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ABSTRACT: Microbial polysaccharides, due to their unique physicochemical properties, have been shown to e�ec-

tively enhance the stability of foam fracturing �uids. However, the combined application of microbial polysaccharides

and surfactants under high-temperature and high-salinity conditions remain poorly understood. In this study, we

innovatively investigate this problem with a particular focus on foam stabilization mechanisms. By employing the

Waring blender method, the optimal surfactant-microbial polysaccharide blends are identi�ed, and the foam stability,

rheological properties, and decay behavior in di�erent systems under varying conditions are systematically analyzed

for the �rst time.�e results reveal that microbial polysaccharides signi�cantly enhance foam stability by improving the

viscoelasticity of the liquid �lms, particularly under high-salinity and high-temperature conditions, leading to notable

improvements in both foam stability and sand-carrying capacity. Additionally, scanning electron microscopy (SEM) is

used to observe the microstructure of the foam liquid �lms, demonstrating that the network structure formed by the

foam stabilizer within the liquid �lm e�ectively inhibits foam coarsening. �e Lauryl betaine and Diutan gum blend

(LAB+MPS04) exhibits outstanding foam stability, superior sand-carrying capacity, andminimal core damage, making

it ideal for applications in enhanced production and reservoir stimulation of unconventional reservoirs.

KEYWORDS: Foam fracturing �uid; microbial polysaccharides; synergistic e�ect; stabilization mechanism;

performance

1 Introduction

According to the International Energy Outlook 2020 published by the International Energy Agency

(IEA), global energy consumption is projected to increase by over 50% by 2050 compared to 2020 levels [1,2].

As of 2020, oil and natural gas accounted for approximately 55%of global energy consumption, and this share

is expected to remain above 50% by 2050. �is indicates that oil and gas will continue to play a dominant

role in the global energy mix over the next three decades. As many conventional oil and gas reservoirs enter

the high-water-cut and high-recovery-rate phases, unconventional reservoirs are becoming increasingly

important as alternative sources of production [3,4]. However, unconventional reservoirs o�en exhibit low
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porosity and permeability, necessitating specialized enhanced recovery techniques to achieve commercially

viable extraction rates [5,6]. Among these techniques, hydraulic fracturing has emerged as a key technology

for unlocking unconventional hydrocarbon resources [7]. Hydraulic fracturing involves injecting high-

viscosity fracturing �uids into a well at high pressure, exceeding the formation’s absorption capacity. �is

process generates elevated downhole pressure [8]. When the pressure surpasses the fracture threshold of the

formation rock, fractures are induced, creating new pathways for hydrocarbons to �ow. Continuous injection

of proppant-laden �uids, such as quartz sand, ensures that these fractures remain open, thereby improving

the reservoir’s permeability. Once pumping ceases, the formation retains fractures of su�cient length, width,

and height, allowing oil and gas to �ow more freely into the wellbore and signi�cantly enhancing well

productivity [9,10]. Fracturing �uids are a critical component of hydraulic fracturing operations. A variety

of fracturing �uids are currently in use, including slickwater fracturing �uids [11], conventional guar gum-

based �uids [12], energized water fracturing �uids [13], and viscoelastic surfactant �uids [14]. Regardless of

their speci�c formulations, all these �uids require large volumes of water mixed with complex additives. In

the hydraulic fracturing of unconventional reservoirs, water consumption can be substantial. For instance,

in the Changning-Weiyuan block of Sichuan Province, China, the average water consumption per well is

approximately 25,000 m3. Such extensive water usage can exert signi�cant pressure on local water resources

and ecosystems, raising environmental concerns about long-term sustainability.

Foam is a dispersion of gas in a liquid phase. It is widely used in both daily life and industry, such as in

personal care products [15], foam �re�ghting [16,17], and froth �otation [18].�emost notable characteristic

of foam fracturing �uids is that they require only 10%–30% of the water volume needed by conventional

water-based fracturing �uids, making them highly suitable for water-scarce regions. �e earliest report on

foam fracturing technology appeared in 1968, when it was �rst applied to the development of shale reservoirs

in Lincoln County, West Virginia, USA, with the foam quality controlled at 83%–85% during operations.

In April 1974, Blauer et al. [19,20] published research on the frictional pressure drop in foam �ow through

pipes. In October of the same year, Blauer et al. further reported on the properties of foam fracturing

�uids, including �uid loss, rheology, and proppant transport, as well as their �eld application [21], which

signi�cantly advanced the early development of foam fracturing technology. Subsequently, foam fracturing

enhancement technology began to be promoted in the United States due to its low water consumption,

low �uid loss, good �owback performance, and clean characteristics, and it also expanded to Canada.

Although foam fracturing �uids exhibit excellent properties, foam systems are thermodynamically unstable.

Over time, the performance of the foam can signi�cantly decrease, and even collapse. �erefore, stabilizers

must be added to inhibit foam decay. Extensive research has been conducted in this area, including the

introduction of nanoparticles and polymers to enhance foam stability, therebymeeting design requirements.

