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ABSTRACT: Addressing the persistent challenge of shale hydration and swelling in water-based drilling fluids
(WBDFs), this study developed a smart thermo-responsive shale inhibitor, Hyperbranched Polyethyleneimine-
Propylene Oxide-N-isopropylacrylamide (HPN). It was synthesized by grafting hyperbranched polyethyleneimine
(HPEI) with propylene oxide (PO) and N-isopropylacrylamide (NIPAM), creating a synergistic hydration bar-
rier through hydrophobic association and temperature-triggered pore plugging. Structural characterization by
Fourier-Transform Infrared (FTIR) spectroscopy and gel permeation chromatography (GPC) confirmed the suc-
cessful formation of the HPN terpolymer, revealing a unique “cationic-nonionic” amphiphilic architecture with
temperature-responsive properties. Performance evaluation demonstrated that HPN significantly outperforms con-
ventional inhibitors, including potassium chloride (KCl), cationic polyacrylamide (C-PAM), polyethylene glycol
(PEG), polyetheramine (PEA), and HPEL It achieved a superior performance profile: a low yield point of 14.6 Pa, a
maximum linear expansion of only 3.1 mm, and a high shale recovery rate of 62.8% at 20% bentonite content. The
inhibition mechanism is attributed to a powerful synergy of electrostatic adsorption, hydrophobic association, and
thermally induced aggregation, which provides robust performance under demanding conditions such as high salinity
(200,000 mg/L NaCl) and high temperature (120°C). Thermogravimetric analysis confirmed excellent thermal stability,
and the inhibitor exhibited low biological toxicity, complying with stringent environmental standards. These results
establish HPN as an efficient, eco-friendly, and field-ready shale inhibitor well-suited for challenging drilling operations.

KEYWORDS: Hyperbranched polyethyleneimine; propylene oxide; water-based drilling fluids; shale inhibitor;
temperature-responsive polymer

1 Introduction

The safe and efficient extraction of oil and gas resources depends significantly on continuous innovation
in drilling technology. Among key components, drilling fluid is often regarded as the “blood” of drilling
operations, with its performance being crucial to overall success. WBDFs, in particular, are widely employed
in oil and gas drilling due to their cost-effectiveness, environmental compatibility, and superior rheological
properties [1-4]. However, when using water-based drilling fluids to handle highly reactive shale formations,
the clay minerals in the formation are prone to hydration, swelling, and dispersion. This can lead to wellbore
instability, collapse of shale layers, or even complete well abandonment. Such wellbore instability issues
not only severely compromise drilling efficiency but also drive up exploration and development costs
[5-7]. To effectively suppress the dispersion and swelling of clay, two methods can be employed: one involves
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intercalating inhibitors into the interlayer structure of clay minerals, and the other consists of coating the
shale formation with high-molecular-weight polymers, thereby blocking the interaction between water and
reactive shale [5]. Potassium chloride, as one of the earliest discovered shale inhibitors, is typically used
at concentrations ranging from 2% to 20%. However, water-based drilling fluids containing more than
1 wt% of KClI significantly inhibit microbial activity and have failed standard mussel-shrimp bioassays. As
a result, potassium-ion-enriched water-based drilling fluids are deemed unsuitable for deep-sea oil and
gas drilling operations due to their toxicity toward marine organisms and failure to meet environmental
requirements [8].

Extensive research efforts in recent years have led to the development of a comprehensive range
of shale inhibitors. These compounds are generally classified as ionic polymers, non-ionic polymers,
low-molecular-weight amines, ionic liquids, nanomaterials, or surfactants [9-13]. As a novel additive,
hyperbranched polymers have been successfully incorporated into water-based drilling fluid systems to
inhibit the hydration and swelling of shale. Compared to other linear amine-based inhibitors, hyperbranched
amine-terminated polymers possess a quasi-spherical structure with terminal amine groups directly attached
to their branching ends. This unique molecular configuration dictates both the chemical characteristics
and inhibitory efficacy of hyperbranched polymers. Their adsorption mechanism stems from the highly
branched architecture, terminated with amine groups, which enables strong attachment to clay surfaces and
effectively suppresses shale hydration and expansion [14-17]. Yang et al. [18] reported that hyperbranched
polyglycerols or hyperbranched polymers derived from ethylene carbonate exhibit remarkable structural
properties and are considered superior shale inhibitors. Experimental studies have demonstrated that
these hyperbranched structures offer better inhibition performance compared to their linear polyglycol
counterparts. By enhancing the hydrophobicity of the hyperbranched polyglycol architecture, it is pos-
sible to inhibit reactive shale formations. Hyperbranched polyethyleneimine has been widely applied in
sensors [19,20], membranes [21,22], and catalysts [23] due to its excellent environmental friendliness and
adsorption properties [24-26]. Fig. | clearly illustrates its inhibition mechanism: polyethyleneimine (PEI)
molecules intercalate into the interlayer spaces and replace cations, thereby promoting the migration of
water molecules into the interlayer gaps through electrostatic repulsion. Simultaneously, the amino groups
of PEI form hydrogen bonds with the hydroxyl groups on the clay surface, enabling the adsorption of
PEI onto the clay. These electrostatic interactions collectively constitute the inhibition mechanism of PEL
However, despite possessing a large number of amine groups and strong adsorption capacity, HPEI suffers
from drawbacks such as poor salt tolerance, incompatibility with anionic additives in drilling fluids, and
poor thermal stability at high temperatures. These limitations severely restrict its application under complex
oil and gas conditions.
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Figure 1: The schematic mechanism for the inhibition of PEI with bentonite

