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Abstract

Gas injection is a widely applied enhanced oil recovery (EOR) technique, but its efficiency is often
limited by gas channeling and gravity override in high-permeability zones. To address these issues,
this study explores the use of natural polymer lignin as a novel foam stabilizer in gas-injected EOR
systems. Lignin’s amphiphilic nature enables it to improve foam stability under harsh conditions,
including high salinity and oil contamination. Laboratory experiments were conducted using two
surfactants (CTAB and SDS), three oil types (heptane, toluene, heptol), and aqueous systems with
varying salinity (distilled water and synthetic seawater). Surface tension measurements, static
foam generation, and foam stability assessments were performed. Results showed that lignin
significantly enhances foam stability, particularly when combined with CTAB. In distilled water,
increasing lignin concentration from 100 to 2000 ppm led to a more than threefold increase in
foam half-life, from 241 to 801 minutes. Moreover, CTAB-lignin systems showed superior
performance compared to SDS or lignin alone, especially under saline and oily conditions. These

findings suggest that lignin-enhanced foams are promising, cost-effective, and environmentally
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friendly candidates for improving gas mobility control in EOR operations, particularly in complex

reservoirs.
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1. Introduction

With the growing global demand for oil and the depletion of natural reservoir productivity,
the need for enhanced oil recovery (EOR) techniques has become increasingly apparent[1]. EOR
methods are essential to extract the maximum amount of oil from existing reservoirs, extending
their productive life[2],[3]. Among these techniques, gas injection has been widely adopted over
the past five decades[4]. This process involves injecting gases—either hydrocarbon-based (e.g.,
methane, ethane) or non-hydrocarbon gases (e.g., carbon dioxide, nitrogen)—into the reservoir to
increase displacement efficiency and reduce residual oil saturation[5],[6]. One of the advantages
of gas injection is its ability to improve microscopic displacement efficiency, as the injected gas
can interact with the reservoir oil, potentially leading to immiscible, partially miscible, or fully
miscible conditions[7]. However, despite these advantages, the method faces several challenges.
Gas has a lower viscosity and density than oil, which leads to gas "fingering" and gravity override.
These phenomena result in poor volumetric sweep efficiency, leaving significant amounts of oil
unrecovered in lower permeability zones[8]. Foams have been introduced as a viable solution to
these challenges. A foam is essentially a gas-liquid dispersion stabilized by surfactants, which
increases the apparent viscosity of the gas phase, reducing its mobility[9]. By improving gas
viscosity and entrapping gas bubbles in the porous media, foams offer better control over gas
movement and prevent gas channeling through high-permeability zones[10]. This improves the
overall sweep efficiency, allowing for more uniform and effective oil recovery[11]. One of the
critical challenges of foam injection is ensuring the stability and longevity of the foam under
various reservoir conditions, including high salinity, varying temperatures, and the presence of
0il[12]. Surfactant-stabilized foams tend to degrade when exposed to harsh reservoir conditions,
especially in the presence of crude oil[13]. The interaction between the foam and oil leads to the
destabilization of the foam lamellae, reducing its efficiency[14]. To address these challenges, the
use of natural polymers, such as lignin, has emerged as a promising area of research[15]. Lignin

is a biopolymer derived from plant cell walls and is one of the most abundant natural polymers in



the world. It has both hydrophilic and hydrophobic properties, making it an excellent candidate for
stabilizing foams in gas injection EOR applications[16].

A growing body of literature has addressed the role of polymers in foam stabilization for EOR.
Polymer-stabilized foams have attracted increasing attention due to their ability to form interfacial
structures that can significantly enhance foam film stability, particularly through mechanisms such
as steric hindrance and reduced drainage[17]. Nguyen et al. (2000) and Xu, Saeedi, and Liu (2016)
emphasized the importance of surfactant-polymer synergy in stabilizing foams under high salinity
and temperature[ 18], [19]. Srivastava et al. (2017) and Osei-Bonsu, Grassia, and Shokri (2017)
showed that polymer addition reduces liquid drainage and enhances foam structure in porous
media [20], [21]. Telmadarreie and Trivedi (2018) conducted a comprehensive study comparing
conventional foams and polymer-enhanced foams (PEF) under static and dynamic conditions in
the presence of heavy crude oil. Their results demonstrated that while heavy oil severely reduced
the foamability and stability of conventional foams—especially for nonionic surfactants—adding
polymer significantly improved foam longevity and propagation within porous media. Notably,
N85-based PEF achieved up to 98% oil recovery compared to only 57% for foam alone. The study
emphasized the critical role of polymer addition in mitigating foam collapse due to oil and in
enhancing sweep efficiency during C® foam flooding in heavy-oil-saturated reservoirs[22].
Ahmed et al. (2019) demonstrated that polymer-free C® foams can achieve comparable stability
and viscosity to polymer-stabilized foams under high-pressure, high-temperature (HPHT)
conditions, while avoiding issues like polymer degradation and pore plugging. Their findings
emphasize the importance of optimized surfactant formulations for generating strong foams
without the drawbacks associated with conventional polymers[23]. Zhang et al. (2020) designed
foam systems based on anionic (SDS), nonionic (APG), and cationic (CTAB) surfactants stabilized
with lignin—cellulose nanofibrils (LCNFs) to improve foam stability for EOR applications. Their
results showed that the synergistic interactions between CTAB and LCNFs significantly enhanced
both initial foam volume and drainage half-life. The SDS/CTAB/LCNF system, at an optimal 3:1
ratio, doubled the foam index (FCI) compared to SDS alone. In oil-contaminated systems, the
presence of LCNFs improved foam stability by reducing liquid drainage and thickening the foam
film, mainly through electrostatic attraction and hydrogen bonding mechanisms. These findings
confirm the potential of lignin-based nanomaterials as environmentally friendly stabilizers in

