
Original Paper

Zwitterionic-hydrophobic associating polymer for enhanced rheology 
and fluid-loss control in high-temperature, high-salinity water-based 
drilling fluids

Qi-Bing Wang a,b, Wan-Jing Luo a,*, Li-Fang Pan a, Jin-Sheng Sun b, Hui-Cui Sun c, 
Ren Wang b, Jian-Long Wang b, Bo Liao d, Ding-Shun She e, Hai Yang f

a School of Energy Resources, China University of Geosciences (Beijing), Beijing, 100083, China
b CNPC Engineering Technology R&D Company Limited, Beijing, 102206, China
c International Exchange and Cooperation Office, China University of Geosciences (Beijing), Beijing, 100083, China
d School of Petroleum Engineering, China University of Petroleum (East China), Qingdao, 266580, Shandong, China
e School of Engineering and Technology, China University of Geosciences (Beijing), Beijing, 100083, China
f School of Mechatronic Engineering, Southwest Petroleum University, Chengdu, 610500, Sichuan, China

a r t i c l e  i n f o

Article history:
Received 22 May 2025
Received in revised form 
18 March 2026
Accepted 18 March 2026
Available online 21 March 2026

Edited by Jia-Jia Fei 

Keywords:
Rheology modifier
Hydrophobically associating polymer
Suspension stability
Salt synergy
Drilling fluid

a b s t r a c t

In deep oil and gas drilling, high-temperature and high-salinity conditions have posed severe challenges 
to water-based drilling fluids. These harsh environments can impair the performance of drilling fluids, 
increase fluid loss, and lead to frequent downhole accidents. In view of the above problems, this study 
combines the advantages of zwitterionic and hydrophobic association to prepare a zwitterionic hy
drophobic association polymer (P-DADL) with high temperature and salt resistance. The chemical 
structure and properties were characterized and evaluated by in-situ infrared spectroscopy, nuclear 
magnetic resonance, thermogravimetry, SEM and other experimental methods. The results show that 
the thermal decomposition temperature of P-DADL is greater than 297 ◦C, and it has a spatial network 
structure in aqueous solution, which exhibits strong clay-particle adsorption and suspension stability. 
After aging at 180 ◦C for 16 h, the apparent viscosity of the drilling fluid containing 2 wt% P-DADL is 
62 mPa⋅s, the viscosity retention rate is 70.86%, and the FLAPI is only 7.4 mL. Under the conditions of 
180 ◦C and 35 wt% NaCl, the FLAPI was further reduced to 6.4 mL, reflecting the salt synergistic filtration 
reduction characteristics. In addition, the suspension stability of saturated brine drilling fluid is greater 
than 98% within 48 h. P-DADL can effectively enhance the temperature resistance and salt resistance of 
water-based drilling fluid.  Compared with commercial products, P-DADL exhibited a 78.4% improve
ment in filtration performance relative to commercial products. These findings highlight the potential of 
P-DADL as a multifunctional additive for high-salinity, high-temperature drilling operations.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As a primary energy source in human production activities, 
petroleum is an indispensable fundamental resource for ensuring 
peopleʼs livelihoods and driving industrial development (Li et al., 
2024; Sun et al., 2024). With the surging demand for petroleum 
energy and the depletion of shallow oil and gas resources, the 

focus of oil and gas exploration and development has shifted to 
deep and ultra-deep formations (Guo et al., 2019; Dong et al., 
2024; Wang et al., 2025). China possesses abundant deep oil and 
gas resources, but the drilling process faces numerous challenges, 
such as high temperature, high pressure, high salinity, and other 
complex conditions (Sun et al., 2022). These extreme drilling 
conditions pose higher requirements to the performance of dril
ling fluids.  Conventional rheology modifiers  for drilling fluids 
struggle to meet the requirements for temperature and salt 
resistance, leading to the deterioration of drilling fluid properties 
during operations. This deterioration results in increased fluid loss, 
frequent drilling accidents such as lost circulation, pipe sticking, 
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and formation collapse, which severely hinder the development 
and utilization of deep oil and gas resources (Li et al., 2015; Liu 
et al., 2016; Moghaddam et al., 2021; Wang et al., 2024). There
fore, maintaining the stability of water-based drilling fluid  per
formance under high-temperature and high-salinity (HTHS) 
conditions is crucial.

Drilling fluids, often referred to as the “blood” of drilling en
gineering, have rheological properties closely related to key 
performances such as hole cleaning, wellbore stability, and drill 
string lubrication (Luo et al., 2017). Common types of drilling 
fluids  include water-based drilling fluids  (WBDFs), oil-based 
drilling fluids  (OBDFs), and synthetic-based drilling fluids 
(Sadeghalvaad and Sabbaghi, 2015; Ghaderi et al., 2020; 
Moghaddam et al., 2021). Due to the advantages including low 
preparation cost, good performance, easy maintenance, and 
environmental friendliness, bentonite water-based drilling fluids 
have been widely used in the drilling of various formations 
(Davoodi et al., 2021; Sun et al., 2023). During deep/ultra-deep 
drilling operations, conventional additives (such as PAC and 
starch) are highly prone to failure under formation conditions 
characterized by HTHS, which leads to the flocculation  of 
bentonite in the drilling fluid,  deterioration of drilling fluid 
properties, downhole complications, and increased drilling costs 
(Song et al., 2016a, 2016b; Liu et al., 2022). To address the per
formance degradation of water-based drilling fluids,  key mate
rials such as fluid  loss reducers, rheology modifiers,  and 
structure-building agents are typically added during drilling 
fluid  formulation. As one of the core additives in water-based 
drilling fluid  systems, rheology modifiers  serve to improve the 
viscosity and yield point of the drilling fluid, optimize the yield 
point to plastic viscosity ratio and shear-thinning behavior, and 
minimize fluid loss. Common types of rheology modifiers include 
natural or synthetic polymers (Warren et al., 2003; Noor et al., 
2025), modified  starch (Zhang et al., 2021; Zhong et al., 2021), 
carboxymethyl cellulose (Rasheed et al., 2023), partially hydro
lyzed polyacrylamide (Moghaddam et al., 2021), polyacrylate (Xie 
et al., 2024), polyanionic cellulose (Jia et al., 2022), hydrophobi
cally associating polymers (Xie et al., 2016; Sun et al., 2023), and 
nanomaterials such as SiO2 (Lai et al., 2023), carbon nanotubes 
(Lysakova et al., 2023), nanoscale laponite (Yang et al., 2023), and 
graphene oxide (Kusrini et al., 2020). However, due to the irreg
ular glycosidic bonds (with low bond energy) in natural macro
molecular materials, they are only suitable for formations below 
180 ◦C (Sun et al., 2022). Although synthetic polymers improve 
the temperature resistance of materials in drilling fluids, in high- 
salinity environments, high temperature tend to exacerbate 
the aggregation of clay particles, thereby exerting an adverse 
impact on drilling fluid  performance and fluid  loss control 
(Kazemi-Beydokhti and Hajiabadi, 2018). Therefore, the further 
development of novel, multi-functional drilling fluid  rheology 
modifiers  with enhanced temperature and salt tolerance is ur
gently needed.

The properties of polymers originate from the molecular 
structures of the specific  monomers they contain (Yuan et al., 
2023). Acrylamide-based monomers exhibit high polymerization 
activity, significant hydration effects, and strong adsorption onto 
clay surfaces (Luo et al., 2020; Gao et al., 2021). Anionic monomers 
provide strong hydration, preventing the aggregation of clay par
ticles under HTHS conditions (Quan et al., 2022). Cationic mono
mers offer multiple adsorption sites, enhancing clay stability 
(Wang et al., 2024). Zwitterionic monomers possess excellent salt/ 
calcium tolerance and strong hydration capabilities (Wang et al., 
2025). Cyclic monomers enhance the temperature and salt resis
tance of polymers by reinforcing the rigid structure of the polymer 
backbone (Yang et al., 2023). Organosilicon monomers can form 

thermally stable siloxane bonds with clay, strengthening adsorp
tion capacity at high temperatures (Liu et al., 2021). Consequently, 
the incorporation of temperature-resistant and salt-tolerant 
monomers into the molecular design of synthetic polymers has 
become a hotspot in the development of new additives for pe
troleum engineering (Li et al., 2024). Huang et al. synthesized an 
AM/AMPS/DMDAAC/SSS copolymer via aqueous solution poly
merization, which improved the rheological and fluid  loss prop
erties of drilling fluids at high temperatures (Huang et al., 2019). 
Hou et al. prepared an SSS/AM/AMPS polymer based on inverse 
emulsion polymerization; its addition to drilling fluids resulted in 
significant  shear-thinning behavior and good temperature resis
tance up to 160 ◦C (Huo et al., 2018). Liu et al. synthesized an NVP/ 
AMPS/DVB rheology modifier using micellar polymerization. The 
formulated clay-free drilling fluid  system achieved temperature 
resistance up to 160 ◦C with stable rheology and filtration prop
erties (Liu, 2022). Wang et al. synthesized a salt-responsive 
amphiphilic hydrophobically associating polymer (PAADS) based 
on free radical micellar polymerization, which functioned well as a 
viscosifier  in saturated sodium chloride drilling fluids with good 
temperature resistance (Wang et al., 2024). Furthermore, studies 
by Li et al. showed that cellulose nanoparticles (CNP) provide good 
fluid  loss control in drilling fluids  (Li et al., 2015). Chang et al. 
prepared grafts of monomers like AMPS onto lignin, enhancing the 
high-temperature and salt tolerance of the polymer (Chang et al., 
2019). However, due to the inherent limitations of grafted or 
modified  polymers, they often fail to adequately meet the de
mands of deep well drilling when faced with the dual challenges of 
HTHS.

