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ABSTRACT

This study investigates the effect of low-salinity
waterflooding on enhanced oil recovery, focusing on how
different cation types (Na', Ca*>", Mg?") and their concentrations
influence the interfacial structure and viscoelastic properties of
stearic acid monolayers at the oil-water interface. The results
demonstrate that low-salinity waterflooding significantly
improves microscopic sweep efficiency by enhancing the
stability and rigidity of the oil-water interface. This
enhancement is achieved through ion-regulated modifications
of the interfacial film, particularly through the formation of
hydration-bridged structures. Surface pressure-area isotherms,
interfacial dilational rheology, and Zeta potential measurements
show that the interfacial properties are highly dependent on the
type and concentration of cations. Specifically, Mg?" produces
the most significant effects, leading to the highest collapse
pressure (53.7 mN-m™'), elastic modulus (19.71 mN-m™'), and a
significantly reduced Zeta potential (-13.77 mV), indicating a
more stable and rigid interfacial film. These effects are
attributed to the stronger interactions between Mg?* and the
carboxyl groups of stearic acid, which promote tighter
molecular packing and interfacial elasticity. Furthermore, the
increased interfacial elasticity observed at deformation
frequencies between 0.025 and 0.1 Hz supports the formation
of a viscoelastic nanomembrane that resists localized
deformation under flow. This enhanced interfacial structure
helps suppress viscous fingering, stabilize the displacement
front, and improve displacement efficiency. As a result, low-
salinity waterflooding, particularly with optimized cation
concentrations, significantly enhances oil recovery by
improving microscopic sweep efficiency in heterogeneous
reservoirs. The study provides valuable insights into the
mechanisms behind low-salinity waterflooding and highlights
the critical role of ionic regulation in optimizing oil recovery
processes.
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NONMENCLATURE
Abbreviations
LSWF Low-Salinity Waterflooding

LSw Low-Salinity Water

IFT Interfacial Tension

SA Stearic Acid

FW Formation Water

EOR Enhanced Oil Recovery

NMR Nuclear Magnetic Resonance

A Surface Pressure—Molecular Area

Isotherm

TDS Total Dissolved Solids

Symbols

T Surface pressure

A Average molecular area

G'G Storage (elastic) modulus, Loss
’ (viscous) modulus

4 Zeta potential

[0) Porosity

Sor Residual oil saturation

T, T NMR relaxation times

1. INTRODUCTION

Low-salinity waterflooding (LSWF) has emerged as a
cost-effective  and  environmentally  sustainable
enhanced oil recovery (EOR) technology, widely applied
in both onshore and offshore reservoirs[1, 2]. Unlike
conventional waterflooding that typically relies on high-
salinity seawater or formation brine, LSWF involves
modifying the ionic composition and salinity of injected
brines to improve interactions among oil, water, and
reservoir rock[3, 4]. Since its first field applications, LSWF
has been shown to improve oil displacement efficiency,
reduce residual oil saturation, and enhance sweep
coverage without the need for costly chemical
additives[5, 6].

The traditional mechanisms proposed for the success
of LSWF include wettability alteration, ion exchange,
mineral dissolution, pH modification, and moderate
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reductions in interfacial tension (IFT)[7, 8]. Lowering the
ionic strength of injected water expands the electrical
double layer at the rock surface, weakens cation bridges
between oil polar components and mineral surfaces, and
promotes desorption of acidic species such as carboxylic
acids and asphaltene aggregates[9]. These desorbed
surface-active molecules migrate to the oil-water
interface, facilitating the formation of interfacial films
and occasionally microemulsions that mobilize trapped
0il[10]. In carbonate reservoirs, where the mineral
surface charge is often positive at reservoir conditions,
sulfate ions (SO4%) have been shown to act as “potential
determining ions,” enhancing competitive adsorption
and further promoting wettability alteration toward
more water-wet conditions[11, 12]. However, these
classical chemical explanations alone are insufficient to
fully describe the complex pore-scale flow phenomena
observed during LSWF[13, 14]. Micromodel and
coreflood experiments have consistently demonstrated
that low-salinity brines not only mobilize previously
trapped oil clusters but also stabilize the displacement
front, suppressing viscous fingering and improving
microscopic sweep efficiency[15-17]. This flow
stabilization suggests that, beyond static wettability and
equilibrium IFT effects, dynamic interfacial mechanical
properties play a critical role in regulating the oil-water
displacement process[18, 19].