complex reservoir environments[24]. Hanamertani and Ahmed (2021) reported that the addition



of associative polymers not only doubled the foam half-life in bulk experiments but also improved
the apparent viscosity and mobility reduction factor in porous media by up to 2.5 times compared
to polymer-free foams. Moreover, the associative polymer-stabilized foam demonstrated higher oil
tolerance and achieved a 28% incremental oil recovery, highlighting its potential as a robust
mobility control agent in harsh reservoir environments[25]. Emami et al. (2022) conducted a
comparative experimental study on anionic (SDS) and nonionic (LA-7) surfactants to evaluate the
influence of salinity and pH on foam stability and foamability. Their results demonstrated that
foam stability and water recovery in porous media are highly dependent on both surfactant type
and salinity level. Notably, SDS-based foams showed higher initial foam height but were more
sensitive to divalent salts, while LA-7 demonstrated better performance at near-neutral pH. The
study highlighted that foam stability had a more significant impact on fluid recovery than
foamability, emphasizing the need for carefully optimized formulations in EOR applications[26].
Juetal. (2022) systematically studied the effects of hydroxypropyl guar (HPG) as a foam stabilizer
and SDS/CTAB as foaming agents on the rheological and stability behavior of foam fluids for
coalbed methane stimulation. Their results showed that increasing HPG concentration significantly
enhanced foam viscosity and half-life, while the presence of inorganic salts and coal particles had
complex interactions depending on surfactant type. Notably, SDS-based foams exhibited greater
stability and smaller bubble size compared to CTAB, and the foam half-life increased with
decreasing bubble diameter. These findings confirm the critical role of polymer concentration and
interfacial film structure in determining foam performance under varying reservoir-like
conditions[27]. Sheng et al. (2023) investigated the oil resistivity and stability of foams formed by
mixtures of short-chain fluorocarbon and various hydrocarbon surfactants in the presence of n-
heptane. Their results showed that foamability and foam stability were significantly reduced by
oil, especially for SDS and CTAB-based foams. Among all tested systems, the mixture of APG-
0810 and FS-50 exhibited the best oil resistivity and foam film stability due to the formation of
pseudoemulsion films and better interfacial interaction with oil. These findings highlight the
critical role of surfactant structure in designing foam systems for oil-contaminated
environments[28]. Wen et al. (2024) demonstrated that the adsorption of alkyl polyglycoside
(APG-0810) surfactants at the CO -water interface is strengthened with salinity, leading to
enhanced interfacial activity and liquid film stability. These findings highlight the importance of

optimizing interfacial interactions in saline environments to design robust C® foam systems[29].



Wu et al. (2024) demonstrated that the incorporation of a temperature-resistant polymer (Z364)
into betaine-based foams significantly enhanced foam stability under high-temperature and high-
salinity conditions. The polymer improved the viscosity of the liquid film and formed stable
polymer—surfactant complexes at the gas—liquid interface, resulting in up to a 325% increase in
foam half-life and improved fluid diversion in heterogeneous porous media[30]. Ahmed et al.,
(2025) showed that hydrophobically modified polymers (HMPs) have demonstrated remarkable
potential in enhancing foam stability and C® mobility control by improving interfacial film
strength, viscosity, and drainage resistance—particularly under high salinity and temperature
conditions[31].

This research is driven by the growing need for more efficient and sustainable EOR methods,
especially in light of increasing global energy demand and the declining productivity of
conventional reservoirs. Although gas injection is widely utilized in EOR, its effectiveness is often
limited by poor gas mobility control. Foam injection offers a viable solution to this issue, but
conventional surfactant-based foams frequently suffer from poor stability under harsh reservoir
conditions, including high salinity, elevated temperatures, and the presence of crude oil. Natural
polymers such as lignin have emerged as promising alternatives to synthetic stabilizers due to their
amphiphilic structure, environmental friendliness, and widespread availability. Lignin's ability to
interact with both aqueous and oil phases makes it particularly suitable for enhancing foam film
stability and resisting foam collapse under challenging conditions. Thus, lignin-stabilized foams
present a compelling option for improving gas mobility control in EOR applications. In this study,
we investigate the stabilizing effect of lignin in foam systems under various reservoir-relevant
conditions. A comprehensive set of laboratory experiments was conducted using different
surfactants (CTAB and SDS), oil types (heptane, toluene, and heptol), and aqueous phases with
varying salinity levels (distilled water and synthetic seawater). Key performance metrics—such as
foam half-life, total stability duration, surface and interfacial tension—were evaluated through
static foam tests and physicochemical characterization. The goal is to assess the synergistic
behavior of lignin—surfactant systems and establish their viability as sustainable, high-performance

agents for enhancing foam-based gas injection in EOR.



