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a b s t r a c t

High salinity and high oil content present major challenges to the effectiveness of foam in enhanced oil 
recovery (EOR). This study introduces RCS, a novel oil-resistant foam system designed for reservoirs 
with salinity levels reaching 2.1 × 10 5 mg/L. RCS forms stable foams at oil–water ratios up to 60% and is 
effective across a wide crude oil viscosity range (10.8–7890 mPa⋅s). We investigated the film properties 
of oil-containing foam and the co-permeation behavior of the crude oil–N 2 –foam system to elucidate the 
mechanisms underlying foam stability and steady-state flow. RCS emulsified high-viscosity crude oil 
into stable, large droplets that accumulated within the plateau borders, reducing drainage. Even at 
concentrations as low as 0.01 wt%, RCS formed stable pseudoemulsion films that prevented intrusion 
into the gas–water interface, allowing the foam half-life to be mainly controlled by the dilatational 
viscoelasticity of the interface. With increasing oil–water ratios, both drainage resistance and dilata-
tional modulus increased, extending the drainage and foam half-lives. Coreflood experiments showed 
that co-injection of RCS with N 2 and crude oil produced stable foams and in-situ emulsions. At 5% oil
fractional flow, the critical foam quality (f *g ) remained unchanged compared to oil-free conditions,

although the maximum apparent viscosity decreased by 29.8%. At 10% oil fractional flow, f *g shifted to a
lower value, while the apparent viscosity in the low-quality regime increased markedly—exceeding that 
of the oil-free condition. These findings highlight that while crude oil more strongly impairs foam 

stability in porous media than in bulk, the formation of in-situ emulsions can partially offset or even 
enhance mobility control through a synergistic Jamin effect. Therefore, in-situ emulsification should be 
emphasized in foam applications within oil-containing environments.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The escalating global energy demand has significantly inten-
sified research into enhanced oil recovery (EOR) over the past few 

decades (Talebian et al., 2014; Liang et al., 2019; Hassan et al., 
2020). Among the various EOR methods, gas injection is particu-
larly notable for its effectiveness and widespread application 
(Stein et al., 1992; Jamaloei and Kharrat, 2012; Wei et al., 2018; Guo

et al., 2022). However, the inherently low density and viscosity of 
gas often lead to challenges such as viscous fingering, gravity 
override, and early gas breakthrough, which compromise gas 
sweep efficiency. Consequently, there has been a growing interest 
in the application of foam to mitigate these undesirable phe-
nomena (Yan et al., 2006; Ma et al., 2012; Sun et al., 2016). Stable 
foams can reduce gas mobility and divert gas toward lower 
permeability regions, thereby expanding the gas sweep area and 
enhancing oil recovery.
Foam stability in reservoir environments is influenced by 

numerous factors, with salinity being among the most critical 
(Sun et al., 2019; Harati et al., 2020; Roncoroni et al., 2021; Tang 
et al., 2023). While low salinity tends to stabilize foam, high 
salinity typically has a detrimental impact on foam stability. For 
instance, Majeed et al. (2020) observed a remarkable decrease in
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the stability of sodium alpha-olefin sulfonate (AOS) foam at a NaCl 
concentration of 1 mol/L. They noted that excess electrolytes 
surrounded AOS molecules, preventing them from entering the 
micelle structure that constituted the foam film, thereby reducing 
film stability. Similarly, He et al. (2022) reported that the stability 
of sodium dodecyl benzene sulfonate (SDBS) foam weakened at a 
salinity of 160,599 mg/L due to the formation of insoluble salts 
between Ca 2+ /Mg 2+ ions and SDBS anions, leading to decreased 
surface activity of the SDBS solution. Recent research has revealed 
that betaine foams can withstand salinities up to 2 × 10 5 mg/L and 
exhibit enhanced foam stability with increasing salinity (Sun 
et al., 2022, 2023). Our previous work demonstrated that as 
salinity increased, more betaine surfactant molecules adsorbed 
onto the gas–water interface with a lower diffusion rate, leading 
to an increase in dilatational modulus, thereby improving foam 

stability.
Crude oil also plays a crucial role in affecting foam stability. 

Researchers have introduced parameters such as the entry coef-
ficient (E), spreading coefficient (S), and bridging coefficient (B) to 
assess foam stability in the presence of oil (Harkins and Feldman, 
1922; Garrett, 1980; Aveyard et al., 1994), as detailed in Eqs. 
(1)–(3).

E = σ w=g + σ w=o + σ o=g (1)

S = σ w=g − σ w=o − σ o=g (2)

B = σ2w=g + σ2w=o − σ 2o=g (3) 

where σ w/g is the surface tension between the surfactant solution
and gas; σ w/o is the interfacial tension between oil and the sur-
factant solution; and σ o/g is the surface tension between oil and 
gas.
When E is negative, the corresponding S and B are also negative, 

indicating that foam can remain stable in the presence of oil 
(Babamahmoudi and Riahi, 2018). Conversely, when E and S are 
positive, oil will enter the surface of the foam film and spread, 
thinning the film and accelerating foam rupture (Harkins, 1941). If 
spreading does not occur (S < 0), oil droplets accumulate at the 
gas–water interface, gradually increasing in size. When oil droplets 
become large enough to form an unstable oil bridge across the 
foam film (B > 0), the film is prone to rupture (Garrett, 1980). 
However, these coefficients characterize oil–foam interaction 
based solely on interfacial and surface tensions, which introduces 
significant limitations and does not always accurately predict the 
stability of oil-containing foam.
The prevailing viewpoint holds that the stability of oil-