Hydrophobically associating polymers, leveraging dynamic 
physical cross-linking via hydrophobic groups, offer unique advan
tages such as viscosity enhancement, salt tolerance, and shear- 
thinning behavior. They are widely used in high-temperature, 
high-salinity reservoirs and enhanced oil recovery (Jiang and Pu, 
2020; Shi et al., 2020; Wang et al., 2022). The unique charge- 
balanced structure along the molecular chain of zwitterionic poly
mers grants them excellent salt resistance and environmental 
adaptability. Due to the anti-polyelectrolyte effect, the polymer 
chain conformation transforms from collapsed to expanded in the 
presence of salt ions (Gao et al., 2014; Ranka et al., 2015; Xiao et al., 
2018). For instance, the zwitterionic polymer DADN developed by 
Liu et al. (2022), the comb-shaped polymer P-TPEG synthesized by 
Yang et al. (2023), and the hydrophobically associating polymers 
ASML and PAADS researched by Sun et al. (2022) and Wang et al. 
(2024), respectively, have demonstrated the feasibility of these 
structures through their excellent performance in high- 
temperature, high-salinity drilling fluids.  However, few studies 
have simultaneously optimized charge balance and hydrophobic 
association to maintain polymer stability in highly saline environ
ments above 150 ◦C. Therefore, this study integrates the charac
teristics of hydrophobically associating polymers and zwitterionic 
polymers. A novel zwitterionic hydrophobically associating poly
mer, designated P-DADL, was synthesized via free radical aqueous 
solution polymerization using N,N-dimethylacrylamide (DMAM), 2- 
acrylamido-2-methyl-1-propanesulfonic acid (AMPS), diallyl 
dimethyl ammonium chloride (DMDAAC), and lauryl methacrylate 
(LAM) as monomers. It was evaluated as a rheology modifier and 
fluid loss reducer in water-based drilling fluids. Results indicate that 
P-DADL has a thermal decomposition temperature exceeding 
297 ◦C. The API filtration loss (FLAPI) of a saturated saltwater drilling 
fluid  formulated with P-DADL was 6.4 mL. The high-temperature 
high-pressure fluid  loss (FLHTHP) of a drilling fluid  containing 
15 wt% NaCl, after aging at 180 ◦C, was 24 mL. P-DADL exhibits 
excellent viscosity-building characteristics, suspension stability, 
and salt-responsive fluid loss control under HTHS, providing a new 
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approach for developing salt-resistant drilling fluid  additives for 
deep and ultra-deep drilling operations.

2. Materials and methods

2.1. Materials

The experimental materials included: N,N-dimethylacrylamide 
(DMAM, 98%) was purchased from China Shanghai McLin 
Biochemical Technology Co., Ltd., 2-acrylamido-2-methyl-1- 
propanesulfonic acid (AMPS, 98%), diallyldimethylammonium 
chloride (DMDAAC, 60 wt% aqueous solution), lauryl methacrylate 
(LAM, 97%), sodium dodecyl sulfate (SDS, 98%) were purchased 
from China Beijing Minda Technology Co., Ltd. Ammonium per
sulfate (APS, 98%), sodium hydroxide, anhydrous ethanol, sodium 
chloride and acetone were purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. Bentonite was purchased from 
China Huaian Tengfei Bentonite Development Co., Ltd. Deionized 
water was prepared in the laboratory.

2.2. Synthesis method of P-DADL

The hydrophobic associative polymer P-DADL was synthesized 
by referring to the experimental methods reported in Sun et al. 
(2022). The preparation process is shown in Fig. 1. In short, 
dissolve 6.42 g AMPS (0.0648 mol) in deionized water and stir 
thoroughly. Adjust the pH to 7–8 with NaOH. Then add 9.79 g 
DMAM (0.0473 mol), 7.4 g DMDAAC (0.0457 mol), and 0.5 g SDS in 
sequence, and stir until completely dissolved. Add 1.38 g LAM 
(0.0054 mol) and stir continuously for 10 min. Transfer the above 
solution to a three necked flask, heat it up to 55 ◦C in a water bath 
under N2 atmosphere, add 0.4 wt% APS and continue the reaction 
for 5 h to obtain a viscous polymer. At the end of the reaction, the 
product was purified  three times with ethanol and acetone to 
remove unreacted monomers, dried at 70 ◦C for 24 h, and crushed 
to obtain the final product (P-DADL).

2.3. Characterization of P-DADL

Fourier transform infrared spectroscopy (FTIR). The func
tional groups and structural characteristics of P-DADL were 
analyzed using FTIR (Nicolet iS50, USA). The drilling fluid 

containing P-DADL was vacuum-dried, ground into a fine powder 
and subjected to infrared analysis to investigate the interaction 
between P-DADL and bentonite. The sample was prepared using 
the potassium bromide pellet method, and spectra were recorded 
in the range of 4000–500 cm− 1 with a resolution of 4 cm− 1 and 32 
scans. Meanwhile, in-situ FTIR spectra were collected using an in- 
situ FTIR testing device (INVENIO S, German Bruker, Harrick 
transmission in-situ chamber) within the temperature range of 25 
to 250 ◦C.

Proton nuclear magnetic resonance (1H NMR) spectroscopy. 
The chemical structure of P-DADL was characterised by 1H NMR 
spectroscopy (Bruker 600 MHz, Germany). The sample was dis
solved in D2O for analysis.

Thermogravimetric analysis (TGA). The thermal stability of P- 
DADL was evaluated using TGA (NETZSCH STA 449, Germany). The 
analysis was performed under a continuous nitrogen purge (flow 
rate: 20 mL/min), with the sample heated from 30 to 700 ◦C at a 
constant heating rate of 10 ◦C/min. Mass loss was monitored 
throughout the heating process.

Environmental scanning electron microscopy (ESEM). The 
microstructure of P-DADL was examined using ESEM (TESCAN 
CLARA, Czech Republic). Different types of drilling fluids  were 
freeze-dried using liquid nitrogen, followed by vacuum treatment 
for 8 h and gold sputtering. The microstructure of the polymer 
solution was characterized by ESEM. Meanwhile, in the ESEM 
characterization process, the surface element content of the mud 
cake was obtained using an energy dispersive spectrometer (EDS) 
with a spectral model of Bruker XFlash616 and an area scanning 
resolution of 129 eV, high voltage of 15 kV.

Elemental composition analyser (EA). The elemental compo
sition of P-DADL was detected using an EA (Elementar Vario E1 III, 
Germany), and the CHNS mode was selected for testing to obtain 
the mass ratios of the four elements C, N, S, and H in the sample.

Gel permeation chromatography (GPC). The average molecular 
weight and molecular weight distribution of polymer P-DADL 
were measured by GPC (HLC-8420 GPC, Japan), and the water 
phase was used as mobile phase at room temperature.

X-ray photoelectron spectrometer (XPS). The surface 
elemental composition of the mud cake was analyzed by XPS 
(ESCALAB 250Xi, Thermo Fisher, USA), and the results were 
mutually verified with EDS. The working voltage is 12.5 kV, the full 
energy spectrum is 100 eV, the narrow spectrum is 30 eV, the step 
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size is 0.05 eV, the residence time is 40–50 ms, and the work 
function is 4.7 eV.

2.4. Preparation and performance test of drilling fluid

Water-based drilling fluids (WBDFs). 16 g of bentonite and 
0.56 g of anhydrous sodium carbonate were added to 400 mL of 
deionized water, followed by high-speed shear mixing for 30 min. 
The mixture was then kept under airtight conditions for 24 h for 
subsequent use.

P-DADL copolymer-modified drilling fluids (P-WBDFs). Add an 
appropriate amount of polymer P-DADL (2–8 g) to the WBDFs 
under high-speed stirring for 30 min to obtain P-WBDFs.