Recent studies have highlighted the importance of
interfacial viscoelasticity as a key rheological property
governing LSWF performance[20-22]. Interfacial
viscoelasticity reflects the ability of the oil-water
interface to store and dissipate mechanical energy under
dynamic deformation. An interface with higher
viscoelasticity can resist compression and extension,
maintaining its structural integrity under shear flow,
which leads to a more uniform and piston-like
displacement front[23-25]. Conversely, a weakly
viscoelastic interface is prone to breakup, facilitating the
formation of unstable fingers and bypassed oil zones.
Importantly, inorganic cations present in the brine
strongly influence interfacial viscoelasticity. Monovalent
ions such as Na* mainly provide electrostatic screening,
while divalent cations such as Ca?* and Mg** can form
ionic bridges with carboxyl and phenolic groups in crude
oil polar components, thereby enhancing interfacial
molecular packing and elasticity[17, 26, 27].
Nevertheless, the relationship between ionic strength
and interfacial viscoelasticity is highly non-linear. While
moderate concentrations of Ca?* and Mg?* increase the
surface collapse pressure and elastic modulus of
interfacial films, excessively high ionic strength may

over-compress the electrical double layer, reducing
molecular mobility and making the interface brittle[28,
29]. Thus, an optimal ion composition is needed to
balance enhanced rigidity with sufficient flexibility to
resist dynamic deformation. Despite increasing evidence
linking brine composition to interfacial rheology, the
fundamental mechanisms by which specific cations
regulate interfacial viscoelasticity and their impact on
pore-scale sweep efficiency remain poorly
understood[30, 31]. In addition to ionic effects, reservoir
heterogeneity and crude oil composition exert a
profound influence on the LSWF response, particularly in
the Middle Eastern offshore carbonate reservoirs[24, 25,
32]. Such compositional variability significantly affects
wettability, IFT, emulsion stability, and the formation of
interfacial viscoelastic structures, leading to variable and
sometimes contradictory LSWF performance across
different reservoir regions[33, 34]. Specifically, polar
components of crude oil, such as asphaltenes and resins,
play a dominant role in determining wettability and
interfacial film properties[35, 36]. Higher polar content
increases interfacial adsorption, strengthens viscoelastic
films, and may enhance displacement stability under
suitable conditions[37, 38]. However, excessive
interfacial rigidity caused by high polarity can hinder
mobilization and reduce oil recovery if not balanced by
favorable flow conditions[39]. This complex interplay
highlights the importance of considering oil composition
when designing low-salinity brine formulations for
carbonate reservoirs[40, 41]. Moreover, injection
dynamics such as flow rate introduce another layer of
complexity in LSWF. At low flow rates, capillary forces
dominate, and wettability alteration is the primary
recovery mechanism. At higher flow rates, viscous forces
become significant, deforming the oil-water interface
and promoting droplet elongation or detachment[42,
43]. The capillary number thus governs the transition
between capillary-controlled and viscous-controlled
regimes. However, excessively high flow rates can induce
viscous fingering, reduce sweep efficiency, and bypass
significant portions of the reservoir[44, 45]. Although
several macroscopic studies have linked injection rate to
recovery, few have systematically investigated the
coupled effects of shear forces, crude oil polarity, and
ion-regulated interfacial viscoelasticity on pore-scale
flow stability[46-48]. In summary, the dynamic behavior
of the oil-water interface under realistic reservoir
conditions involves a complex interplay of ionic effects,
crude oil polarity, and injection dynamics. While
wettability alteration remains a primary mechanism, it
alone cannot explain the improved microscopic sweep



and stabilized displacement fronts observed in LSWF. A
deeper understanding of how ion-specific interactions
modulate interfacial viscoelasticity, and how this
rheological regulation couples with oil composition and
flow dynamics, is crucial for advancing LSWF design in
carbonate reservoirs.