containing foam is closely related to the state of crude oil within 
the foam film. Crude oil, upon interacting with foam, can either 
solubilize in surfactant micelles, forming solubilized oil, or 
distribute as emulsified oil droplets within the foam film (Koczo 
et al., 1992). Solubilized oil can adversely affect foam stability by 
reducing the repulsive force between micelles and diminishing 
their effective volume, thereby accelerating film thinning (Lee 
et al., 2014). The influence of emulsified oil droplets on foam sta-
bility depends on the stability of the pseudoemulsion film formed 
by crude oil and the gas–water interface of the foam film. Stable 
pseudoemulsion films are beneficial for foam stabilization (Pu 
et al., 2019), but high salinity always destabilizes the pseudoe-
mulsion film. Pu et al. (2017) found that heavy oil with 20% oil 
content significantly improved the foam composite index at 
salinity levels below 8.8 × 10 4 mg/L, whereas it disrupted the foam 

at higher salinity levels. Vikingstad et al. (2005) reported that 
when the crude oil concentration was 5 wt%, stable AOS foam was

produced at a 1 wt% NaCl concentration, but no foam formed when 
the NaCl concentration was raised to 5 wt%. Rohani et al. (2014) 
elucidated that in high-salinity environments, the reduction in 
electrostatic repulsion within the pseudoemulsion film facilitated 
the entry of oil droplets into the foam film. Consequently, in res-
ervoirs with both high salinity and high oil content, foam stability 
faces significant challenges. Moreover, there is no reliable quan-
titative method for in-situ evaluation of pseudoemulsion film 

stability. Most studies rely on qualitative microscopic observations 
or indirectly assess through the interfacial properties of gas–water 
or oil–water systems (Wei et al., 2020; Lai et al., 2021). This limited 
understanding often results in foam exhibiting insufficient oil 
resistance in field applications.
The stability of bulk foam is positively correlated with its 

mobility control capability in porous media, while steady-state 
flow behavior offers a more direct approach for characterizing 
foam flow resistance and optimizing injection strategies, thereby 
maximizing the economic benefits of foam EOR processes. In oil-
free porous media, steady-state foam flow exhibits two distinct 
regimes: low-quality and high-quality regimes (Osterloh and 
Jante, 1992; Kim et al., 2004). In the low-quality regime, the 
pressure gradient is independent of the apparent liquid velocity, 
with foam behavior controlled by gas trapping and mobilization. In 
the high-quality regime, the pressure gradient is independent of 
the apparent gas velocity, with foam behavior governed by bubble
coalescence at the critical capillary pressure (P*c). A critical foam 

quality (f *g ) exists in the transition regime between low-quality
and high-quality regimes, where the foam exhibits the
maximum apparent viscosity (Li et al., 2023). In the presence of oil, 
these two regimes persist, but both are influenced by oil–foam 

interactions. The extent of gas mobility reduction decreases in
the low-quality regime, and the critical water saturation (S*w)
required for stable foam increases in the high-quality regime, 
making the foam more susceptible to rupture (Tang et al., 2019a, 
2019b). The impact of oil on foam flow resistance varies with oil 
content, and investigations in this area are primarily conducted at 
unstable or immobile oil contents, limiting the understanding of 
foam mobility control in the presence of crude oil (Andrianov et al., 
2011; Simjoo and Zitha, 2013; Amirmoshiri et al., 2021).
To address these issues, we developed an oil-resistant and salt-

tolerant foam system by introducing an oil-resistant additive into 
a mixture of an anionic-nonionic surfactant and a betaine surfac-
tant. By examining the macroscopic and microscopic structural 
evolution of oil-containing foam, pseudoemulsion film stability, 
and surface dilatational viscoelasticity, we comprehensively 
investigated the mechanisms by which crude oil affects foam 

stability under varying oil–water ratios. Additionally, we charac-
terized the steady-state foam flow behavior under various fixed oil 
contents using multiphase co-injection experiments. The results of 
this study enhance our understanding of the stability and mobility 
control capability of foam in the presence of crude oil, contributing 
to the advancement of foam EOR.

2. Materials and methods

2.1. Materials

The surfactants used in this study were supplied by Yusuo 
Chemical Technology Co., Ltd. These included fatty alcohol poly-
oxyethylene ether sulfonate (WR and AT, active content 70%), 
betaine surfactant (WC and AE, active content 35%), alpha olefin 
sulfonate (AOS, active content 35%), sodium dodecyl sulfate (SDS, 
active content 30%), and an oil-resistant additive (OS, fluorocarbon 
surfactant with an active content of 30%). Petroleum ether (boiling
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range 90–120 ◦ C) was purchased from Chron Chemicals Co., Ltd. All 
chemicals were used as received.
Unless otherwise specified, brine with a NaCl concentration of 

9.36 × 10 4 mg/L was used to prepare surfactant solutions at a total 
concentration of 0.2 wt%. Dehydrated heavy crude oil (oil A) and 
light crude oil (oil E) were sampled from an oilfield in western 
China. The two types of crude oil were mixed in different volume 
ratios to produce oils B, C, and D with progressively decreasing 
viscosities, as shown in Table 1. Dry nitrogen gas with a purity of 
99.89% was used in all experiments.
Artificial sandstone cores were used for multiphase co-

injection experiments. The cores were dried at 150 ◦ C for one 
day to eliminate any moisture before testing porosity and brine 
permeability. The petrophysical properties of the cores are pre-
sented in Table 2.

2.2. Bulk foam performance evaluations

2.2.1. Foamability and foam stability
Foams were generated using the Waring blender method. 

Crude oil and a 100 mL surfactant solution were added to a foam 

generator before measurements. The oil–water ratio, defined as 
the volume ratio of crude oil to surfactant solution, was varied 
from 10% to 60%. The total volume of the crude oil and surfactant 
solution was recorded as the total liquid volume (V 0 ). The mixture 
was sheared at 6000 rpm for 1 min to generate the oil-containing 
foam, which was then transferred to a 1000 mL graduated cylinder 
to measure the foaming volume (V max ). The changes in drained 
liquid volume (V l ) and foam volume (V f ) were monitored over 
time. Foam stability was assessed based on the drainage half-life 
and foam half-life, representing the times required for V l to 
reach half of V 0 and for V f to decrease to half of V max , respectively. 
Additionally, the liquid volume fraction (f w ) was calculated using 
Eq. (4) to analyze the decay behavior of the foam. All experiments 
were conducted in triplicate at ambient temperature (25±2 ◦ C) to 
ensure reproducibility.

f w = (V 0 − V l ) 
/ 
V f × 100% (4)

2.2.2. Foam microstructure
A Leica DM2700M metallographic microscope was used to 

visualize the foam microstructure at room temperature. During 
the foam decay process, samples of foam were collected at speci-
fied time points from the same location in the graduated cylinder 
using a glass rod and transferred onto a microscope slide for 
observation. The foam microstructure images were processed us-
ing ImageJ software for grayscale conversion and binarization. 
Measurements of the bubble diameter (d i ) and the number of 
bubbles (n i ) were taken, and the Sauter mean bubble diameter 
(D 32 ) was calculated using Eq. (5).