Sun et al. [22] investigated the e�ect of partially hydrophobic modi�ed silica nanoparticles (SiO2) on the

stability of sodium dodecyl sulfate (SDS) foam. �e study showed that, at appropriate concentrations,

SiO2 nanoparticles and SDS exhibit a synergistic e�ect, enhancing foam stability compared to pure SDS

solutions. SiO2/SDS dispersions generate more stable foam, primarily because the nanoparticles adsorb on

the liquid �lm surface, increasing interfacial dilational elasticity and thus improving foam stability. AlYousef

et al. [23] evaluated the potential of silica nanoparticles to enhance the stability of non-ionic surfactant

foams. �e results indicated that the concentration of surfactants and nanoparticles is a critical parameter

for foam stability, and there exists a speci�c concentration range that generates more stable foam. �e

balance between the concentrations of non-ionic surfactants and nanoparticles can enhance foam stability

by forming �ocs in the solution. At a �xed surfactant concentration, adding low to medium concentrations

of nanoparticles can produce more stable foam compared to surfactant alone. Rafati et al. [24] studied the

interactions between solid particles in reservoirs and water-foam, to assess foam stability. �ey found that
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the presence of solid particles signi�cantly a�ects foam stability, with the impact depending on the particles’

density, shape, size, and wettability. Speci�cally, certain particles can form monolayers, bilayers, or network

structures, stabilizing the foam’s liquid �lm, while other particles may lead to foam structure disruption.

�e large surface area of nanoparticles is a key reason for their ability to enhance foam stability [25–27].

However, in reservoir conditions, foam systems o�en face high temperatures and high salinity, under which

nanoparticles can easily aggregate and lose their e�ectiveness [28]. Moreover, the poor biocompatibility

of modi�ed nanoparticles can result in serious environmental impacts. Microbial polysaccharides are

high-molecular-weight biopolymers produced by bacteria, fungi, and cyanobacteria during their metabolic

processes, providing protection to the microorganisms [29–30]. �ey are increasingly gaining attention due

to their ease of extraction, wide availability, and broad functional range [31]. Microbial polysaccharides

possess unique physicochemical properties, which also make them highly e�ective in stabilizing foams [32].

Kang et al. [33] used three microbial polysaccharides as foam stabilizers in AFFF. �ey conducted multiple

analyses to explore the in�uence of polysaccharides on the viscosity, surface tension, foaming ability, and

foam stability of AFFF solutions. �is is primarily due to the increased viscosity provided by microbial

polysaccharides, which enhances the surface strength of the foam liquid �lm and reduces the di�usion of

water within the liquid �lm, thereby signi�cantly slowing down the drainage rate and bubble coarsening

process of the foam. Pu et al. [34] combined rheological and surface properties to study the impact of di�erent

polymers on foam stability, analyzing the stability from a microscopic perspective. �eir results indicated

that the liquid drainage height of polymer-enhanced foam is highly dependent on the solution viscosity

at high shear rates (200 s−1), rather than the initial thickening ability of the polymer. �e stability of the

liquid �lm is improved by increasing the solution’s elasticity, enhancing interfacial viscoelasticity, or reducing

surface tension. Verma et al. [35] used the Warrior-Blender method to investigate the foam stability of

α-ole�n sulfonate (AOS) in solutions containing partially hydrolyzed polyacrylamide (HPAM) or xanthan

gum (XG). For di�erent total concentrations and surfactant concentrations, the half-life of AOS-XG foam

was longer than that of AOS-HPAM foam. �is is mainly because the polymer concentration of HPAM or

XG increases the viscoelasticity of the bulk solution and the liquid �lm, with XG having a stronger ability

to enhance the viscoelasticity of the liquid �lm compared to HPAM. �erefore, AOS-XG foam exhibits

better foam stability. Tiong et al. [36] investigated the synergistic e�ects between xanthan gum and sodium

dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB).�e results showed that the addition

of xanthan gum increased the foam liquid drainage half-life by 50,000 times. Xu et al. [37] studied the e�ects

of welan gum and xanthan gum on in-situ foam performance and the foam stabilization mechanism. �e

results indicated that welan gum, through the alignment of its adjacent double-helix structure in the zipper

model, forms an interconnected network structure. �is structure interacts with surfactants in the liquid

�lm, enhancing foam stability at high temperatures. In summary, using microbial polysaccharides as foam

stabilizers to improve the foam stability of solutions is feasible. Compared to other foam stabilizers, microbial

polysaccharides are derived from natural sources and are renewable resources, o�ering biocompatibility and

biodegradability, making them environmentally friendly and possessing signi�cant potential for develop-

ment and application. Microbial polysaccharides, as a promising research topic, exhibit a wide variety of

types, and the synergistic e�ects [38], temperature tolerance, and salt resistance vary among di�erent types

of microbial polysaccharides and surfactants. In the process of oil extraction, the high temperature and

high salinity conditions in the reservoir environment inevitably cause the failure of many organic materials,

which signi�cantly impacts extraction e�ciency [39]. Research on the foam stability behavior of materials

under high temperature and high salinity conditions is of great importance. However, current studies have

yet to clarify the synergistic foam stabilization mechanism of microbial polysaccharides and di�erent types

of surfactants at low concentrations under high-temperature and high-mineralization conditions in the

reservoir. �erefore, it is necessary to explore in-depth the interactions between microbial polysaccharides
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and surfactants, as well as their impact on foam stability, and to systematically assess the foam characteristics

of microbial polysaccharide foams under varying temperature and salinity conditions.�is research will not

only enhance the understanding of foam behavior in extreme environments but also provide a theoretical

basis and technical support for the application of microbial polysaccharide foams in unconventional oil and

gas reservoirs.