This study developed an HPEI-based ternary copolymer called HPEI-PO-NIPAM using a molecular
design approach. A performance comparison was made among six shale inhibitors: KCI, C-PAM, PEG,
PEA, HPEL and HPEI-PO-NIPAM. The advantages and innovations of HPEI-PO-NIPAM lie in its smartly
designed “cationic-nonionic” amphiphilic structure, achieved by adding PO segments and NIPAM units.
This design not only preserves the strong adsorption ability of HPEI but also significantly enhances the
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polymer’s hydrophobic adsorption on clay surfaces by incorporating numerous hydrophobic and amide
groups. As a result, the product overcomes reliance on electrostatic adsorption alone and demonstrates
exceptional salt tolerance. Additionally, including NIPAM units gives the polymer a distinctive temperature-
responsive hydration property. In shale fractures, the copolymer can strengthen hydrophobic association in
response to temperature changes, leading to improved plugging performance. Furthermore, the molecular
design reduces the cationic density, greatly increasing compatibility with anionic treatment agents and
making the product more environmentally friendly. Therefore, HPEI-PO-NIPAM is not just a simple
mixture but a fully engineered product created through molecular design. It effectively addresses the main
limitations of pure HPEI and represents a significant innovation in developing high-efficiency, salt-tolerant,
and environmentally friendly shale inhibitors.

2 Materials and Methods
2.1 Materials

The experimental reagents and instruments used in this work are listed in Tables 1-3.

Table 1: Experimental reagents

Material Purity/Grade Supplier
Hyperbranched Polyethyleneimine 99.0%, M,, = 50,000 Sigma-Aldrich, Saint Louis, MO, USA
Isopropylacrylamide (IPA) 98.0% Aladdin, Shanghai, China
Propylene oxide 98.0% Aladdin, Shanghai, China
Azodiisobutyronitrile 99.0% Macklin, Shanghai, China
Anhydrous isopropyl alcohol 99.5% Merck, Rahway, NJ, USA
Dimethyl Formamide 99.9% Merck, Rahway, NJ, USA
Sodium bentonite / Minerals in Gaochun, Nanjing, China
Calcium chloride 99.5% Sinopharm Reagents, Shanghai, China
KCl 99.5% Sinopharm Reagents, Shanghai, China
Polyether amine 95.0% Jiangsu Haian P'etroche'mical Co., Ltd,,
Haian, China
. Harbin Qinghua Industrial Gases Co.,
Nitrogen 99.99% Ltd., Harbin, China
Cationic plyacrylamide 05.0% Shandong Fuang Chenical Co. L.
Polyethylene glycol 99.0% Macklin, Shanghai, China
Sodium hydroxide 99.5% Sinopharm Reagents, Shanghai, China
Shale cuttings were
Shale obtained from a Drilling and Production Research
representative shale Institute of CNPC, Beijing, China

formation
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Table 2: Experimental instruments

Instrument Model Manufacturer
Fourier-transform infrared (FTIR) Frontier PerkinElmer, Shelton, CT, USA
spectrometer
Thermogravimetric analyzer STAReSW Swiss Mettler Tol.edo Company, Zurich,
(TGA) Switzerland
Fann Inst tC , Houston, TX,
Six-speed viscometer OFITE-900 anfi tnstriment Lompaty, Houston
USA
Itraviolet-visibl
Ultraviolet-visible UV-2600 Shimadzu, Kyoto, Japan
spectrophotometer
. , Beijing Times Xintian Measurement &
L FITE 170-80-1
inear expansion tester © 70-80 Control Technology Co., Ltd., Beijing, China
ingdao Senxin Elect hanical
High-temperature roller furnace XGRL-4A Qu‘lg a0 Serill biectromechanica
Equipment Co., Ltd., Qingdao, China
Expansion rate tester at normal Qingdao Senxin Electromechanical
NP-01B . . .
temperature and pressure Equipment Co., Ltd., Qingdao, China
Gel permeation chromatography . . Agilent Technologies, Inc., Santa Clara, CA,
Agilent 1260 Infi
(GPC) gilent 1260 Infinity USA

Table 3: Mineralogical and clay mineral compositions of shale cuttings

Category Composition Content (wt%)

Quartz 22.09

Potassium feldspar 6.04

Plagioclase 17.42

Mineralogical Calcite 13.84
Dolomite 2.87

Siderite 0.82

Hematite 0.69

Clay minerals 33.48

Kaolinite 2.49

Clay minerals Chlorites 14.55
Mlite 28.76

Illite/smectite mixed layer 50.55

2.2 Synthesis of the Shale Inhibitor
2.2.1 Synthesis of the HPEI-PO

A quantity of 10.00 g of vacuum-dried HPEI was dissolved in 150 mL of IPA. The solution was stirred
under a continuous N, atmosphere for 20 min to thoroughly remove oxygen and moisture. Subsequently,
the oil bath temperature was raised to 60°C and allowed to equilibrate. Then, PO was added dropwise to the
vigorously stirred HPEI-IPA solution over 30 min to prevent localized overheating and violent reflux. After
the addition was complete, the reaction mixture was stirred under reflux at 60°C under N, for 6 h. Once the
reaction was finished, the mixture was rapidly cooled in an ice-water bath to room temperature to quench
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the reaction. The crude product was first subjected to rotary evaporation (60°C water bath) to remove most
of the isopropanol solvent, yielding a viscous liquid. This liquid was dissolved in a small amount of deionized
water and transferred into a dialysis bag. Dialysis was carried out for 48 h with regular changes of the external
dialysate to remove unreacted PO, byproducts, and salts completely. The purified product was obtained as a
white solid, designated as HPEI-PO, which was stored sealed at 4°C for future use. The molecular structure
of HPEI is shown in Fig. 2.
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Figure 2: Structure of HPEI