D 32 = 
∑ ( 

n i d
3
i

) / ∑ ( 
n i d 

2
i

)
(5)

2.3. Surface/interfacial behavior measurements

2.3.1. Interfacial tension
The interfacial tension (IFT) was measured using a KRÜSS 

spinning drop tensiometer (SDT) equipped with an integrated 
image-capture device and Advance™ software, which automati-
cally calculated the IFT. The rotation rate of the drops was set at 
6000 rpm. All IFT measurements were conducted at 25 ◦ C.

2.3.2. Dilatational surface viscoelasticity
The oscillating drop method was employed to assess dilata-

tional viscoelasticity at 25 ◦ C using the KRÜSS drop shape analyzer 
(DSA100). In a typical experiment, 10 μL of surfactant solution was 
dripped onto the needle end and left to equilibrate. A sinusoidal 
oscillation, with a frequency range of 0.02–2 Hz and an amplitude 
of 10%, was then applied to the droplet. The interfacial area (A) and 
surface tension (σ) at various frequencies were measured, and the 
dilatational modulus (E), elastic modulus (E′), and viscous modulus 
(E″) were calculated according to Eqs. (6)–(8) (Amani et al., 2020). 
The DSA100 automatically performed these analyses.

E = dσ=dlnA (6)

E 
′ 

= |E|cosθ (7)

E 
′′ 

= |E|sinθ (8)

2.3.3. Surfactant concentration in the aqueous phase of foam film 

During foam decay, the aqueous phase drained from the foam 

is equivalent to that remaining in the foam film. Therefore, the 
surfactant concentration in the aqueous phase of the foam film 

can be estimated by measuring the concentration of the drained 
aqueous phase. Prior to determining the surfactant concentra-
tion, the surface tension of the foam system was tested across a 
surfactant concentration range from 0.002 to 0.2 wt% using the 
platinum plate method (Wang et al., 2021). The resulting rela-
tionship between surface tension and surfactant concentration 
is depicted in Fig. 1. Based on this curve, the critical micelle 
concentrations (CMC) of RC (The mass ratio of surfactants WR to 
WC is 3:1) and RCS (The mass ratio of mixed surfactants RC to 
OS is 7:3) were determined to be 0.022 and 0.015 wt%, respec-
tively. That is, the surfactant concentration used for bulk foam 

tests was approximately an order of magnitude higher than the 
CMC.
After the oil-containing foam in the bulk foam test reached its 

half-life, the drained liquid was collected and centrifuged to 
facilitate oil–water separation. The aqueous phase was extracted 
using a separatory funnel, then diluted tenfold with brine to 
ensure the surfactant concentration was below the CMC. The 
surface tension of the diluted aqueous phase was measured, and 
the surfactant concentration was determined based on the surface 
tension-surfactant concentration relationship depicted in Fig. 1. 
The concentration was then multiplied by ten to derive the sur-
factant concentration in the foam film's aqueous phase.

2.3.4. Pseudoemulsion film stability
The stability of the pseudoemulsion film was evaluated using a 

custom-built apparatus, designed according to the drop and bub-
ble micro manipulator (DBMM) principle (Won et al., 2014; 
Ahmadi et al., 2023), as depicted in Fig. 2. The primary compo-
nent of the setup was an organic glass cylinder, with a diameter of 
1.5 cm. The cylinder was pre-filled with the surfactant solution, 
forming a meniscus approximately 0.2 cm above the horizontal

Table 1
Crude oil types and viscosities.

Crude oil type Viscosity at 50 ◦ C, mPa⋅s Volume ratio of oil A to oil E

Oil A 7890 1:0
Oil B 900 1:1
Oil C 650 1:1.7
Oil D 260 1:2.2
Oil E 10.8 0:1
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plane. At the beginning of the experiment, a 10 μL oil droplet was 
introduced beneath the gas–water interface using a syringe 
equipped with a U-shaped needle. The pseudoemulsion film 

formed as the oil droplet approached the gas–water interface. A 
camera positioned directly above the cylinder recorded the time 
required for the oil droplet to spread on the gas–water interface. 
Each sample was measured three times, and the average time was 
used as the final result to assess the stability of the pseudoe-
mulsion film.
Each test in Sections 2.2 and 2.3 was performed in triplicate to 

ensure reproducibility and minimize random error.

2.4. Multiphase co-injection measurements

The multiphase co-injection experiment was performed using a 
high-temperature, high-pressure (HTHP) core-flooding system, as 
shown in Fig. 3. The core holder was fitted with four pressure

transducers to monitor the pressure drop in each section along the 
core. The surfactant solution, N 2 , and crude oil were each loaded 
into separate piston containers, with injection rates controlled by 
three duplex pumps and a gas mass-flow controller. The reservoir 
temperature and back pressure were maintained at 90 ◦ C and 
15.0 MPa, respectively.
The crude oil–N 2 –foam system co-injection experiments were 

conducted by incrementally increasing the oil fractional flow (f o ),
with the foam quality (f g) randomly selected from the values listed
in Table 3. The values of f o and f g were calculated using Eqs. (9) and 
(10), respectively.

f o = q o 
/ ( 

q o + q g + q l 
)

(9)

f g = q g 
/ ( 

q g + q l 
)

(10)

where q o , q g , and q l are the injection flow rates of crude oil, N 2 , and 
surfactant solution, respectively.
The total injection rate (Q) was fixed at 0.700 mL/min, corre-

sponding to a superficial velocity of 2.70 m/d. When the pressure 
drop in the middle section (ΔP 2 ) stabilized with acceptable fluc-
tuation, it indicated a steady flow state, signifying that foam 

generation and collapse had reached dynamic equilibrium. The 
equilibrium value of ΔP 2 was recorded and used to calculate the 
apparent viscosity (μ) using Eq. (11). Following each test, the core 
was sequentially cleaned with petroleum ether, N 2 , and brine.