This study aims to bridge these knowledge gaps by
integrating multiscale experiments and numerical
simulations to elucidate the dynamic recovery
mechanisms of LSWF in carbonate reservoirs. Langmuir
monolayer experiments with stearic acid as a model
polar compound quantify the effects of Na*, Ca%, and
Mg?* on surface pressure, viscoelastic moduli (G’, G”),
and Zeta potential. Carbonate-analog micromodel
flooding visualizes the suppression of viscous fingering
under optimized brine compositions, while low-field
NMR characterizes residual oil redistribution and pore-
scale saturation changes under varying injection rates. By
establishing a mechanistic link between ion-specific
interfacial rheology, crude oil polarity, and injection
dynamics, this work provides new insights for designing
“smart water” formulations and injection strategies
tailored to the complex geological and compositional
heterogeneity of Middle Eastern offshore carbonate
reservoirs.

2. MATERIALS AND METHODS
2.1 Materials

Stearic acid (SA) was selected as a model compound
to simulate the interfacial behavior of weakly acidic polar
components in crude oil, owing to its simple structure
and carboxyl headgroup, which resemble those of
asphaltenes and resins. SA, aviation kerosene, and
electrolytes (NaCl, CaCl,, MgCl,) were purchased from
Aladdin Reagent Co. with purities exceeding 99% (AR
grade). Table | presents the composition and salinity of
the brine solutions used in this study. Formation water
(FW) and low-salinity water (LSW) were prepared in the
laboratory using pure salts and deionized water,
respectively. The ionic composition of the formation
water was based on the composition of Middle East
offshore oilfields. To eliminate anion effects, only
chloride salts were used, isolating the influence of anion
type and concentration on interfacial behavior. All
solutions were prepared using ultrapure water
(conductivity < 0.055 pS/cm) from a Seralpur Pro 90
system. Electrolyte concentrations are detailed in
Tablel.

Table 1. lonic composition of the subphase solution used in the experiment.

Salt Salt concentration (mg/L)

NaCl 2000 4000 6000 10000 60000

MgCl, 250 500 1250 2500 10000

CaCl, 291 582 1457 2914 10000

Salt concentration (mg/L)
Injection water
Na® K* Ca* Mg? Cr S04 HCO; Total dissolved solids
Formation water (FW) 75009.6 1170.9 13626.8 1748 1451349 1116.7 422.7 238460.5

Low-salinity water (LSW) 3160 0 250 250 1000 3160 0 7820
2.2 Low-field NMR measurements r.esults from Zhang et.al.[.49'], Hg et al.[50], M'a et al.[51],
Liu et al.[52], a discriminating plate (Fig. 1) was
Low-field nuclear magnetic resonance (NMR, summarized to analyze the distribution of water and oil.

MesoMR23-060H, Niumag) was employed to monitor
fluid redistribution in carbonate rock plugs during
sequential brine flooding. Cores were first fully saturated
with oil under vacuum. They were then subjected to
flooding with formation water (FW) followed by low-
salinity brines with different cation compositions. After
each flooding stage, NMR T, spectra were collected to
guantify movable and residual oil. Additionally, 2D T;-T,
maps were used to distinguish oil/brine distribution in
macropores versus micropores, allowing direct
assessment  of  microscopic sweep efficiency
improvements. Based on the response of different
hydrogen-bearing materials and in conjunction with the
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Fig. 1 Identification graph of hydrogen-bearing matter
distribution in T;-T, spectra[50].