In this study, various types of microbial polysaccharides were �rst blended with di�erent surfactants.

�e optimal foam system, characterized by thermal and salt stability, was selected based on the comprehen-

sive foam performance.�e interaction mechanisms between the microbial polysaccharides and surfactants

were then analyzed. Next, based on the optimal system, the foam decay characteristics and rheological

properties were examined to elucidate the foam-stabilizing mechanisms of microbial polysaccharide-

based foams. �e microstructure of the liquid �lm was observed using environmental scanning electron

microscopy (SEM). Finally, the foam’s proppant-carrying capacity and its potential for formation damage

were evaluated. �e aim of this study is to optimize the stability and performance of foam fracturing �uids,

particularly under high-temperature and high-salinity conditions, by exploring the synergistic e�ects of

microbial polysaccharides and surfactants.�is research addresses the challenge of poorly understood foam

stabilization mechanisms in microbial polysaccharide and surfactant blends, while also enhancing foam

sand-carrying capacity and reducing potential damage. Ultimately, it provides a viable technical solution for

the e�cient exploitation of unconventional reservoirs.

2 Experiment and Methods

2.1 Materials

Six surfactants and four microbial polysaccharides were selected in this study. Detailed information is

provided in Table 1. All solutions were prepared using deionized water.

Table 1:Materials used in the experiments

Name Abbreviation Purity (%) Supplier

Xanthan gum MPS01 99% Shandong Fengtai Biotechnology

Co., Ltd. (Jinan, Shandong, China)

Welan gum MPS02 99% Shandong Fengtai Biotechnology

Co., Ltd. (Jinan, China)

Gellan gum MPS03 99% Shandong Fengtai Biotechnology

Co., Ltd. (Jinan, China)

Diutan gum MPS04 99% Shandong Fengtai Biotechnology

Co., Ltd. (Jinan, China)

Sodium Dodecyl Sulfate SDS 99% Aladdin (Shanghai, China)

Sodium dodecylbenzenesulfonate SDBS 99% Aladdin

Sodium fatty alcohol

polyoxyethylene ether sulfate

AES 99% Aladdin

Sodium laureth sulfate SLES 99% Aladdin

Cocamidopropyl betaine CAB 99% Aladdin

Lauryl betaine LAB 99% Aladdin

Na2SO4 / 99% Aladdin

NaHCO3 / 99% Aladdin

NaCl / 99% Aladdin

(Continued)
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Table 1 (continued)

Name Abbreviation Purity (%) Supplier

CaCl2 / 99% Aladdin

MgCl2 / 99% Aladdin

Na2SO4 / 99% Aladdin

2.2 Methods

2.2.1 Optimization of Temperature and Salinity Resistant Foam Fracturing Fluid System

Surfactant solutions with concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0 wt% were prepared, with 0.08 wt%

microbial polysaccharide added to each solution. Four milliliters of the foaming liquid were injected into

sample bottles, and foam was generated using a foaming device according to the Waring-Blender method,

with a stirring time of 2 min. Immediately a�er foaming, the samples were placed in a custom-designed

high-temperature foam evaluation instrument to measure the foam drainage half-life and foam expansion

height. �ese measurements were conducted at 70○C and 80○C, and the optimal foam system was selected

based on the comprehensive foam performance. Next, for the selected temperature-resistant foam system,

the mineralization degree of the solution was adjusted to 30, 60, and 90 g/L. �e comprehensive foam value

was measured again using the same method to determine the optimal foam fracturing �uid system. Each

experiment was repeated three times, with the error not exceeding 5%. �e experimental setup is shown

in Fig. 1.

Figure 1: Illustration of the experimental apparatus

2.2.2 Performance Testing of Foam Fracturing Fluids

Static Sand Suspension Test

Repare 100mL of the optimal system in steel cups and add 10% by volume of proppant to each. A�er the

mixture is allowed to foam, quickly transfer it to a 500 mL graduated cylinder. Use a camera to take photos

every 5 min, and record the settling behavior of the proppant in the foam system and the liquid separation

from the foam over a period of 1 h. Each experiment was repeated three times, and the average value was

taken as the �nal experimental result.
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Dynamic Sand-carrying Capacity Test

Using a visual dynamic sand-carrying apparatus (Fig. 2), the foamed base liquid was mixed with the

proppant and allowed to foam. �e mixture was then injected into a �at plate from the le� end and allowed

to �ow out from the right end. �e proppant used was 20/40 mesh ceramic beads, with a sand ratio of 10%.

Figure 2: Dynamic sand-carrying device

Core Damage Test

�e damage to core permeability by the fracturing �uid was evaluated using a core �ooding apparatus

(Fig. 3). Sandstone cores with a diameter of 25 ± 0.4 mm and a length of 50 ± 0.4 mm were selected for the

experiment, and the temperature was set to 80○C. Core damage was assessed based on the comparison of the

core permeability toN2 before and a�er contact with the fracturing �uid.�e equations for core permeability

and core damage rate are given in Eqs. (1) and (2), respectively:

K =
2P0QµL

(P12 − P22)A
× 1000 (1)

where K is the permeability, mD; Q is the gas �ow rate, cm3/s; µ is the gas viscosity, mPa⋅s; L is the length of

the core, cm; P1 and P2 are the inlet and outlet pressures, MPa; A is the cross-sectional area of the core, cm2;

and P0 is the atmospheric pressure, MPa.

