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ABSTRACT: Formulating oil-based drilling fluids (OBDFs) with an ultra-low oil-to-water ratio (OWR < 60:40)
presents a formidable stability challenge due to the maximized interfacial area and intensified stress on the interfacial
film under high-temperature, high-density conditions. To address this, we engineered a synergistic stabilization
system through molecular and colloidal design. A novel hyperbranched polyamide emulsifier (epoxidized soybean
oil polyamide) (ESOP), synthesized from epoxidized soybean oil, exhibits superior thermal stability and interfacial
activity due to its hyperbranched architecture. Combined with calcium petroleum sulfonate (CPS) and hydrophobic
nanosilica (HNs), it enables a high-performance OBDF with an ultra-low OWR of 60:40. The results show that the
optimized formula achieves an excellent demulsification voltage of 1290 V, an ultra-low HTHP fluid loss of 1.5 mL,
a yield point of 12.9 Pa, and a superior sag factor (SF) of 0.504, outperforming both base and commercial systems.
Mechanistic studies reveal a multiscale stabilization strategy involving a dense composite interfacial film, Pickering
stabilization, a 3D network, and a unique thermally triggered self-reinforcement effect. This work not only provides
a cost-effective OBDF formulation but, more importantly, establishes a molecular topology engineering paradigm for
stabilizing complex industrial fluids under extreme conditions.

KEYWORDS: Oil-based drilling fluid; low oil-to-water ratio; emulsifier; synergistic effect; molecular topology design

1 Introduction

Drilling fluid performance is crucial for addressing challenges in the oil and gas industry. Typically,
drilling fluids can be categorized into water-based drilling fluids (WBDFs), OBDFs, and synthetic-based
drilling fluids (SBDFs). While WBDFs are widely used due to their cost-effectiveness and environmental
advantages, OBDFs are indispensable for more demanding applications [I-4]. OBDFs provide excellent
lubrication, inhibition, thermal stability, and resistance to high temperatures, salts, and calcium contam-
ination. These properties prevent shale hydration and well wall collapse, making OBDFs essential for
unconventional, deep, and long horizontal wells [5-7]. Despite these advantages, the high cost of base oil
and emulsifiers, difficulties in mudcake removal, and stringent environmental regulations have impeded
their broader application [8-11]. A key strategy to reduce cost and environmental impact is to minimize the
OWR. Conventional OBDFs typically contain 10%-20% water, whereas low-OWR formulations increase the
water phase to 30%-40% [5]. Reducing the OWR is crucial for cost-effective, environmentally sustainable
OBDFs, driving demand for ultra-low OWR formulations. However, this reduction can impair rheological
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properties and emulsion stability, especially at prolonged high temperatures, leading to emulsifier failure,
barite sedimentation, and drilling fluid failure [12-15].

Researchers have developed various emulsifiers, including commercial polymers and pH-sensitive
reversible emulsifiers, to enhance OBDF performance [16-20]. Pu et al. [21] improved the emulsion’s stability
by introducing hydrophilic nanosilica. The results showed that nano-silica could effectively improve the
flow pattern of the drilling fluid. Compared to the system without nano-silica, nano-silica increased the
demulsification voltage of the drilling fluid system to 874 V under aging conditions at 140°C and reduced
the filtrate loss rate by up to 81.8%. However, conventional and most commercial emulsifiers often fail
under such demanding conditions due to inherent molecular limitations: their linear or weakly branched
structures are prone to thermal degradation and desorption at elevated temperatures, leading to the collapse
of the interfacial film. These limitations are particularly acute in ultra-low OWR, high-density systems,
stemming from both inherent structural flaws and derived performance deficits. Conventional architectures
lack thermal and mechanical stability at the interface, while even advanced formulations struggle with
long-term decay, rheological trade-offs, contamination sensitivity, and environmental impact. Therefore,
the development of emulsifiers with three-dimensional topological structures has emerged as a promising
strategy to address this challenge. Star-shaped polymers exhibit a relatively regular structure, yet the density
of functional sites remains comparatively low. Well-established research confirms that achieving perfect den-
drimers requires a synthetically challenging and laborious process. Consequently, their high manufacturing
cost prohibits widespread availability, posing the primary impediment to their broader application [22].
In contrast, hyperbranched polymers are a kind of polymer with a three-dimensional structure—offering
a more economical synthesis route while retaining many desirable properties of dendrimers, such as low
melt viscosity, high solubility, and a large number of terminal functional groups [23]. A key limitation
persists for ultra-low OWR OBDFs under extreme conditions: even with advanced high-temperature
emulsifiers like aromatic/sulfonated modifiers and nanoparticle stabilizers, the interfacial film often lacks
sufficient strength and packing density [24-26]. The fundamental challenge in such systems stems from the
drastically increased oil-water interfacial area when the oil phase is minimized. This expansive interface
places extraordinary demands on the emulsifier’s ability to form a dense, cohesive, and mechanically robust
film that can withstand elevated temperatures and shear. Hyperbranched polymers (HBPs) represent a
promising candidate in this regard, and initial studies, such as the work by Wei [27], have confirmed the
feasibility of hyperbranched polyamides for OBDFs, reporting demulsification voltages above 800 V at
180°C. However, a critical gap persists between this promising topology and the specific demands of ultra-
low OWR systems. Existing studies on HBPs for drilling fluids have predominantly been validated under
conditions that differ fundamentally from the scenario targeted here—often employing different base fluids
(e.g., synthetic-based systems) or higher, more forgiving OWRs. Under these conditions, the interfacial stress
is comparatively lower, and stabilization often emphasizes bulk-phase viscositying effects.

To address the paramount challenge of stabilizing ultra-low OWR (60:40) OBDFs under high-
temperature, high-density conditions—where maximized interfacial area intensifies stress on the interfacial
film—this study employs a combined strategy of molecular topology engineering and synergistic colloidal
formulation. We developed a novel hyperbranched polyamide emulsifier (ESOP) from ESO, featuring rigid-
flexible segments and stable amide bonds for enhanced thermal stability and multi-site interfacial anchoring.
Moving beyond single-component solutions, ESOP was synergized with CPS and HNs to formulate a 60:40
OWR fluid that maintains exceptional stability after dynamic aging at 180°C. Comprehensive characteri-
zation reveals a multi-scale stabilization mechanism, including a composite interfacial film and a unique
thermally-triggered self-reinforcement effect critical under extreme OWR conditions. This work establishes
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a targeted design paradigm linking hyperbranched topology, synergistic formulation, and high performance
for ultra-low OWR OBDFs under extreme downhole conditions.