2.3 Microfluidic displacement visualization

To evaluate the effect of ion-regulated interfacial
rheology on pore-scale flow stability, displacement
visualization experiments were conducted using a
fabricated micromodel (Fig. 2). Prior to each test, the
micromodel was thoroughly cleaned with ethanol and
deionized water, dried under vacuum, and rendered oil-
wet by pre-flooding with SA-containing model oil at
0.1 mL/min for 12 h, followed by aging for 24 h at 60 °C.
Subsequently, the micromodel was flooded with brine
solutions containing Na*, Ca*, or Mg at varying
concentrations, with injection rates corresponding to
capillary numbers between 10° and 103. A high-
resolution optical microscope equipped with a CCD
camera recorded the evolution of the displacement front
at 5 frames/s, and the acquired images were analyzed
using Imagel software to quantify residual oil saturation
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Fig. 2 The seepage model structure.
2.4 Langmuir monolayer experiments

Surface pressure-area (n-A) isotherms and interfacial
dilatational rheology were measured using a KSV-NIMA
Langmuir trough (PTFE material, Finland, Fig.3). The
trough was cleaned with ethanol, chloroform, and
ultrapure water before use. Experiments began after
surface pressure stabilized (fluctuations < 0.5 mN-m-1).
A stock solution was prepared by dissolving 3 g of SA in
20 mL of chloroform (CHCIs). A 20 pL aliquot was spread
onto the salt solution subphase (liquid height 2-3 mm
above barriers). After chloroform evaporation, the
monolayer was compressed at 10 mm/min to obtain t-A
isotherms (Fig. 4)[53, 54]. Oscillatory compression at
0.005, 0.025, and 0.1 Hz was applied to assess

dilatational rheology. The experimental temperature

was maintained at (23 + 1) °C.
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Fig. 3 Langmuir trough set-up (KSV-NIMA, Finland), and
the schematic diagram of the surface film pressure
experiment at the oil-water interface
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Fig. 4 Typical surface pressure(rt)-molecular area(A)
curve.

2.5 Zeta potential measurements

Zeta potential measurements were performed using
a Zetasizer Nano ZS (laser Doppler micro-
electrophoresis). The model oil was prepared by
dissolving 0.5 g of SA in 100 mL of aviation kerosene at

60 °C. Then, 1 mL of model oil was mixed with 50 mL of

salt solutions containing 0.5 mol of SA. After stirring
(1200 rpm, 2 h), ultrasonication (2 h), and settling (1 h),
emulsions were analyzed. Each sample was tested 6
times, averaging five cycles, to determine the Zeta
potential.

