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a b s t r a c t

Cocamidopropyl hydroxyl sulfobetaine (CHSB) is one of the most promising foaming agents for high-
salinity reservoirs because the salt in place facilitates its foam stability, even with salinity as high as
2 � 105 mg/L. However, the synergistic effects between CHSB and salt have not been fully understood.
This study utilized bulk foam tests and thin-film interferometry to comprehensively investigate the
macroscopic and microscopic decay processes of CHSB foams with NaCl concentrations ranging from
2.3 � 104 to 2.1 � 105 mg/L. We focused on the dilatational viscoelasticity and dynamic thin-film
thickness to elucidate the high-salinity-enhanced foam stability. The increase in dilatational viscoelas-
ticity and supramolecular oscillating structural force (POS) with salinity dominated the superior stability
of CHSB foam. With increasing salinity, more CHSB molecules accumulated on the surface with a lower
diffusion rate, leading to high dilatational moduli and surface elasticity, thus decelerating coarsening and
coalescence. Meanwhile, the number density of micelles in the thin film increased with salinity, resulting
in increased POS. Consequently, the energy barrier for stepwise thinning intensified, and the thin-film
drainage slowed. This work conduces to understand the mechanisms behind the pronounced stability
of betaine foam and can promote the widespread application of foam in harsh reservoirs.
© 2023 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Enhanced oil recovery is the top priority to secure the oil supply.
Enhanced oil recovery methods, including gas injection, chemical
flooding, and steam injection, have been proven viable and profit-
able in academia and industry (Ghosh and Mohanty, 2019; Xun,
2021; Khan et al., 2021; Tang and Sheng, 2022; Agra and Tayfun,
2022). However, the inherent drawbacks, such as channeling and
gravity override, severely limit their performance. Therefore, foam
is employed to control mobility and conformance, the efficiency of
which is directly determined by foam stability (Hu et al., 2020;
Roncoroni et al., 2021; Liu Q. et al., 2022). However, because foam is
a thermodynamic instability system, maintaining its stability is
wei@swpu.edu.cn (B. Wei).
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difficult, especially in high-temperature, high-salinity reservoirs
(Suja et al., 2018; Syed et al., 2020; Li et al., 2020; Yang et al., 2021;
Said et al., 2022). Liu Z.M. et al. (2022) have reported that foam-
ability and foam stability of sodium dodecyl diphenyl ether disul-
fonate and sodium alpha-olefin sulfonate (AOS) are very poor at the
salinity of 2.5 � 105 mg/L. Kang et al. (2021) have found that the
foam stability of sodium fatty alcohol polyoxyethylene ether car-
boxylates/SiO2 gradually weakens with increasing salinity, even
with the maximum salinity <6 � 104 mg/L.

Recently, there has been an increasing interest in applying
betaine foam in high-temperature, high-salinity environments
owing to its excellent tolerance to such temperatures and salinity
(Hongyan et al., 2017; Alzobaidi et al., 2017; Da et al., 2018; Sun
et al., 2019). Moreover, researchers have reported that betaine
surfactants, for example, cocamidopropyl hydroxyl sulfobetaine
(CHSB), had synergistic effects with salt and could generate high-
salinity-enhanced foam, the stability of which increased with
salinity (up to 2 � 105 mg/L) (Sun et al., 2016; Varade and Ghosh,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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2017; Da et al., 2018; Li et al., 2019). Despite betaine foam holding
the potential for improving oil production in high-salinity reser-
voirs, little attention has been paid to the mechanisms behind its
superior foam stability, mainly because of the complexity of the
foam decay process and the lack of visual tools to characterize the
evolution of the thin film. This severely limits the development of
foam technology in harsh reservoirs.

Bulk foam usually undergoes three processes: drainage, coars-
ening (Ostwald ripening), and coalescence (Fig. 1) (Kedir et al.,
2022). Drainage is driven by gravity and capillary pressure, coars-
ening originates from the pressure difference between the different
size bubbles, and the rupture of the film between adjacent bubbles
triggers coalescence. The factor that changes the velocity of any of
these three processes will affect the foam stability, for example,
liquid viscosity, gas diffusivity, and polydispersity of bubble sizes.
The film thickness influences the velocity of all three processes, and
the thicker the liquid film, the slower the decay of bulk foam.
However, the film thickness decreases with drainage. The high
surface viscoelasticity can decrease surface mobility and restrain
the stretch of the film, thus decelerating the drainage of thick films
and coarsening (Tcholakova et al., 2011; Keshavarzi et al., 2020; Shi
et al., 2022). When the film thickness approaches ~100 nm, the
disjoining pressure (P) governs the film thickness and hence the
foam stability (Radke, 2015; Zhang and Sharma, 2018;
Babamahmoudi and Riahi, 2018; Langevin, 2020).