2. Experimental section and approaches

This section details the materials, experimental setup, and methods used to evaluate the

stability of foam generated using natural polymer lignin and surfactants under various reservoir

conditions. The primary aim of the experiments was to analyze foam stability, considering factors

such as oil type, salinity, and pH, and to compare the performance of lignin-stabilized foam with

that of surfactant-only foam.

2.1. Materials

The following materials were used in the experimental setup:

Cationic Surfactant (Cetyl Trimethyl Ammonium Bromide - CTAB): CTAB (CisH+BrN),
purchased from MERCK in powder form, was used as the primary cationic surfactant. The
molecular structure of CTAB is represented as (CisH33)N(CHs)s]Br, with a molecular weight
of 364.46 g/mol and a critical micelle concentration (CMC) ranging from 0.92 to 1 mM, and
its molecular structure is represented in Fig. 1. This figure illustrates the chemical structure of
CTAB, featuring the long hydrophobic alkyl chain (Cs ) attached to a central
trimethylammonium group (N*) with a bromide ion (Br") as the counterion[32].

Anionic Surfactant (Sodium Dodecyl Sulfate - SDS): SDS (Ci2H2s0S0:0Na), also
purchased from MERCK, was used as the anionic surfactant. Its molecular weight is 288.38
g/mol, and it has a CMC of 7-10 mM. Fig. 2 illustrates the molecular structure of SDS. SDS is
an anionic surfactant composed of a hydrophobic 12-carbon alkyl chain (C> )connected to a
hydrophilic sulfate group (S®? ~) The sulfate head is negatively charged, and it is paired with
a sodium ion (N4 )as the counterion. This structure allows SDS to reduce surface tension in
solutions, making it highly effective in detergents and for solubilizing lipophilic substances in
aqueous environments[33].

Deionized Water: Deionized water with conductivity less than 1 uS/cm, a pH between 6.5 and
7.5, and undetectable levels of CaCOs, Cl, or Fe**, was obtained from Zolal Company.
Mineral Salts: NaCl, MgCl., CaCl., and KCI, all obtained from MERCK, were used to
simulate reservoir salinity. These salts possess high solubility at room temperature.

Natural Polymer Lignin: Lignin (CoH1002Ci10H1205C1:H1404), a biopolymer, was sourced
from MERCK in powder form. It is used to stabilize the foam in combination with surfactants.

Fig. 3 shows the molecular structure of natural polymer lignin. Lignin is a complex, highly



branched, and cross-linked polymer composed of various phenolic units, primarily p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol. These units are connected by different types of
bonds, including carbon-carbon and ether bonds, forming a three-dimensional structure.
Lignin's irregular and highly branched architecture contributes to its role in providing rigidity
and resistance to degradation in plant tissues[34].

e Asphaltene: The asphaltene sample used in this study was extracted from a heavy crude oil
obtained from the Rag Sefid oil field, located approximately 150 kilometers southeast of
Ahvaz, Iran. The asphaltene was isolated following the standard ASTM D6560-12 method
using n-heptane as the precipitating agent. Crude oil was diluted with excess n-heptane at a
40:1 volume ratio and stirred at room temperature for 24 hours to facilitate precipitation. The
resulting precipitate was filtered and thoroughly washed with hot n-heptane to remove
maltenes and other soluble fractions. The purified asphaltene was then dried under vacuum at
60°C for 24 hours and stored in airtight containers. For interfacial tension measurements, a
stock solution was prepared by dispersing the asphaltene in toluene and sonicating the mixture
for 30 minutes to ensure full dissolution. Figure 4 illustrates the apparatus used for asphaltene

extraction during this procedure.

Moreover, CO and air were used as the gas phases for foam generation, simulating common
gas injection processes in EOR. Furthermore, three types of oils were tested to study their impact
on foam stability: heptane, toluene, and a heptol (mixture of heptane and toluene). Fig. 5 and 6
depict the molecular structure of heptane and toluene. Heptane is a linear alkane hydrocarbon with
the molecular formula € He .It consists of a chain of seven carbon atoms, where each carbon atom
is single-bonded to hydrogen atoms. The structure is simple and linear, with no branching, and all
bonds between carbon atoms are single bonds, which is characteristic of alkanes. Heptane is
commonly used as a reference compound in octane ratings for fuels and has applications in organic
solvents[35],[36].

Seawater was one of the essential components used in the tests conducted, being utilized as

the base solution. The ion concentrations present in the seawater are shown in Table 1.

2.2. Foam stability experiments
Foam stability was assessed through a series of controlled laboratory experiments using a

static foam generation approach, which was consistently applied throughout the study. This method



was selected for its reproducibility and its ability to isolate foam decay behavior under static (non-
flowing) conditions, making it suitable for comparative analysis across different formulations. The
experiments were designed to simulate enhanced oil recovery (EOR) conditions by varying the
type of surfactant (CTAB and SDS), natural polymer (lignin), type of oil (heptane, toluene, heptol),
and salinity levels (distilled water and synthetic seawater). For each test, the foam was generated
once and allowed to decay naturally over time. Foam height was recorded at regular time intervals
using a calibrated measuring column, and two main indicators of stability were analyzed: foam
half-life (the time it takes for the foam to reduce to half its initial height) and total stability duration

(the time until complete foam collapse).