2 Materials and Methods
2.1 Materials

The experimental reagents and instruments used in this work are listed in Tables 1 and 2.

Table 1: Experimental reagents.

Material

Purity/Grade

Supplier

Epoxidized soybean oil (ESO)
Diethylenetriamine (DETA)
Calcium petroleum sulfonate

p-Toluenesulfonic acid
Calcium hydroxide
Hydrophobic nanosilica
Oxidized asphalt
Organobentonite

Barite
Tetrahydrofuran (THF)
Sulfonated polyacrylamide (S-PAM)

Commercial high-temperature primary
emulsifier (HRP-1)

95.0%, M, = 1000

99.0%
99.0%
98.0%
99.0%
98.0%
99.0%
99.0%

95.0%
99.9%
98.0%

Wuhan Hengjiu Chemical Co., Ltd.
Shandong Hongyang Chemical Co., Ltd.
Hubei Baidu Chemical Co., Ltd.
Aladdin, Shanghai, China
Aladdin, Shanghai, China
Shouguang Changtai New Materials Co., Ltd.
Shandong Tonglan Chemical Co., Ltd.
Shouguang Changtai New Materials Co., Ltd.
Tianjin Yandong Haotian Mineral Products
Co., Ltd.

Merck, Rahway, NJ, USA
Shandong Noah Biological Technology Co.,
Ltd.

CNOOC Energy Technology & Services Ltd.

Table 2: Experimental instruments.

Instrument Model Manufacturer
Fourier- f infi FTI
ourier-transform infrared (FTIR) Nicolet iN10 Thermo Fisher Scientific, Shanghai
spectrometer
Beijing Hengji E i tal Equi t Co.,
Thermogravimetric analyzer(TGA) HQG-ISK cying Heng)t xperlme“r‘l a Bquipment L0
Ltd., Beijing
Six-speed viscometer ZNN-D6 Changzhou Dedu Pre.cision Instrument Co.,
Ltd., Jiangsu
Agilent Technologies, Inc., lara, CA,
Gel permeation chromatography Agilent 1260 giient lechno ogleé SXC .
Infinity
High-temperature roller heating Huangdao Senweida Electromechanical
XGRL-4A . . .
furnace Equipment Business Department, Qingdao
Electrical stability tester DWY.2 Qingdao Haitongda SPec1al Instrument Co.,
Ltd., Qingdao
HTHP filtration tester GGS7LB Hengtaida Mechanical and Electrical

Equipment Co., Ltd., Qingdao

(Continued)
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Table 2 (continued)

Instrument Model Manufacturer
Nanoparticle size potentiometer Litesizer 500 Anton Paar, Shanghai
Shand iuzhang Scientific Inst t
Spinning Drop Tensiometer YP-ZL110 andong Jiuzhang Scientific Instrumen
Co., Ltd.
Laser Diffraction Particle Si
aser M r/ii;)nzerar icle Size Mastersizer Malvern Panalytical
Y 3000
Adjustable-angle static sag test stand ~ Custom-built N/A

2.2 Synthesis of ESOP

A series of ESOP emulsifiers was synthesized with different ESO-to-DETA molar ratios (1:1, 1:1.2, 1:1.5,
1:1.8,1:2). In a typical process, ESO and DETA at the desired molar ratio were added to a 250 mL four-necked
round-bottom flask fitted with a mechanical stirrer, thermometer, Dean-Stark trap, and reflux condenser.
The reaction mixture was first heated to 110°C-120°C for 2 h to promote the ring-opening reaction. Then,
the temperature was increased to 160°C-180°C for 5 h to encourage polyamidation and dehydration. The
reaction progress was tracked by titrating for the amine value. After completion and cooling below 100°C, any
unreacted DETA was removed under reduced pressure (—0.01 MPa) at 120°C for 1.5 h. The process produced a
viscous, brown-red product (98.5% yield) without further purification, labeled as ESOP-x (where X’ indicates
the DETA molar equivalent). The specific mass loadings of ESO and DETA corresponding to the different
molar ratios are provided in Table 3.

Table 3: Specific loadings of reactants for the synthesis of ESOP.

Molar Ratio ESO (g) DETA (g) Product Label
1:1 20.00 2.06 ESOP-1
1:1.2 20.00 2.48 ESOP-1.2
1:1.5 20.00 3.10 ESOP-1.5
1:1.8 20.00 3.71 ESOP-1.8
1:2 20.00 4.13 ESOP-2

The formation mechanism of the hyperbranched poly(amido amine) proceeds through two sequential
and synergistic reactions: initially, the primary amine groups of diethylenetriamine act as nucleophiles,
attacking the epoxide rings in ESO, which triggers a ring-opening reaction and yields B-hydroxyamine
intermediates—this step establishes the molecular backbone and introduces critical branching points. Subse-
quently, at elevated temperatures, the amine groups undergo a polyamidation reaction with the ester linkages
in the soybean oil backbone, forming highly thermally stable amide bonds via dehydration, ultimately leading
to the construction of a hyperbranched polymer with a three-dimensional topological network. The essence
of this cooperative mechanism lies in leveraging the multifunctionality of the monomers: the ring-opening
addition builds the structural framework, while the subsequent polyamidation imparts reinforcement and
stability to the architecture. Both ESO and DETA are multifunctional monomers. The above two reactions
will occur alternately and competitively, eventually forming a three-dimensional hyperbranched network
structure. Fig. la—c illustrates the structure formula for ESO and the reaction process.



J Polym Mater. 2026;43(1):14 5

o ! o ;
Ry —L\— R, —COOCH, ; OMWCHa
o\ : i
Ry —N R, —COOCH v O‘g“/\/\/\%\/éy\/\/\crh
o) 0 O
Ry L\ R, —COOCH, EOWW\/\CHB
(@
Ri— CH— CH—R,
n OH N‘Hf
Ry ‘ﬁoﬁ R, +  HN >""NH, —— (CHy),
NH,
B-hydroxyamine intermediates
(b)

R-COO-R' + R"-NH,

R-CONH-R" + R'-OH
(c)

Figure 1: (a) Structure Formula of ESO (R and R, represent the fatty acid chains). (b) Ring-opening addition reaction.
(c) Polyamidation reaction.