2.2.2 Synthesis of P (HPEI-NIPAM)

The process of synthesizing HPEI-NIPAM was performed through a typical Michael addition reaction.
Under a nitrogen atmosphere, 5.00 g of HPEI was dissolved in 50 mL of anhydrous methanol. While
continuously stirring, 7.85 g of NIPAM monomer (at a molar feed ratio of 1:1 relative to the primary and
secondary amine groups in HPEI) was slowly added to the solution. The mixture was then heated to 65°C
and kept under reflux with stirring for 48 h. After the reaction finished, the mixture was cooled to room
temperature, and most of the solvent was removed by rotary evaporation. The crude product was dissolved in
deionized water and purified by dialysis against deionized water using a dialysis membrane with a molecular
weight cut-off of 3500 Da for 72 h. Finally, the dialyzed solution was freeze-dried to obtain approximately
7.2 g of HPEI-NIPAM as a white, flaky solid, with an 85% yield.

2.2.3 Synthesis of HPEI-PO-NIPAM

A quantity of 5.00 g of the synthesized HPEI-PO intermediate was dissolved in 50 mL of anhydrous
isopropanol in a three-necked flask. To this solution, 22.6 g of NIPAM and 0.10 g of the initiator AIBN
were added, corresponding to a NIPAM/HPEI-PO molar ratio of 20:1. The reaction was conducted at 70°C
for 12 h under a N, atmosphere with continuous stirring. The crude product was concentrated by rotary
evaporation to remove IPA, then redissolved in deionized water and transferred into a dialysis bag (MWCO:
3500 Da). Purification was performed against deionized water for 72 h, with water changes every 12 h, to
remove unreacted monomers and salts. The final product, a white solid identified as the HPEI-PO-NIPAM
ternary copolymer (denoted as HPN), was obtained after freeze-drying. The typical yield for this step was
85-90%. The synthetic route of HPN is shown in Fig. 3.

2.2.4 Optimization of Synthetic Formulation

The synthesis of HPN involved two key steps: the propoxylation of HPEI and the subsequent grafting
of NIPAM chains. To determine the optimal formulation, both the molar ratio of PO to HPEI and the molar
ratio of NIPAM to the resulting HPEI-PO intermediate were systematically optimized. First, a series of
HPEI-PO intermediates was synthesized with varying PO/HPEI molar ratios (5:1, 10:1, 151, 20:1, and 30:1).
Their performance as shale inhibitors was preliminarily evaluated via hot-rolling recovery tests at 120°C.
Subsequently, using the optimally performing HPEI-PO intermediate, a second series of HPN terpolymers
was synthesized with varying NIPAM/HPEI-PO molar ratios (5:1, 10:1, 15:1, 20:1, and 30:1). These final
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products were comprehensively evaluated based on their shale inhibition efficiency, temperature response,
and salt tolerance to identify the overall best performer.
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Figure 3: Synthetic route of HPN

2.3 Characterization
2.3.1 FTIR Spectroscopy

Molecular structures of the polymers were characterized using a Frontier FTIR spectrometer
(PerkinElmer). Samples were prepared by grinding with potassium bromide (KBr) to form pellets. Spectra
were acquired across the wavenumber range of 400 cm™'-4000 cm™!.

2.3.2 Molecular Weight Determination and Grafting Ratio Analysis

Molecular weight of HPN was measured by GPC Agilent 1260 Infinity Separations Module, USA at 25°C
using DMF as solvent and calibrated with polystyrene standards. The grafting extent (GE) of NIPAM was
calculated based on the increase in number-average molecular weight (M,,) from the HPEI-PO intermediate
to the HPN terpolymer, according to the following equation:

(M,, HPN — M,, HPEI — PO)
M,, NIPAM

GE = 1

where M,,, NIPAM is the molecular weight of the NIPAM repeating unit (113 g/mol).

2.4 Temperature-Responsive Test

The thermosensitive behavior of the polymer was characterized by measuring the transmittance of its
aqueous solution at various temperatures. The polymer was dissolved in deionized water to prepare a solution
with a concentration of 1 mg/mL. Using a UV-Vis spectrophotometer equipped with a temperature controller,
the transmittance was monitored at a wavelength of 500 nm as the temperature varied. Heating and cooling
cycles were conducted at a rate of 0.5°C/min to investigate the lower critical solution temperature (LCST) and
its reversibility. The LCST was defined as the temperature at which transmittance reached 50%. With a UV-Vis
spectrophotometer fitted with a constant temperature colorimetric tube holder, the change in transmittance
at 500 nm was measured to assess the polymer’s temperature responsiveness. The polymer solution (1 mg/mL)
was heated from 20°C to 50°C at a rate of 1°C/min. Transmittance was recorded at 0.5°C intervals. The
turbidity point (T,,) was defined as the temperature at which 90% of the transmittance was lost.
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2.5 Thermogravimetric Analysis (TGA)

Thermal stability was assessed using a TGA-601S thermogravimetric analyzer. An AL, O3 crucible was
zero-calibrated in the sample chamber. Precisely 0.4 g of the sample was weighed into the crucible, which
was then returned to the chamber. The TGA program heated samples at 10°C/min under N, atmosphere to
a final temperature of 650°C. Thermograms of HPN were recorded and analyzed.