3. RESULTS AND DISCUSSION

3.1 NMR spectra characteristics



Fig. 5 shows the changes in the T;-T, 2D NMR spectra
of the core during the low-salinity waterflooding
experiment, covering four main stages: water saturation,
oil saturation, formation water flooding, and low-salinity
water flooding. In the water-saturated stage (Fig. 5a), the
NMR signal is primarily distributed in the IV and V
regions, indicating that the core mainly contains movable
water and adsorbed water [50]. With the injection of oil,
in the oil-saturated stage (Fig. 5b), the NMR signal is
mainly concentrated in the VI region, reflecting changes
in the oil distribution. The crude oil, due to its stronger
polarity, may adsorb onto the core surface, causing some
organic solids to enter the core pores, which increases
the signal intensity in the | region. In the formation water
flooding stage (Fig. 5c), formation water displaces the
movable oil in the large pores, and the NMR signal
decreases in the VI region, shifting to the IV and V
regions. This indicates that formation water effectively
replaced the oil phase, leaving behind a small amount of
solid organic matter and immobile residual oil.
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Compared to low-polarity crude oil, high-polarity crude
oil, due to its stronger hydrophilicity, is more easily
adsorbed onto the core surface, resulting in some oil
molecules being difficult to displace. In the low-salinity
water flooding stage (Fig. 5d), low-salinity water further
displaces the residual oil in both large and small pores.
The NMR signal weakens in the VI region, while the signal
in the IV and V regions significantly increases, indicating
that low-salinity water not only successfully replaced the
residual oil in the large pores but also penetrated into the
small pores, replacing the oil phase there. This process
demonstrates that low-salinity water significantly
improves the oil-water distribution and enhances oil
displacement efficiency, especially in the small
pores[55]. Low-salinity waterflooding shows a significant
advantage in the recovery of crude oil. Low-salinity water
improves oil recovery by altering wettability, reducing
interfacial tension, and promoting oil-water phase
exchange, thus optimizing the displacement process.
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Fig. 5 2D T;-T, spectra after normalization at different experimental stages, with experimental results for crude oil with
high polar content on the left. (a) Water saturated sample; (b) Oil saturated sample (in the presence of immobile water);
(c) Formation water flooded sample; (d) Low-salinity water flooded sample[50].

3.2 Oil-water distribution characteristics

Fig. 6 shows the changes in oil-water distribution of
the high-polarity crude oil model during formation water
flooding (FW) and low-salinity water flooding (LSW). Figs.

6a and 6b indicate that during formation water flooding,
due to the wettability of crude oil with the rock surface
and the inherent heterogeneity of the rock pores,
fingering occurs. Water preferentially invades larger
pores and throats, forming main flow channels (1), which



leads to the accumulation of a large amount of residual
oil. The residual oil is adsorbed on the oil film layer on
the pore surface (blue arrow in Fig. 6b), with the oil
recovery rate at this point being 25.24%. As shown in
Figs. 6¢ and 6d, after the injection of low-salinity water,
water further penetrates small pores along high-
permeability pathways and displaces the oil film. The oil
film on the pore surface is dissolved and thinned by the
water flow, and the remaining oil is displaced (red arrow
in Fig. 6d). Water drives the oil film along the pore

surface (blue arrow), resulting in an increased recovery
rate of approximately 49.73%. Low-salinity water
significantly improves the oil-water distribution,
particularly enhancing oil-water exchange in small pores.
The advantage of low-salinity water is not only reflected
in changes in permeability and wettability but also in the
dissolved ions (such as Na*, Ca?*, Mg®) in the water.
These ions may regulate the mechanical properties of
the oil-water interface, further improving oil
displacement efficiency [50].
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Fig. 6 Oil-water migration of crude oil model at different flooding stages[50].

3.3 Surface  Pressure-Average  Molecular  Area
Characteristics of Stearic Acid Monolayers

The surface pressure-average molecular area (m-A)
characteristics of stearic acid (SA) monolayers were
investigated in NaCl, CaCl;, and MgCl; solutions at
varying concentrations. As shown in Fig. 7, the collapse
pressure displayed a non-monotonic trend: increasing to
a peak at intermediate concentrations and then declining
with further ion addition. This behavior suggests an
optimal ion concentration range for film stability,
consistent with the Schulze-Hardy rule[56]. At low
concentrations, cations compress the electrical double
layer(Gouy-Chapman  theory[57]), enhancing SA
molecular cohesion. For NaCl, the highest collapse
pressure appears at 2000 mg/L[58, 59], after which
excessive Na* causes double-layer overcompression and
Zeta potential rebound, weakening film stability.