2.3 Characterization
2.3.1 Fourier-Transform Infrared (FTIR) Spectroscopy

The molecular structure of the synthesized ESOP was analyzed using FTIR spectroscopy with a Nicolet
iN10 spectrometer (Thermo Fisher Scientific) equipped with a diamond attenuated total reflectance (ATR)
accessory. A small drop of the pure liquid ESOP sample was placed directly on the ATR crystal. Spectra
were recorded over a wavenumber range of 4000 to 400 cm™! with a resolution of 4 cm™, and 32 scans were
averaged to achieve a high signal-to-noise ratio. The background spectrum was taken against clean air before
measuring the sample.

2.3.2 Thermogravimetric Analysis (TGA)

Thermal stability was assessed using an HQG-1SK thermogravimetric analyzer. An AL, O3 crucible was
zero-calibrated in the sample chamber. Precisely 20 mg of the sample was accurately weighed into an alumina
crucible, which was then placed back in the chamber. The TGA program heated samples at 10°C/min under
N, atmosphere to a final temperature of 650°C. Thermograms of ESOP were recorded and analyzed.

2.3.3 Molecular Weight Determination

GPC determined the molecular weight and molecular weight distribution of the synthesized ESOP.
High-performance liquid chromatography (HPLC) grade THF was used as the eluent at a flow rate of
1.0 mL/min. The system was calibrated with narrow dispersity polystyrene standards. The sample was
prepared by dissolving the product in THF at a concentration of approximately 2.0 mg/mL and then filtering
it through a 0.45 um PTFE syringe filter before injection.

2.4 Preparation and Formulation of OBDFs

The formulation design was guided by preliminary screening tests aimed at achieving a balance
between emulsion stability, rheological properties, and filtration control at an ultra-low OWR of 60:40.
The performance evaluation was conducted using oil-based drilling fluids with different OWRs. The base
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formulation is summarized in Table 1. Three comparative systems were prepared: (1) a base fluid without
CPS synergist, (2) a base fluid with a commercial emulsifier package replacing the ESOP/CPS system, and
(3) the base fluid with the synthesized ESOP/CPS synergistic emulsifier package.

The drilling fluids were prepared according to the addition order specified in Table 4. This specific
addition sequence was designed to ensure the sequential dissolution and hydration of additives and the
stepwise formation of a stable emulsion structure, thereby preventing component incompatibility. Briefly,
the base oil, emulsifier, and synergist were first mixed and stirred at 10,000 rpm for 20 min. Subsequently,
the organoclay was added and mixed for an additional 30 min. Next, the wetting agent and lime were
incorporated under stirring at 8000 rpm for 10 min. The CaCl, solution was then slowly introduced and
emulsified at 10,000 rpm for 45 min to form a stable invert emulsion. Finally, the filtration loss additive was
added and stirred at 8000 rpm for 20 min. After all additives were fully dispersed, barite was incrementally
added at 4000-6000 rpm to weigh the system to the desired density (1.8 g/cm’), and the mixture was
homogenized at 10,000 rpm for 30 min to obtain the base slurry. For formulations containing HNs, 2 wt.%
(by total fluid weight) HNs were added after the emulsification step and stirred for an additional 20 min
to promote Pickering stabilization and nano-filling effects. For the comparative systems, the commercial
emulsifier package was added at the recommended dosage and stirred before introducing the aqueous phase,
while the synergist-free variant was prepared by omitting CPS and proportionally increasing the primary
emulsifier. All samples were subjected to hot-rolling aging at specified temperatures (90°C, 120°C, 150°C,
or 180°C) for 16 h to simulate downhole conditions. and after cooling and remixing, their performance was
comprehensively evaluated in accordance with API 13B-2 standards.

Table 4: Base formulation for the oil-based drilling fluid.

Component Function Concentration Addition Order
White Oil Base Oil To balance 1
30% CaCl, solution Aqueous Phase 40% 4
ESOP Emulsifier Primary Emulsifier 4.8 wt.% of oil phase 2
CPS Synergist 3.2 wt.% of oil phase 2
Fatty alcohol phosphate ester Wetting Agent 2.0 vol.% of total 5
Organoclay Viscosifier 3.0 vol.% of total 3
lime (CaO) Alkalinity Controller 3.5 vol.% of total 5
Filtration loss additive Filtration Control 4.2 vol.% of total 6
Barite Weighting Agent To a density of 1.8 g/cm’ 7

Note: wt.% = weight percentage; vol.% = volume percentage.

2.5 Drilling Fluid Performance Evaluation

All performance evaluations detailed in this section were conducted in triplicate. The results are
reported as the mean + standard deviation to ensure statistical reliability.

2.5.1 Rheological Property Measurements

The drilling fluid samples were stirred at high speed (11,000 rpm) for 20-30 min in a slurry cup.
Subsequently, the homogenized samples were transferred to the test cup of a ZNN-D6 six-speed rotational
viscometer. Rheological parameters were measured sequentially at rotational speeds of 600, 300, 200, 100, 6,
and 3 rev/min. Apparent viscosity (AV), plastic viscosity (PV), and yield point (YP) were calculated using
the following standard formula [28], and repeated three times to get the average value.



J Polym Mater. 2026;43(1):14 7

AV =050, )
PV = ®49p D300 (2)
YP = 0.511( @399 — PV) (3)

2.5.2 Electrical Stability Test (ES)

Emulsion stability was determined by measuring the dielectric demulsification voltage using a DWY-
2 electrical stability tester according to the API recommended practice [13B-2]. The test was conducted as
follows: A 50 mL homogeneous sample of the drilling fluid was placed into the test cup. The sample was then
heated to and maintained at 55 + 1°C in a constant-temperature water bath for at least 10 min, with gentle
manual stirring immediately before testing to ensure uniformity. A concentric cylindrical electrode assembly
was inserted into the sample. The voltage was increased linearly at a constant rate of 150 V/s until a sharp drop
in current indicated emulsion breakdown, and the maximum voltage was recorded as the demulsification
voltage [29]. This procedure was repeated three times on fresh samples, and the average value was reported.