2.6 Evaluation of Inhibitory Performance
2.6.1 Clay Slurry-Making Experiment

Initially, five samples of a 1% HPN solution were prepared, and their pH was adjusted to 8 using 1 M
NaOH. Then, bentonite was added to each sample while stirring at high speed to create slurries with bentonite
concentrations of 4%, 8%, 12%, 16%, and 20% by weight. After stirring for 20 min at 10,000 rpm, the yield
point of each slurry was measured and calculated using a six-speed rotational viscometer. A graph showing
the yield point as a function of bentonite content was then created.

2.6.2 Linear Expansion Test

A linear swelling test is used to measure the expansion of shale cuttings soaked in a water-based drilling
fluid. The swelling heights of Na-MMT in water and solutions with a concentration of 0.5% shale inhibitor
(KCl, C-PAM, PEG, PEA, HPEI, and HPN) were determined with an M4600 high-temperature and high-
pressure linear expansion instrument (Grace Instrument, Houston, TX, USA). A higher linear swelling rate
indicates a high potential for hydration. The testing method is as follows: Five grams of bentonite were
compacted at 10 MPa for 5 min. After taking it out, please place it in the sample slot of the expansion meter.
Add the inhibitor solution (adjust the pH to 8) to the sample chamber, reset it to zero immediately, and start
measuring the change in the expansion height of bentonite over time.

2.6.3 Rolling Recovery Rate Measurement

Twenty-five grams of mud shale cuttings (1.6-3.25 mm) were placed into an aging container. Add an
inhibitor solution (pH adjusted to 8) to the container. Then, put the container in a roller oven and heat it at
120°C for 16 h. Afterwards, allow the system to cool, then decant the liquid. Dry the remaining cuttings at
105°C until constant weight is reached, and sieve them through a No. 30 sieve. The hot-rolling recovery rate is
calculated as the percentage of the cuttings retained on the sieve relative to the initial weight of the cuttings.

2.6.4 High-Temperature High-Pressure (HTHP) Fluid Loss Test

Different concentrations of HPN were added to the WBDFs and stirred at 10,000 rpm for 20 min. The
WBDFs were hot-rolled at 120°C, 150°C, 180°C, and 210°C for 16 h. After aging, the HTHP filtration loss
was determined using an HTHP filtration tester at the respective aging temperatures and under a pressure
of 3.5 MPa.

2.7 Mechanism Investigation
2.71 Particle Size Analysis

Particle size distributions of HPN suspensions were determined by using a BeNano 90 (Dandong
Bettersize Instruments, Dandong, China) nanoparticle size and zeta potential analyzer with a detection
range of 0.3 nm to 10 pm. To prevent particle aggregation during measurements, samples were subjected to
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ultrasonic agitation at a fixed frequency of 1500 Hz and repeated three times to get the average value. All tests
were conducted under conditions of pH = 8 (adjusted with 1 M NaOH) and inhibitor concentration of 1%.

2.7.2 Zeta Potential Measurements

The effect of temperature on the zeta potential value of bentonite solutions with different inhibitors
was studied by BeNano 90 nanoparticle size and Zeta potential analyzer, and repeated three times to get the
average value. All tests were conducted under conditions of pH = 8 (adjusted with 1 M NaOH) and inhibitor
concentration of 1%.

2.8 Biological Toxicity Tests

The impact of WBDF on the environment was evaluated through biological toxicity tests, and the 50%
lethal concentration was determined using the fluorescent bacteria method [27].

3 Results and Discussion

3.1 Optimization of Synthetic Formulation

Based on a systematic investigation of the impact of different PO/HPEI molar ratios (5:1, 10:1, 15:1, 20:1,
30:1) on the shale inhibition performance of the HPEI-PO intermediate, it was observed that the hot-rolling
recovery rate initially increased and then decreased with increasing PO ratio (Fig. 4a). At a PO/HPEI ratio
of 10:1, the recovery rate reached its maximum, indicating that the introduction of PO chains at this ratio
effectively enhanced the hydrophobic association capability of the polymer and promoted its adsorption on
the clay surface. However, when the ratio was further increased to 20:1, the recovery rate slightly declined.
This reduction may be attributed to excessive hydrophobization, which compromised the aqueous solubility
and dispersibility of the inhibitor, thereby weakening its inhibitory efficacy.

Building on these findings, the intermediate with a PO/HPEI ratio of 10:1 was selected for subsequent
grafting with NIPAM. Further experiments examined the influence of different NIPAM/HPEI-PO molar
ratios (5:1, 10:1, 15:1, 20:1, 30:1) on the performance of the final HPN product (Fig. 4b). The results demon-
strated that a NIPAM/HPEI-PO ratio of 20:1 yielded the highest shale recovery rate of 62.8%, significantly
outperforming other ratios. Lower grafting ratios (e.g., 5:1) provided insufficient thermosensitive units for
effective high-temperature plugging, while higher ratios (e.g., 30:1) likely caused steric crowding of segments,
hindering the interaction between the HPEI cationic backbone and the clay surface.