The disjoining pressure consists primarily of DLVO forces,
including van der Waals attraction and electrostatic double-layer
repulsion, for micelle-free thin films formed by ionic surfactants
(Ninham et al., 2017). As shown in Fig. 2a, the magnitude of the
disjoining pressure is strongly dependent on the film thickness, and
a common black film presents when the disjoining pressure
counterbalances the capillary pressure (Pc). The shorter ranged
non-DLVO forces, that is, the solvation force (generated by hydra-
tion and hydrophobicity) and steric force, operate when the film
thickness is about a few nanometers. Subsequently, the Newton
black film presents (Langevin, 2020). However, for micellar thin
films, the disjoining pressure additionally comprises a longer
ranged non-DLVO force because of the micellar layering, called a
supramolecular oscillatory structural force (POS) (Lee et al., 2017).
The oscillation properties of POS cause the successive equilibrium
of the disjoining pressure and the capillary pressure. Therefore,
multiple metastable thicknesses, such as ha and hb in Fig. 2b, appear
during thin-film drainage.

Foam stability highly depends on the surface viscoelasticity and
disjoining pressure, so they are combined to elucidate the high-
salinity enhanced stabilization of CHSB foam. We performed sys-
tematic bulk foam tests and thin-film interferometry measure-
ments to probe the effect of salinity on foam decay from both
macroscopic and microscopic perspectives. Comprehensive surface
behavior analyses, including dilatational viscoelasticity, absorption
capability, and diffusion rate, were conducted to clarify their
Fig. 1. The decay process of bulk foam.
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relationship with foam stability. The colorimetric method and su-
pramolecular oscillating structural force were merged to investi-
gate the spatial-temporal evolution of thin-film thickness. The
obtained results will advance and deepen the present knowledge of
betaine foam, which is helpful for the development of foam-
enhanced oil recovery methods.

2. Materials and methods

2.1. Materials

CHSB with a mass concentration of 35 wt% was purchased from
Yusuo Chemical Technology Co., Ltd. Its chemical molecular struc-
ture is given in Fig. 3. Brine (2.3 � 104e2.1 � 105 mg/L NaCl solu-
tion) was prepared by dissolving sodium chloride (NaCl) in
deionized water.

2.2. Foamability and foam stability assessment

Foamwas generated through the Waring blender method. First,
the CHSB solution and a graduated cylinder were preheated to
90 �C. Then, 100 mL of CHSB solution was stirred in a Waring
blender for 1 min at 6000 rpm. The generated foam was immedi-
ately transferred into the graduated cylinder to measure the initial
foam volume. The graduated cylinder was sealed and placed in a
visualization thermostat (at 90 �C) to record the variations of foam
volume (Vf) and drained liquid volume (Vl) over time. The foam
half-life when 50 mL of liquid drained from the foam was used to
estimate the foam stability. The liquid volume fraction (fw) is
defined as follows:

fw ¼ 100� Vl
Vf

� 100% (1)

2.3. Surface behavior measurements

The DSA100 Drop Shape Analyzer (DDSA) was utilized to assess
the surface behavior of the CHSB solution at 20 �C.

2.3.1. Dilatational rheology tests
Dilatational rheology is typically characterized by the dilata-

tional modulus (E), which is composed of the elastic modulus (E')
and viscous modulus (E") (Amani et al., 2020).

E¼ E0 þ iE
00

(2)

The dilatational modulus E can be estimated from

E ¼ dg
dlnA

(3)

where g is the surface tension; A is the surface area. The oscillation
drop method was used to obtain the dilatational rheology. In a
typical test, a CHSB droplet of 10 mL was extruded from an injector
through a syringe pump installed on the DDSA. Periodic oscillations
at a fixed amplitude of 10% were imposed on the droplet after
attaining the equilibrium state of surface tension. The oscillation
frequency was 0.02e2 Hz, and the values of E, E', and E" were
automatically calculated by the DDSA.