2.5.3 HTHP FL Test

The HTHP FL method introduced in the literature is adopted for evaluation [30]. That is, different
concentrations of ESOP were added to the OBDFs and stirred at 10,000 rpm for 20 min. The OBDFs were
hot-rolled at 90°C, 120°C, 150°C, and 180°C for 16 h. After aging, the HTHP FL was determined using an
HTHP filtration tester at the respective aging temperatures and under a pressure of 3.5 MPa.

2.5.4 Settlement Stability Test

The static sedimentation method introduced in the literature is usually adopted at the drilling site for
evaluation, and the SF is used to quantify the sedimentation stability of the drilling fluid [31]. That is, test
samples were subjected to hot rolling at predetermined temperatures for 16 h, followed by static aging at
ambient conditions for 24 h. The densities of the top (p;,,) and bottom (pyoom) layers were then measured
using a drilling fluid densimeter. The SF was calculated as follows [32]:

SF = __ Pbottom (4)
Pbottom + Ptop

An SF value greater than 0.52 indicates significant barite sedimentation within the drilling fluid system,
while an SF value of 0.50 signifies optimal sag resistance with no noticeable settlement. To evaluate the effect
of inclination angle, additional tests were conducted at vertical (0°), 45°, and horizontal (90°) orientations;
the corresponding results are provided in Section 3.3.3.

2.5.5 Biological Toxicity Tests

The impact of OBDF on the environment was evaluated through biological toxicity tests, and the
50% effective concentration was determined using the fluorescent bacteria method [33]. The environmental
impact of the OBDF was preliminarily evaluated through biological toxicity tests using the luminescent
bacteria method, which is a standard and widely accepted assay in the drilling fluid industry for rapid
screening. The 50% effective concentration (ECs() was determined [34]. While multi-species ecotoxicity tests
provide a more comprehensive assessment, the luminescent bacteria test offers a reliable and standardized
indicator for initial environmental compatibility screening [35].
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2.6 Interfacial and Microstructural Characterization

To elucidate the mechanisms underlying emulsion stabilization and sag resistance, complementary
analyses of interfacial properties and colloidal microstructure were performed.

2.6.1 Interfacial Tension Measurement

The interfacial activity of the emulsifiers was quantified by measuring the equilibrium interfacial
tension (IFT) between white oil and the 30 wt% CaCl, aqueous phase. Measurements were conducted
using a spinning drop tensiometer at 25°C. IFT values were recorded for systems containing the individual
components (ESOP, CPS) and their optimal synergistic mixture (ESOP:CPS = 60:40) to directly assess
molecular synergy.

2.6.2 Emulsion Droplet Size Analysis

The microstructure of the freshly prepared invert emulsions was analyzed via laser diffraction using
a particle size analyzer. To preserve the native droplet morphology and avoid disruption of the Pickering
stabilization, samples were gently diluted with white oil and measured immediately without high-speed
shearing or centrifugation. The volume-weighted mean diameter (Ds() and the polydispersity index (PDI)
were reported to evaluate emulsion uniformity and stability.

2.6.3 Zeta Potential and Aggregate Size of Emulsifier Dispersions

The electrokinetic potential and size of emulsifier aggregates in the continuous oil phase were measured
to investigate interfacial charge and thermally-induced changes. Samples were diluted 100-fold with white
oil, ultrasonicated for 30 min to ensure dispersion, and centrifuged at 3000 rpm for 5 min to remove large
particulates like barite and organoclay. The zeta potential and hydrodynamic diameter of the supernatant
were then determined using Nanoparticle size potentiometer (Litesizer 500 Anton Paar, Shanghai) and Laser
Diftraction Particle Size Analyzer (Mastersizer 3000, Malvern Panalytical).

3 Results and Discussion
3.1 Characterization

The molecular structure of the synthesized ESOP emulsifier and ESO was confirmed by FTIR spec-
troscopy, as shown in Fig. 2. The spectrum exhibited characteristic absorption bands corresponding to the
expected functional groups of the hyperbranched polyamide. The broad peak at 3435 cm™ is attributed
to N-H stretching vibrations of secondary amide groups, indicating successful amidation. The distinct
bands at 2952 and 2879 cm™! correspond to asymmetric and symmetric C-H stretching vibrations of -CH,-
and -CHj;- groups, respectively, originating from the fatty acid chains of ESO and the alkyl segments of
diethylenetriamine. A strong absorption observed at 1677 cm™ is assigned to the C=0O stretching vibration
(amide I band), which is characteristic of the formed amide linkages [36]. The peak at 1459 cm™" arises from
C-H bending vibrations in methylene groups. Furthermore, the absorption at 1150 cm™! is associated with
C-O-C stretching vibrations of ether linkages, which may result from the residual or ring-opened structures
of the epoxidized soybean oil [37]. Critically, the absence of characteristic epoxy ring absorption bands in the
region of 820-910 cm™' confirms the complete consumption of epoxy groups during the ring-opening and
polyamidation reactions, verifying the successful synthesis of the target hyperbranched polyamide structure.
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Figure 2: (a) FTIR spectrum of ESOP. (b) FTIR spectrum of ESO.

To rigorously evaluate the intrinsic thermal stability of the hyperbranched polyamide structure, ESOP
was compared with sulfonated polyacrylamide (S-PAM). The TGA curves in Fig. 3 reveal that ESOP exhibits
a multi-stage decomposition profile, demonstrating superior thermal resilience compared to S-PAM. The
polymer showed excellent stability up to 200°C, with negligible mass loss (<3%), primarily due to the
evaporation of moisture and volatile components [38]. A mass loss of 11.92% occurred between 200°C and
230°C, attributed to the decomposition of side groups and minor chains. Subsequently, a significant mass
loss of 43.56% from 230°C to 490°C indicated the degradation of the primary polymer backbone, with
decomposition occurring beyond 500°C. The derivative thermogravimetry (DTG) curves further clarify the
decomposition stages. For ESOP, two distinct decomposition peaks are observed: the first peak at approxi-
mately 215°C corresponds to the decomposition of side groups and minor chains (mass loss of 11.92%), and
the second peak at around 385°C is attributed to the degradation of the primary polymer backbone (mass
loss of 43.56%). In contrast, S-PAM exhibits a sharp, single decomposition peak at about 185°C, indicating
its rapid and extensive breakdown at a lower temperature. The distinct two-step decomposition profile of
ESOP, in contrast to the single, sharp peak of S-PAM, provides direct thermal evidence of the structural
heterogeneity within the hyperbranched architecture, where less stable peripheral groups decompose prior
to the robust, cross-linked core. This robust thermal performance of ESOP can be attributed to its unique
hyperbranched architecture rather than aromatic or sulfonic groups. The highly branched, three-dimensional
molecular structure creates a multitude of strong hydrogen-bonding sites from the abundant amide groups.
This extensive intermolecular hydrogen-bonding network significantly restricts the movement of molec-
ular segments and increases the energy required for thermal decomposition. Furthermore, the compact,
cross-linked nature of the hyperbranched topology inherently impedes the volatilization of decomposition
fragments. Thus, the molecular topology itself is the primary factor conferring exceptional thermal stability
to the ESOP polymer.
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Figure 3: (a) TGA and DTG curves of the synthesized ESOP. (b) TGA and DTG curves of S-PAM.