Salt-containing polymer drilling fluids (S/P-WBDFs). 0–35 wt% 
NaCl were added to P-WBDFs (2 wt% P-DADL), followed by high- 
speed shear mixing for 30 min.

According to the American Petroleum Institute (API) recom
mended standards (API RP 13I, 2004; API RP 13B-1, 2009), the 
rheological properties of drilling fluid before and after aging were 
measured using a six-speed rotational viscometer (Tong Chun, 
Qingdao ZNN-D6B) at 25 ◦C, The aging condition is 180 ◦C and 16 h. 
The FLAPI of drilling fluid was tested using an atmospheric medium 
pressure filter  loss meter (Tong Chun, Qingdao SD-3 model) at 
25 ◦C and 0.69 ± 0.03 MPa. The FLHTHP was measured using a 
GGS42-type apparatus (Qingdao Tong Chun Machinery Petroleum 
instrument, China), under fixed pressure of 3.5 MPa for 30 min. 
The drilling fluid  rheological parameters of apparent viscosity 
(AV), plastic viscosity (PV), dynamic shear force (YP), and dynamic 
plastic ratio (YP/PV ratio) were calculated according to Eqs. (1–4)
(Zhang et al., 2016; Chang et al., 2019; Liu et al., 2022; Li et al., 
2024). 

AV = 0:5 × θ600(mPa⋅s) (1) 

PV = θ600 − θ300(mPa⋅s) (2) 

YP = 0:511 × (θ300 − PV)(Pa) (3) 

Dynamic plastic ratio = YP=PV(Pa=mPa⋅s) (4) 

where θ600 and θ300 are the dial readings at 600 and 300 rpm, 
respectively.

Drilling fluid  performance evaluation was carried out in 
accordance with the API procedures, and the experiments were 
repeated three times to obtain the average.

The rheological properties of P-DADL aqueous solution and 
polymer containing P-DADL-modified drilling fluid were analyzed 
using Bingham plasticity, power law, and Herschel-Burkley model 
(Wisniowski et al., 2020; Yang et al., 2022; Wang et al., 2025). The 
analysis is as follows: 

Bingham model: τ = τ0 × μpγ;
(4) 

Power law model: τ = Kγn;
(5) 

Herschel-Bulkley model: τ = τ0 × Kγn;
(6) 

where τ is the shear stress (Pa), γ is the shear rate (s− 1), τ0 is the 
yield point (Pa), μp is the plastic viscosity (Pa⋅s), n is the flow 
behaviour index, and K is the consistency index (Pa⋅sn).

The stability of the drilling fluid system was analyzed using a 
zeta potential analyzer (Malvern Zetasizer Nano Z, UK). The dril
ling fluid was diluted 10-fold, and the zeta potential values were 

measured. The average of three consecutive measurements was 
calculated for data analysis.

The suspension stability and cuttings-carrying capacity of the 
polymer within the drilling fluid system were evaluated by con
ducting sedimentation stability experiments.

3. Results and discussion

3.1. Molecular structural characterization

3.1.1. FTIR and 1H NMR spectrum
The FTIR spectrum of P-DADL is shown in Fig. 2(a), the ab

sorption peaks at 3380 and 3324 cm− 1 belong to the stretching 
vibrations of N–H and O–H bonds in AMPS. The absorption peak at 
2930 cm− 1 is affiliated  to the stretching vibrations of –CH2 and 
–CH3 in the polymer molecules. The absorption peak at 1636 cm− 1 

corresponds to the stretching vibration of C=O in DMAM, AMPS 
and LAM. The display peak at 1544 cm− 1 belongs to the bending 
vibration of N–H in amides. The absorption peak at 1450 cm− 1 is 
consistent with the bending vibration of –CH2–. The absorption 
peaks at 1403 and 1363 cm− 1 are subordinate to the stretching 
vibration of the C–N bond in the five-membered heterocycle 
formed by DMDAAC, the peak shown at 1222 cm− 1 corresponds to 
the asymmetric stretching vibration of the C–O–C bond in LAM 
(Huang et al., 2019; Maarof et al., 2019). The peaks shown at 1160 
and 1040 cm− 1 belong to the S=O bond stretching vibration and 
626 cm− 1 is attributed to the absorption vibration of C–S bond in 
AMPS (Huang et al., 2019).

A sample solution of P-DADL was prepared with D2O as the 
dispersant for NMR hydrogen (1H NMR) spectroscopic character
ization. As shown in Fig. 2(b), the chemical shifts of the charac
teristic peaks of the polymer molecular structure have been 
labeled accordingly in 1H NMR spectrum. The chemical shift peak 
of the D2O solvent was 4.702 ppm. The 1.433, 2.148, and 2.942 ppm 
peaks were assigned to the chemical shifts of H in the main chain 
of P-DADL, and the proton peak of methyl (–CH3) on the side chain 
is located at 1.185 ppm. The typical chemical shift peaks of 
1.185–3.846 ppm corresponded to DMAM, AMPS, DMDAAC, and 
LAM. The characteristic chemical shift peak of methylene 
(–COO–CH2) in LAM was observed at 3.794–3.846 ppm. Combining 
FTIR and 1H NMR spectrum results, the synthesized polymer P- 
DADL was the designed target product.

3.1.2. Thermal stability analysis
The thermal stability analysis results of P-DADL are shown in 

Fig. 3. It can be seen that the thermal decomposition of polymer 
P-DADL can be roughly divided into three stages (Fig. 3(a)). In the 
first stage, the mass loss of P-DADL from 30 to 297.3 ◦C is 9.73%, 
which is due to the evaporation of free and bound water adsorbed 
by strongly polar hydrophilic groups on polymer molecules (such 
as amides, sulfonic acids, and quaternary ammonium salts) at high 
temperatures (Huang et al., 2019; Yang et al., 2022). In the second 
stage, the quality loss of P-DADL from 297.3 to 372.1 ◦C was 34.56%, 
and the quality loss rate reached its peak at 323.7 ◦C. As shown in 
Fig. 3(c) and (d), this may be caused by the thermal degradation of 
amide group in the polymer molecular chain. The third stage oc
curs within the temperature range of 372.1 to 491.1 ◦C, with a mass 
loss of 31.1%, corresponding to the thermal decomposition of the 
five membered ring of the polymer molecule side chain and the 
C–C main chain at high temperatures. Fig. 3(b) shows the infrared 
spectrum under the conditions of 25–250 ◦C. As the temperature 
increases, the intensity of each characteristic absorption peak of 
polymer P-DADL slowly decreases. Among them, the absorption 
peak intensities at 3380 and 3324 cm− 1 were relatively signifi
cantly reduced, which was due to the volatilization of adsorbed 
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water and bound water containing hydroxyl groups (–OH), while 
the characteristic peaks did not disappear or shift (Yang et al., 
2023). Overall, the degradation of copolymer P-DADL was not 
significant before 297.3 ◦C, indicating that P-DADL has good high- 
temperature resistance.

3.1.3. Analysis of polymer average molecular weight and elemental 
content

The analysis of the molecular weight and element content of 
the polymer is helpful to understand the structure and properties 
of the polymer (Hanton, 2001). The number-average molecular 

Fig. 2. Characterization of P-DADL: (a) FTIR spectra, (b) 1H NMR spectra.

Fig. 3. Thermal stability of polymer P-DADL: (a) TG-DTG curve, (b) in situ FTIR spectra at 25–250 ◦C, (c) TG-IR curve, (d) peak strength curve of polymer decomposition.

Q.-B. Wang, W.-J. Luo, L.-F. Pan et al. Petroleum Science 23 (2026) 4065–4081

4069



weight (Mn), weight-average molecular weight (Mw) and poly
dispersity index (PDI) of P-DADL were measured by GPC. The test 
results demonstrate that the polymer possesses a relatively high 
molecular weight (Mn = 721548, Mw = 1448056) and demon
strates adequate solution thickening behavior owing to its good 
water solubility. The PDI is 2.007, indicating that the molecular 
weight distribution of the polymer is relatively uniform, which is 
conducive to the adsorption of the polymer on the surface of the 
clay particles and improves the performance of the drilling fluid.

The composition of C, N, S and H elements in the P-DADL 
product was obtained by elemental analysis, as shown in Table 1. It 
can be calculated from the table that the actual molar ratio of each 
monomer in the polymer is 28.1:21:19.7:2.7, which is close to the 
theoretical design. In addition, the content of AMPS and DMDAAC 
is relatively high, which is beneficial to improve the temperature 
resistance and salt resistance of the polymer.