2.3.2. Surface tension tests
The surface tension was measured using the pendant drop

method. A CHSB droplet was generated at the needle end of an
injector in the same way as in the dilatational rheology test. The



Fig. 2. Disjoning pressure (P) curves for the thin films (a) without micelles (surfactant concentration c < CMC) and (b) with micelles (c > CMC).

Fig. 3. Molecular structure of CHSB.
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droplet shape was recorded with time by the DDSA to calculate the
dynamic surface tension and equilibrium surface tension (geq).

The geq as a function of CHSB concentration was measured. The
maximum surface excess concentration (Gmax) and the minimum
area occupied by each molecule (Amin) were determined using (Niu
et al., 2017; Xie et al., 2018).

Gmax ¼ � 1
2:303nRT

�
dg

dlogc

�
(4)

Amin ¼ 1
NAGmax

(5)

where c is the surfactant concentration; dg=dlogc is the slope of the
curve below the CMC; R is the universal gas constant; T is the ab-
solute temperature; n is related to the type of surfactant (in the test,
n ¼ 1); and NA is Avogadro's number.

2.4. Dynamic drainage of thin film

Thin-film interferometry and the colorimetric method were
combined to quantitatively characterize the spatial and temporal
evolution of the thin film.

2.4.1. Thin-film interferogram
The experimental setup shown in Fig. 4 was used to visualize the

thin-film drainage non-invasively and capture the interferograms.
The basic principle of this experiment was similar to the interfer-
ometry digital imaging optical microscopy method (Zhang and
Sharma, 2015). The CHSB solution was injected into the cylindri-
cal Scheludko-like cell in the glass slide with a syringe. A plane-
parallel thin film and a thicker meniscus region were generated,
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functioning as the parallel film and plateau border in a foam,
respectively. The thin film was illuminated vertically by the white
light of the metallographic microscope (DM2700M, Leica Ltd.,
Germany), which was set at a reflected light mode. Interference
occurred between the light rays reflected from the two plane-
parallel surfaces of the thin film, and the interferograms during
the thin-film drainage were recorded by the data acquisition
system.

2.4.2. Thin-film thickness
The color in the interferogram of a thin film was determined by

the film thickness. With the help of the interference color chart, the
decay of film thickness could be obtained based on the captured
interferograms during thin-film drainage.

2.4.2.1. Interference color chart. Each pixel in the interferogram
corresponded to unique X, Y, and Z tristimulus values and R, G, and B
values. The X, Y, and Z tristimulus values were calculated using the
following equations (Eiki et al., 2003; Liu et al., 2010):

X ¼ K
ð780

380

SðlÞxðlÞRðlÞdlyK
X780
380

SðlÞxðlÞRðlÞ

Y ¼ K
ð780

380

SðlÞyðlÞRðlÞdlyK
X780
380

SðlÞyðlÞRðlÞ

Z ¼ K
ð780

380

SðlÞzðlÞRðlÞdlyK
X780
380

SðlÞzðlÞRðlÞ

K ¼ 100

, ð780
380

SðlÞyðlÞdl ¼ 100

,X780
380

SðlÞyðlÞ

(6)

where S(l) is the spectrum power of white light at a certain light
wavelength (l); xðlÞ, yðlÞ, and zðlÞ are the color matching function
of the XYZ standard colorimetric system of CIE 1931, respectively;
and R(l) is the energy light reflectance at l. The distributions of S(l),
xðlÞ, yðlÞ, and zðlÞ are shown in Fig. 5. When the incident light was
perpendicular to the thin film, R(l) was calculated as follows.



Fig. 4. Schematic of the experimental setup for visualizing the drainage of thin films.

Fig. 5. (a) Spectrum power distribution of white light. (b) Color matching function of the XYZ standard colorimetric system of CIE 1931.

Fig. 6. Synthesized interference color chart of white light. From 0 to 250 nm film
thickness, the color sequentially forms black, gray, orange, and blue.

RðlÞ ¼ 1� 8n0n21n2�
n20 þ n21

��
n21 þ n22

�þ 4n0n21n2 þ
�
n20 � n21

��
n21 � n22

�
cosð4pn1h=lÞ

(7)
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where n0 and n2 are the refractive indices of air (n0 ¼ n2 ¼ 1); n1 is
the refractive index of the thin liquid film (n1 ¼ 1.33); and h is the
film thickness.