μ = kAΔP 2 =QL 2 (11)

where k is the brine permeability; A is the cross-sectional area; 
and L 2 is the length of the middle core section.
Prior to conducting the three-phase co-injection experiments, 

the foam system and N 2 were co-injected at various foam qualities 
to characterize the steady-state flow behavior of foam in the 
absence of crude oil. Additionally, co-injection of the foam system 

with crude oil was performed to determine the steady-state flow 

resistance of the in-situ emulsion. Cores #1 and #2 were used to 
perform the multiphase co-injection experiments with RC and 
RCS, respectively, ensuring consistency in experimental 
conditions.

3. Results and discussion

3.1. Development of an oil-resistant and salt-tolerant foam system

3.1.1. Screening of foaming agent
Four salt-tolerant surfactants and two conventional surfactants 

were selected for bulk foam tests at a 10% oil–water ratio. As 
shown in Fig. 4(a), all surfactants effectively generated foam in the 
presence of crude oil A. Among these, the fatty alcohol polyoxy-
ethylene ether sulfonate salts, WR and WC, demonstrated superior 
foamability and foam stability, respectively. Based on this, WR and 
WC were blended at a 3:1 mass ratio to form the RC foam system. 
This combination produced a clear synergistic effect: the foaming 
volume of RC increased by 18.7% compared to WR, while its 
drainage and foam half-lifves were 5.7 and 1.2 times those of WC, 
respectively. Fig. 4(b) presents the liquid volume fraction (f w ) of

Table 2
Petrophysical properties of cores.

Core number Length, mm Width, mm Height, mm Porosity, % Brine permeability, mD

#1 301.0 44.2 44.9 18.8 460.0
#2 302.0 44.5 45.0 17.8 502.0

Fig. 1. Relationship between surfactant concentration and surface tension for foam 

systems RC and RCS.

Fig. 2. Schematic of the device used to determine pseudoemulsion film stability.
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oil-containing foams during their half-lives. Initially, f w declined 
rapidly due to gravity- and capillarity-driven drainage. Since all f w 

values dropped below 36% within 5 min, we refer to all gas–liquid 
mixtures as “foam” for consistency. Upon reaching a critical point, 
f w either stabilized or showed a slight increase, marking the 
transition where coarsening and coalescence became dominant in 
foam decay (Mensire and Lorenceau, 2017). The f w curve for RC oil-
containing foam exhibited the smallest slope and the longest 
plateau, indicating the slowest drainage and highest film stability. 
To determine the resistance of RC foam to different crude oils, 

0.2 wt% RC solution was mixed with oils of varying viscosities at a 
fixed 20% oil–water ratio. As shown in Fig. 5(a), the foaming vol-
ume, drainage half-life, and foam half-life of RC oil-containing 
foam all increase with increasing crude oil viscosity. For oils with 
viscosities ranging from 650 to 7890 mPa⋅s, the drainage half-life 
exceeded that of the oil-free foam, reaching up to twice its value.

However, low-viscosity oils significantly impaired foam perfor-
mance. For instance, in the presence of crude oil with a viscosity of 
10.8 mPa⋅s, the foaming volume and foam half-life decreased by
51% and 98%, respectively. The steady stage of its f w curve was 
completely absent (Fig. 5(b)), highlighting the limited resistance of 
the RC foam film to such oils and the need for further 
enhancement.

3.1.2. Enhancing oil resistance
To improve the RC foam stability under oil-containing condi-

tions, an oil-resistant additive (OS) was incorporated at concen-
trations ranging from 0.02 to 0.10 wt%. Crude oil C was used at a 
10% oil–water ratio to identify the optimal mixing ratio of RC and 
OS.
Fig. 6 demonstrates that the introduction of OS significantly 

enhanced the tolerance of RC to crude oil C, particularly by

Fig. 3. Schematic of the experimental setup for multiphase co-injection experiments.

Table 3
Injection flow rates and oil–water ratios for each phase under different foam qualities and oil fractional flows.

Oil fractional flow, % Foam quality, % Oil flow rate, mL/min Surfactant flow rate, mL/min N 2 flow rate, mL/min Oil–water ratio, %

0 0 0 0.700 0 0
20 0.560 0.140
40 0.420 0.280
60 0.280 0.420
80 0.140 0.560
90 0.070 0.630
95 0.035 0.665

5 0 0.035 0.665 0 5.3
20 0.532 0.133 6.6
40 0.399 0.266 8.8
60 0.266 0.399 13.2
80 0.133 0.532 26.3
90 0.067 0.598 52.2

10 0 0.070 0.630 0 11.1
20 0.504 0.126 13.9
40 0.378 0.252 18.5
60 0.252 0.378 27.8
80 0.126 0.504 55.6
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extending the foam half-life. Even at a concentration as low as 
0.02 wt%, OS increased the foam half-life by more than a hun-
dredfold. As the OS concentration increased, the properties of the 
oil-containing foam initially improved and then declined. The 
foam half-life was maximized at an OS concentration of 0.08 wt%, 
while the foaming volume and drainage half-life were optimized

at 0.06 wt%. Balancing performance and cost, RC and OS were 
blended at a 7:3 ratio to form the RCS system.
To evaluate the applicability of RCS foam in high-salinity res-

ervoirs, its performance was further tested under varying salin-
ities. As shown in Fig. 7, RCS produced stable oil-containing foam 

across a wide salinity range, from 2.34 × 10 4 to 2.106 × 10 5 mg/L, 
with minimal fluctuation (30.7%) in foaming volume. Notably, as

Fig. 4. (a) Properties of oil-containing foams formed by different foam systems. (b) Liquid volume fraction curves during the foam half-life. Crude oil A was used as the oil phase, 
the foam system concentration was 0.2 wt%, and the oil–water ratio was 10%.