ηd =
K1 − K2

K1

× 100% (2)

where ηd is the ratio of permeability reduction to the initial core permeability, %; K1 is the initial core

permeability, mD; K2 is the core permeability a�er contact with the gel-breaking �uid, mD.

Figure 3: Core �ooding apparatus
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2.2.3 Stabilization Mechanism of Foam Fracturing Fluid

Foam Coarsening

�e foam a�er generation was placed on a microscope slide, and the changes in foam size and foam

count were observed under a microscope at 100× magni�cation. Image processing so�ware was used to

analyze the variations in foam size and foam count over time before and a�er the addition of a foam stabilizer.

Each experiment was repeated three times, and the average value was taken as the �nal experimental result.

FoamMicrostructure

�e microstructure of the foam was studied using cryo-SEM (Quanta 450, FEI Company, Hillsboro,

OR, USA). Foam containing a foam stabilizer was dropped onto a groove of a copper plate with a conductive

strip. �e copper plate was then placed into a vacuum chamber and liquid nitrogen was introduced to

maintain the temperature at −90○C. A�er freezing the foam, the sample surface was sputter-coated with gold

to make it conductive, and the microstructure of the foam was observed using the Environmental Scanning

Electron Microscope.

Foam Viscoelasticity

Foam was produced using a Waring-Blender method, and its viscoelastic properties were measured

with a HAAKE MARS III rotational rheometer, both in the presence and absence of a foam stabilizer. �e

frequency range for scanning was between 0.01 and 30.00 Hz, and a �xed stress of 1 Pa was applied.

2.2.4 Methodology Features and Validation Process

Peculiarity of the Methods

�eunique contribution of this research lies in the synergistic combination ofmicrobial polysaccharides

and surfactants for foam stabilization under extreme high-temperature and high-salinity conditions. We

also elaborated on the use of the Waring blender method to create stable foam systems and analyzed their

rheological properties, foam decay behaviors, and performance under various conditions. �is allows for a

comprehensive understanding of how microbial polysaccharides enhance foam stability and sand-carrying

capacity in unconventional reservoir conditions.

Validation of Methods

To ensure the robustness and validation of our methods, we employed several validation tech-

niques, including:

Foam performance testing: We evaluated foam generation and stability under di�erent temperatures

(70○C and 80○C) and salinities (30, 60, and 90 g/L). �is multi-condition testing ensures that our methods

are robust across a range of relevant reservoir conditions.

Proppant suspension and core damage tests: �ese were performed to validate the real-world appli-

cation of the foam system, speci�cally its sand-carrying capacity and its impact on core permeability. We

compared the performance of the microbial polysaccharide-based foam system against conventional guar

gum fracturing �uids to demonstrate its superior performance.

Scanning electron microscopy (SEM): �is was used to observe the microstructure of the foam liquid

�lms, which provided insight into the network structure formed by the foam stabilizer and con�rmed the

stability enhancement mechanisms.
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Data Set Limitations

Field applicability: Our experiments were conducted under controlled laboratory conditions that may

not fully replicate the complexities of �eld environments. �e impact of contaminants (e.g., oil phases, CO2,

SO2) on foam stability in real reservoirs needs further investigation, as these factors could potentially a�ect

foam performance.

Scalability: Although the results are promising at the laboratory scale, scaling up to industrial appli-

cations in larger reservoirs requires more research. Variability in �eld conditions, such as temperature

�uctuations and mineral content, may in�uence foam behavior.

Polysaccharide degradation: �e long-term stability of microbial polysaccharides in the harsh con-

ditions of high-temperature, high-salinity reservoirs is not fully understood. �eir degradation over time

may limit their e�ectiveness for sustained production. Future studies will need to focus on the degradation

kinetics and long-term behavior of microbial polysaccharides in such environments.

3 Results and Discussion

3.1 System Optimization

3.1.1 Optimization of Temperature Resistance

Microbial polysaccharides are environmentally friendly fermentation products and are considered

renewable resources. �eir use as additives in foam fracturing �uids aligns with the principles of green and

sustainable development. Furthermore, these polysaccharides are low-cost and easy to store and transport,

making them highly promising for widespread application in fracturing operations. In this study, we selected

four di�erent types of microbial polysaccharides, each blended with surfactants, and performed foam

stability tests at 70○C and 80○C. However, since microbial polysaccharides are typically negatively charged,

they can interact electrostatically with cationic surfactants, resulting in compatibility issues. As a result, we

focused on evaluating the compatibility of microbial polysaccharides with anionic, anionic-nonionic, and

zwitterionic surfactants. To assess foam generation and stability, the overall foam value was used as the

evaluation metric. �e calculation method for the comprehensive foam value is given in Eq. (3) [40–42].

Vt = V × t1/2 (3)

where Vt is the overall foam value, with units of mL⋅s; V is the foam generation volume, with units of mL;

and t1/2 is the foam drainage half-life, with units of s.