2.2.1. Static foam generation method

The static foam method was the only technique employed in this study for foam generation
and evaluation. In this method, foam is generated at the beginning of the experiment and left
undisturbed for observation of its natural decay behavior. This technique is particularly useful for
isolating the effect of variables such as surfactant type, salinity, and oil content on foam longevity,
without the interference of continuous gas flow. Foam generation was conducted inside a custom-
designed medium-pressure foam column, where a fixed volume of the surfactant solution was
introduced, followed by controlled gas injection (air or C® )through a porous diffuser at the base
of the column. The gas flow was regulated using a precision flow meter (mL/min), ensuring
accurate and repeatable foam formation conditions. Once foam was formed, the gas input was
stopped and the decay process began. The foam height was monitored and recorded using a scale
marked on the column wall, and environmental variables such as temperature and ambient pressure
were kept constant to ensure test consistency. This method allows for reliable assessment of how

formulation components affect foam structure and durability.

2.2.1.1. Mixing method

In preparation for foam generation, the surfactant solutions were mixed using a magnetic
stirrer at 1400 rpm for 5 minutes to ensure complete dissolution and homogeneity. This step is
essential to prevent inconsistencies in foam formation due to undissolved particles or phase
separation. It is important to clarify that this mixing step is not a method of foam generation itself,
but a preparatory procedure that ensures consistency before the gas injection process. Unlike the

shaking method, which uses mechanical agitation to create foam, the mixing process is solely for



solution preparation. It should be stated that although the shaking method is commonly referenced
in literature as a basic test for foamability, it was not applied in this study. This method typically
involves manual shaking of a sealed container with a surfactant solution to create foam, but due to
its low reproducibility, lack of control over gas volume, and limited applicability to EOR-relevant
conditions, it was excluded from our methodology.

The medium-pressure foam chamber used in this study is rated for a maximum operating
pressure of 5 bar. However, all foam generation and stability experiments in this work were
conducted under atmospheric pressure conditions (approximately 1 bar). The medium-pressure
capacity of the apparatus is intended to allow for future testing under higher pressure conditions,
but was not employed in the present experiments. The experimental setup used for foam generation
and stability testing is illustrated in Fig. 7, which is corresponded to the static foam generation
method. The column allows for precise monitoring of foam height under medium-pressure
conditions, enabling the evaluation of foam performance under various salinity and oil

contamination scenarios.

2.4. Critical micelle concentration (CMC) determination

The critical micelle concentration (CMC) is a key physicochemical property of surfactants,
defined as the concentration at which surfactant molecules begin to self-assemble into micelles in
solution. Below this threshold, surfactants predominantly exist as monomers, while above the
CMC, micelle formation alters the bulk and interfacial properties of the solution, including surface
tension and foam stability[37]. Accurate determination of the CMC is essential in foam studies, as
surfactant concentrations below the CMC typically result in weak and unstable foam. In contrast,
surfactant concentrations at or above the CMC promote micelle formation, which enhances foam
structure by strengthening the lamellae and reducing liquid drainage. This is particularly important
for applications such as gas injection in enhanced oil recovery (EOR), where surfactants must
maintain foam integrity in saline or oil-contaminated environments. In this study, the CMC values
were determined to ensure that all foam stability experiments were conducted at concentrations
above this threshold. This helped optimize surfactant performance and ensured the reliability of
the foam stability assessments.
2.4.1. Surface tension measurement

Surface tension measurements were used to determine the CMC of the surfactant solutions.

Surfactants reduce surface tension by adsorbing at the air—water interface. As surfactant



concentration increases, surface tension decreases until it reaches a plateau—the CMC point—
beyond which further increases in concentration do not significantly affect surface tension, as
excess surfactant molecules begin forming micelles in the bulk solution rather than accumulating
at the interface. The CMC was identified as the concentration at which this transition occurs. This
method is widely accepted and provides a reliable indication of the optimal concentration range

for surfactant use in foam applications[38].

2.5. Foam stability measurement

Foam stability is a critical parameter in applications like EOR, where foams are used to
improve the sweep efficiency of gas injection by preventing gas channeling in porous media. The
stability of foam is largely influenced by the surfactants used, the presence of oil, salinity, and
other reservoir conditions. Two key parameters were employed in this study to quantitatively
evaluate the foam stability: foam half-life and foam volume decay. These parameters help assess
how well the foam resists collapse over time under static condition, providing insights into its

long-term effectiveness in various industrial applications.

2.5.1. Foam half-life

The foam half-life is defined as the time it takes for the foam height to reduce to half of its
original value. This measurement is widely used as an indicator of foam stability because it
provides a simple yet effective way to compare the performance of different surfactants and
conditions. A longer foam half-life indicates that the foam is more stable and can resist breakdown
for a more extended period, which is critical in applications like EOR, where foams must maintain
their structure to effectively block high-permeability zones. The half-life is affected by factors such

as the surfactant concentration, the type of oil present, and the salinity of the solution.