Fig. 5. (a) Properties of oil-containing foams formed by RC and crude oils with different viscosities. (b) Liquid volume fraction curves during the foam half-life. The RC con-
centration was 0.2 wt% and the oil–water ratio was 20%.

Fig. 6. Properties of oil-containing foams formed by RC and OS with different con-
centrations. Crude oil C was used as the oil phase, the foam system concentration was 
0.2 wt%, and the oil–water ratio was 10%.

Fig. 7. Properties of RCS oil-containing foams under varying NaCl concentrations. 
Crude oil C was used as the oil phase, the foam system concentration was 0.2 wt%, and 
the oil–water ratio was 10%.

L. Sun, J.-Q. Yin, H.-Y. Sun et al. Petroleum Science 23 (2026) 913–927

918



salinity increased from 4.68 × 10 4 to 2.106 × 10 5 mg/L, both 
drainage and foam half-lives increased unexpectedly. The foam 

exhibited its strongest stability at the highest tested salinity, 
underscoring its distinct advantage in high-salinity conditions. 
Further tests examined RCS foam stability with crude oils of 

various viscosities and contents. While foamability declined in the 
presence of oil, RCS consistently maintained excellent foam sta-
bility (Fig. 8). Compared to RC, RCS offered a more than 68-fold 
increase in foam half-life under identical oil conditions. Interest-
ingly, the resistance of the RCS foam film to crude oil increased as 
crude oil viscosity decreased—opposite to the trend observed with 
RC foam film. When the oil viscosity was ≤ 650 mPa⋅s, the foam 

half-life of RCS surpassed that of the oil-free foam, peaking at 
10.8 mPa⋅s with a value 1.86 times greater than the oil-free 
counterpart.
Fig. 9 demonstrates that the response of RCS foam stability to 

increasing oil–water ratio also differs significantly from that of RC 
foam stability. In the presence of crude oil C, the drainage half-life 
of RC foam peaked at an oil–water ratio of 40%, while its foam half-
life decreased dramatically as the oil content increased. At just 10% 
oil–water ratio, the foam half-life of RC foam dropped by 92% 
compared to its oil-free counterpart. In contrast, both the drainage 
and foam half-lives of RCS foam increased with the oil–water ratio. 
At a 60% oil–water ratio, the drainage and foam half-lives of RCS 
foam increased to 5.5 and 1.3 times those of the oil-free case, 
respectively. A similar trend was observed with low-viscosity oil E, 
where the foam half-life increased with oil content and reached 
2.4 times the oil-free value at a 60% oil–water ratio.
These results demonstrate that the incorporation of OS signif-

icantly improves the oil resistance of RC foam, enabling stable 
foam formation and performance across a wide range of oil-
bearing and high-salinity conditions.

3.2. Mechanisms of crude oil impact on foam stability

3.2.1. Mechanisms affecting drainage half-life
The bulk foam drainage is primarily governed by the coupling 

between the bulk liquid flow within the films, plateau borders, and 
nodes, and the surface flow in the surfactant monolayers (Etemad 
et al., 2020; Ritacco, 2024; Moradpour et al., 2024). Crude oil in-
fluences drainage half-life through two main mechanisms. First, 
dispersed oil droplets obstruct drainage channels, slowing 
drainage. The degree of this obstruction depends on factors such as 
droplet size, quantity, and stability (Telmadarreie and Trivedi, 
2018). Second, crude oil reduces surfactant concentration at the 
gas–liquid interface by drawing surfactant molecules toward the 
oil–water interface or into the oil phase, accelerating drainage 
(Farajzadeh et al., 2012). These two conflicting effects lead to

inconsistent drainage half-life responses across different foam 

systems, particularly under varying oil contents and viscosities. 
Taking RC foam with oil C as an example, oil droplets were 

observed to move along with the aqueous phase during drainage. 
Due to the constraints of drainage channels and the differences inFig. 8. Properties of oil-containing foams formed by RCS and crude oils with different 

viscosities. The RCS concentration was 0.2 wt% and the oil–water ratio was 20%.

Fig. 9. Effect of oil–water ratio on the properties of oil-containing foams: (a) foaming 
volume, (b) drainage half-life, and (c) foam half-life. Crude oils C and E were used as 
oil phases and the foam system concentration was 0.2 wt%.
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density and viscosity between oil and water, oil droplets drained 
more slowly, accumulating in the plateau borders. As the oil–water 
ratio increased from 10% to 40%, the number of oil droplets within 
the plateau borders increased significantly. These droplets, 
remaining stably dispersed, narrowed the drainage channel 
(Fig. 10(a) and (b)). This accumulation also thickened the plateau 
borders, thereby reducing the pressure differential between the 
plateau borders and the film. As a result, the drainage driving force 
weakened, and the drainage rate further decreased (Vikingstad 
et al., 2005). However, at a 60% oil–water ratio, the oil–water 
interfacial area became too large to be tightly packed by RC mol-
ecules, leading to the coalescence of oil droplets and the formation 
of a continuous oil phase within the film, as illustrated in Fig. 10(c). 
The continuous phase drained rapidly with the aqueous phase, 
causing a sharp decline in the drainage half-life. In contrast, oil 
droplets within RCS foam film remained stable even at a 60% 
oil–water ratio, continuing to hinder drainage. Thus, the drainage 
half-life of RCS foam with oil C continuously increased as the 
oil–water ratio gradually increased to 60%.
Fig. 11 shows that oil droplet size within the drainage channels 

of RCS foam decreased with decreasing oil viscosity. For oil C, the 
diameter of droplets primarily ranged from 30 to 50 μm, while for 
oil E, they were mostly under 10 μm. Smaller droplets created less 
resistance and drained more easily with the aqueous phase. This is 
supported by Figs. S1 and S2, which show significantly higher oil E 
content in the drained liquid compared to oil C. As the oil–water 
ratio increased, the proportion of oil E in the drainage liquid also 
rose, indicating that smaller droplets exited faster. This explains

the continuous decrease in drainage half-life beyond a 10% 
oil–water ratio when using oil E.