3.2. Performance evaluation of P-DADL in WBDF

3.2.1. Effect of concentration
In order to study the effect of P-DADL dosage on the perfor

mance of WBDFs, the rheological properties of P-WBDFs with 
different concentrations after aging at room temperature and 
180 ◦C were evaluated. The results are shown in Fig. 4. The vis
cosity and shear force of the base slurry before aging was low. 
With the increase of P-DADL concentration, the rheological pa
rameters (AV, PV, YP) of P-WBDFs showed an upward trend. When 
the amount of P-DADL was 1.2 wt%, the AV increased from 8 to 
57.5 mPa⋅s, the PV increased from 4 to 34 mPa⋅s, and the YP 
increased from 4 to 23.5 Pa. With the increase of concentration to 
2.0 wt%, the AV, PV and YP are 87.5 mPa⋅s, 50 mPa⋅s and 37.5 Pa, 
respectively, indicating that the polymer has good viscosity 
increasing and shearing ability. This is because the polymer P- 
DADL molecule has strong adsorption groups such as amide and 
cation, and there is adsorption bridging between the polymers in 
the drilling fluid and between the polymer and bentonite (Ahmad 
et al., 2017; Davoodi et al., 2019). By forming an interwoven 
network structure (Li et al., 2020), the viscosity of the drilling fluid 
is effectively improved. In addition, the experimental results show 
that the low addition of P-DADL also improves the rheological 
properties of drilling fluid.

After thermal rolling at 180 ◦C for 16 h, the AV, PV and YP of P- 
WBDFs decreased slightly. The reason is that under high temper
ature conditions, the adsorption properties of amide groups and 
cationic groups on the side chain of polymer P-DADL molecule are 
weakened in the thermal environment, accompanied by a small 
amount of polymer main chain and side chain fracture and 
degradation, which is intuitively manifested as the decrease of 
drilling fluid viscosity and shear force. However, the AV, PV and YP 
are still 62 mPa⋅s, 38 mPa⋅s and 24 Pa after aging with P-WBDFs 
(2 wt% P-DADL), indicating that P-DADL has excellent temperature 
resistance. This is due to the fact that the polymer P-DADL mole
cule has a temperature-resistant structure such as sulfonic acid 
groups, five-membered heterocycles and longer side chains (Zamir 
et al., 2021; Sun et al., 2022; Liu et al., 2022), which allows P-DADL 
to play the role of adsorption and bridging even at high 

temperatures. Furthermore, it can be known from Fig. 4(d) that the 
YP/PV ratio of the aged drilling fluid is 0.33–0.63 Pa/mPa⋅s, which 
meets the rheological requirements of the drilling fluid  and has 
suspension stability and rock-carrying capacity at high 
temperatures.

3.2.2. Effect of salinity
During drilling operations in salt rock and salt-gypsum for

mations, salt ions in the formations tend to invade the drilling fluid 
system. This invasion not only interferes with the interaction 
mechanism between polymers and bentonite but also compresses 
the diffuse double layer of bentonite particles, ultimately leading 
to the deterioration of the drilling fluid's  rheological properties 
(Cione et al., 2000). In order to study the salt resistance of P-DADL 
in drilling fluid,  the rheological properties of S/P-WBDFs before 
and after aging at 180 ◦C were evaluated, the results are shown in 
Fig. 5. With the increase of NaCl, the viscosity of drilling fluid 
shows a decreasing trend. When the NaCl concentration is 5 wt%, 
the apparent viscosity of the drilling fluid  is 71 mPa⋅s, and the 
viscosity retention rate is 81.14%. When the concentration of NaCl 
is 15 and 25 wt%, the drilling fluid still maintains good rheological 
properties, and the apparent viscosity after aging is 34.5 and 
29 mPa⋅s, respectively. It is attributed to the hydrogen and ionic 
bonding of cationic, sulfonic and amide groups in the polymer P- 
DADL molecule in the drilling fluid,  which enhances the salt 
resistance of P-DADL at high temperature. This indicates that P- 
DADL can weaken the negative impact of NaCl on clay particles. 
The quaternary ammonium salt structure and bentonite produce 
strong adsorption through ionic bonds, which hinders the aggre
gation of bentonite particles. Therefore, under the conditions of 
180 ◦C and 35 wt% NaCl, P-DADL-modified drilling fluid still has 
good rheological properties (AV 22 mPa⋅s, PV 17 mPa⋅s, YP 5 Pa).

3.2.3. Effect of temperature
Fig. S2 shows the change rule of rheological parameters (AV, PV, 

YP, YP/PV ratio) of P-DADL (2 wt%) drilling fluid  after aging at 
different temperatures. From Fig. S2, it can be seen that as the 
temperature increases, the AV, PV, and YP of the drilling fluid show 
a decreasing trend. After aging at 180 ◦C for 16 h, the apparent 
viscosity of the drilling fluid remained at 62 mPa⋅s, with a viscosity 
retention rate of 70.86%. This is because the presence of sulfonic 
acid groups, pentagonal heterocycles, and long side chains in 
polymer P-DADL molecules gives it excellent temperature resis
tance. Therefore, drilling fluid can still maintain good rheological 
properties after high-temperature aging.

3.2.4. Suspension stability analysis
The suspension stability of drilling fluid is crucial, which is the 

macroscopic expression of rock-carrying capacity. Prepare DADL- 
modified  drilling fluids  of different concentrations and after ag
ing them at 180 ◦C for 16 h. 50 mL of drilling fluid was taken into a 
60 mL sample bottle and left to stand for 48 h, and photos were 
taken at regular intervals during the experiment (0, 6, 12, 24, 36, 
48 h) to observe the suspension stability of the drilling fluid sys
tem, as shown in Fig. 6 and Table S4. It is found that the dispersion 
system of bentonite base slurry is unstable, and stratification will 

Table 1 
The results of elemental analysis.

Reaction mole ratio of polymer DMAM:AMPS:DMDAAC:LAM Elemental analysis, (mass fraction, %) Actual mole ratio of polymer DMAM:AMPS:DMDAAC:LAM

C N S H

30.96:22.63:21.80:2.59 58.71 9.633 6.728 9.24 28.1:21:19.7:2.7
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occur under long-term static state. The supernatant is 2 cm after 
6 h (Fig. 6(b)). With the extension of standing time, the layered 
sedimentation phenomenon of bentonite base slurry is aggra
vated. After standing for 24 h, the sedimentation is >3 cm 
(Fig. 6(c)) and after 48 h, the sedimentation is 3.5 cm (Fig. 6(f)), and 
the settlement degree of bentonite slurry is 35%. Compared with 
the sedimentation law of different time periods, the drilling fluid 
system containing polymer P-DADL can maintain the dispersion 
and suspension stability for a long time. For example, the 2# sys
tem disperses and stabilizes within 48 h, 3# system after 48 h 
settlement layer (less than 0.1 cm) is negligible. For the 4 # system, 
due to the pollution of 35 wt% NaCl, layered sedimentation began 
to occur after standing for more than 24 h. As shown in Fig. 6(e) 
and (f), the settlement layer is 0.1 cm at 24 h and 0.2 cm at 48 h, 
and the suspension stability is more than 98%, which indicates that 
the P-WBDFs is still stable in high salt environment, with good 
rock-carrying performance and suspension stability. Having the 
same pattern as before aging (Fig. S3 and Table S3). Therefore, the 
addition of P-DADL can offset the aggregation of bentonite parti
cles and the negative impact of salt on the drilling fluid system. 
There amide group on the polymer molecular chain and the hy
droxyl group on the surface of the bentonite particles to form a 

hydrogen bond, which enhances the adsorption stability of P- 
DADL on the surface of the clay particles. Meanwhile, the elec
trostatic interaction between the polymer molecules forms a sta
ble network structure in the solution, hindering the aggregation of 
bentonite particles. In addition, when there is a large amount of 
NaCl in the system, Na+ destroys the ‘internal salt bond’ in the 
polymer molecular chain, so that the molecular chain extends. The 
released anionic sulfonic acid group and cationic quaternary 
ammonium salt can adsorb small molecular branches and clay 
particles (Liu et al., 2022), hinder the influence of clay particles by 
NaCl, and maintain the dispersion stability of the drilling fluid 
system.