2.5.2. Foam volume decay

Foam volume decay refers to the reduction in foam volume over time, and it provides a more
detailed understanding of foam stability by capturing the rate at which the foam collapses. The
foam volume decay is measured continuously during the experiments, and the stability of the foam

is calculated using the following formula:
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Where S is the foam stability, Vg is the initial foam volume, V; is the foam volume after a
specified time. This equation allows for the comparison of foam stability across various time
intervals during the experiments. A higher value of S indicates greater foam stability, as the foam
retains more of its original volume over time. Conversely, a lower value of S suggests that the

foam is collapsing more rapidly, indicating poor stability[39].
3. Results and discussion

The primary aim of this research is to assess the impact of a biopolymer, lignin, on the stability
of foam in gas injection processes. Traditional surfactants often exhibit poor performance in
challenging reservoir conditions, including high salinity, temperature, pressure, and the presence
of oil. Therefore, finding a stabilizing agent that can improve foam performance is crucial. Lignin,
a natural polymer with both hydrophilic and hydrophobic components, serves as an ideal candidate
for enhancing foam stability. This section discusses the experimental results and analyzes the foam
stability under various conditions, including the presence of CTAB and SDS surfactants, different

salts, and oil. Additionally, the role of C© injection in foam stabilization is evaluated.
3.1. Surface tension variation

Surface tension is a critical parameter in understanding the interfacial behavior of surfactants
and their effectiveness in foam stabilization. The variation of surface tension with increasing
concentrations of two widely used surfactants (CTAB and SDS) was investigated in both deionized
water and synthetic seawater. Surface tension measurements were conducted using the pendant
drop method to determine the CMC for each surfactant under the respective conditions. Fig. S1
(See supplementary file) illustrates the changes in surface tension as a function of increasing
concentrations of the two surfactants in different aqueous media, highlighting the distinct behavior
of each system. Fig. S1 (Supplementary data) illustrates the changes in surface tension as a
function of increasing concentrations of the two surfactants in different aqueous media,
highlighting the distinct behavior of each system. Overall, CTAB demonstrated a more rapid and
effective reduction in surface tension at lower concentrations compared to SDS, in both deionized
water and seawater. The cationic structure of CTAB allows for better adsorption and micelle
formation, making it a more efficient surfactant for reducing surface tension. The presence of salts
in seawater consistently resulted in a higher initial surface tension but facilitated micellization,

likely due to ionic screening effects that support aggregation at lower interfacial free energy. It is



also worth noting that the densities of the prepared surfactant solutions across all tested
concentrations showed minimal variation, ranging from 0.998 to 1.012 g/cm?. These small changes
are typical for aqueous surfactant systems and are not expected to significantly affect interfacial
behavior. These surface tension behaviors are important in the context of foam formation and
stability, as they directly influence the surfactant's ability to form stable foam films. Efficient
surface tension reduction and timely micelle formation are essential characteristics of a good
foaming agent, particularly in enhanced oil recovery applications where stability under varying
salinity conditions is critical.

Fig. S2 (See supplementary data) illustrates how the surface tension of deionized water and
seawater changes with increasing concentrations of lignin, in the presence and absence of CTAB.
Surface tension profiles show that lignin alone has a concentration-dependent effect that varies
between deionized water and seawater due to ionic interactions. The presence of CTAB
significantly lowers surface tension in both media, and lignin’s additional contribution becomes
more evident only at higher concentrations. Notably, the initial increase in surface tension in
seawater without CTAB highlights the competing interactions between lignin and salts.

Fig. S3 (See supplementary data) illustrates the interfacial tension (IFT) between distilled
water and heptol under two experimental conditions: (i) varying asphaltene concentrations alone,
and (i1) increasing lignin content at a fixed asphaltene concentration of 500 ppm. In the asphaltene-
only system, IFT initially decreases due to interfacial adsorption but rises at 1000 ppm due to
aggregation, before declining again at higher concentrations. In contrast, the asphaltene—lignin
system shows a more stable and consistent reduction in IFT, suggesting synergistic interactions

that enhance interfacial packing and minimize energy.
3.2. Determination of optimal CTAB and SDS concentrations for foam stability

Fig. S4 (See supplementary data) compares the foam stability of CTAB in deionized water
and seawater across different concentrations (100—-1000 ppm), assessing stability using two
metrics: half-life, which is the time it takes for half of the foam to dissipate, and total foam stability,
which measures the time until complete foam collapse.

Fig. S5 (See supplementary data) compares the foam stability of SDS in deionized water and
seawater across increasing concentrations (10003000 ppm), in terms of both half-life and total

foam stability. In deionized water, foam half-life (solid purple line) and total foam stability (dashed



purple line) both exhibit a steady increase with rising SDS concentration. SDS exhibits strong
foam-stabilizing performance in deionized water, with both half-life and total stability increasing
beyond its CMC (~2000 ppm), due to effective interfacial packing and film reinforcement. In
seawater, foam stability peaks at lower concentrations (~1500-2000 ppm) but declines afterward,
likely due to electrostatic screening and ion-induced suppression of SDS activity.

