement efficiency but also to mobilization of
residual oil droplets trapped by capillary forces.
Practical implications. The study highlights the
importance of tailoring EOR formulations to
reservoir-specific brine chemistry. Simply injecting
surfactant in deionized water may not yield optimal
performance. Instead, utilizing locally available
seawater as the injection medium provides both
economic and technical benefits, reducing the need
for extensive water treatment and maximizing
chemical efficiency.

Limitations and future work. While the
laboratory-scale experiments demonstrate
encouraging results, further research is required
under reservoir-simulated pressure and temperature
conditions, as well as in the presence of crude oil
impurities such as asphaltenes and resins.
Additionally, the long-term adsorption and retention
behavior of surfactants in carbonate formations must
be studied to evaluate chemical losses and ensure
economic feasibility.

Conclusion

This study demonstrates that the combination of
low-salinity water injection and surfactant flooding
provides a superior enhanced oil recovery method
compared with either technique alone. Seawater
diluted with surfactant not only reduced interfacial
tension to ultra-low levels but also induced
significant wettability alteration, resulting in
incremental oil recovery of over 42% OOIP. These
findings underline the synergistic potential of
integrating chemical and water-based EOR methods
in carbonate reservoirs. Future investigations should
focus on scaling these results to reservoir conditions
and exploring the economic optimization of
surfactant formulations.
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