The R, G, and B values were transformed from the X, Y, and Z
tristimulus values according to

2
4 r
g
b

3
5¼

2
4 3:5064 �1:7400 �0:5441
�1:0690 1:9777 0:0352
0:0563 �0:1970 1:05711

3
5�

2
4XY
Z

3
5 (8)

R¼ r
M

� 255，G ¼ g
M

� 255，B ¼ b
M

� 255 (9)

where r, g, and b are the chromaticity coordinates; and M is the
maximum among the r, g, and b values.

According to Eqs. (6)e(9), the R, G, and B values corresponding
to the film thickness of 0 and 250 nm were calculated and con-
verted into the interference color, as presented in Fig. 6.
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2.4.2.2. Film thickness. A square regionwith a side of 25 mm located
in the center of the interferogramwas selected as a study point and
converted into pixels, each of which was split into R, G, and B values
using the Color Split Channels module of the commercial software
ImageJ. Afterward, all the R, G, and B values were averaged to Ri, Gi,
and Bi, respectively. The following equation was used to determine
the pixel point in the color chart that minimized dE, called the
reference point:
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dE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Ri � Rj

�2 þ �Gi � Gj
�2 þ �Bi � Bj

�2q
(10)

where Rj, Gj, and Bj values are the R, G, and B values of a random
pixel point in the color chart. The film thickness of the study point
was equal to that of the reference point.

2.4.2.3. Three-dimensional (3D) thickness map reconstruction.
First, the pixel points in the whole interferogram were split into R,
G, and B values through Image J. Then, the film thickness of each
pixel point was calculated using Eq. (10). Finally, the 3D Surface Plot
module of Image J was utilized to reconstruct the 3D map of the
film thickness.

3. Results and discussion

3.1. Response of foam stability to salinity

The volume and half-life of CHSB foam were measured at a se-
ries of NaCl concentrations (2.3 � 104e2.1 � 105 mg/L) to estimate
the effect of salinity on its foamability and foam stability. A wide
CHSB concentration range of 0.05 wt% to 1.00 wt% was used in this
experiment.

Fig. 7a illustrates that foamability increases with CHSB con-
centration and its response to salinity is affected by CHSB con-
centration. As salinity increased, the foam volume was almost
unchanged when the CHSB concentration was 0.05 wt%, whereas it
decreased when the CHSB concentration was > 0.20 wt%. However,
the foam volume decreased by < 38% even though the NaCl con-
centration increased from 2.3� 104 to 2.1� 105 mg/L. The effects of
salinity and CHSB concentration on foam stability differed signifi-
cantly from those on foamability. Fig. 7b reveals that the foam half-
life increases with salinity throughout the tested CHSB concentra-
tions. For example, the foam half-life at 2.1 � 105 mg/L NaCl was a
factor of 6.5 longer than that at 2.3� 104 mg/L NaCl when the CHSB
concentration was 0.05 wt%. CHSB foam exhibited salt tolerance
and high-salinity-enhanced foam stability, superior to the tradi-
tional foam (e.g., AOS) shown in Figs. S1eS2 (Supplementary
Materials). Surprisingly, the foam half-life continuously decreased
as the CHSB concentration increased from 0.05 to 1.00 wt%.

It is well documented that drainage occurs immediately after
foam generation and causes fw to decline rapidly. Subsequently,
coarsening and coalescence govern foam stability and fw (Fameau
Fig. 7. (a) Foam volume and (b) foam half-life as a function of NaCl concen
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and Salonen, 2014). If the coalescence is weak, fw will level off in
a long time, and coarsening dominates the foam decay; otherwise,
fw increases continuously. Therefore, we plotted fw against time at
different salinities to further analyze the influence of salinity on
foam decay. Fig. 8 shows that, with increasing salinity, the slopes of
the fw curves in the early period of foam decay are similar, but the
plateaus of the curves are extended. Meanwhile, the values of fw
corresponding to the turning points of the fw curves increase with
salinity, that is, the higher the salinity, the thicker the foam film and
the slower the coarsening. These findings indicate that high salinity
can enhance foam stability by hampering coarsening and coales-
cence. The coarsening and coalescence closely depend on the
dilatational viscoelasticity and thin-film thickness (Biance et al.,
2011; Zhang and Sharma, 2015). Therefore, the effects of salinity
on surface behaviors and thin-film drainage of CHSB were subse-
quently investigated.
3.2. Influence of salinity on surface behavior

3.2.1. Dilatational viscoelasticity
The measurements of dilatational viscoelasticity were con-

ducted at different salinities and CHSB concentrations. The results
of 0.20 wt% CHSB are presented in Figs. 9 and 10, and those of other
CHSB concentrations are shown in Figs. S4 and S5 (Supplementary
Materials).