Anionic surfactants, known for their simple synthesis, low cost, and non-toxicity, are widely used in

foaming fracturing �uids [43]. In this study, we investigated common anionic surfactants in combination

with microbial polysaccharides to optimize the best formulations suitable for temperatures of 70○C and

80○C, based on the comprehensive foam value. Both anionic surfactants and microbial polysaccharides

carry negative charges, and thus their synergistic e�ects are o�en unrelated to electrostatic interactions but

are primarily attributed to non-covalent interactions between the hydrophilic groups and the microbial

polysaccharide molecules. As shown in Fig. 4, the foam performance of SDS (Sodium Dodecyl Sulfate)

and SDBS (Sodium Dodecyl Benzene Sulfonate) when combined with di�erent microbial polysaccharides

is presented. It is evident that the combination of SDS and MPS04 (Microbial Polysaccharide MPS04)

signi�cantly enhances the overall foam value. Speci�cally, at 70○C, the overall foam value of the 0.6 wt%

SDS + 0.08 wt% MPS04 system reaches 21,400 mL⋅s, which is much higher than other anionic surfactant

and microbial polysaccharide combinations. �is indicates the strongest synergistic e�ect between SDS and

MPS04.We attribute this primarily to the unique molecular structure of SDS, its high hydrophilic-lipophilic

balance (HLB) value, the excellent synergistic e�ect with MPS04, and its superior interfacial adsorption
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capacity. SDS is a linear surfactant molecule that can easily form orderly arrangements at the gas-liquid

interface, thereby more e�ectively reducing interfacial tension and promoting foam formation and stability.

In contrast, SDBS contains a benzene ring in its molecular structure, leading to less orderly arrangements

at the gas-liquid interface and a poorer reduction in interfacial tension. Furthermore, the HLB value of

SDS is approximately 40, making it a strongly hydrophilic surfactant that can form tighter interactions with

MPS04, increasing the viscosity of the aqueous phase and the elasticity of the foam lamellae, thus enhancing

foam stability. SDBS has a lower HLB value, leading to weaker interactions with MPS04 and lower viscosity

and lamellae elasticity of the system. Additionally, studies have shown that SDS exhibits high adsorption

rates and amounts at the gas-liquid interface, rapidly forming a stable interfacial �lm and further enhancing

foam stability. In comparison, SDBS has a weaker interfacial adsorption capacity, resulting in less stable

interfacial �lms and shorter foam half-time. �ese factors collectively contribute to the signi�cantly better

foam stabilization e�ect of the SDS+MPS04 system compared to the SDBS+MPS04 system.

Figure 4: �e comprehensive foam value of an anionic surfactant foam system varies with the surfactant concentration
and the type of microbial polysaccharide

By incorporating EO (ethylene oxide) groups into the hydrophilic moiety of conventional anionic

surfactants, anionic-nonionic surfactants can be obtained. Compared with traditional anionic surfactants,

anionic-nonionic surfactants exhibit stronger salt tolerance. AES (Alkyl Ether Sulfate) and SLES (Sodium

Lauryl Ether Sulfate) are the most widely used anionic-nonionic surfactants in the petroleum industry;

therefore, we conducted a detailed study onAES and SLES.As shown in Fig. 5, it presents the foamgeneration

and foam stability of anionic-nonionic surfactantsAES and SLESwhen compoundedwithMPS04 (Microbial

Polysaccharide 04). It can be observed that the addition of microbial polysaccharides signi�cantly enhances

the stability of AES and SLES foams, whether at 70○C or 80○C. Notably, the interaction between AES and

microbial polysaccharides is markedly stronger than that between SLES and microbial polysaccharides.

�is is primarily attributed to the longer polyethylene oxide chain of AES, which not only increases its

hydrophobic segment, allowing it to interact more e�ectively with the hydrophobic regions of MPS04, but

also enhances its solvation in aqueous solutions, enabling AES to disperse more uniformly and increase the

opportunity for contact withmicrobial polysaccharides, thus forming tighter complexes. Simultaneously, the

more �exiblemolecular conformation of AES allows it to better adapt to the polysaccharide chains ofMPS04,

further enhancing the stability of the complexes through entanglements andhydrogen bonding.Additionally,

the longer polyethylene oxide chain of AES reduces its surface charge density to some extent, decreasing the

electrostatic repulsion with MPS04 and making their interactions more favorable. In contrast, SLES has a

shorter polyethylene oxide chain, resulting in weaker hydrophobicity, poorer solvation, and lower molecular
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�exibility, as well as a higher charge density, leading to relatively weaker interactions with MPS04, and thus

demonstrating inferior thickening e�ects and stability in aqueous solutions compared to the AES-MPS04

combination. Based on the comprehensive foam value and the optimization of microbial polysaccharide

types and concentrations, the optimal formulation of microbial polysaccharides and anionic-nonionic

surfactants was determined to be: 0.6 wt% AES + 0.08 wt% MPS04.

Figure 5: �e comprehensive foam value of the anionic-nonionic surfactant foam system varies with the concentration
of the surfactant and the type of microbial polysaccharide

Amphoteric surfactants carry both positive and negative charges, enabling them to interact synergis-

tically with microbial polysaccharides without incompatibility issues due to electrostatic attraction [44].