3.2.5. Fitting of drilling fluid rheological model
The relationship between shear stress and shear rate of P-DADL 

aqueous solution and bentonite drilling fluid  was fitted by the 
Bingham model, power-law model and Herschel-Bulkley model 
(Wisniowski et al., 2020; Yang et al., 2022). The determination 
coefficient R2 reflects the degree of fitting. The closer R2 is to 1, the 
higher the degree of fitting is. The simulation results are shown in 
Fig. 7 and Table S3. Fig. 7(a–c) shows the fitted  relationship be
tween shear stress and shear rate for 1 wt% and 2 wt% P-DADL 
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aqueous solutions. It can be seen from Fig. 7(b) and (c) that P-DADL 
aqueous solution exhibits non-Newtonian characteristics, and 
Herschel-Bulkley model has the highest fitting  R2, which can 
better reflect  the rheological properties of polymer P-DADL 
aqueous solution. Fig. 7(d–f) shows the relationship between shear 
stress and shear rate for base slurry, P-DADL concentrations of 
1 wt% and 2 wt%, and drilling fluids containing 15 wt% NaCl, with 
the best Herschel-Bulkley model fit (maximum R2). Fig. 7(f) shows 
that the drilling fluid  has shear thinning characteristics after 
adding polymer P-DADL to the base slurry, and the flow pattern 
index (n) decreases with the increase of P-DADL dosage. According 
to the yield stress (τ0) and consistency coefficient (K) of Herschel- 
Bulkley model (See Table S5), P-DADL-modified drilling fluids has 
excellent shear thinning and rock carrying capacity. P-DADL 
adsorbed with bentonite particles to form a mesh structure 
through hydrogen bonding, electrostatic and long hydrophobic 
side chains. Meanwhile, due to the introduction of sulfonic acid, 
quaternary ammonium salt and five-membered heterocyclic 
groups, P-DADL still has good rheological properties and rock- 
carrying capacity under high salt environment.

3.2.6. Filtrate loss reduction performance of P-DADL in WBDFs
The effect of P-DADL on drilling fluid filtration loss is shown in 

Fig. 8. The fluid loss of P-WBFDs before and after aging is shown in 
Fig. 8(a). It can be seen that the blank WBDFs exhibits relatively 
high FLAPI values before and after aging, which are 18 and 28.4 mL, 
respectively. As the concentration of P-DADL increased, the FLAPI of 
the P-WBDFs gradually decreased. When the dosage is 2 wt%, the 
filtration  loss is reduced to 7.4 mL. The FLAPI of S/P-WBDFs with 
different NaCl concentrations before and after aging is presented 
in Fig. 8(b). It is noteworthy that with the addition of salt, the 
drilling fluid  filtration  loss decreased instead, with the FLAPI 
decreasing from 6.4 to 3.6 mL before aging, and from 7.4 to 6.4 mL 
after aging. In response to the above, the author makes the 
following assumptions. The addition of P-DADL to the WBDFs in
troduces amide groups, sulfonic acid groups, quaternary ammo
nium salt groups, five-membered heterocycles and hydrophobic 
side chains. These phenomena are that strongly adsorbed groups 
adsorbed on the surface of bentonite, positive and negative ionic 
groups and associations within the molecular chain will occur 
simultaneously, which is conducive to the formation and 

Fig. 5. Rheological properties of S/P-WBDFs before and after aging at 180 ◦C: (a) AV, (b) PV, (c) YP, (d) YP/PV ratio.
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stabilization of the network structure. Although the shear force 
that increases the viscosity of the drilling fluid is increased, it re
sults in the molecular chains appearing as curled-up agglomerates 
due to intramolecular polymerization. However, with the addition 
of NaCl, the polymer molecular chains become extended from 
curling up in the brine (Wang et al., 2024). The polymer is effec
tively adsorbed on the bentonite surface through hydrogen and 
ionic bonding, and is subjected to pressure difference to form a 
dense and smooth membrane structure, which enhances the 
polymer adsorption capacity on the clay surface under high tem
perature environment, thus reducing the filtration loss. Although 
tested only in NaCl systems, the observed improvement in 
rheology and filtration suggests electrostatic shielding and zwit
terionic charge compensation as key contributors.

3.3. Mechanism analysis of P-DADL in WBDFs

3.3.1. Characterization of microstructure of drilling fluid
To further elucidate the underlying working mechanism of the 

polymer P-DADL in water-based drilling fluids, the microstructure 
of the polymer aqueous solution and P-WBDFs systems were sys
tematically characterized and analyzed. The microstructure of the 

aqueous solution of polymer P-DADL is shown in Fig. 9. Due to the 
presence of amphoteric ions and hydrophobic side chains on the 
molecular chain of P-DADL, the solution forms an obvious mesh 
structure/house of cards structure by the action of “internal salt 
bonds” and “hydrophobic bonding” after dissolving in water, which 
is the key to improve the rheology of drilling fluids and the ability of 
rock cuttings to be suspended. In addition, the 2 wt% aqueous so
lution of P-DADL has stronger spatial reticulation property 
(Fig. 9(b)). The presence of “tentacle-like” branched structure on the 
reticulation structure, which may be the amino, sulfonic, quaternary 
ammonium salt and hydrophobic side chain of the P-DADL molec
ular side chain. The branched chain can interact with bentonite 
particles and enhance the adsorption strength.

To further elucidate the interaction mechanism between P- 
DADL and bentonite, the microstructure of the P-DADL-modified 
drilling fluids was observed, as shown in Fig. 10. Fig. 10(a) and (b) 
display the microstructure of the bentonite-based slurry before 
and after contamination with NaCl. The addition of NaCl disrupted 
the “card house” structure of the bentonite matrix, causing 
bentonite particles to transition from surface-to-edge adsorption 
to surface-to-surface adsorption. Under the influence  of cations, 
the particles aggregated with each other, leading to a deterioration 

Fig. 6. The suspension stability and cuttings carrying capacity of the P-WBDFs: (a) 0 h, (b) 6 h, (c) 12 h, (d) 24 h, (e) 36 h, (f) 48 h; 1: WBDFs, 2: 0.5 wt% P-WBDFs, 3: 1 wt% P- 
WBDFs+10 wt% NaCl, 4: 2 wt% P-WBDFs+35 wt% NaCl.
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in drilling fluid performance. After the incorporation of polymer P- 
DADL, the card house structure of the bentonite slurry was 
maintained and strengthened, while the negative effects of 
cationic monomers on the drilling fluid were eliminated, as shown 
in Fig. 10(c) and (d). The interaction between P-DADL and 
bentonite particles resulted in a coarser mesh skeleton structure in 
the drilling fluid.  Within this coarse skeleton, finer  scaffold-like 
structures were filled,  forming an alternating pattern of large 
and small skeletons, which further enhanced the rheological 
properties and suspension capacity of the drilling fluid (Yang et al., 
2022; Liu et al., 2022; Li et al., 2024). In the presence of NaCl, the 
molecular chains of P-DADL become more extended. Due to the 

anti-polyelectrolyte effect and electrostatic shielding, the amino 
groups, cationic groups, anionic groups, and hydrophobic side 
chains on the P-DADL molecular chains are exposed, providing 
more adsorption sites to interact with bentonite particles. This 
promotes the full dispersion of clay particles and maintains the 
network structure of the drilling fluid. This explains the relatively 
dispersed yet networked microstructure of the solution observed 
in Fig. 10(d).

3.3.2. Influence of P-DADL on drilling fluid mud cake
During the drilling process, the mud cake quality not only af

fects the filtration loss of drilling fluid, but also is closely related to 
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the stability of well wall and reservoir protection. The macroscopic 
morphology and microstructure of drilling fluid  mud cake after 
aging at 180 ◦C are shown in Fig. 11. From Fig. 11(a) and (b), it can 
be seen that the thickness of base slurry mud cake is 1.7 mm and 
the surface is smooth, while the quality of filter cake is poorer after 
the base slurry is contaminated by salt, which is not only thickened 
(4.2 mm), but also has more pores on the surface. The polymer P- 
DADL significantly enhanced the mud cake quality. As can be seen 
from Fig. 11(c) and (d), the drilling fluid filter cake containing P- 
DADL is characterized as thin, smooth and dense, and the presence 
of NaCl further thins the mud cake (mud cake thickness of 
0.21 mm). The above results are consistent with previous results 
on the amount of filtration loss, indicating that the polymer P- 
DADL has good resistance to temperature and salt, and also has a 
filtration loss reduction effect.