Fig. 9 shows that the dilatational modulus decreases with CHSB
concentration and increases with salinity. Comparing Fig. 9 with
Fig. 7 shows that the response of dilatational modulus to salinity
was in line with that of foam stability. According to Eq. (2), the
dilatational modulus is inversely proportional to the deformation
degree of the surface area, which can reflect the capability of a
surface to resist deformation. The film with a higher dilatational
modulus deformed less at a given stress, thereby being less likely to
rupture. Meanwhile, the film with a high dilatational modulus
tends to maintain thickness, which leads to low film permeability
and slow coarsening (Tcholakova et al., 2011, 2017; Pagureva et al.,
2016). Fig. 10 demonstrates that the surface formed by CHSB mol-
ecules presents viscoelastic features within the frequency range of
0.02e2 Hz. The dilatational elasticity and viscidity of the CHSB
surface were both enhanced with salinity. However, the increase of
the elastic modulus was more evident than that of the viscous
modulus at all the tested CHSB concentrations, indicating that the
positive response of dilatational modulus to salinity was chiefly
tration at different CHSB concentrations (from 0.05 wt% to 1.00 wt%).



Fig. 8. Liquid volume fraction over time within foam half-life at varied salinities. The foams were generated by (a) 0.20 wt% CHSB and (b) 0.50 wt% CHSB solution, respectively.

Fig. 9. Effect of NaCl concentration on the dilatational modulus. The CHSB concen-
tration was 0.20 wt%.

Fig. 10. Effect of NaCl concentration on elastic and viscous moduli. The CHSB con-
centration was 0.20 wt%.
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contributed by elasticity. It has long been recognized that dilata-
tional elasticity plays a crucial role in foam stability (Wang et al.,
2016). Therefore, the high dilatational modulus and surface elas-
ticity induced by high salinity were critical to the superior stability
of CHSB foam.

The strength of surface elasticity was determined by the in-
tensity of lateral interaction among surfactant molecules on the
surface (Lucassen and Tempel, 1972; Wang et al., 2019). High
salinity improved the elastic moduli, suggesting that the intermo-
lecular interaction on the surface strengthened with increasing
salinity. This interaction is related to the number of surfactant
molecules on the surface and the interaction between each pair of
surfactant molecules. Therefore, we evaluated the absorption
behavior of the CHSB molecules on the gaseliquid surface, as
described in the next section.

3.2.2. Absorption behavior

3.2.2.1. Maximum surface excess concentration. The surface ten-
sions of solutions with different CHSB concentrations were
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measured at salinities of 2.3 � 104 and 2.1 � 105 mg/L. The surface
tension e CHSB concentration curves are presented in Fig. 11, and
the adsorption parameters calculated based on Eqs. (4) and (5) are
summarized in Table 1.

Table 1 shows that Gmax increases and Amin decreases with
increasing salinity, indicating that the CHSB molecules packed
more densely at higher salinity. Based on the chemical structure of
CHSB (Fig. 3), the hydrophilic group of CHSB contains both a
negative ion (SO3

2�) and a positive ion (Nþ). Although the CHSB
solution was electrically neutral at pH ¼ 7, electrostatic repulsion
exists between the same charged head group. In CHSB brine solu-
tion, attraction exists between counterions (i.e., between Naþ and
SO3

2� and between Cl� and Nþ) while repulsion exits between
homoions (i.e., between Naþ and Nþ and between Cl� and SO3

2�), so
the impact of salt on CHSB was weaker than that on anionic sur-
factants. The electrostatic repulsion was screened owing to the
attraction between counter-ions, which promoted the adsorption
of CHSB molecules. More molecules accumulated on the surface
would yield a higher surface tension gradient during surface



Fig. 11. Surface tension as a function of CHSB concentration at NaCl concentrations of
2.3 � 104 and 2.1 � 105 mg/L.