We compounded lauryl betaine (LAB) and cocamidopropyl betaine (CAB) with microbial polysaccharides,

and the results are shown in Fig. 6. �e addition of microbial polysaccharides led to an improvement in

foam stability, but the extent of improvement was signi�cantly lower in the CAB system compared to the

LAB system. �e main reasons for this di�erence include: Firstly, LAB is an amphoteric surfactant with

a molecular structure that includes a long alkyl chain and a betaine group. �is structure allows LAB to

form orderly arrangements at the gas-liquid interface rapidly, e�ectively reducing interfacial tension and

promoting foam formation and stability. In contrast, cocamidopropyl betaine (CAB) molecules contain

more amide groups, which make their molecular structure more complex and less likely to form orderly

arrangements at the gas-liquid interface, leading to a poorer reduction in interfacial tension. Secondly,

LAB has a higher HLB (Hydrophilic-Lipophilic Balance) value, enabling it to form tighter interactions

with MPS04, thereby increasing the viscosity of the aqueous phase and the elasticity of the foam lamellae.

�is synergistic e�ect helps to form more stable foam lamellae, preventing the coalescence of droplets and

thus enhancing foam stability. In comparison, the HLB value of cocamidopropyl betaine (CAPB) is lower,

resulting in weaker interactions with MPS04, lower viscosity of the system, and less elastic foam lamellae,

which lead to poorer foam stability. Additionally, the adsorption rate and adsorption amount of LAB at

the gas-liquid interface are both higher, allowing it to quickly form a stable interfacial �lm and further

enhance foam stability. Experimental results also demonstrate that the rheological properties of the system

signi�cantly improved when LAB was compounded with MPS04, as evidenced by increases in viscosity

and elastic modulus. Conversely, the interfacial adsorption capacity of CAB is weaker, leading to poorer

stability of the interfacial �lm and a shorter foam persistence time. �rough optimization, the best system

for microbial polysaccharides combined with amphoteric surfactants was determined to be: 0.4 wt% LAB +

0.08 wt% MPS04.
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Figure 6: �e comprehensive foam value of the amphoteric surfactant foam system varies with the concentration of
the surfactant and the type of microbial polysaccharide

In summary, we have ultimately obtained three systems. �e anionic surfactant foam system Formula

(1): 0.6 wt% SDS + 0.08 wt% MPS04. �e anionic-nonionic surfactant foam system Formula (2): 0.6 wt%

AES + 0.08 wt% MPS04. �e amphoteric surfactant foam system Formula (3): 0.4 wt% LAB + 0.08 wt%

MPS04.

3.1.2 Optimized Salt Resistance

Foam fracturing �uids entering the reservoir will come into contact with formation water. High salinity

formation water can a�ect the distribution of surfactants at the interface and the structure of microbial

polysaccharides. �erefore, it is necessary to optimize the salt tolerance of the foam system to achieve the

best high-temperature and high-salinity foam system.

To analyze the salt tolerance of the foam system selected in Section 3.1.1, a brine solution with

a concentration of 250 g/L was prepared to simulate high-salinity formation water. �e inorganic salt

composition of the brine was as follows: Na2SO4 417, NaHCO3 756, NaCl 207,759, CaCl2 41,106, and MgCl2
3549mg/L.Whennecessary, the brinewas diluted to obtain salinities of 30, 60, and 90 g/L. As shown in Fig. 7,

the stability of the foam system under di�erent salinities was tested at 80○C using the same method. With

the increase in salinity, the stability of foams from di�erent systems generally decreased, primarily due to the

curling of the MPS04 molecule in high-salinity environments, which weakens intermolecular interactions

and reduces foam stability. Notably, the stability of the SDS foam system was most signi�cantly a�ected by

salinity, while that of the LAB foam systemwas the least a�ected,mainly due to themolecular structure of the

foaming agents. �e poor salt tolerance of SDS is primarily attributed to the strong interaction between its

hydrophilic group (sulfate) and salt ions, which leads to salt precipitation at high salt concentrations. As the

salt concentration increases, salt ions compete with the sulfate ions of SDS for water molecules, decreasing

the solubility of SDS in water and thus a�ecting its surface activity. In contrast, AES, although also possessing

a sulfate hydrophilic group, exhibits improved salt tolerance due to the presence of its polyoxyethylene ether

segment, which enhances hydrophilicity. However, its salt tolerance is still inferior to that of LAB. LAB

is an amphoteric surfactant, with both positively and negatively charged groups in its structure, allowing

it to maintain good solubility and surface activity under di�erent pH conditions. Additionally, the strong

hydration e�ect in the betaine structure e�ectively reduces the impact of salt ions on its hydrophilic groups,

enabling it tomaintain high stability and surface activity even at high salt concentrations.�erefore, the LAB
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foam system demonstrates the best salt tolerance. Taking all factors into consideration, the optimal foam

system was determined to be 0.4 wt% LAB + 0.08 wt% MPS04.

Figure 7: �e comprehensive foam values of di�erent foam systems vary with salinity

3.2 Performance Testing of Foam Fracturing Fluid

3.2.1 Static Proppant Suspension Test

�e optimal system selected was tested for its proppant-carrying capacity. As shown in Fig. 8, in the

absence of a foam stabilizer, the foam’s proppant-carrying ability was very poor, and most of the proppant

settled to the bottom of the foam within 30 min.