3.2 Formulation Optimization
3.2.1 Optimization of ESOP Synthesis Ratio

GPC analysis (Table 5) the molar ratio of reactants significantly influences the molecular weight and its
distribution of ESOP. When the ratio of ESO to DETA is 1:1, the amine is insufficient to fully open all epoxy
groups and react with them, resulting in a highly branched structure and extensive cross-linking network.
This leads to a very high My, and an extremely wide PDI of up to 26.66, indicating that the product is a
mixture of high molecular weight polymers and small molecular oligomers with non-uniform properties.
When the ratio increases to 1:1.5, the excess DETA ensures the complete reaction of epoxy groups and
effectively controls chain growth, primarily producing the desired low-molecular-weight polyamide amine.
This results in moderate M, and M,, with the narrowest PDI, indicating a well-defined structure and uniform
composition. This feature is essential for forming a dense and stable interfacial film. When DETA is further in
excess (1:1.8, 1:2), the excess amine acts as a ‘chain terminator;, greatly limiting the growth of molecular chains
and leading to an excessively low molecular weight. Although the PDI remains narrow, these small molecules
cannot form an interfacial film with sufficient mechanical strength. Therefore, ESOP-1.5 was identified as the
optimal candidate for subsequent studies.

Table 5: The molecular weight of the ESOP series polymers.

Sample M, M, M, PDI (M,,/M,)
ESOP-1 1495 39,851 248,576 26.66
ESOP-1.2 2073 16,859 61,247 8.13
ESOP-1.5 4259 7768 12,521 1.82
ESOP-1.8 1786 2461 3684 1.38
ESOP-2 1152 1369 2143 1.19

3.2.2 Optimization of the Co-Emulsifier Ratio

To investigate the synergistic effect between ESOP and CPS, their molar ratio was optimized while
keeping the total concentration at 8 wt% (relative to the oil phase). Five ratios of ESOP to CPS were tested:
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100:0, 75:25, 60:40, 25:75, and 0:100. The drilling fluid formulations were otherwise identical to the base recipe
described in Section 2.3. The optimal ratio of 60:40 was selected based on a comprehensive performance
assessment, including electrical stability, SF, and HTHP FL, and was used in all subsequent comparative
studies. The test results are shown in Table 6.

Table 6: Optimization of the ESOP-to-CPS molar ratio.

Oil-to-Water HTHP Demulsification
ESOP:CPS Ratio PV/(mPa-s) YP/Pa FL/mL Voltage/V SF
100:0 80:20 24 4.2 7.6 762 0.527
75:25 80:20 29 71 3.9 995 0.519
60:40 80:20 33 8.9 2.5 1248 0.507
25:75 80:20 38 5.8 45 628 0.524
0:100 80:20 21 2.8 9.2 454 0.539

3.2.3 Optimization of Oil-to-Water Ratio

The optimization of the OWR, as summarized in Table 7, reveals a key trade-oft between emulsion
stability and rheological structure. As the water phase increases from 10% to 40%, the rheological properties
(YP) are significantly improved due to the formation of a denser emulsion structure, which also enhances
sag stability (SF approaching 0.506) and filtration control (HTHP FL as low as 1.7 mL). However, this
comes with a gradual reduction in electrical stability, since the emulsifier system must stabilize a larger
interfacial area. The formulation maintains excellent overall performance within the 70:30 to 60:40 range,
where the demulsification voltage stays well above the 800 V threshold while achieving better sag resistance
and filtration loss. The 50:50 ratio is identified as the operational limit, beyond which the interfacial film
becomes overstretched, causing a sharp decline in electrical stability and a dangerous increase in the sag
factor. Therefore, the OWR of 60:40 was established as the optimal value for this ultra-low-oil-phase system.

Table 7: Optimization of the OWR.

Oil-to-Water HTHP Demulsification

ESOP:CPS Ratio PV/mPa-s YP/Pa FL/ml Voltage/V SF
60:40 90:10 27 4.1 4.3 1590 0.518
60:40 80:20 31 6.2 3.1 1421 0.515
60:40 70:30 39 8.9 1.9 1284 0.511
60:40 60:40 46 12.5 1.7 1258 0.506
60:40 50:50 59 16.9 2.6 694 0.529

3.3 Comprehensive Performance Evaluation of the Optimized OBDF System

In this section, the comprehensive performance of the developed OBDF system was evaluated and
compared against base and commercial benchmarks. The assessment was conducted using three dis-
tinct formulations—a Base Formulation, a Commercial Emulsifier Formulation, and the ESOP-Optimized
Formulation—all maintained at an ultra-low OWR of 60:40. These systems were subjected to hot-rolling
at various temperatures (90°C, 120°C, 150°C, and 180°C) for 16 h to simulate severe downhole aging. The
following subsections present a detailed analysis of the key performance metrics, including high-temperature
tolerance, emulsification stability, sag resistance, and filtration control, measured after this aging process.
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3.3.1 High-Temperature Tolerance and Overall Performance Comparison

The key performance metrics after the most severe aging at 180°C are summarized in Table 8. The
ESOP-Optimized Formulation outperformed the other formulations across all key metrics (Table 8): it
achieved a high YP of 9.8 Pa, indicating excellent cuttings transport capacity; a demulsification voltage
of 1075 V, significantly higher than the industrial standard of 800 V; an ultra-low HTHP FL of 1.9 mL,
reflecting superior filtration control; and an excellent SF of 0.509. These results confirm that the ESOP-
optimized system effectively overcomes the performance degradation typically observed in low OWR
OBDFs under high-temperature, high-density conditions. The superior overall performance of the ESOP-
optimized system, achieved using cost-effective ESO as a raw material, constitutes a highly competitive and
cost-efficient solution for formulating ultra-low OWR drilling fluids in challenging deep-well applications.
This performance, notably achieving a demulsification voltage exceeding 1200 V under the extreme dual
conditions of an ultra-low 60:40 OWR and dynamic aging at 180°C, clearly benchmarks against and
outperforms the typical performance ranges (e.g., demulsification voltages commonly reported between
800-1100 V) of most hyperbranched emulsifiers documented in prior studies, which were often validated
under milder conditions such as higher OWRs (e.g., 80:20) or lower temperatures [27]. This underscores
the distinctive advantage conferred by the ESOP molecular design and its synergistic formulation. A direct
performance comparison with previously reported hyperbranched emulsifier systems is provided in Table 9,
which clearly highlights the superior stability of our ESOP-based system under more challenging ultra-low
OWR and high-temperature conditions.