Table 1
Equilibrium adsorption parameters of CHSB solution.

NaCl concentration, mg/L CMC, wt% gcmc, mN/m Gmax, 10�10 mol/cm2 Amin, nm2

2.3 � 104 0.0018 33.02 5.228 0.318
2.1 � 105 0.0017 33.86 5.558 0.299
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deformation, causing the increased dilatational modulus. Addi-
tionally, both hydrogen bonding and hydrophobic association
intensified with Gmax, which increased the interaction between
CHSB molecules on the surface and thus increased the elastic
modulus (Huang et al., 2007). According to Table 1, the CHSB con-
centrations used in this study were all above the CMC, implying
that the amount of CHSB molecules on the gaseliquid surface was
constant. In other words, the interaction between CHSB molecules
on the surface should be insensitive to the CHSB concentration.
However, Figs. 9 and 10 and Figs. S4eS5 (Supplementary Materials)
show that the dilatational and elastic moduli both decreases with
CHSB concentration. Hence, other factors besides Gmax affected the
dilatational viscoelasticity.

As shown in Fig. 10, the elasticity modulus increases with
oscillation frequency. It is widely accepted that the increase in
oscillation frequency accelerates the surface deformation, which
gives surfactant molecules in the bulk phase insufficient time to
absorb on the newly formed surface (Cui et al., 2011; Pu et al., 2018).
Thus, as oscillation frequency increases, more CHSBmolecules from
the adjacent surface with the accompanying liquid molecules
migrate to the deformed surface to repair the film thickness, which
enhances the Marangoni effect and increases the elasticity
modulus. Accordingly, it is reasonable to speculate that the varia-
tion of dilatational viscoelasticity induced by salinity and CHSB
concentration might also relate to the diffusion dynamics of CHSB
molecules.
3.2.2.2. Diffusion rate. The decrease in surface tension originates
from the adsorption of surfactant molecules at the gaseliquid
surface. Hence, the reduction velocity of surface tension (k)
defined in the following equation can be used to evaluate the
diffusion rate of surfactant molecules (Gong et al., 2020):
2349
ln
�
gt �geq

�
¼ ln

�
g0 �geq

�
� kt (11)

where gt is the surface tension of the surfactant solution at a given
time t; and g0 is the surface tension of the solvent. We measured
the dynamic surface tension of CHSB solutions with varied salin-
ities and CHSB concentrations and plotted the curves of lnðgt �geqÞ
versus t, as presented in Fig. 12.

Fig. 12 illustrates that the curves fall into two distinct regions. In
region I, the surface tension dropped promptly, and the surface
adsorption of CHSB molecules was controlled by diffusion (Eastoe
and Dalton, 2000). In region II, the surface tension gradually
reached an equilibrium state, and the surface adsorption had to
overcome an adsorption barrier. Therefore, the value of kwas equal
to the slope of the curve in region I. As listed in Table 2, k decreases
with salinity, indicating that the addition of salt decelerated the
diffusion of CHSB molecules. Hence, the surface tension gradient
caused by surface deformation could not be timely eliminated by
the CHSB molecules of the bulk phase. This facilitated the trans-
portation of the CHSB molecules and accompanying liquid mole-
cules on the surface, leading to high dilatational viscoelasticity.
Table 2 also shows that k increases by a factor of 17 when CHSB
concentration increases from 0.05 to 0.50 wt%, which supports the
finding that k was negatively correlated with the dilatational
viscoelasticity.
3.3. Dynamics of thin-film drainage

The amount of liquid that drains out of the thin film is insig-
nificant compared with the initial drainage. However, the thin-film
drainage will alter the film thickness and thus significantly impact
the coarsening and coalescence. Given that the response of foam
stability to salinity was independent of the CHSB concentration, we
chose 0.20 wt% CHSB to quantitatively and visually investigate the
effect of salinity on the dynamics of thin-film drainage.
3.3.1. Interferograms of thin film
As shown in Fig. 13, blue and orange regions appear in the in-

terferograms at the early stage of thin-film drainage. According to
the interference color chart in Fig. 6, the brilliant colors indicate
that the film thickness is > 100 nm. The colorful regions faded and
radially expanding gray domains presented as the film thickness
decreased to < 100 nm. The CHSB micelles self-organized into a
layered structure in the confined thin film during drainage. The
chemical potential gradient triggered a layer of micelles to diffuse
toward the meniscus (Kralchevski et al., 1990; Lee et al., 2016),
leading to vacancies and the subsequent dark spots in the parallel
film (Fig. 14). The osmotic pressure of the dark spot was lower than
that of its periphery because of the decreasedmicelle concentration
(Kralchevski et al., 1990; Nikolov and Wasan, 2022), causing the
outflowing of liquid and the formation of thinner gray domains
with a metastable thickness. Subsequently, the micelles were
driven out layer by layer until no micelles were left in the film, and
the film correspondingly thinned stepwise until a common black