Figure 8: Settlement of proppant within foam fracturing �uid

To further analyze the static proppant suspension performance of the foam system, we statistically

evaluated the changes in liquid separation volume and proppant settlement volume over time, as shown

in Fig. 9. In Fig. 9A, it can be observed that in the absence of the MPS04 foam stabilizer, the foam generated
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solely by LAB has a liquid separation half-life of approximately 5 min, with an initial foam height of 347 mL.

However, in the foam system with the addition of the stabilizer, only 4 mL of liquid separation occurred by

the end of the experiment, which represents just 4% of the 100 mL base �uid volume. Such performance is

particularly noteworthy at a high salinity of 90 g/L. Additionally, as illustrated in Fig. 9B, at a high salinity

of 90 g/L, the pure LAB foam ruptures rapidly, resulting in very poor proppant suspension. �e proppant

settlement rate reaches 84% within 15 min and exceeds 90% a�er 30 min. �e proppant settlement trend is

almost consistent with the liquid separation trend of the foam. When the MPS04 foam stabilizer is added,

the proppant settlement rate signi�cantly decreases, with only 18% settlement occurring even at 60min, fully

meeting the requirements for proppant-carrying capacity in fracturing operations.

Figure 9: Changes in foam drainage and proppant settlement over time. (A: Foam drainage; B: Proppant settlement)

3.2.2 Dynamic Proppant Carrying Capacity Test

�e Fig. 10 illustrates the distribution of proppant in a �at plate during the injection process.

From Fig. 10, it can be observed that in the LAB foam, the proppant concentration is higher at the front

end, while it signi�cantly decreases in the latter half, indicating severe foam drainage and poor dynamic

proppant-carrying capacity. In contrast, the LAB+MPS04 foam shows a uniform distribution of proppant

throughout the �at plate, and the foam remains stable throughout the injection process with no signi�cant

foam drainage.�is suggests that the addition of theMPS04 foam stabilizer improves the proppant-carrying

capacity of the foam, allowing proppant to be transported deeper into the fractures, thereby enhancing the

fracture conductivity and improving the overall fracturing e�ciency [45].

3.2.3 Core Damage Test

Table 2 presents the damage results of the fracturing �uids. �e permeability damage rate ηd of the

conventional guar gum fracturing �uid is approximately 33.56%, while the damage rate of the LAB+MPS04

foamed fracturing �uid on the core is 19.43%. �e insoluble residues from the guar gum fracturing �uid

block the pore throats of the formation, whereas the microbial polysaccharide foam, due to its extremely low

usage, causes signi�cantly less damage to the reservoir.
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Figure 10: Sand-carrying performance during the foam injection process. (A: LAB foam, B: LAB+MPS04 foam)

Table 2: �e damage of fracturing �uids on core permeability

Fracturing �uid types Permeability mD Core damage rate %

K1 K2

LAB+MPS04 10.86 8.75 19.43

guar gum fracturing �uid 23.27 15.46 33.56

3.3 Study on Foam Stabilization Mechanism

3.3.1 Foam Coarsening

�e foamwas placed on amicroscope slide, and its size and quantity were observed under amicroscope

from the time of preparation until 1 h had elapsed (at a magni�cation of 100 times), as shown in Fig. 11.

Figure 11: �e variation in foam quantity and bubble size over time

At the beginning, the volume and density of the foam generated by LAB alone and that generated by

LAB+MPS04 showed little di�erence, indicating that the addition of the foam stabilizer had no signi�cant

e�ect on foam size. By 15 min, a noticeable di�erence in foam radius between the single and composite
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systems began to emerge. �e radius of the foam in the single system was larger, and the number of foam

bubbles within the �eld of view was fewer, with a signi�cant change in foam volume compared to the initial

state. In contrast, the foam diameter in the composite system was smaller, and the foam remained relatively

dense, although many larger diameter bubbles began to appear. Most of the bubbles were still small, and the

volume change was less pronounced compared to the initial state, indicating better stability of the LAB foam.

At 30 and 60 min, the di�erence in foam diameter between the two systems became even more evident.

To further analyze the foam-stabilizing e�ect of MPS04, the average diameter of the foam bubbles in each

microscopic imagewas calculated using the ImageJ image processing tool.�e statistical results are presented

in Fig. 12.

Figure 12: �e variation in average foam diameter over time

As shown in the Fig. 12, the radius of the SDS foam changes over time with a slope that is nearly

linear, whereas the foam radius in the system with the MPS04 foam stabilizer exhibits a more gradual slope,

indicating a signi�cant improvement in foam stability. We hypothesize that this phenomenon is due to

the formation of a network structure by the MPS04 molecules within the liquid �lm. �e presence of this

network structure signi�cantly increases the viscosity of the liquid �lm, thereby slowing down the drainage

and coarsening of the foam, which enhances foam stability. To verify the formation of the network structure,

we conducted scanning electron microscopy (SEM) analysis of the liquid �lm structure, as shown in Fig. 13.

�e SEM images reveal that complex network structures are indeed formed byMPS04 within the liquid �lm,

con�rming the accuracy of our hypothesis.

3.3.2 Foam Viscoelasticity

As shown in Fig. 14, the foam viscoelasticity is tested by measuring the frequency dependence of the

storagemodulus (G′) and lossmodulus (G′′). In the case of foam containing only LAB, the storagemodulus is

greater than the loss modulus at low frequencies, indicating that the foam is predominantly elastic. However,

as the frequency increases, the loss modulus exceeds the storage modulus, suggesting that the foam becomes

more viscous. A�er adding MPS04, the elastic properties of the foam are signi�cantly enhanced, and the

storage modulus remains higher even at higher frequencies, indicating a more pronounced elastic nature.