Table 8: Comprehensive performance comparison of different OBDF systems after hot-rolling at 180°C for 16 h.

Demulsification
Syst PV (mPa- YP (P HTHP FL (mL SF
ystem (mPa-s) (Pa) Voltage (V) (mL)
Base Formulation 29 5.9 468 39 0.522
Commercial Emulsifier 32 8.6 812 2.4 0.511
ESOP-Optlr.mzed 36 9.8 1075 1.9 0.509
Formulation

Table 9: A direct performance comparison of different OBDF systems after hot-rolling at 180°C for 16 h.

Demulsification HTHP FL

. . . o
System Description OWR Aging Temp./"C Voltage (V) (mL) SF Ref
Hyperbranched polyamide ] Not .
(Wei JY, 2024) 80:20 180 >800 <3 reported [27]
ESOP-Optimized(without HNs) 60:40 180 1075 1.9 0.509 Table 8

ESOP-Optimized(with HNs) 60:40 180 1290 1.5 0.504 Table 10
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Table 10: Performance enhancement of the OBDF system by HN.

HTHP FL Demulsification
PV (mPa- YP (P F
System V (mPa-s) (Pa) (mL) Voltage (V) >
ESOP-Optn.mzed 34 1.8 1.9 1072 0.509
Formulation
ESOP-Optimized
12. 1. 12 504
(with HNs) 36 ’ > ” "

3.3.2 Emulsification Stability

Emulsion stability is fundamental to maintaining the overall properties of OBDFs, thereby ensuring the
safety of drilling operations. The minimum voltage required for demulsification of the emulsion is called
the demulsification voltage, and the higher the value, the more stable the drilling fluid. The demulsification
voltage of OBDF is typically required to exceed 800 V in field applications [39]. The emulsification stability,
quantified by the demulsification voltage, of the three OBDF systems after exposure to different aging
temperatures is presented in Fig. 4. As anticipated, the ES of all systems was progressively compromised by
increasing thermal stress. The Base Formulation exhibited the most severe degradation, with its ES plummet-
ing below the critical 800 V threshold after aging at 180°C, indicating imminent emulsion breakdown. The
Commercial Emulsifier Formulation demonstrated better but still limited thermal resistance, maintaining
ES above 800 V until 180°C, but showing a consistent declining trend.

1500
7] Commercial Emulsifier
1225 [ ESOP-Optimized Formulation
1200 1 4 1158
994
o 952 Ex
—— 908
900 852 =
s | oz
2 726
[} T
W
600 - 595
4g8
300
0 T T T T
90 120 150 180

Temperature (°C)
Figure 4: Variation of ES with thermal aging temperature for different OBDF systems.

In stark contrast, the ESOP-Optimized Formulation exhibited exceptional thermal resilience. Notably,
it exhibited a significant rebound in ES at 180°C, suggesting a thermally-triggered self-reinforcement
mechanism within the ESOP/CPS interfacial film, as will be discussed in Section 3.4.2. After 180°C aging,
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the ESOP system’s demulsification voltage was 1075 V, which is 96% and 34% higher than that of the base and
commercial formulations, respectively, conclusively proving its superior ability to preserve emulsion stability
under ultra-high temperature conditions.

3.3.3 Sag Stability under High-Density Conditions

Sag stability under thermal and inclined conditions was rigorously evaluated. As shown in Fig. 5a, the SF
of all systems increased with aging temperature, yet the ESOP-Optimized Formulation consistently exhibited
the lowest values, achieving an excellent SF of 0.509 after 180°C aging. This surpassed both the Base (0.522)
and Commercial (0.511) formulations, with the former breaching the 0.52 warning threshold. The critical
advantage under deviated wellbore conditions is revealed in Fig. 5b. After 180°C aging, the ESOP-optimized
fluid maintained SF values below 0.52 at all inclination angles (0°, 45°, 90°), demonstrating isotropic
stability. In contrast, both comparative formulations exceeded the safe limit at 45° and/or 90° inclinations,
highlighting their vulnerability in horizontal sections. This performance aligns with observations in other
studies where effective 3D network formation is crucial for mitigating angle-dependent sag.

0.55 0.56
—m - Base Formulation 0.548 0°
—-®- Commercial Emulsifier
0.54 A - ESOP-Optimized Formulation l 0.55 - |:| 45°
l/ 900
J 0.536
0.54-| 0.533
0.53 /\
& / t 053 0523
0524 % 0.522
0.52 }\
- N
0.51
% l 0.51 -

0.50 4 %

T T T T T 0-50 T T T
80 100 120 140 160 180 Base Commercial ESOP-Optimized
Temperature (°C) Formulation
(a) (b)

Figure 5: (a) Variation of SF with thermal aging temperature for different OBDF systems. (b) SF of different OBDF
systems under various static inclination angles after hot-rolling at 180°C.

This superior, full-spectrum sag resistance is directly attributable to the unique microstructure of
the ESOP-based system. The hyperbranched ESOP polymer, synergizing with HNs, forms a robust, three-
dimensional network within the continuous oil phase. This network provides uniform gel strength that
effectively suspends barite against both thermal degradation and the enhanced settling forces in inclined
wellbores, a fundamental structural advantage over conventional linear emulsifiers.