Fig. 12. lnðgt �geqÞ as a function of time for CHSB solutions with different (a) CHSB concentrations and (b) NaCl concentrations.

Table 2
Reduction velocities of surface tension at different concentrations of NaCl and CHSB.

NaCl concentration, mg/L CHSB concentration, wt% k R2

2.3 � 104 0.20 1.67 0.96
1.4 � 105 0.20 1.53 0.99
2.1 � 105 0.20 1.20 0.98
2.1 � 105 0.05 0.075 0.99
2.1 � 105 0.50 1.39 0.99

Fig. 13. Sequence of interferograms captured during the drainage of thin films. These films w
1.4 � 105 mg/L, and (c) 2.1 � 105 mg/L, respectively. As the salinity increased, the drainage
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film formed. The thin film became progressively less reflective
because of the reduced thickness, resulting in the darkening
interferogram. White spots were found assembled surrounding the
growing black domains (e.g., the red circle in Fig. 13), and the
reconstructed film-thickness map (Fig. 14) revealed that their
thickness was greater than that in the other areas. Yilixiati et al.
(2018) also observed white spots generated during the thin-film
drainage in the presence of salt and proposed that these white
ere formed by 0.20 wt% CHSB solutions at NaCl concentrations of (a) 2.3 � 104 mg/L, (b)
decelerated, and the white spots enlarged.



Fig. 14. (a) Typical interferogram during thin-film drainage at 1.4 � 105 mg/L NaCl (t ¼ 19.5 s) and (b) its 3D thickness map.

Table 3
Parameters for characterizing the stepwise thinning.

NaCl concentration, mg/L Dh, nm Dt, s

Dt1 Dt2 Dt3

2.3 � 104 17.0 2.9 3.5 4.2
1.4 � 105 16.3 11.0 5.3 5.0
2.1 � 105 14.7 16.6 14.6 7.0

L. Sun, X.-H. Sun, Y.-C. Zhang et al. Petroleum Science 20 (2023) 2343e2353
spots consisted of micelles and liquid that failed to reach the
meniscus in time.

Fig. 13 shows that the darkening of the CHSB thin film was
decelerated with increasing salinity, suggesting that high salinity
mitigated the thin-film drainage and stabilized the film. The
drainage rate of the CHSB thin film was much slower than that of
the traditional surfactant thin film at the same salinity (Fig. S3
(Supplementary Materials)), which was consistent with its supe-
rior foam stability. To characterize the effect of salinity on the
process of stepwise thinning, we analyzed the variation and tran-
sition of film thickness, as described in the next subsection.

3.3.2. Temporal evolution of thin-film thickness
We estimated the film thickness evolution at various salinities

using the colorimetric method, and the results are presented in
Fig. 15 and Table 3.

As shown in Fig. 15, the film thickness curves exhibit four hor-
izontal platforms, indicating that the drainage of thin films expe-
rienced four metastable film thicknesses. With the increase in
salinity, the step number of film thinning remained constant, while
the average step size (Dh) decreased (Table 3). Based on the pre-
vious finding in the absorption behavior, the electrostatic repulsion
between CHSB molecules weakened with salinity; likewise, the
Fig. 15. Evolution of film thickness over time at different NaCl concentrations.
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intermicellar interaction was also reduced at elevated salinity.
Consequently, a denser micellar layered structure with a shorter
intermicellar distance was formed as salinity increased. In much of
literature it has been argued that Dh was approximately equal to
the distance between each layer of micelles (Dimitrova et al., 2004;
Abbott, 2004; Lee et al., 2017; Ochoa et al., 2021). Therefore, Dh
decreased with salinity because of the compacted micellar struc-
ture. Kemal et al. (2021) and Tabor et al. (2011) observed a similar
decrease in Dh with salinity using light scattering, atomic force
microscopy, and neutron scattering data.