In contrast, divalent cations Ca?* and Mg?* interact
more strongly with -COOH groups, enhancing structural
stability. Ca?* forms inner-sphere complexes and Ca?*-SA-
Ca?* bridges[60], but at 10000 mg/L, excessive Ca?
induces dense, brittle films with reduced flexibility. Mg?*,

with higher hydration energy and a smaller hydrated
radius[61, 62], forms hydration-mediated bridges that
preserve solid-liquid coexistence even at higher
concentrations. Mg?* achieves the highest collapse
pressure (53.7 mN-m?), indicating a robust yet and
elastic interfacial network. Structural reorganization
during compression highlights ion-specific effects. In
ultrapure water, SA monolayers exhibit typical gas-
liquid-solid transitions. High Ca?* concentrations disrupt
this, causing premature solidification, whereas Mg?*
preserves molecular mobility and enhances elasticity.
Low-salinity water can alter the strength of the oil-
water interface by adjusting the ionic composition,
thereby regulating the microscopic sweep efficiency.
Moderate salt concentrations optimize double-layer
compression, while excessive ions destabilize films.
Mg*'s superior bridging supports stable nanofilm
formation. Enhanced interfacial rigidity under optimal
conditions suppresses capillary fingering and promotes
piston-like front advancement, improving microscopic
sweep efficiency in heterogeneous reservoirs. These
insights are also consistent with classical Langmuir-
Blodgett monolayer theory, which emphasizes the



relationship between molecular packing, surface
pressure, and film collapse behavior[63, 64]. Moreover,
the evolution of collapse pressure under different ionic
conditions provides critical guidance for oil displacement
processes during low salinity waterflooding. A higher
collapse pressure indicates a more robust interfacial film
capable of resisting flow-induced deformation. This

enhanced interfacial strength suppresses capillary
fingering, stabilizes the displacement front, and
promotes piston-like oil displacement. Thus, optimizing
ionic regulation of interfacial mechanics directly
contributes to improving microscopic sweep efficiency
and enhancing the effectiveness of low salinity
waterflooding operations.
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Fig. 7 m-A isotherm curves, collapse pressure, and corresponding molecular area of stearic acid on different electrolyte
solutions, (a, b) NaCl solution; (c, d) CaCl, solution; (e, f) MgCl. solution.

3.4 Viscoelastic Behavior of Stearic Acid Monolayers



The viscoelastic behavior of stearic acid monolayers
under varying cation concentrations (Na*, Ca?*, Mg?) is
shown in Fig. 8. For all ions, both the elastic and viscous
moduli initially increase with concentration, reaching a
maximum before declining at higher concentrations,
consistent with ion-specific modulation of interfacial

properties[56]. Na* ions, due to their monovalent nature,
weakly interact with the carboxyl headgroups of SA,
resulting in slight improvements in modulus at low
concentrations but moderate declines thereafter,
reflecting limited impact on film structure.
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Fig. 8 Elastic modulus and viscous modulus of stearic acid on different electrolyte solutions, (a) NaCl solution; (b) CaCl,
solution; (c) MgCl; solution.

In contrast, divalent Ca** and Mg?* significantly
enhance the elastic and viscous moduli at low to
moderate concentrations. Mg?* shows a superior effect
even at lower concentrations, attributed to its higher
hydration energy and smaller hydrated radius, which
facilitate stronger hydration-mediated bridging between
carboxylic groups[61]. This bridging not only enhances
molecular packing but also preserves partial flexibility,
allowing the film to store more deformation energy. At
higher concentrations, overcompensation and excessive
ion adsorption reduce surface charge repulsion and
disrupt the interfacial structure, leading to sharp
modulus declines. This effect is more pronounced for
Mg?*, while Ca?* induces a more gradual destabilization
due to its larger hydration radius. Across all frequencies
tested (0.025-0.1 Hz), the elastic modulus (G')
consistently exceeds the viscous modulus (G"), indicating
that the films maintain a high-resistance, elasticity-
dominated character. The strongest elastic response is
observed at 0.05 Hz, suggesting that at lower
deformation rates, the films better resist structural
disruption.