3.3.4 HTHP FL

As illustrated in Fig. 6, the HTHP FL for all systems increased with aging temperature, indicating
thermal degradation of the filter cake. The ESOP-Optimized Formulation consistently maintained the lowest
filtration loss across the entire temperature range. After 180°C aging, it achieved an ultra-low filtration loss
of only 1.9 mL (Table 8), which is approximately 67% and 48% lower than that of the base and commercial
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formulations, respectively. This demonstrates the superior and stable filtration control provided by the
synergistic ESOP/CPS/HNs system. This superior performance stems from a synergistic effect: the stable
emulsion formed by the ESOP/CPS system minimizes aqueous phase invasion, while the HNs provide a
“nano-filling” effect, plugging microscopic pores in the filter cake to form a denser, less permeable barrier.
This combination ensures outstanding filtration control under high-temperature, high-pressure conditions.

6
— - Base Formulation
- ®- Commercial Emulsifier
5 A - ESOP-Optimized Formulation

2/%/+

4 ;/l

. /i

. —
§/

FL (mL)

A

1

>

T T T T T T T T T T
80 100 120 140 160 180
Temperature (°C)

Figure 6: Variation of HTHP FL with thermal aging temperature for different OBDF systems.

3.3.5 Biological Toxicity Tests

According to the industry standard Q/SY 111-2007 (Luminescent bacteria test), the ECsy values of the
drilling fluids were determined [40], and the results are listed in Table 11. The ECsq results of the three
groups of samples are as follows: 25,200 mg/L (Base Formulation), 33,250 mg/L (Commercial Emulsifier),
38,900 mg/L (ESOP-Optimized Formulation). According to the biological toxicity grade classification stan-
dard, when the ECsy was larger than 25,000 mg/L, OBDF was nontoxic. If the ECs, exceeded 30,000 mg/L,
the emission standard was achieved [41]. Therefore, both the Commercial Emulsifier and ESOP-Optimized
formulations are classified as non-toxic. The ESOP-Optimized Formulation exhibited the highest ECs, value,
indicating its superior environmental compatibility.

Table 11: Biotoxicity of different drilling fluid samples.

Sample EGCsy, mg/L Biotoxicity
Base Formulation 25,200 Non-toxic
Commercial Emulsifier 33,250 Non-toxic

ESOP-Optimized Formulation 38,900 Non-toxic
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3.3.6 Performance Enhancement with HNs

The incorporation of HNs into the optimized ESOP/CPS formulation led to comprehensive perfor-
mance enhancements, as quantitatively demonstrated in Table 10. The demulsification voltage increased to
1290 V, HTHP fluid loss was reduced to 1.5 mL, and the SF decreased to a near-ideal 0.504, collectively
confirming the critical role of HNs in fortifying the ultra-low OWR system under extreme conditions.
Beyond these numerical gains, HNs impart essential robustness for field applications—under simulated
downhole conditions of 180°C aging, 1.8 g/cm® density, and a challenging 60:40 OWR, they reinforce both
the interface and the continuous phase through Pickering stabilization (forming a mechanical barrier against
droplet coalescence) and a nano-filling effect (yielding a denser, less permeable filter cake). These multi-
faceted mechanisms, which synergize with the molecular-scale actions of ESOP and CPS, are elaborated
in the following section (Section 3.4). Together, they ensure long-term thermal and mechanical stability,
making the HN-enhanced system a reliable candidate for demanding drilling operations.

3.4 Unraveling the Multi-Scale Synergistic Mechanism

The exceptional performance of the ESOP-optimized OBDF system, particularly its ability to maintain
high stability at the ultra-low OWR of 60:40 under extreme thermal aging, stems from a multi-scale
synergistic mechanism. This section delineates the underlying mechanisms across different scales, from
molecular interactions to bulk phase structuring, which collectively confer the observed high-temperature
stability and sag resistance under the specific condition of a minimized oil phase. A central finding is
the thermally triggered self-reinforcement effect observed at the interface, which is pivotal for countering
performance decay at 180°C. These mechanisms are conceptually summarized in Fig. 7. Direct visualization
of these microstructures (e.g., via Cryo-SEM or CLSM) will be a key focus of future work to further
substantiate these insights specific to ultra-low OWR systems.

Microscale: Single Nanoscale: Bulk
emulsion droplet Oil Phase

Interfacial Film Zone #
PIckerIngEﬁen‘/ X [ Forms ] [ Reinforces ]
L =1

‘ H-Bond

Suspends

W/O Interface -
W Oil Phase Weight Agent

Macroscopic: Drilling Fluid
Performance

- - — ES>1200 V - -
Provides Emulsion Stability Provides Sag Resistance

HTHP FL<2.0 mL

Figure 7: Multi-scale synergistic mechanism of the ultra-low OWR drilling fluid.
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3.4.1 Molecular Architecture and Interfacial Synergy

The molecular foundation lies in the hyperbranched structure of ESOP. The synergy primarily originates
from electrostatic attraction and hydrogen bonding between the amide groups of ESOP and the sulfonate
groups of CPS. These molecular interactions facilitate the formation of a densely packed composite layer
at the interface. The incorporation of HNs introduces Pickering stabilization. These nanoparticles become
irreversibly adsorbed at the oil-water interface, forming a robust physical barrier that mechanically impedes
droplet coalescence. This nanoscale “armor” synergizes with the molecular-scale ESOP/CPS film, creating a
multi-level defense system, reflected in the remarkable surge in demulsification voltage upon HN’s addition
(Table 8).

3.4.2 Thermally Activated Interfacial Reinforcement

Zeta potential and particle-size analyses collectively unveiled a unique thermally triggered self-
reinforcement mechanism in the ESOP-optimized system. Unlike the base and commercial formulations,
whose Zeta potentials declined after thermal aging, the ESOP-optimized system exhibited a marked increase
to —39.44 mV after 180°C aging (Fig. 8), indicating enhanced ionization or structural rearrangement under
heat [42]. Concurrently, the average ESOP aggregate size decreased systematically from ~260 to ~145 nm
(Fig. 9), a refinement synergistic with the Zeta potential trend and indicative of interfacial reorganization.
This phenomenon, where elevated temperature refines emulsifier aggregates, aligns with observations of
thermally-driven interfacial reorganization in other complex fluid systems [43]. Proposed mechanisms
include: thermally promoted rearrangement of ESOP/CPS into a denser composite film [44]; conformational
contraction of hyperbranched ESOP into smaller, more surface-active aggregates and strengthened ESOP-
CPS interaction, facilitating compact composite micelles [45]. This self-reinforcing interfacial behavior
underpins the anomalous rebound in demulsification voltage and record-high electrical stability after
extreme thermal aging.
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Figure 8: Zeta potential of different drilling fluid systems at varying temperatures.
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Figure 9: Particle size of different drilling fluid systems at varying temperatures.