A comparative analysis of SDS and CTAB reveals significant differences in their foam-
stabilizing capabilities under varying salinity conditions. In deionized water, SDS significantly
outperforms CTAB, as evidenced by its much higher foam half-life (up to 14,500 s for SDS vs.
1150 s for CTAB) and total foam stability (=24,000 s vs. 2600 s). This superior performance is
attributed to the anionic nature of SDS, which offers stronger electrostatic repulsion between
surfactant molecules and micelles, leading to more stable foam films and resistance to coalescence.
In contrast, CTAB, being a cationic surfactant, exhibits weaker intermolecular repulsion and is
more sensitive to ionic interactions, resulting in faster foam collapse and lower foam stability. Its
performance plateaus at lower concentrations (~500 ppm), indicating earlier saturation and limited
stabilization efficiency compared to SDS.

In seawater, both surfactants show reduced effectiveness due to salt interference. However,
SDS maintains relatively better performance under saline conditions. This is because SDS's
negatively charged head groups are less susceptible to neutralization by salt ions than CTAB's
positively charged groups, which interact more readily with counter-ions like CI. These
interactions in CTAB systems accelerate micelle destabilization and foam breakdown.
Furthermore, SDS possesses a shorter alkyl chain (C12), allowing tighter packing at the air—water
interface and greater reduction in surface tension, while CTAB's longer chain (C16) can hinder
interfacial packing and increase aggregation at higher concentrations. In summary, SDS provides
more stable and longer-lasting foams in both deionized and saline environments, making it a more
suitable candidate than CTAB for foam-based EOR applications, particularly when environmental

or reservoir salinity is a concern.

3.3. Effect of seawater and salt addition on foam stability

Fig. S6 (See supplementary data) illustrates the effect of seawater dilution on foam half-life
and total foam stability using optimal CTAB concentration (500 ppm). Seawater was diluted with

deionized water to prepare solutions containing 0%, 9%, 16%, 25%, 33%, and 50% seawater by



weight. The trends indicate that both half-life (blue bars) and total foam stability (orange bars)
exhibit non-monotonic behavior, with a notable maximum at 9% seawater. At 0% seawater (pure
deionized water), the foam half-life is approximately 0.066 hours (=4 minutes) and total foam
stability reaches 0.4 hours (24 minutes). In this condition, CTAB molecules effectively adsorb at
the air—water interface, reducing surface tension and forming a cohesive interfacial film. The
absence of interfering ions allows the cationic head groups (quaternary ammonium) of CTAB to
maximize repulsive interactions and resist bubble coalescence. As seawater concentration
increases to 50%, both half-life and total stability decrease moderately. The presence of salts,
especially chloride (CI") and sodium (Na*), screens the positive charges on the CTAB head groups.
This charge neutralization diminishes the electrostatic repulsion between adjacent surfactant
molecules at the interface, promoting bubble coalescence and foam decay. Accordingly,
electrostatic destabilization leads to lower foam performance at high ionic strength.

Fig. S7 (See supplementary data) illustrates the effect of seawater dilution on foam half-life
and total foam stability using the optimal SDS concentration (3000 ppm). Seawater was diluted
with deionized water to prepare six brine solutions with different salinities (0%, 9%, 16%, 25%,
33%, and 50% seawater by weight). Foam stability of SDS decreases steadily with increasing
seawater concentration, as both half-life and total stability decline due to electrostatic screening
by salt ions. Cations such as Na*, Ca?", and Mg** disrupt SDS micelle integrity and hinder its
interfacial adsorption, leading to reduced foam longevity in saline conditions.

Fig. S8 (See supplementary data) illustrates the effects of different weight concentrations (1%
to 10%) of three salts—Na>SO4, CaCl., and MgCl>—on foam half-life and total foam stability in
the presence of CTAB (500 ppm). The chart allows for a detailed comparison of how monovalent
and divalent ions influence foam behavior. Na.SO4 enhances foam stability up to 3% concentration
by moderately screening electrostatic repulsion, but higher levels reduce performance due to
excessive ionic strength. In contrast, CaCl. and MgCl: significantly destabilize foam beyond 2—
3% due to strong interactions with CTAB head groups, with Ca*" showing a sharper decline and
Mg** inducing a more gradual effect.

In comparison, Na>SOa4 provides the best foam stabilization among the three salts, especially
at 3%, due to its milder interaction with surfactant molecules as a monovalent salt. CaCl:
significantly disrupts foam stability beyond 2% due to the higher ionic charge of Ca?*, which

enhances ion-surfactant interactions and leads to faster foam collapse. MgCl. also reduces foam



performance, but its effect is slightly less abrupt than CaCl, likely due to the balance between its
stronger interactions and smaller ionic size. These findings highlight that the foam stability in
saline systems depends not only on salt concentration but also on the type of cation present—

monovalent versus divalent—and their specific electrostatic and hydration properties.
3.4. Influence of oil on foam stability

Fig. S9 (See supplementary data) illustrates the effect of varying concentrations of three
hydrocarbon compounds—n-heptane, toluene, and heptol (1:1 volumetric mixture of n-heptane
and toluene)—on foam half-life and total foam stability. Na.SO4 enhances foam stability up to 3%
concentration by moderately screening electrostatic repulsion, but higher levels reduce
performance due to excessive ionic strength. In contrast, CaCl. and MgCl. significantly destabilize
foam beyond 2-3% due to strong interactions with CTAB head groups, with Ca®*" showing a
sharper decline and Mg?** inducing a more gradual effect.