Similarly, low-salinity water can modify the
viscoelasticity of the oil-water interface through ionic
composition adjustment, thus regulating the microscopic
sweep efficiency. Enhanced interfacial elasticity,
particularly under Mg* regulation at moderate
concentrations (1500-2000 mg/L), suppresses viscous
fingering, stabilizes the displacement front, and
improves microscopic sweep efficiency[63, 64]. In
contrast, excessive cation concentrations lead to film

collapse, highlighting the need for ion adjustment. The
results demonstrate that modulating interfacial
viscoelasticity through specific ionic composition can
regulate the mobility ratio and optimize displacement
uniformity in heterogeneous porous media.

3.5 Zeta Potential Analysis and Membrane Stability

As shown in Fig. 9, the Zeta potential analysis in NaCl,
CacCly, and MgCl; solutions reveals how different cations
influence interfacial charge neutralization and
membrane stability. In NaCl solutions, the Zeta potential
decreases as Na* concentration rises, suggesting
effective neutralization of the crude oil surface charge.
However, at concentrations above 14610 mg/L, the
neutralization effect saturates, and the Zeta potential
slightly increases, indicating a weakened charge
neutralization. In contrast, Ca?* and Mg, as divalent
cations, exhibit stronger charge neutralization, reducing
electrostatic repulsion more effectively. In CaCl, and
MgCl; solutions, the Zeta potential increases significantly
with concentration, showing stronger interactions with
the crude oil surface due to their higher charge density
and smaller ionic radii. This results in enhanced
membrane stability, as these cations form stronger
coordination bonds with stearic acid molecules,
increasing membrane strength and compactness. At
moderate concentrations, the coordination effects of
Ca?* and Mg* notably improve membrane structural
integrity, reducing repulsion and enhancing film stability.
The stronger charge neutralization and structural



enhancement at these concentrations lead to greater
membrane resistance and strength.
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Fig. 9 Zeta potential of oil-water systems in electrolyte solutions of different concentrations, (a) NaCl solution; (b) CaCl,
solution; (c) MgCl; solution.

These interfacial charge dynamics are particularly
important in the context of low salinity waterflooding,
where the regulation of Zeta potential directly affects the
formation and stability of viscoelastic interfacial films.
When the interface is more fully neutralized by a
moderate concentration of divalent cations, electrostatic
repulsion between interfacial molecules is reduced. This
reduction promotes closer molecular packing and
enhances intermolecular cohesion, thereby improving
the structural integrity of the interfacial film. This
compact interface can better withstand shear
deformation and maintain continuity under flow, which
is critical for controlling the displacement front within
porous media. From a reservoir engineering perspective,
such charge-regulated stabilization suppresses localized
interfacial disruption and minimizes flow channeling
through high-permeability zones.

3.6 The Effect of lon Regulation on the Microscopic
Sweep Efficiency of Low-Salinity Water Flooding

The experimental results highlight the significant
role of electrolyte type and concentration in regulating
the rheology and stability of stearic acid films. This study
introduces an alternative mechanism: the in-situ
formation of surfactant-like structures at the oil-water
interface via cation coordination. These nanostructures
create a viscoelastic barrier, promoting piston-like
displacement, a mechanism distinct from traditional
capillary-driven oil recovery[35, 65]. While conventional
models attribute improved oil recovery solely to
interfacial  tension  reduction and  wettability
alteration[66], the interfacial rheology data in this study
indicate that increased interfacial rigidity suppresses