Comparing the results before and a�er the addition of MPS04, it is evident that the storage modulus of the

foam increases signi�cantly upon the addition of MPS04, suggesting that the primary e�ect of MPS04 is
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on the storage modulus of the system. �e reason for this is the strong electrostatic interaction between

MPS04 and LAB, which causes a signi�cant portion of MPS04 to adsorb onto the liquid �lm surface. �is

results in the foam being enveloped by MPS04, and the formation of a network structure by MPS04 in

the solution signi�cantly increases the viscoelasticity of the solution. �erefore, when MPS04 is present

at the interface, it also forms a network structure, thereby reinforcing the viscoelasticity of the foam. By

comparing Fig. 14a and b, it is clear that the storage modulus of the foam system increases with the addition

ofMPS04.�e storage modulus characterizes the ability of the interfacial �lm to resist deformation; a higher

storagemodulus indicates a stronger resistance to external disturbances and is bene�cial for enhancing foam

stability [40,46]. Additionally, the increase in the storage modulus a�er adding MPS04 enhances the foam’s

resistance to external disturbances, reduces the settling of proppant within the foam, and improves the foam’s

ability to carry proppant. �is veri�es the reason for the enhanced sand-carrying capacity of the foam.

Figure 13: �emicrostructure of the foam

Figure 14: �e variation of foam modulus with scanning frequency (a: LAB form, b: LAB+MPS04 form)
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4 Conclusion

(1) Based on the Waring-blender method, with the comprehensive foam performance as the evaluation

criterion, the optimal combinations of di�erent types of surfactants and microbial polysaccharides were

selected under high-temperature conditions.�e results indicate that the optimal formulation for the anionic

surfactant foam system is 0.6 wt% SDS + 0.08 wt%MPS04; for the anionic-nonionic surfactant foam system,

it is 0.6 wt% AES + 0.08 wt% MPS04; and for the zwitterionic surfactant foam system, it is 0.4 wt% LAB +

0.08 wt% MPS04.

(2) To further optimize the salt-tolerant foaming fracturing �uid system, the foam system was further

optimized under high salinity conditions. �e results show that at a salinity of 90 g/L, the 0.4 wt% LAB

+ 0.08 wt% MPS04 system exhibits the best comprehensive foam performance. �e salt tolerance of the

foam systems is in the order: SDS < AES < LAB, which is mainly attributed to the structural di�erences of

the surfactant molecules. Salt ions compete with the sulfonate groups of SDS for water molecules, reducing

the solubility of SDS in water and thus a�ecting its surface activity. In contrast, although AES also has

sulfonate hydrophilic groups, the presence of polyoxyethylene ether segments increases its hydrophilicity,

thereby enhancing its salt tolerance. LAB, a zwitterionic surfactant, possesses both positively and negatively

charged groups in its structure, allowing it to maintain good solubility and surface activity under di�erent

pH conditions. Additionally, the strong hydration e�ect in the betaine structure e�ectively reduces the

impact of salt ions on its hydrophilic groups, ensuring high stability and surface activity even at high

salt concentrations.

(3) A�er adding MPS04, the foam stability of the fracturing �uid was signi�cantly enhanced, and the

sand-carrying capacity of the foam was markedly improved. At 60 min, the proppant settling volume was

only 18%. Dynamic sand-carrying tests also indicated that the LAB + MPS04 foam maintained a uniform

distribution of proppant on the �at plate during injection and remained stable throughout the process. �is

allows the foam to carry proppant deeper into the fractures, thereby improving the fracturing e�ciency.

Simultaneously, this foam system exhibits lower formation damage compared to conventional guar gum

foam fracturing �uids, making it highly suitable for productivity enhancement in unconventional reservoirs.

(4) �e addition of MPS04 results in the formation of a complex network structure within the liquid

�lm, which e�ectively inhibits foam coarsening and enhances foam stability. Additionally, this network

structure strengthens the foam lamellae, improving the viscoelasticity of the foam. Consequently, it ensures

the excellent sand-carrying performance of the foam.

In conclusion, this study innovatively developed a microbial polysaccharide and surfactant blended

foam fracturing �uid system, investigating its foam stabilizationmechanism and key performance character-

istics. �e system exhibits signi�cant foam stability, excellent sand-carrying capacity, and low core damage,

especially performing well under high temperature and high salinity conditions. Microbial polysaccharides

enhance the viscoelasticity of the foam liquid �lms, signi�cantly improving foam stability. Additionally, the

network structure formed by the foam stabilizer in the liquid �lm e�ectively suppresses foam coarsening,

enhancing both foam stability and sand-carrying capacity. Although the blended system demonstrates good

performance in laboratory experiments, its thermal stability under extreme conditions still requires further

optimization. Field conditions are complex, and the fracturing �uid system may face contamination from

oil phases, CO2, SO2, and other substances in the reservoir. Future research should focus on improving

the system’s adaptability under �eld conditions and exploring its application potential in more complex

reservoir environments. Furthermore, microbial polysaccharides are high molecular weight materials, and

their degradation in reservoir environments will also be an important issue for future studies.
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