3.4.3 Bulk Phase Network and Sag Stabilization

Beyond the interface, the ESOP/CPS/HNs system constructs a weak but effective three-dimensional
network within the continuous oil phase. The hyperbranched ESOP molecules form the network backbone,
while HN nanoparticles act as multifunctional cross-linking points. The efficacy of this network is quantita-
tively demonstrated by the marked increase in YP (e.g., from 11.8 to 12.9 Pa after 180°C aging, Table 10) and
the SF of 0.509, which provides the necessary gel strength to suspend barite particles under static conditions.

3.4.4 Synergistic Filtration Control Mechanism

The ultra-low HTHP FL is a direct result of synergistic effects at the filter cake. The first line of
defense is the exceptionally stable emulsion with small, uniformly sized droplets, which minimizes aqueous
phase invasion. This effect is proposed to be augmented by the “nano-filling” effect of HNs, where the
HNss likely plug microscopic pores within the filter cake under HTHP conditions, drastically reducing its
permeability. This proposition is supported by the significant reduction in FL upon HN addition (Table 10)
and is consistent with reports in the literature on nanoparticle-stabilized drilling fluids.

3.4.5 Interfacial Synergy and Its Microstructural Consequences

Direct evidence for the molecular synergy and stabilization mechanisms was obtained through interfa-
cial and microstructural analyses. As shown in Fig. 10, the IFT measurements of the individual components
vs. their combination revealed the core of the synergy: the ESOP/CPS blend reduced the IFT to 2.1 mN/m,
markedly lower than ESOP (5.9 mN/m) or CPS (8.4 mN/m) alone, confirming cooperative adsorption and
dense composite film formation. Consequently, emulsions stabilized by this synergistic system exhibited fine,
uniform droplets. The addition of HNs sharply narrowed the droplet size distribution (PDI from 0.23 to 0.15)
without changing the mean size, definitively characterizing their role as Pickering stabilizers that enhance
homogeneity through steric hindrance.
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Figure 10: (a) IFT between white oil and 30% CaCl, solution for different emulsifier systems. (b) Droplet size
distribution of fresh emulsions stabilized by the ESOP/CPS system with and without HNs.

The microstructural evolution under heat provides direct proof of interfacial self-reinforcement. As
shown in Table 12, thermal aging at 180°C reduced the average droplet size in the ESOP/CPS/HNs system
from 4.5 to 3.1 um. This compaction visually corroborates the proposed densification mechanism, linking
molecular-scale reorganization (Section 3.4.2) to the macroscopic rebound in emulsion stability (Fig. 4),
thereby completing the mechanistic rationale for the exceptional high-temperature performance.

Table 12: Summary of interfacial and microstructural data.

Part 1: Interfacial tension of different emulsifier systems.

Emulsifier System IFT (mN/m)
Blank(Qil/Brine) 251+ 0.3
ESOP only 59+0.2
CPS only 84+04
ESOP/CPS(60:40) 21+0.1
Part 2: Emulsion droplet size characteristics for different emulsifier systems.
Emulsifier System D50 (um) PDI
ESOP/CPS 45+03 0.23 £ 0.02
ESOP/CPS/HNs(Fresh) 4.6 +0.3 0.15 + 0.01
ESOP/CPS/HNs(Aged) 31+£0.2 0.18 £ 0.02

4 Conclusions and Recommendations

This study demonstrates that a synergistic system integrating molecularly designed hyperbranched
topology and tailored colloidal additives can effectively stabilize oil-based drilling fluids under the demand-
ing condition of an ultra-low OWR of 60:40. The hyperbranched polyamide emulsifier (ESOP), synthesized
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from epoxidized soybean oil, exhibits intrinsic thermal stability and facilitates multi-site interfacial anchor-
ing. In combination with CPS and HNs, the formulated fluid achieves benchmark performance after 180°C
aging, and a density of 1.8 g/cm® at an OWR of 60:40, achieves benchmark-setting macro-properties:
a high demulsification voltage of 1290 V, an ultra-low HTHP fluid loss of 1.5 mL, and superior sag
resistance (SF = 0.504). The success of this system is attributed to a multi-scale stabilization strategy
uniquely effective at low oil content, which encompasses the formation of a dense composite interfacial
film, pickering stabilization by HNs, a reinforcing three-dimensional network in the continuous phase,
and a unique thermally triggered interfacial self-reinforcement mechanism. Beyond delivering a high-
performance emulsifier for ultra-low OWR applications, this work establishes a general molecular topology
engineering paradigm, highlighting that the rational design of hyperbranched architectures demonstrated
here represents a versatile strategy for stabilizing a wide spectrum of complex industrial fluids under
demanding thermal and mechanical stresses.

Limitations and Future Work:

This study provides strong indirect and correlative evidence for the proposed multi-scale stabilization
mechanisms—such as the composite interfacial film, Pickering stabilization, 3D network, and thermally-
triggered self-reinforcement—through macroscopic performance data, interfacial property measurements,
and colloidal characterization. However, direct microstructural visualization of these mechanisms remains
a limitation of the present work.

To furnish more conclusive evidence and deepen the mechanistic understanding, future work will
focus on:

1. Advanced Downhole Simulation: Future work should employ advanced rheometers equipped with
pressure cells to evaluate the fluid’s performance under continuous shear and authentic pressure-
temperature cycles that mimic ultra-deep well conditions more accurately.

2. Direct Microstructural Visualization: Use techniques such as cryo-SEM, confocal laser scanning
microscopy (CLSM), or micro-CT to directly visualize the interfacial film, 3D network, and filter-cake
microstructure, providing unequivocal visual evidence for the proposed mechanisms.

3.  Comprehensive Ecotoxicity Assessment: Conduct multi-species toxicity tests (e.g., with algae or
crustaceans) for a more comprehensive environmental risk assessment.

4. Pilot-scale Synthesis and Field Trials: The economic feasibility and consistency of ESOP synthesis should
be validated at a pilot scale. Subsequent field trials are essential to demonstrate the practical efficacy,
long-term stability, and economic benefits of this novel system in a real drilling environment.
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