Additionally, Fig. 4c clearly shows the shale inhibition performance and salt tolerance of various func-
tionalized polymers. Among them, the final terpolymer, HPEI-PO-NIPAM, exhibits the most remarkable
performance. Its recovery rate is not only significantly higher than that of the other samples but also increases
further as salt concentration rises to 200,000 mg/L, demonstrating a notable “salt-activated” enhancement
effect. In contrast, unmodified HPEI, which depends solely on cationic electrostatic adsorption, suffers
severe performance decline in high-salinity environments due to charge shielding. Samples grafted only
with PO or NIPAM show some improvements in basic performance or temperature-sensitive properties,
but their salt tolerance and synergistic effects are far below those of the terpolymer. This confirms that the
hydrophobic adsorption from PO segments and the temperature-responsive behavior from NIPAM create a
strong synergy in high-salinity environments. This allows HPN to convert harsh downhole conditions into
a driving force for better plugging and inhibition, establishing it as an efficient, intelligent shale inhibitor
suitable for challenging high-salinity drilling conditions. Therefore, the results indicate that the optimal
synthesis ratios were PO/HPEI = 20:1 and NIPAM/HPEI-PO = 20:1. Under these conditions, the synthesized
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HPN exhibited excellent shale inhibition in subsequent comprehensive tests and was used for all detailed
characterizations and mechanistic studies.
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Figure 4: (a) The effect of the PO/HPEI ratio on the hot rolling recovery rate of bentonite shale and the yield point.
(b) The effect of the PO-HPEI/NIPAM ratio on the hot rolling recovery rate of bentonite shale and the yield point.
(c) The effect of the PO-HPEI/NIPAM ratio on the hot rolling recovery rate of bentonite shale (Data are presented as
mean + SD (n = 3))

3.2 Characterization
3.2.1 FTIR Spectroscopy

The successful synthesis of the HPN terpolymer was confirmed by FTIR spectroscopy, as shown in Fig. 5.
The spectrum displays a broad absorption band between 3400 and 3700 cm™, attributed to overlappin
g O-H stretching vibrations from the grafted PO chains and residual N-H stretches from the HPEI backbone.
Strong evidence for NIPAM incorporation is indicated by a prominent peak near 1640 cm™!, characteristic
of the amide I band (C=0 stretch). Additionally, the amide IT band (N-H bond) appears around 1570 cm™ .
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The effective grafting of PO is further confirmed by increased C-H stretching vibrations at 2850 cm™" and
2966 cm™!, corresponding to methylene (-CH,-) and methyl (~CHj;) groups, respectively, along with a
distinct N-H stretch and C-O-C ether stretching vibrations at 1163 cm™ and 1093 cm™!. This conclusively
demonstrates the formation of the HPN terpolymer, consistent with the intended molecular structure.
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Figure 5: FTIR spectrum of HPN

3.2.2 Molecular Weight Determination and Grafting Analysis

GPC results (Table 4) provide quantitative evidence for the successful stepwise synthesis of the HPN
terpolymer. The systematic increase in number-average molecular weight (M,) from 50,000 g/mol (HPEI)
to 59,518 g/mol (HPEI-PO) confirms the formation of the intermediate. A subsequent and substantial
rise in M, from 71,865 g/mol to 112,834 g/mol with increasing NIPAM/HPEI-PO feed ratio (from 5:1
to 30:1) unambiguously demonstrates the successful grafting of NIPAM. The calculated GE significantly
exceeds 100%, ranging from 109% to 472%. This clearly indicates the formation of multiple PNIPAM chains,
each comprising numerous NIPAM units, grafted onto each HPEI-PO backbone, which is characteristic
of a graft copolymerization process rather than single monomer attachment. Furthermore, the moderate
polydispersity indices (PDI = 1.52-1.68) for all HPN samples are within the typical range for graft copolymers
and rule out extensive cross-linking, which would typically result in a PDI > 2.5. In conclusion, the GPC
data, through the demonstration of controlled molecular weight increase and distribution, offer compelling
structural evidence for the successful synthesis of the HPEI-PO-NIPAM terpolymer.
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Table 4: The molecular weight of the HPN series polymers

Sample M, M,, PDI (M,,/M,) GE

HPEI 50,000 54,500 1.09 /

HPEI-PO 59,518 69,024 1.16 /
HPN (NIPAM/HPEI-PO = 5:1) 71,865 109,480 1.52 109
HPN (NIPAM/HPEI-PO =10:1) 81,058 128,441 1.58 191
HPN (NIPAM/HPEI-PO =15:1) 90,845 142,186 1.57 277
HPN (NIPAM/HPEI-PO = 20:1) 95,791 158,153 1.65 321
HPN (NIPAM/HPEI-PO = 30:1) 112,834 189,927 1.68 472