The micromorphology of the base slurry mud cake surface is 
shown in Fig. 11(e). The hydration film  of bentonite particles is 
extremely sensitive to temperature: under high-temperature 
conditions, the hydration film  on the clay particle surface be
comes thinner, and the clay particles aggregate and stack in an 
edge-to-edge and face-to-face manner. This results in a raised mud 
cake surface with distinct pores, which further form filtration 
channels. The quality of the mud cake after the bentonite-based 

slurry was contaminated by NaCl was even worse (shown in 
Fig. 14(b)), with the surface of the cake being uneven and having 
a large number of obvious holes. This is attributed to the weak
ening of bentonite hydration capacity at high temperatures, and 
the thinning of the hydration film  leads to a decrease in the 
interparticle repulsion, triggering the phenomenon of high- 
temperature aggregation. At the same time, the presence of Na+

compresses the clay diffusion bilayer, which further reduces the 
repulsive force between clay particles and makes the mud cake 
loose and porous. In addition, as a large amount of free NaCl in the 
drilling fluid  accumulates and crystallizes on the surface of the 
filter cake, it leads to a further increase in the pore seams of the 
mud cake, which increases the amount of filtration  loss. The 
addition of polymer P-DADL effectively improved the mud cake 
quality. As shown in Fig. 11(f) the surface of the mud cake was thin 
and smooth with no pore generation. This is attributed to the 
interaction between P-DADL and bentonite. The polymer P-DADL 
and bentonite are tightly adsorbed through electrostatic interac
tion, hydrophobic side chains, hydrogen bonding and ionic 
bonding, which prevents agglomeration of clay particles from 
occurring, and forms a smooth, thin and dense hydration film 
under pressure. The microstructure of polymer P-DADL-modified 
drilling fluid  mud cake after NaCl contamination is shown in 

Fig. 8. FLAPI of P-DADL-modified drilling fluids: (a) Polymer concentrations, (b) NaCl concentrations.

Fig. 9. The microscopic structure of P-DADL aqueous solution: (a) 1 wt%, (b) 2 wt%.
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Fig. 10. The microscopic structure of P-DADL in the WBDFs: (a) based slurry, (b) based slurry+15 wt% NaCl, (c) based slurry+1 wt% P-DADL, (d) based slurry+2 wt% P- 
DADL+15 wt% NaCl.

Fig. 11. Surface topography of drilling fluid mud cake: (a, e) based slurry, (b, f) based slurry+15 wt% NaCl, (c, g) based slurry+1 wt% P-DADL, (d, h) based slurry+2 wt% P- 
DADL+15 wt% NaCl.
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Fig. 11(h). The drilling fluid  mud cake is denser and smoother 
compared with Fig. 11(g). The SEM results show that polymer P- 
DADL can maintain the stable dispersion of bentonite particles 
under HTHS conditions, form a smooth, thin and dense membrane 
structure, and reduce the filtration loss.

3.3.3. Analysis of elemental content in mud cake
The interaction mechanism between polymer P-DADL and 

bentonite was further explored by energy spectrum analysis, and 
the results are shown in Fig. 12. Comparison of Fig. 12(a) and (c) 
shows that the elemental content of C, N, O and Al on the surface of 
the drilling fluid filter cake containing polymer P-DADL increased 
significantly, while the distribution of S element appeared, indi
cating that P-DADL is still firmly adsorbed on the surface of clay 
particles after aging at high temperature and maintains the stable 
dispersion of bentonite. Fig. 12(b) shows that the elemental con
tent of Na and Cl on the surface of the filter cake under high salt 
conditions increased significantly, while the peaks of N, O and Si 
elements decrease, indicating that NaCl acts on bentonite, result
ing in flocculation of bentonite and increased filtration volume. As 
can be seen from Fig. 12(d), the Na and Cl elemental peaks in the 
filter  cake decreased significantly  after adding P-DADL to the 
brine-based slurry, which may be due to the anti-polyelectrolyte 
effect in P-DADL. The addition of P-DADL protects the hydration 
of bentonite and inhibits the effect of NaCl on bentonite. Therefore, 
the residual amount of NaCl on the surface of mud cake is small 
(i.e., the relative content of Si increases), which not only maintains 
the stability of drilling fluid  performance, but also reduces the 

filter loss. The XPS experimental results further demonstrate the 
positive impact of P-DADL on drilling fluids (Fig. S10).

3.3.4. Zeta potential analysis of drilling fluids
The zeta potential of WBDFs after aging at 180 ◦C/16 h was 

measured at 25 ◦C, and the results are shown in Fig. 13 and 
Table S6. Compared with WBDFs, the absolute value of zeta 
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Fig. 13. Effect of P-DADL on zeta potential of WBDFs.
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potential increased from 39.1 to 54.6 mV after adding P-DADL, 
which is due to the increased thickness of clay particle hydration 
film adsorbed by P-DADL on the clay surface. The addition of NaCl 
compresses the diffusion double layer of bentonite, reduces the 
electrostatic repulsion between clay particles, and leads to a 
decrease in the absolute value of zeta potential. However, in the 
case of saturated salt, the zeta potential of 2 wt% P-DADL/WBDFs 
remained at − 33.4 mV, indicating the stability of the drilling fluid 
system. This is consistent with the results of the rheological 
properties of the drilling fluid  and the results of the filter loss 
reduction in Figs. 5, 6 and 8.

3.3.5. Comparison with similar commercial products
According to the survey, commercial flow  regulators (PAC, 

carboxymethyl starch, FA-367) are widely used in oilfield drilling 
(Minaev et al., 2016; Xia et al., 2023; Saadi et al., 2025). Through 
experimental comparison, we can more accurately evaluate the 
novelty and practicality of P-DADL. During the experiment, the 
polymer dosage was 2 wt% and the NaCl concentration was 15 wt%, 
the experimental results are shown in Fig. 14. The results showed 
that the performance of P-DADL polymer was significantly better 
than that of commercial products, with an AV improvement of 
13.31% and a FLHTHP of only 24 mL, resulting in a 78.4% 

Fig. 14. Performance comparison between P-DADL and commercial filtrate reducer: (a) AV of drilling fluid, (b) FLHTHP at 180 ◦C and 500 psi).

Fig. 15. Action mechanism diagram of P-DADL.
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improvement in performance. In addition, as shown in Fig. S5, 
compared with commercial products, the mud cake after P-DADL 
testing is denser and smoother. The reason is the thermal stability 
and salt resistance of P-DADL, which tightly adsorbs with clay 
particles through hydrogen bonds, electrostatic and chemical 
bonds.

3.4. Comprehensive analysis of P-DADL action mechanism

The mechanism of P-DADL action in WBDFs is shown in Fig. 15. 
Due to the introduction of cationic groups, anionic groups and 
hydrophobic groups on the P-DADL molecular chain, P-DADL un
dergoes intramolecular aggregation under electrostatic and hy
drophobic association, forming an irregular network spatial 
structure. When P-DADL is added to WBDFs, a large number of 
polymer molecules adsorb onto the surface of clay particles. Under 
the action of “internal salt bonds” and “hydrophobic association”, 
the polymer main chains intertwine with each other, and the side 
chains adsorb onto the clay surface, further constructing a spatial 
network structure. Macroscopically, this is manifested as an in
crease in drilling fluid viscosity and enhanced suspension stability. 
In addition, due to the anti-polyelectrolyte effect, when NaCl is 
added, the curled molecular chains of the polymer gradually 
stretch, releasing more interaction sites with clay particles. The 
drilling fluid forms a relatively regular spatial network structure, 
maintaining the rheological properties of the drilling fluid. 
Therefore, P-DADL tightly adsorbs with clay particles through 
electrostatic interactions, hydrophobic side chains, hydrogen 
bonds, and ionic bonds, forming a smooth, thin, and dense mud 
cake under pressure differential, reducing the amount of drilling 
fluid loss. NaCl promotes a more regular and distinct grid structure 
of P-DADL-modified drilling fluids, and the bentonite particles are 
uniformly and stably dispersed in the drilling fluid system, further 
enhancing the filtration reduction effect.

4. Conclusions

In order to meet the drilling needs under HTHS conditions, this 
study prepared a temperature and salt resistant zwitterionic- 
hydrophobic associating polymer (P-DADL). The performance of P- 
DADL in water-based drilling fluids  was systematically evaluated, 
and its mechanism of action was analyzed using various charac
terization methods. The results indicate that P-DADL has a thermal 
decomposition temperature higher than 297 ◦C and excellent 
rheological improvement and filtration control ability under HTHS 
conditions. When the dosage is 2 wt%, and the drilling fluid has good 
performance after aging at 180 ◦C. The apparent viscosity is 
62 mPa⋅s, and the FLAPI is 7.4 mL. In saturated saline mud, the FLAPI 
further decreases to 6.4 mL, demonstrating the synergistic filtration 
reduction characteristics of P-DADL and NaCl. P-DADL enhances the 
stability of drilling fluid  in high-temperature and high salt envi
ronments through adsorption and bridging with clay particles, 
maintained >98% suspension stability over 48 h in saturated brine. 
In addition, P-DADL can promote the formation of dense mud cake 
in drilling fluid, effectively controlling filtration. With the addition 
of 2 wt% P-DADL, the 15 wt% NaCl salt-based drilling fluid achieved 
an HTHP fluid  loss of 24 mL, representing a 78.4% performance 
enhancement over analogous commercial products. Future work 
will focus on validating P-DADL in multi-ion brines and field-scale 
WBDFs formulations, further clarifying its application potential.