viscous fingering, thereby controlling displacement
efficiency[67]. This behavior is analogous to the
viscoelastic  mechanism  observed in  polymer
flooding[68], and the piston-like displacement
mechanism is illustrated in Fig. 10. The divalent cations
(Ca%, Mg?*) outperform Na* in enhancing interfacial film
rigidity due to their higher charge density and hydration
properties. At low concentrations, Ca®* and Mg
effectively neutralize the Zeta potential of stearic acid
carboxyl (-COOH) groups by forming stable coordination
bonds, consistent with previous findings[69, 70].
However, excessively high cation concentrations,
particularly those of divalent cations, can result in charge
overcompensation, which disrupts the integrity of
interfacial nanostructures. Specifically, Mg#, due to its
larger hydration radius[71], is more effective in bridging
adjacent stearic acid molecules at moderate
concentrations, significantly increasing the elastic
modulus of the interface[72]. This explains the observed
stability ranking: Mg?* > Ca** > Na*. When injection water
containing divalent cations (Ca%, Mg?*) interacts with
crude oil polar components, the resulting
nanoaggregates form a continuous viscoelastic film at
the oil-water interface. This nanofilm uniformly
transmits pressure and resists localized deformation
during displacement. As shown in Fig. 10b, in capillary
models, conventional waterflooding results in interfacial
instability, forming multi-branched fingering channels
(Fig.10a, red arrows), whereas in this system, the
viscoelastic interface facilitates a more uniform and
frontally stable displacement (Fig. 10b, red arrows),
thereby reducing residual oil saturation.
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Fig. 10 Mechanism of oil recovery efficiency enhancement by interfacial strength and viscoelasticity changes in low
salinity waterflooding.

This self-assembled ion nanostructure mechanism
eliminates the need for additional chemical additives.
Field applications should optimize cation composition
rather than solely reducing salinity. For calcium-rich
reservoirs (e.g., North Sea chalk formations[73, 74]),
Mg?* injection can synergize with formation divalent
cations to enhance interfacial film strength. Conversely,
in sodium-dominated reservoirs, careful Mg*, Ca*
dosing is required to enhance oil-water interfacial
strength while preventing clay swelling.

The experimental findings demonstrate that
different cations regulate the structure of the interfacial
film through a combination of electrostatic screening,
double-layer compression, and molecular coordination.
Among these, divalent cations such as Mg?* exhibit the
most pronounced effects, especially at moderate
concentrations, where they achieve optimal interfacial
stability and enhanced elastic modulus. This indicates
that their influence is not limited to simple charge
neutralization at the molecular scale but also involves
specific interactions between hydrated cation structures
and polar functional groups. The resulting evolution of
the interfacial microstructure contributes to the
suppression of viscous fingering and promotes the
stability of the displacement front during fluid flow.
These effects collectively enhance microscopic sweep
efficiency and provide a solid physicochemical basis for
improving  the performance  of  low-salinity
waterflooding.
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4. CONCLUSION

This study investigates the effect of low-salinity
waterflooding on enhanced oil recovery, focusing on the
role of different cations (such as Ca?*, Mg?*, and Na*) on
the interfacial structure and viscoelastic properties of the
oil  monolayers under low-salinity waterflooding
conditions, with a focus on how cation-induced
modifications of interfacial film behavior influence
microscopic sweep efficiency. This study provides
practical insights for enhancing oil recovery in
heterogeneous reservoirs and suggests that cation
composition optimization is key for improving the
effectiveness of low-salinity waterflooding. The main
conclusions are as follows:

1. The NMR spectra analysis shows that low-salinity
water significantly improves the oil-water distribution in
the core, especially in small pores. The displacement
efficiency is notably higher compared to formation water
flooding.

2. During low-salinity waterflooding, water
effectively penetrates small pores and displaces the oil
film, resulting in an increased oil recovery rate (49.73%)
compared to formation water flooding (25.24%).

3. Low-salinity water enhances the stability and
strength of the oil-water interfacial film by adjusting the
electrolyte composition, with divalent cations (Ca?* and
Mg?*) playing a significant role in improving film stability.

4. The viscoelastic behavior of the oil-water interface
changes during low-salinity waterflooding, suppressing
viscous fingering and promoting uniform front



movement, which
efficiency.

5. By optimizing the cation concentrations,
particularly Mg?* and Ca?', the interfacial strength is
enhanced, leading to improved oil recovery without the

need for additional chemical additives.

improves microscopic sweep
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