3.2.2. Mechanisms affecting foam half-life

3.2.2.1. Effect of crude oil on foam microstructure evolution. 
For stable oil-containing foams, the foam half-life is substantially 
longer than the drainage half-life, indicating that coarsening and 
coalescence play a more dominant role than drainage in deter-
mining foam longevity. Figs. 12 and S3 illustrate the microstruc-
ture evolution of oil-containing foams formed by RCS with oils C 
and E. In oil-free conditions, bubble shapes gradually transitioned 
from circular to polygonal. However, in the presence of crude oil, 
particularly at high oil content, bubbles retained a circular shape 
during decay. With increasing oil–water ratio, oil droplets accu-
mulated in the spaces between bubbles, increasing the distance 
between them. This inhibited gas diffusion, slowed bubble growth 
(as shown in Fig. 13), and reduced the overall foam coarsening rate. 
Both RC and RCS foams showed similar trends in bubble size 

growth with oil content. However, their foam half-lives responded 
differently—RC foam half-life decreased while RCS foam half-life 
increased—indicating that the coarsening rate was not the crit-
ical factor controlling foam half-life in the presence of crude oil. A 
comparison of RC foam microstructure under oil-free and oil-
containing conditions (Fig. S4) revealed that although oil-free 
foams had thinner films, they were more stable and longer-
lasting. This suggests that film stability may play a dominant 
role in controlling foam half-life under oil-containing conditions.

Fig. 10. Microstructure of RC foam after 5 min of foaming in the presence of oil C. The RC concentration was 0.2 wt%, with corresponding oil–water ratios of 10% (a), 40% (b), and 
60% (c), respectively.

Fig. 11. Microstructure of foams formed by RCS and crude oils with different viscosities after 10 min of foaming at an oil–water ratio of 10%. The oils used were oil C (a) and oil E 
(b) and the RCS concentration was 0.2 wt%.
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3.2.2.2. Pseudoemulsion film stability. Based on Eqs. (1)–(3), sur-
face tension and interfacial tension (IFT) were measured to 
calculate interaction coefficients between foam systems and crude 
oils. Table 4 shows that the interaction coefficients for RC and oil C 
are positive, indicating that oil droplets readily spread on the RC 
foam film and produce oil bridges between films, leading to foam 

rupture. In contrast, the interaction coefficients were all negative 
for RCS when interacting with oils C and E, demonstrating that oil 
droplets neither entered the film surface nor formed oil bridges. 
To validate these interactions, we assessed the stability of 

pseudoemulsion films under various oil–water ratios. Given that 
the surfactant concentration in the aqueous phase of the pseu-
doemulsion film was equivalent to that in the aqueous phase 
drained from the oil-containing foam, we measured the surfactant 
concentrations in the drained aqueous phases of RC and RCS oil-
containing foams. Table 5 indicates that RCS concentration in the 
drained aqueous phases decreases with increasing oil–water ratio, 
with a more pronounced decrease in the presence of oil E. This can 
be attributed to the formation of smaller emulsified oil droplets 
with oil E compared to those with oil C, as depicted in Fig. 10, 
which increased the distribution of RCS at the oil–water interface. 
Consequently, we conducted stability tests on pseudoemulsion

films for foam systems with surfactant concentrations ranging 
from 0.01 to 0.10 wt%.
Table 6 demonstrates that the stability of the RCS pseudoe-

mulsion film markedly exceeds that of the RC pseudoemulsion 
film. For the 0.01 wt% RC, oil droplets rapidly entered the 
gas–water interface and spread on it shortly after the formation of 
the pseudoemulsion film. In contrast, the pseudoemulsion film 

formed with 0.01 wt% RCS remained stable for 60 min, matching 
the stability of the film formed with 0.10 wt% RC. Increasing the 
RCS concentration to 0.05 wt% enabled the pseudoemulsion films 
of both crude oils to maintain stability for over 7 d. The stability of 
pseudoemulsion films increased with foam system concentration, 
suggesting that higher oil–water ratios corresponded to reduced 
film stability. This reduction in pseudoemulsion film stability 
explained the decrease in RC foam half-life with increasing 
oil–water ratios. However, the increase in RCS foam half-life with 
oil–water ratio remained an open question.
The negative interaction coefficient between RCS and crude oil, 

along with the stability of the pseudoemulsion film, suggested that 
the RCS foam film was resistant to disruption by oil droplets. We 
speculated that variations in the RCS foam half-life were associ-
ated with the intrinsic stability of the RCS foam film. Consequently,

Fig. 12. Microstructure evolution of RCS foam in the presence of oil C. The RCS concentration was 0.2 wt%, with corresponding oil–water ratios of 0 (a), 10% (b), 40% (c), and 60% 
(d), respectively.
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subsequent investigations focused on the gas–water interface 
stability of oil-containing foams.

3.2.2.3. Gas–water interface stability of oil-containing foam. 
Surface dilatational viscoelasticity is a pivotal property of the 
gas–water interface. A high viscoelastic modulus enables the film

to resist disturbances, enhances its strength during thinning, and 
delays foam coalescence (Wang et al., 2016, 2019). Using the 
drained water from RCS foam as the aqueous phase, we measured 
the dilatational viscoelasticity of the gas–water interface under 
various oil-containing conditions.
Despite the decrease in RCS concentration in the drained 

aqueous phase relative to the initial system, Fig. 14 indicates that 
the corresponding surface dilatational viscoelasticity increases. 
This increase was attributed to the Gibbs–Marangoni effect. At low 

RCS concentrations, the film's expansion deformation was not 
sufficiently counteracted by surfactant molecules from the bulk 
solution to restore the surface tension gradient in the deformed 
area. As a result, surfactant molecules adjacent to the deformed 
surface migrated towards it, carrying water molecules to restore 
the deformed surface, which led to an elevated dilatational 
modulus and enhanced foam film stability. The enhancement in 
dilatational viscoelasticity was particularly evident at higher 
oil–water ratios, consistent with the observed trend in foam half-
life as a function of the oil–water ratio. In summary, the stability of 
the gas–water interface is crucial for the half-life of RCS oil-
containing foam with stable pseudoemulsion films.