3.3 Temperature-Sensitive Test

The incorporation of NIPAM monomers imparts smart temperature-responsive properties to the HPN
terpolymer, which is crucial for its application in downhole environments with varying temperatures. Fig. 6
shows the transmittance change of the HPN aqueous solution during three consecutive heating—cooling
cycles. In each cycle, the transmittance decreases upon heating and recovers nearly completely upon cooling,
demonstrating excellent reversibility. This confirms the highly reversible thermosensitive phase transition of
the PNIPAM segments in HPN, indicating stable temperature-responsive behavior under repeated thermal
cycling. As shown in Figs. 7 and 8, the transmittance of the HPN solution decreases significantly with
increasing temperature, indicating phase separation due to the contraction of PNIPAM segments. Moreover,
as the NaCl concentration increases from 0 mg/L to 200,000 mg/L, the LCST decreases almost linearly from
32°C to 22.5°C. The addition of NaCl disrupts the hydrogen bonds between the amide groups of PNIPAM
and water molecules, increasing the polarity of the solution and promoting the formation of hydrophobic
associative structures, thereby facilitating polymer aggregation. Furthermore, the presence of NaCl reduces
the number of water molecules per unit volume around the copolymer, weakening hydrophilic interactions
and making the polymer more prone to aggregation [28].
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3.4 Performance Evaluation

The clay slurry preparation experiment effectively demonstrates the inhibitory effect of shale inhibitors
on clay hydration and dispersion. Table 5 displays the YP of bentonite slurries prepared with different
inhibitor solutions. As shown in the figure, at a 20% bentonite concentration, the YP values for each inhibitor
are as follows: 59.4 Pa (PEG), 30.1 Pa (C-PAM), 26.8 Pa (PEA), 51.2 Pa (KCl), 29.5 Pa (HPEI), and 14.6 Pa
(HPN). Traditional inhibitors like KCl and PEA exhibited a significant increase in YP under high bentonite
concentrations, indicating limited inhibition capability. In contrast, HPN consistently showed the lowest
YP across all bentonite concentrations, demonstrating its effectiveness in suppressing clay hydration and
preventing the formation of network structures, thereby significantly improving slurry rheological proper-
ties. This superior performance stems from HPN’s unique cationic-nonionic amphiphilic structure, which
not only strongly adsorbs and encapsulates clay particles to inhibit hydration swelling but also leverages
its hydrophobic groups and thermosensitive properties to enhance plugging and inhibition capabilities at
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elevated temperatures. Consequently, HPN achieves higher recovery rates and superior clay slurry inhibition

at equivalent concentrations.

Table 5: Experimental data on the yield point of different systems

The mass fraction of bentonite/% Sample
PEG C-PAM PEA KCI HPN HPEI
4 8.6 7.4 51 9.2 2.4 6.8
8 14.6 12.3 9.5 15.8 4.1 1.2
12 22.5 171 142 25.2 7.5 16.5
16 36.9 25.2 20.1 40.6 10.1 22.8
20 59.4 30.1 26.8 512 14.6 29.5

According to Fig. 9, the final swelling heights of several different types of inhibitors are 19.8 mm (KCl),
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Figure 9: The curve of linear expansion height over time (Data are presented as mean + SD (n = 3))

50

16.3 mm (PEG), 8.9 mm (C-PAM), 8.4 mm (PEA), and 3.1 mm (HPN). The curves for KCl and PEG exhibit
steep slopes during the initial stage (0-10 h), indicating rapid expansion rates, before gradually stabilizing. In
contrast, the curves for C-PAM and PEA show relatively gentle slopes, demonstrating their effectiveness in
slowing the hydration expansion. The curve for HPN is the flattest, with minimal changes in swelling height
throughout the experiment, highlighting its exceptional performance in inhibiting hydration swelling. This
superiority is attributed to HPN’s hyperbranched cationic skeleton, amphiphilic structure, and hydrophobic
interactions, which collectively form the most effective physical barrier and chemical adsorption, thereby
achieving optimal inhibitory performance.

Asshownin Fig. 10, under consistent concentration conditions, the recovery rate of shale cuttings in KCI

solution was only 6.2%, representing a marginal increase of merely 1.3% compared to that in pure water. This
minimal improvement indicates poor shale inhibition by KCL. In contrast, HPN significantly outperformed
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other inhibitors such as C-PAM, PEG, and PEA, achieving a recovery rate of 62.8%—ten times higher than
that of KCI. These results demonstrate the superior shale inhibition capability of HPN.
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Figure 10: Recovery of shale cuttings after being hot-rolled in HPN solutions and other inhibitors (Data are presented
as mean + SD (n = 3))