The transition time from one metastable state to the next was
termed the step time (Dt). Table 3 indicates that Dt increased with
salinity. Prior research has demonstrated that the transition of film
thickness requires a jump over the energy barrier, that is, the peak
of the disjoining pressure curves. For instance, the transition from
metastable thickness hc to hd needs to get over the energy barrier
Pcd (Fig. 2) (Yilixiati et al., 2018). For a micellar solution, the energy
barrier wasmainly contributed byPOS (Zeng et al., 2011), which can
be estimated by the following model (Zhang and Sharma, 2018;
Yilixiati et al., 2018):

POS ¼ ðc� CMCÞNA
Nagg

f ð4ÞKBTcos
�
2ph
Dh

�
exp

" �
d
Dh

�3

� h
Dh

!
gð4Þ

#
(12)

f ð4Þ¼
�
1þ 4þ 42 � 43�

ð1� 4Þ3
(13)

gð4Þ ¼
ffiffiffiffiffiffiffiffi
2=3

p þ a1D4þ a2ðD4Þ2
ðb1=D4Þ � b2

(14)

where Nagg is the aggregation number of micelles; d is the micelle
size; 4 is the effective volume fraction of the micelles, defined as
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4 ¼ 6pd3=6; f(4) is the compressibility factor; g(4) is the geometric

factor; and a1, a2, b1, and b2 are constants. Here, r ¼ ðc�CMCÞNA
Nagg

was

defined as the number density of micelles in a thin film, and f(4)

was a positive function of r
�
4 ¼ 6pd3=6

�
. The amplitude of POS

equaled rf ð4ÞKBT and was positively correlated with r. It deter-
mined the energy barrier and thus the value of Dt.

Previous research has indicated that Dh was highly dependent
on r. Anachkov et al. (2012) probed the stepwise thinning process
of six surfactant solutions through experimental datasets and
theoretical approaches, corroborating that Dh varied with a power
law of Dhfr�1=3. Zeng et al. (2015) experimentally observed the
thin-film stability of silica nanoparticle suspensions using small-
angle X-ray scattering and also found that Dh is equal to r�1/3.
Considering the decreased Dh with salinity, we inferred that r

increased at elevated salinity. Therefore, the amplitude of POS
increased with increased salinity, and the filmwould take longer to
reach the followingmetastable film thickness at higher salinity. The
tighter compaction of CHSB micelles in the thin film hindered the
diffusion of micelles, and the enlarged white spots induced by high
salinity (Fig. 13) provided direct evidence for this. In summary, high
salinity increased the energy barrier of film thinning and inhibited
micelle diffusion, thereby decelerating the drainage of the thin film.
3.4. Limitations

The measurements of surface behavior and the dynamic
drainage of thin film proceeded at room temperature (or 20 �C) and
atmospheric pressure due to the lack of corresponding testing
techniques in high-temperature environments. The foam decay
process and surface behavior of surfactant will influence by tem-
perature and pressure. Therefore, more comprehensive work is
needed to understand the high-salinity-enhanced stability of CHSB
foam in reservoir environments.
4. Conclusions

In this study, we examined the decay processes of CHSB foams
under a wide range of CHSB and NaCl concentrations. The results
showed that the initial drainage of CHSB foam was insensitive to
salinity, whereas coarsening and coalescence were inhibited by
elevated salinity. As NaCl concentration increased from 2.3 � 104 to
2.1 � 105 mg/L, the foam half-life could be prolonged by a factor of
6.5. The surface behavior and thin-film spatiotemporal evolution
were characterized to understand the stability of the high-salinity
enhanced foam. With increasing salinity, the number of CHSB
molecules absorbing on the gaseliquid surface increased, and the
diffusion rate decreased, resulting in the increased dilatational
modulus and surface elasticity. The increase in dilatational visco-
elasticity decelerated the coarsening and coalescence, thus domi-
nating the high-salinity-enhanced foam stability. The CHSB film
with a thickness of ~100 nm underwent four stepwise thinning
processes to become a common black film. The increased r andPOS
at elevated salinity caused the step size to decrease and the film
thickness transition to slow, which weakened the thin-film
drainage and thus the coarsening and coalescence.
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