CRediT authorship contribution statement

Qi-Bing Wang: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Data curation. Wan-Jing Luo: 

Writing – review & editing, Supervision, Conceptualization. Li- 
Fang Pan: Validation, Investigation, Data curation. Jin-Sheng Sun: 
Supervision, Resources, Methodology. Hui-Cui Sun: Writing – re
view & editing, Supervision, Project administration, Funding 
acquisition, Conceptualization. Ren Wang: Writing – review & 
editing, Supervision, Project administration, Funding acquisition, 
Conceptualization. Jian-Long Wang: Project administration, 
Methodology, Formal analysis. Bo Liao: Resources, Methodology, 
Conceptualization. Ding-Shun She: Investigation, Formal analysis. 
Hai Yang: Investigation, Formal analysis.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing 
financial  interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the National Key Research and 
Development Program Project (2023YFF0611104), the National 
Natural Science Foundation of China (52304010, U2444216), and 
the Technology Project of CNPC (2024DQ0537, 2025ZG56, 
2024DJ10004).

Appendix A. Supplementary data

Supplementary data to this article can be found online at 
https://doi.org/10.1016/j.petsci.2026.03.042.

References

Ahmad, H.M., Kamal, M.S., Al-Harthi, M.A., 2017. High molecular weight co
polymers as rheology modifier and fluid loss additive for water-based drilling 
fluids. J. Mol. Liq. 252, 133–143. https://doi.org/10.1016/j.molliq.2017.12.135.

API RP 13I, 2004. In: Recommended Practice for Laboratory Testing of Drilling 
Fluids, seventh ed., pp. 11–12.

API RP 13B-1, 2009. In: Recommended Practice for Field Testing of Water-based 
Drilling Fluids, fourth ed., pp. 8–10.

Chang, X.F., Sun, J.S., Xu, Z., et al., 2019. Synthesis of a novel environment-friendly 
filtration  reducer and its application in water-based drilling fluids.  Colloids 
Surf. A Physicochem. Eng. Asp. 568, 284–293. https://doi.org/10.1016/ 
j.colsurfa.2019.01.055.

Cione, A.P., Schmitt, C.C., Neumann, M.G., et al., 2000. The effect of added salt on 
the aggregation of clay particles. J. Colloid Interface Sci. 226, 205–209. https:// 
doi.org/10.1006/jcis.2000.6812.

Davoodi, S., Eremyan, G.A., Stepiko, A.V., et al., 2021. Comparative analysis of the 
physical properties and economic efficiency  of drilling fluids  with nano-ad
ditives. Bull. Tomsk. Polytech. 332, 130–141. https://doi.org/10.18799/ 
24131830/2021/06/3243.

Davoodi, S., Sa, A.R., Soleimanian, A., et al., 2019. Application of a novel acrylamide 
copolymer containing highly hydrophobic comonomer as filtration control and 
rheology modifier additive in water-based drilling mud. J. Petrol. Sci. Eng. 180, 
747–755. https://doi.org/10.1016/j.petrol.2019.04.069.

Dong, X.D., Sun, J.S., Huang, X.B., et al., 2024. Development of temperature- and 
salt-resistant viscosifier with dual skeleton structure of microcrosslinking and 
hydrophobic association structures and its application in water-based drilling 
fluids.  Colloids Surf. A Physicochem. Eng. Asp. 684, 133017. https://doi.org/ 
10.1016/j.colsurfa.2023.133017.

Gao, M., Gawel, K., Stokke, B.T., 2014. Polyelectrolyte and antipolyelectrolyte effects 
in swelling of polyampholyte and polyzwitterionic charge balanced and charge 
offset hydrogels. Eur. Polym. J. 53, 65–74. https://doi.org/10.1016/ 
j.eurpolymj.2014.01.014.

Ghaderi, S., Haddadi, S.A., Davoodi, S., et al., 2020. Application of sustainable 
saffron purple petals as an eco-friendly green additive for drilling fluids:  A 
rheological, filtration, morphological, and corrosion inhibition study. J. Mol. 
Liq. 315, 113707. https://doi.org/10.1016/j.molliq.2020.113707.

Guo, X.X., Hu, T.T., Meng, B., et al., 2019. Catalytic degradation of anthraquinones- 
containing H2O2 production effluent  over layered Co-Cu hydroxides: Defects 

Q.-B. Wang, W.-J. Luo, L.-F. Pan et al. Petroleum Science 23 (2026) 4065–4081

4079

https://doi.org/10.1016/j.petsci.2026.03.042
https://doi.org/10.1016/j.molliq.2017.12.135
http://refhub.elsevier.com/S1995-8226(26)00166-4/sref2
http://refhub.elsevier.com/S1995-8226(26)00166-4/sref2
http://refhub.elsevier.com/S1995-8226(26)00166-4/sref3
http://refhub.elsevier.com/S1995-8226(26)00166-4/sref3
https://doi.org/10.1016/j.colsurfa.2019.01.055
https://doi.org/10.1016/j.colsurfa.2019.01.055
https://doi.org/10.1006/jcis.2000.6812
https://doi.org/10.1006/jcis.2000.6812
https://doi.org/10.18799/24131830/2021/06/3243
https://doi.org/10.18799/24131830/2021/06/3243
https://doi.org/10.1016/j.petrol.2019.04.069
https://doi.org/10.1016/j.colsurfa.2023.133017
https://doi.org/10.1016/j.colsurfa.2023.133017
https://doi.org/10.1016/j.eurpolymj.2014.01.014
https://doi.org/10.1016/j.eurpolymj.2014.01.014
https://doi.org/10.1016/j.molliq.2020.113707


facilitating hydroxyl radicals generation. Appl. Catal. B Environ. Energy 260, 
118157. https://doi.org/10.1016/j.apcatb.2019.118157.

Gao, W., Li, Y.T., Yu, F.C., et al., 2021. Development of a polymer filter  loss 
reducer for ultra-high temperature water base drilling fluids.  Drill. Fluid 
Complet. Fluid 38, 146–151+157. https://doi.org/10.3969/j.issn.1001- 
5620.2021.02.003.

Hanton, S.D., 2001. Mass spectrometry of polymers and polymer surfaces. Chem. 
Rev. 101 (2), 527–570. https://doi.org/10.1021/cr9901081.

Huang, Y., Zhang, D., Zheng, W., 2019. Synthetic copolymer (AM/AMPS/DMDAAC/ 
SSS) as rheology modifier  and fluid  loss additive at HTHP for water-based 
drilling fluids.  J. Appl. Polym. Sci. 136 (30), 47813. https://doi.org/10.1002/ 
app.47813.

Huo, J.H., Peng, Z.G., Ye, Z.B., et al., 2018. Investigation of synthesized polymer 
on the rheological and filtration  performance of water-based drilling fluid 
system. J. Petrol. Sci. Eng. 165, 655–663. https://doi.org/10.1016/ 
j.petrol.2018.03.003.

Jia, X.R., Zhao, X.H., Chen, B., et al., 2022. Polyanionic cellulose/hydrophilic 
monomer copolymer grafted silica nanocomposites as HTHP drilling fluid-loss 
control agent for water-based drilling fluids.  Appl. Surf. Sci. 578, 152089. 
https://doi.org/10.1016/j.apsusc.2021.152089.

Jiang, F., Pu, W., 2020. Salt induced shear thickening behavior of a hydrophobic 
association polymer and its potential in enhanced oil recovery. J. Mater. Sci. 55 
(7), 3130–3138. https://doi.org/10.1007/s10853-019-04221-0.

Kazemi-Beydokhti, A., Hajiabadi, S.H., 2018. Rheological investigation of smart 
polymer/carbon nanotube complex on properties of water-based drilling 
fluids.  Colloids Surf. A Physicochem. Eng. Asp. 556, 23–29. https://doi.org/ 
10.1016/j.colsurfa.2018.07.058.

Kusrini, E., Oktavianto, F., Usman, A., et al., 2020. Synthesis, characterization, and 
performance of graphene oxide and phosphorylated graphene oxide as addi
tive in water-based drilling fluids. Appl. Surf. Sci. 506, 145005. https://doi.org/ 
10.1016/j.apsusc.2019.145005.

Lai, N.J., Fan, W., Zhang, X.C., et al., 2023. Temperature-sensitive polymer based 
nano-SiO2 composite multi-component synergistic improvement of shale 
stability in water-based drilling fluids.  Geoenergy Sci. Eng. 224, 211498. 
https://doi.org/10.1016/j.geoen.2023.211498.

Li, J., Ji, Y.X., Ni, X.X., et al., 2024. A micro-crosslinked amphoteric hydrophobic 
association copolymer as high temperature- and salt-resistance fluid  loss 
reducer for water-based drilling fluids.  Pet. Sci. 21 (3), 1980–1991. https:// 
doi.org/10.1016/j.petsci.2024.01.021.