The thermal stability of HPN and its inhibitory effect on bentonite hydration were investigated by
TGA, as shown in Fig. 11. According to previous studies, the steep decrease in TGA curves between room
temperature and 200°C is primarily attributed to the evaporation of the water adsorbed between the
layers [29]. The weight loss of bentonite at >200°C was attributed to the dehydroxylation of bentonite
and degradation of organic components [30]. The TGA curve of the pure HPN polymer shows excellent
thermal stability, with only about 4% mass loss below 250°C, which is mainly attributed to the evaporation
of residual moisture. The major thermal decomposition of HPN occurs above 250°C, confirming the high
thermal resistance of its hyperbranched backbone and grafted chains. The TGA curve of pure bentonite, in
comparison, displays two main mass-loss stages: a 4.15% loss below 110°C due to the removal of physically
adsorbed and interlayer water, and a further loss up to 10.12% by 550°C, attributed to dehydroxylation of
the clay structure. Notably, in this study, the bentonite-HPN system shows markedly improved thermal and
hydration stability compared to pure bentonite. The total mass loss below 250°C is only 9.11%, significantly
lower than that of pure bentonite. This indicates that HPN not only possesses intrinsic thermal stability
but also effectively hinders water penetration into the clay interlayers and retards its release, owing to the
hydrophobic barrier formed by grafted PO and NIPAM groups on the clay surface. These results collectively
demonstrate that HPN not only imparts enhanced thermal stability to bentonite but also maintains its
own structural integrity under high-temperature conditions, validating its suitability for high-temperature
drilling applications.
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As shown in Fig. 12, the HTHP fluid loss tests demonstrated that HPN exhibits exceptional fluid
loss control capability across a wide temperature range (120°C-210°C) and under high-salinity conditions
(200,000 mg/L NaCl). Its fluid loss volume was consistently maintained at a low level (<16 mL) and even
further decreased under high-temperature and high-salinity environments, whereas conventional inhibitors
(e.g., KCl and C-PAM) showed a sharp increase in fluid loss with rising temperature. This performance
is attributed to HPN’s synergistic mechanism: the cationic backbone anchors onto the clay surface via
electrostatic interactions, forming an initial barrier; when the temperature exceeds the LCST, the PNIPAM
chains undergo hydrophobic collapse and synergistically aggregate with the PPO segments, actively plugging
micro-fractures; the high-salinity environment enhances hydrophobic association through the “salting-
out” effect, advancing and strengthening the density of the plugging layer. Consequently, HPN harnesses
downhole challenges like high temperature and salinity, ensuring efficient wellbore stabilization.

70

—m—KCI
—@— C-PAM
60 - —&— PEG
¥ PEA
HPEI
50 - HPN

Filtrate volume (mL)

20

0 mg/L NaCl

1

T T
120 140

T T T
160 180 200

Temperature (°C)

704

Filtrate volume (mL)
S
o

204

H@—H

= Kcl
—e—C-PAM 200000mg/L NaCl
4 PEG
—v—PEA
HPEI
HPN / e
///./ ~ -~ g
T
- — ¥
— L 4

T
120

T T T
160 180 200

Temperature (°C)

T
140

Figure 12: The variation curves of the HTHP fluid loss after being hot-rolled in HPN solutions and other inhibitors
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shown only for the 120°C and 210°C data points
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3.5 Analysis of the Synergistic Mechanism of HPN

HPN, as an intelligent shale inhibitor, achieves its exceptional performance through the synergistic
interplay of its “cationic-hydrophobic-thermoresponsive” ternary molecular structure. The hyperbranched
polyethyleneimine backbone, rich in cationic amine groups, first firmly anchors the polymer onto clay
surfaces via robust electrostatic attraction and hydrogen bonding. Subsequently, the inherent hydrophobicity
of the PPO segments provides fundamental hydrophobic shielding, while the PNIPAM chains, in their
hydrophilic extended state below the LCST, form a hydrated coating layer, collectively inhibiting initial clay
hydration. Ultimately, under the challenging downhole conditions of high temperature and high salinity, the
temperature surpassing the LCST triggers the hydrophobic collapse of the PNIPAM chains. Concurrently,
the “salting-out” effect from salt ions intensifies the hydrophobic association. These two mechanisms act
in concert, driving the HPN molecules to form a dense physical sealing layer on the clay surface and
within micro-fractures. This dynamic process ingeniously transforms environmental challenges—typically
detrimental to conventional inhibitors—into signals for enhanced performance. Through the triple syn-
ergy of electrostatic anchoring, hydrophobic association, and thermoresponsive plugging, the mechanistic
schematic is illustrated in Fig. 13.
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Figure 13: Schematic diagram of the hydration inhibition mechanism of HPN

3.5.1 Particle Size Test

Fig. 14 and Table 6 clearly illustrate the changes in the average particle size (D50) of bentonite treated
with five different inhibitors under varying conditions—before and after the LCST (20°C and 120°C) and
at different NaCl concentrations. Among the five samples, HPN exhibits the most significant variation
in particle size. Notably, only HPN shows a gradual increase in D50 under the combined influence of
temperature and salt. In contrast, the other inhibitors display opposite trends. Specifically, in the absence
of salt, the D50 of HPN-treated bentonite increases from 52 nm to 1151 nm, and further rises from 75 nm
to 1352 nm under saline conditions. This is consistent with the LCST effect of salt on the polymer in Fig. 7,
that is, salt causes the polymer to shrink and leads to aggregation. This indicates that HPN possesses
superior flocculation and aggregation capabilities, thereby enhancing its effectiveness in preventing wellbore
dispersion. This performance can be attributed to three main mechanisms: Low-Temperature Encapsulation
and Dispersion Inhibition. At lower temperatures, the cationic backbone of HPN strongly adsorbs onto clay
surfaces, while its hydrophilic segments form a hydrated barrier that effectively blocks water ingress and
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suppresses clay dispersion, thereby optimizing slurry rheology. High-Temperature Aggregation and Sealing:
Elevated temperatures trigger the hydrophobic collapse of the temperature-sensitive segments, generating
strong hydrophobic driving forces that promote the formation of dense, large aggregates capable of physically
sealing formation fractures. Salt-Tolerance Synergy: Salt ions enhance the temperature-responsive behavior
through a “salting-out” effect, inducing earlier and more robust aggregation under high-salinity conditions.
This synergistic effect ensures improved performance rather than degradation.
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Figure 14: The variation curves of the average particle size D50 of bentonite with different inhibitors at different
temperatures and NaCl concentrations (Data are presented as mean + SD (n = 3))