Figure S10 (See supplementary data) illustrates the impact of increasing concentrations of
asphaltene in heptol on foam half-life and total foam stability. Foam stability decreases sharply
with increasing asphaltene concentration, dropping to zero beyond 1000 ppm. Asphaltene
aggregates disrupt the surfactant film by weakening interfacial cohesion and increasing local
surface tension, leading to rapid foam collapse. The most stable foam is observed in the absence

of asphaltene.
3.5. The effect of surfactant concentration on foam stability in the presence of carbon dioxide

CO injection is a prominent method for enhancing oil recovery, primarily due to its ability to
reduce surface tension in water and promote foam stability. The density of C® at standard
conditions (25°C and atmospheric pressure) is approximately 1.773 kg/m?, while that of air is about
1.225 kg/m3. Although it is well known that increasing pressure can significantly raise the density
of CO ,thereby improving its capacity to form more stable foams near the oil phase, this study
was conducted under ambient pressure conditions. Therefore, the effect of pressure on C® density
and foam stability was not directly evaluated. It is important to note that foams generated with C®
tend to be less stable than those produced with air at ambient conditions, partly due to CO ’slower
molecular weight and limited reactivity under these circumstances.

Fig. S11 (See supplementary data) presents the effect of C® injection on foam stability for

two surfactants, CTAB and SDS, in both distilled water and seawater. The figure compares foam



half-life and total foam stability over a range of surfactant concentrations. Under C® injection,
SDS demonstrates superior foam-stabilizing ability compared to CTAB, especially in distilled
water, due to its strong electrostatic repulsion and thicker foam films. In seawater, both surfactants
show reduced performance, but SDS maintains better stability than CTAB, highlighting the
negative impact of divalent ions on interfacial organization.

The graph in Fig. S12 (See supplementary data) represents foam stability in the presence of
different surfactants (CTAB and SDS), two types of water (distilled water and seawater), crude oil,
and under C® jection conditions. Foam stability for both CTAB and SDS declines with
increasing concentration, especially in seawater and in the presence of oil and C® .CTAB is more
affected due to weaker interfacial resilience under acidic and oily conditions, while SDS maintains
relatively better performance, though still diminished by ionic screening and CO:-induced
destabilization.

Fig. S13 (See supplementary data) illustrates how varying the proportion of distilled water
(from 1% to 20%) in a seawater-based system affects foam half-life and total foam stability. Foam
stability improves significantly with increasing distilled water percentage, especially beyond 10%,
due to reduced ionic strength. At low percentages, salts from seawater destabilize the foam, but as
dilution progresses, surfactant molecules form stronger interfacial films, enhancing both half-life

and total stability.

3.6. The effect of lignin polymer on foam stability
3.6.1. Foam stability in the presence of air
Fig. S14 (See supplementary data) presents a comparative evaluation of foam stability, both half-
life and total stability, for lignin-based systems under air injection across a concentration range of
100, 500, 1000, and 2000 ppm. Foam stability increases with lignin concentration in distilled water
and is further enhanced by adding 500 ppm CTAB, showing strong lignin—surfactant synergy.
While seawater reduces foam performance due to salt interference, CTAB still offers partial
improvement. The presence of heptol significantly disrupts foam stability, emphasizing the
sensitivity of foam systems to hydrocarbon contamination.

Furthermore, the experiments were repeated with the anionic surfactant SDS, as shown in
Fig. S15 (See supplementary data). Foam stability is highest in distilled water and declines in
seawater due to interference from dissolved salts, with the presence of heptol further reducing

stability by disrupting bubble films. Although increasing lignin + SDS concentration improves



foam performance, the surrounding medium remains a key factor, with distilled water offering
optimal conditions for foam persistence.

In conclusion, CTAB demonstrates superior foam stability in both distilled water and seawater
compared to SDS. However, in the presence of oils like heptol, both surfactants show a marked
reduction in stability, with CTAB still having a slight edge over SDS. Both surfactants perform
significantly better in distilled water than seawater, which can be attributed to the presence of salts
in seawater interfering with the foam-stabilizing properties of the surfactants. Heptol, an oil phase,
substantially decreases foam stability for both CTAB and SDS, highlighting the challenge of foam
stability in oil-rich environments. However, CTAB maintains slightly better foam integrity than

SDS under these challenging conditions.

3.6.2 Foam Stability in the Presence of CO>

In the next set of experiments, C® was injected into the system, and the foam stability was
measured under different conditions, as seen in Fig. S16 (See supplementary data). Foam stability
increases with lignin concentration, especially in distilled water, and is significantly enhanced by
the addition of CTAB due to their synergistic effect. Seawater reduces foam performance because
of ionic interference, and the presence of heptol further destabilizes the foam by disrupting film
structure. The highest foam stability is achieved with lignin + CTAB in distilled water under CO2
injection.

Fig. S17 (See supplementary data) shows the foam stability using SDS surfactant instead of
CTAB. Foam stability for lignin + SDS mixtures improves with increasing concentration,
especially in distilled water, where minimal interference allows strong surfactant performance. In
seawater, dissolved salts reduce foam half-life and total stability due to ionic interactions that
hinder SDS efficiency. The presence of heptol further decreases foam performance by disrupting
surfactant films, leading to faster collapse. Overall, the best results are observed in distilled water,
while seawater with oil shows the weakest foam stability.