3.3. Effect of crude oil on steady-state flow characteristics of foam

To evaluate the performance of foam in mobility control, both 
in the absence and presence of crude oil, we characterized the 
steady-state flow behavior of foam under different oil-containing 
conditions.
Fig. 15 illustrates the apparent viscosities of RC and RCS foams 

in an oil-free environment across various foam qualities. Two
distinct regimes were observed based on foam quality f g: In the 
low-quality regime, the apparent viscosity increased with foam 

quality, especially beyond 40%. Ahmed et al. (2017) attributed this 
to a transition in foam texture from spherical to irregular shapes as 
the foam quality increased, thereby increasing flow resistance. In 
the high-quality regime, the apparent viscosity decreased sharply 
with increasing foam quality due to the elevated capillary pres-
sure. When capillary pressure exceeds the critical value P *c , the
foam film becomes unstable (Farajzadeh et al., 2015; Adebayo,
2021). The critical foam quality f *g for both RC and RCS foams
was approximately 80%, but the maximum apparent viscosity of 
RCS foam was 1.4 times that of RC foam, consistent with its su-
perior bulk foam stability.
Fig. 16 shows the impact of crude oil on the apparent viscosities 

of RC and RCS foams across various foam qualities. At a 5% oil
fractional flow, f *g for RC foam decreased to 36%, while that for RCS
foam remained constant, suggesting that crude oil was less likely 
to induce a transition from the low-quality to the high-quality 
regime in the oil-resistant foam. However, when f g exceeded 
50%, both RC and RCS oil-containing foams showed reduced 
apparent viscosities compared to oil-free conditions, with re-
ductions of 30.4% and 29.8%, respectively. Hanamertani et al. 
(2021) reported that foams become more susceptible to crude oil 
in high-quality regimes. They conducted co-injection tests of foam 

and crude oil at a f g of 90% and observed a reduction in apparent 
viscosity by 37%–48% at an oil fraction of 5%. Furthermore, dry 
foams, characterized by thinner films and smaller plateau borders 
in high-quality regimes, facilitate oil entry into the gas–water 
interface, accelerating film coalescence (Osei-Bonsu et al., 2017). 
Hanamertani et al. (2023) and Tang et al. (2019a) also observed 

that the destabilizing effect of crude oil on foams at high foam 

qualities becomes more pronounced as the oil fraction increases. 
To further investigate this behavior, we increased the oil fraction to 
10% and assessed the steady-state flow behavior of RCS foam in the

Fig. 13. Mean diameter of bubbles versus time at oil–water ratios of 0, 10%, 40% and 
60%. The foam system concentration was 0.2 wt%. RCS foams in the presence of oil C 
(a) and E (b); (c) RC foam in the presence of oil C.
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presence of crude oil. Despite stable oil-containing foams were 
observed at the core outlet across a range of foam qualities
(Fig. S5), f *g for RCS foam decreased to 38%, accompanied by a
noticeable reduction in apparent viscosity in the high-quality 
regime. However, as shown in Table 3, under constant oil frac-
tion, the oil–water ratio increased with foam quality but remained 
below 60% in all multiphase co-injection experiments. Within this 
range, the bulk RCS foam exhibited increasing stability. The con-
trasting behavior between improved bulk foam stability and 
diminished mobility control in porous media suggests that crude 
oil has a more adverse effect on foam strength in porous media 
than in bulk. While bulk foam tests remain a practical and cost-
effective tool for initial screening and characterization, they are 
insufficient for predicting foam performance in porous media. A 
more comprehensive approach that integrates bulk-phase prop-
erties with in-situ flow behavior is essential for accurately evalu-
ating foam behavior under reservoir conditions.
Interestingly, at low foam qualities (f g < 50%), both RC and RCS 

foams demonstrated enhanced mobility control in oil-containing 
environments compared to oil-free conditions. Microstructural 
examination of the produced fluids revealed that oil E underwent 
in-situ oil-in-water emulsification when interacting with foam 

systems. Like foam, emulsions can generate the Jamin effect dur-
ing flow through porous media, contributing to increased apparent 
viscosity. For example, when the foam system, N 2 , and crude oil 
were co-injected at f o = 5% and f g = 20%, the apparent viscosities of 
the RC and RCS systems were 53.0 and 62.1 mPa⋅s, respectively. In 
contrast, when the RC and RCS systems were co-injected only with

crude oil, their apparent viscosities were 8.2 and 41.6 mPa⋅s, 
respectively; when the RC and RCS systems were co-injected only 
with N 2 , the apparent viscosities were 18.4 and 9.2 mPa⋅s, 
respectively. These results confirm a synergistic Jamin effect be-
tween foam and emulsions, leading to increased flow resistance 
within the core compared to pure foam or pure emulsions. When 
f o was increased to 10%, apparent viscosity at low foam qualities 
rose sharply, surpassing even the values recorded under oil-free 
conditions. This suggests that higher oil content, which corre-
sponds to greater emulsion concentration, intensifies the Jamin 
effect within the porous medium. This observation is consistent 
with findings reported by Amirmoshiri et al. (2018). Additionally, 
microscopic analysis of the produced RC and RCS foams after 24 h 
of static settling (f g = 40%, f o = 5%) revealed that the in-situ RCS 
emulsions consistently maintained an oil-in-water emulsified 
state, whereas the in-situ RC emulsions experienced phase 
reversal (see Fig. 17). The ability of RCS to stabilize emulsions in 
situ may contribute to enhanced foam stability and greater flow 

resistance in porous media.
Our experiments demonstrated a clear correlation between 

the mobility control capability of foam and its emulsification 
behavior in oil-containing environments. However, the relation-
ship between oil saturation and the flow resistance of 
foam–emulsion mixtures was not directly quantified in this study. 
Based on the observed mechanisms, it is reasonable to expect that 
in low-permeability, oil-rich regions, the amplified Jamin effect 
could raise local resistance to a level that destabilizes the 
displacement front. Conversely, the same mechanism could be

Table 4
Interaction coefficients between foam systems and crude oils.