Table 6: Experimental data on the average particle size D50 of bentonite under different conditions with inhibitors

Experiment condition (Temperature/°C,

Sampl
ampre Concentration of NaCl/mg/L)
120,
20,0 120, 0 20,200,000 200,000
KCl 192 189 186 174
C-PAM 221 184 195 168
PEG 167 144 155 138
PEA 194 172 168 143
HPN 52 1151 75 1352
HPEI 85 61 79 48
3.5.2 Zeta Potential

Zeta potential analysis reveals distinct electrochemical behaviors among the inhibitors (Fig. 15, Table 7).
The corrected data align with theoretical expectations: KCl shows negative potentials, confirming its ion-
exchange mechanism. C-PAM exhibits high but declining positive potentials under harsh conditions,
highlighting its electrostatic dependency. PEA displays moderate positive charges, while PEG, as a non-ionic
polymer, shows weak negative potentials, relying solely on steric hindrance. The key insight comes from
HPN, which maintains a stable, weakly positive potential (+2.9 to +7.1 mV) across all conditions. This “weak
but stable” profile reflects its smart molecular design: grafted PO and NIPAM chains reduce cationic density,
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shifting the mechanism from pure electrostatic adsorption to a robust synergy of hydrophobic association
and temperature-responsive plugging. This transformation enables HPN to harness, rather than suffer from,
challenging downhole conditions.
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Figure 15: The variation curves of the Zeta potential of bentonite with different inhibitors at different temperatures and
NaCl concentrations (Data are presented as mean + SD (n = 3))

Table 7: Experimental data on the Zeta potential of bentonite under different conditions with inhibitors

Experiment condition (Temperature/°C, Concentration of NaCl/mg/L)

Sample
20,0 120,0 20,200,000 120, 200,000
KcCl -25.9 -23.8 -20.8 -19.7
C-PAM 18.2 15.9 12.6 11.3
PEA 10.5 7.8 6.2 4.5
PEG -35 -4.2 -5.3 -5.9
HPN 71 5.1 4.8 2.9
HPEI 24.5 15.3 19.4 10.5

3.6 Biological Toxicity Analysis

The ECsy of WBDF was tested by the luminescent bacteria method according to the relative industry
standard (Q/SY 111-2007, Garding and determination of the biotoxicity of chemicals and drilling fluids—
Luminescent bacteria test) [31], and the results are listed in Table 8. The ECsy results of the three groups
of samples are as follows: 15,200 mg/L (KCl), 19,250 mg/L (C-PAM), 25,950 mg/L (PEA), 28,440 mg/L
(PEG), 29,150 mg/L (HPEI), and 36,950 mg/L (HPN). According to the biological toxicity grade classification
standard, when the ECs, was larger than 25,000 mg/L, WBDF was nontoxic. If the ECs, exceeded 30,000
mg/L, the emission standard was achieved [32]. Therefore, the experimental samples with the addition
of HPN were considered completely non-toxic. On the contrary, the samples with the addition of C-
PAM and KCI were toxic and could not meet the environmental protection emission requirements, having
certain limitations.
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Table 8: The biotoxicity of different samples

Sample ECs¢, mg/L Biotoxicity
KCl 15,200 Toxic
C-PAM 19,520 Toxic
PEA 25,950 Non-toxic
PEG 28,440 Non-toxic
HPN 36,950 Non-toxic
HPEI 29,150 Non-toxic

4 Conclusions and Outlook

In summary, this study successfully developed and evaluated a novel thermo-responsive terpolymer
(HPN) as an efficient shale inhibitor. The following conclusions are drawn:

(1)  Successful Synthesis and Structural Confirmation. The HPN terpolymer was successfully synthesized
via a two-step grafting method. Beyond FTIR evidence, GPC verified a controlled molecular weight
increase and high grafting efficiency, confirming a well-defined graft copolymer structure free of
significant cross-linking.

(2)  Exceptional and “Salt-Activated” Inhibition Performance. HPN outperformed conventional inhibitors
(KCI, C-PAM, PEG, PEA, HPEI), achieving a low yield point (14.6 Pa), minimal swelling (3.1 mm), and
high shale recovery (62.8%). Uniquely, it exhibited a “salt-activated” enhancement under high salinity
(200,000 mg/L NaCl), overcoming the limits of electrostatic-dependent inhibitors.

(3)  Synergistic Mechanism and Field Application Potential. HPN operates through a synergistic mecha-
nism combining electrostatic adsorption, hydrophobic association, and thermoresponsive aggregation.
This multi-modal action, along with proven thermal stability, effective fluid loss control, and low
biotoxicity, makes HPN a promising and eco-friendly inhibitor for demanding drilling conditions.

Due to the limitations of time and experimental equipment, this study still has the following deficiencies.
Future work will focus on validating the industrial readiness of HPN through standard API tests and
compatibility studies with full drilling fluid formulations. To further elucidate the synergistic inhibition
mechanism, advanced characterization techniques such as scanning electron microscopy will be employed to
directly observe the morphological changes of shale surfaces and the formation of polymer-clay composites.
Field trials are also recommended to fully assess its performance under realistic conditions.
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