In comparison between the two previous figures, SDS-based systems (Fig. S17) consistently
show lower foam stability (both half-life and total stability) than CTAB-based systems (Fig. S16)
across all concentrations. CTAB, being a cationic surfactant, tends to provide better foam stability
compared to the anionic SDS surfactant. This is due to the strong electrostatic interactions between
CTAB and the negatively charged lignin and other materials in the system. This stabilizes the foam

more effectively than SDS, where the interactions may be weaker. Moreover, the presence of



seawater reduces foam stability for both surfactants, but SDS is more affected by the salts in
seawater.

Table S1 (See supplementary data) summarizes the comparative foam performance of lignin-
based systems under both air and C®) injection at different lignin concentrations (100-2000 ppm).
Air injection yields greater foam stability than C® ,especially in distilled water, while CTAB
enhances performance and heptol significantly reduces it across all systems.

Table S2 (See supplementary data) provides a comprehensive comparison of foam half-life
and total foam stability for lignin-based systems using SDS as a surfactant under both air and CO
injection. Foam stability improves with increasing lignin concentration, peaking in SDS + distilled
water under air injection, while the lowest stability occurs in C®) + SDS + seawater + heptol
systems due to combined destabilizing effects.

To conclude, it can be stated that the stabilization mechanism of lignin in foam is influenced
by its molecular structure. Lignin contains aromatic rings and hydroxyl (OH) groups, making it
partially hydrophobic and partially hydrophilic. This dual character allows it to occupy the foam
interface, preventing bubbles from coalescing. However, in acidic environments or in the presence
of CO , the solubility of lignin decreases, leading to reduced foam stability. In systems with
surfactants, lignin can interact with surfactants to enhance foam stability. CTAB, being a cationic
surfactant, interacts with the negatively charged lignin molecules, forming a more stable film at
the foam interface. In contrast, SDS, an anionic surfactant, experiences electrostatic repulsion from
lignin, reducing its effectiveness in stabilizing the foam. The presence of salts in seawater (such as
NaCl, CaC} ,and MgC} ) disrupts foam stability by competing with lignin and surfactants at the
interface. This weakens the surfactant-polymer interactions and accelerates foam breakdown. The
addition of oils, such as heptol, further reduces foam stability by interacting with the surfactant,

reducing its availability for foam stabilization.
4. Conclusion

This study presents a novel and systematic evaluation of foam stability in lignin-based
systems under both air and C® injection, considering various combinations of surfactants (CTAB
and SDS), salinity, oil presence, and polymer concentration. The main findings of this study can

be summarized as follows:



Foam stability strongly depends on surfactant type, with CTAB showing superior
performance over SDS across all tested conditions, especially when combined with lignin

in distilled water.

Distilled water significantly enhanced foam performance compared to seawater, due to the
absence of dissolved salts which otherwise compress the electric double layer and

destabilize foam films.

Oil presence (heptol) had a destabilizing effect on foam, but the reduction was less severe
in CTAB-based systems than in SDS-based ones, highlighting better oil tolerance of
CTAB-lignin foams.

Lignin polymer acted as a natural foam stabilizer, improving both half-life and total foam
stability, especially in combination with CTAB, in both air and C§® mjection

environments.

CO injection resulted in lower foam stability compared to air, attributed to CO s higher
solubility and diffusivity in aqueous phases, which accelerates foam collapse, especially in

saline and oily environments.

The best foam performance was observed in the CTAB + lignin + distilled water system

under air injection, with notable improvement at higher lignin concentrations (>1000 ppm).

5. Recommendations

Lignin performance at elevated temperatures: Future studies should investigate the
effect of adding lignin to foam-forming solutions under high-temperature conditions,
simulating reservoir conditions.

High-pressure experiments: The effect of lignin under high-pressure conditions should be
explored to better understand its behavior in deep reservoirs.

Lignin and surfactant injection into cores: The combination of lignin and surfactants
should be tested by injecting the foam solution into core samples to assess foam

performance under reservoir-like conditions.



Foam stability with different gases: Investigations should be conducted into foam stability
generated by lignin and surfactants using different gases, such as methane and nitrogen, to
evaluate the versatility of the system.

Effect of various surfactants on lignin: The interaction between different surfactants and
lignin should be studied to determine which combinations yield the most stable foams.
Microscopic and structural studies: Microscopic and structural analyses of the
interactions between lignin and the fluid interface should be performed to provide insights
into the mechanisms of foam stabilization.

Modeling of lignin and surfactant interaction: A detailed model describing the interaction
between lignin and surfactants during foam generation and injection should be developed
for application in reservoir simulations.

Comparison with other natural polymers: Other natural polymers should be evaluated as
potential alternatives to lignin, and their foam stabilization properties should be compared.
Use of alternative oils: Different oils, besides heptane and toluene, should be tested to

assess the foam stability and the performance of lignin in various oil conditions.

The supplementary data is available at:

file:///C:/Users/pc/Downloads/Supplementary%20File(1).pdf
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lon Concentration (ppm)
K* 399
Sr* 3
HCOs~ 166
Na* 12000
Ca* 440
Mg* 1632
Cl 21410
SO+ 3110

TDS 39160
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