Foam system Oil type Entry coefficient E Spreading coefficient S Bridging coefficient B

0.2 wt% RC Oil C 2.18 1.42 104.20
0.2 wt% RCS Oil C − 11.35 − 12.25 − 521.40
0.2 wt% RCS Oil E − 10.62 − 11.98 − 493.34

Table 5
Surfactant concentrations in the aqueous phase drained from oil-containing foams.

Foam system Oil type Oil–water ratio, % Surface tension of diluted aqueous phase, mN/m Surfactant concentration, wt%

RC Oil C 0 32.90 0.182
10 35.80 0.137
40 36.90 0.123
60 39.50 0.095

RCS Oil C 0 17.00 0.197
10 17.15 0.172
40 22.65 0.102
60 23.42 0.097

RCS Oil E 0 17.00 0.179
10 17.74 0.145
40 24.00 0.093
60 27.60 0.072

Table 6
Stability of pseudoemulsion films formed by RC and RCS in the presence of crude oil.

Foam system Surfactant concentration, wt% Oil type Rupture time of pseudoemulsion film

RC 0.01 Oil C 1 min 
0.05 30 min 
0.10 68 min 

RCS 0.01 Oil C 60 min 
Oil E 56 min

0.05 Oil C > 7 d
Oil E > 7 d
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advantageous in high-permeability thief zones, where increased

resistance may enhance sweep efficiency. The net outcome is 
therefore contingent on the spatial distribution of oil saturation 
and the local foam–emulsion flow behavior. These interactions 
warrant careful consideration in the design of injection strategies 
and in the accurate prediction of foam performance in EOR 
applications.

3.4. Limitations

Several limitations of this study should be acknowledged. First, 
bulk foam and interfacial property measurements were conducted 
at 25 ◦ C and atmospheric pressure to isolate fundamental stability 
mechanisms under controlled conditions. While the observed 
trends were consistent with separate HTHP coreflood tests, no 
bulk HTHP experiments were performed. As such, the ambient-
condition results should be considered qualitative indicators of 
reservoir-relevant behavior rather than quantitative predictors. 
Second, although key factors, such as surfactant concentration and 
crude oil type/content, were controlled, other influential param-
eters were not tightly quantified. These included the initial bubble

Fig. 14. Surface dilatational viscoelasticity of the aqueous phase drained from RCS foam at different oil–water ratios. The foam system concentration was 0.2 wt%. Dilatational 
modulus (a) and elastic and viscous moduli (b) in the presence of oil C. Dilatational modulus (c) and elastic and viscous moduli (d) in the presence of oil E.

Fig. 15. Apparent viscosities of RC and RCS foams under different foam qualities 
without oil. The foam system concentration was 0.2 wt%.
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size distribution and subtle variations in foam generation history. 
Such factors could contribute to deviations between the measured 
data and the true system behavior, even though triplicate testing 
was used to reduce random error.

4. Conclusions

This study comprehensively examined the properties of bulk 
foams in the presence of crude oil and the co-permeation behavior 
of the crude oil–N 2 –foam system under high-salinity conditions. 
The key findings are summarized as follows.

(1) The foam system RC, composed of an anionic-nonionic 
surfactant and a betaine surfactant, produced foams with 
a longer drainage half-life but a shorter foam half-life in the 
presence of high-viscosity oil (≥ 650 mPa⋅s) compared to 
oil-free conditions. Introducing the oil-resistant additive OS 
into the RC at a 3:7 mass ratio formulated the foam system 

RCS, which significantly improved foam film tolerance to 
crude oil, especially for oils with low to medium viscosities 
(10.8–650 mPa⋅s).

(2) The RCS emulsified crude oil into stable droplets, with 
droplet size positively related to oil viscosity. For high-
viscosity oil, larger droplets formed and aggregated within 
theplateau borders, reducing drainage channels and 
extending drainage half-life as the oil–water ratio increased 
up to 60%. For low-viscosity oils, smaller droplets drained 
more readily than water, leading to a decrease in drainage 
half-life beyond an oil–water ratio of 10%.

(3) For RC oil-containing foam, foam half-life was primarily 
controlled by pseudoemulsion film stability. As the 
oil–water ratio increased, the surfactant concentration 
within the film decreased, weakening its structure and 
reducing the foam half-life. In contrast, RCS oil-containing 
foams featured highly stable pseudoemulsion films, with 
half-life instead governed by the stability of the gas–water 
interface. In this case, increasing the oil–water ratio 
enhanced the dilatational viscoelasticity of the gas–water 
interface, thereby prolonging the foam half-life.

(4) Under oil-free conditions, optimal mobility control for both 
RC and RCS foams was achieved at foam qualities near 80%. 
The presence of crude oil reduced foam strength in porous

Fig. 16. Apparent viscosities of RC (a) and RCS (b) foams under different foam qualities in the presence of oil E. The foam system concentration was 0.2 wt%.

Fig. 17. Microscopic images of drained liquids after 24 h of static settling for RC (a) and RCS (b) foams. The foam system concentration was 0.2 wt%, the oil used was oil E, the foam 

quality was 40%, and the crude oil fractional flow was 5%.
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media and shifted f *g to lower values. RCS foam, with supe-
rior oil resistance, exhibited this shift at higher oil fractional 
flows than RC foam. 

(5) At low foam quality (f g < 50%), in-situ emulsification 
enhanced the flow resistance of RCS foam. The combined 
action of foam and emulsions generated a synergistic effect, 
offering a promising approach for enhancing mobility con-
trol in oil-containing porous media.
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