Li, M.J., Fang, H.Y., Du, M.R., et al., 2020. The behavior of polymer-bentonite 
interface under shear stress. Constr. Build. Mater. 248, 118680. https:// 
doi.org/10.1016/j.conbuildmat.2020.118680.

Li, M.C., Wu, Q., Song, K., et al., 2015. Cellulose nanoparticles as modifiers  for 
rheology and fluid  loss in bentonite water-based fluids.  ACS Appl. Mater. In
terfaces 7 (8), 5006–5016. https://doi.org/10.1021/acsami.5b00498.

Liu, F., Jiang, G.C., Peng, S.L., et al., 2016. Amphoteric polymer as an anti-calcium 
contamination fluid-loss  additive in water-based drilling fluids.  Energy Fuel. 
30 (9), 7221–7228. https://doi.org/10.1021/acs.energyfuels.6b01567.

Liu, F., Yao, H.L., Liu, Q.X., et al., 2021. Nano-silica/polymer composite as filtrate 
reducer in water-based drilling fluids. Colloids Surf. A Physicochem. Eng. Asp. 
627, 127168. https://doi.org/10.1016/j.colsurfa.2021.127168.

Liu, L.M., Sun, J.S., Wang, R., et al., 2022. Synthesis of a new high temperature and 
salt resistant zwitterionic filtrate  reducer and its application in water-based 
drilling fluid.  Colloids Surf. A Physicochem. Eng. Asp. 651, 129730. https:// 
doi.org/10.1016/j.colsurfa.2022.129730.

Liu, Y.W., 2022. Study and application of the rheology modifier for clay-free water- 
based drilling fluid. Drill. Prod. Technol. 45, 154–159. https://doi.org/10.3969/ 
J.ISSN.1006-768X.2022.04.26.

Luo, M.W., Zhang, X.B., Wang, Z.Q., et al., 2020. Preparation and working mecha
nisms of an ultra-high temperature low viscosity polymer filtrate reducer. 
Drill. Fluid Complet. Fluid 37, 585–592. https://doi.org/10.3969/j.issn.1001- 
5620.2020.05.008.

Luo, Z.H., Pei, J.J., Wang, L.X., et al., 2017. Influence of an ionic liquid on rheological 
and filtration  properties of water-based drilling fluids  at high temperatures. 
Appl. Clay Sci. 136, 96–102. https://doi.org/10.1016/j.clay.2016.11.015.

Lysakova, E., Skorobogatova, A., Neverov, A., et al., 2023. Comparative 
analysis of the effect of single-walled and multi-walled carbon nanotube ad
ditives on the properties of hydrocarbon-based drilling fluids. Colloids Surf. A 
Physicochem. Eng. Asp. 678, 132434. https://doi.org/10.1016/ 
j.colsurfa.2023.132434.

Maarof, S., Ali, A.A., Hashim, A.M., 2019. Molecular structures of cooking palm oil in 
gas phase modelled by density functional theory. Mater. Today Proc. 7, 
770–775. https://doi.org/10.1016/j.matpr.2018.12.073.

Minaev, K.M., Martynova, D.O., Zakharov, A.S., et al., 2016. Synthesis of carbox
ymethyl starch for increasing drilling mud quality in drilling oil and gas wells. 
IOP Conf. Ser.: Earth Environ. Sci. 43 (1), 012071. https://doi.org/10.1088/1755- 
1315/43/1/012071.

Moghaddam, A.K., Davoodi, S., Sa, A.R., et al., 2021. Mesoscopic 
theoretical modeling and experimental study of rheological behavior of water- 
based drilling fluid  containing associative synthetic polymer, bentonite, and 
limestone. J. Mol. Liq. 347, 117950. https://doi.org/10.1016/ 
j.molliq.2021.117950.

Noor, A.A., Khan, M.A., Zhang, Y., et al., 2025. Modified natural polymers as addi
tives in high-temperature drilling fluids: A review. Int. J. Biol. Macromol. 287, 
138556. https://doi.org/10.1016/j.ijbiomac.2024.138556.

Quan, H.P., Zhang, T.S., Huang, Z.Y., 2022. Synthesis and 
evaluation of high temperature and salt resistant fluid  loss reducer. Appl. 
Chem. Ind. 51 (6), 1691–1696. https://doi.org/10.3969/j.issn.1671- 
3206.2022.06.031, 1701. 

Ranka, M., Brown, P., Hatton, T.A., 2015. Responsive stabilization of nanoparticles 
for extreme salinity and high-temperature reservoir applications. ACS Appl. 
Mater. Interfaces 7 (35), 19651–19658. https://doi.org/10.1021/ 
acsami.5b04200.

Rasheed, H.A., Adeleke, A., Nzerem, P., et al., 2023. A review on the use of car
boxymethyl cellulose in oil and gas field  operations. Cellulose 30 (16), 
9899–9924. https://doi.org/10.1007/s10570-023-05504-1.

Saadi, R., Hamidi, H., Wilkinson, D., et al., 2025. Optimizing filtration properties of 
water-based drilling fluids: Performance of pac variants and synergistic effects. 
Colloids Surf. A Physicochem. Eng. Asp. 715, 136590. https://doi.org/10.1016/ 
j.colsurfa.2025.136590.

Sadeghalvaad, M., Sabbaghi, S., 2015. The effect of the TiO2/polyacrylamide 
nanocomposite on water-based drilling fluid properties. Powder Technol. 272, 
113–119. https://doi.org/10.1016/j.powtec.2014.11.032.

Shi, L.T., Zhu, S.J., Ye, Z.B., et al., 2020. Effect of microscopic aggregation behavior on 
polymer shear resistance. J. Appl. Polym. Sci. 137, 48670. https://doi.org/ 
10.1002/app.48670.

Song, K.L., Wu, Q.L., Li, M.C., et al., 2016a. Performance of low solid bentonite 
drilling fluids  modified  by cellulose nanoparticles. J. Nat. Gas Sci. Eng. 34, 
1403–1411. https://doi.org/10.1016/j.jngse.2016.08.036.

Song, K.L., Wu, Q.L., Li, M.C., et al., 2016b. Water-based bentonite drilling fluids 
modified by novel biopolymer for minimizing fluid  loss and formation dam
age. Colloids Surf. A Physicochem. Eng. Asp. 507, 58–66. https://doi.org/ 
10.1016/j.colsurfa.2016.07.092.

Sun, J.S., Wang, R., Long, Y.F., 2024. Challenges, developments, and suggestions for 
drilling fluid technology in China. Drill. Fluid Complet. Fluid 41, 1–30. https:// 
doi.org/10.12358/j.issn.1001-5620.2024.01.001.

Sun, J.S., Yang, J., Rong, K.S., et al., 2023. Advances in study on rheology modifier for 
water-based drilling fluids.  Xinjiang Oil & Gas 19, 1–16. https://doi.org/ 
10.12388/j.issn.1673-2677.2023.02.001.

Sun, J.S., Zhang, X.F., Lv, K.H., et al., 2022. Synthesis of hydrophobic associative 
polymers to improve the rheological and filtration  performance of drilling 
fluids under high temperature and high salinity conditions. J. Petrol. Sci. Eng. 
209, 109808. https://doi.org/10.1016/j.petrol.2021.109808.

Wang, H., Li, M., Qin, X.L., et al., 2022. Hydrophobic association copolymer as 
viscosifier  for high-temperature high-pressure anti-sedimentation perfor
mance of water-based drilling fluid.  Polym. Eng. Sci. 62 (10), 3363–3376. 
https://doi.org/10.1002/pen.26109.

Wang, Q.B., Liu, L.M., Wang, J.L., et al., 2025. Development and mechanism of a 
multi-target adsorption high-temperature-resistant filtrate reducer: Syner
gistic effects of Si–O–Si chemical bonds and ionic interactions. Colloids Surf. A 
Physicochem. Eng. Asp. 726, 137959. https://doi.org/10.1016/ 
j.colsurfa.2025.137959.

Wang, R., Deng, Y.L., Yang, J., et al., 2024. Preparation of a salt-responsive zwit
terionic hydrophobically associating polymer and its application in a saturated 
sodium chloride drilling fluid.  Colloids Surf. A Physicochem. Eng. Asp. 692, 
133956. https://doi.org/10.1016/j.colsurfa.2024.133956.

Warren, B., van der Horst, P., Stewart, W., et al., 2003. Application of amphoteric 
cellulose ethers in drilling fluids.  In: International Symposium on Oilfield 
Chemistry. https://doi.org/10.2118/80210-ms.

Wisniowski, R., Skrzypaszek, K., Malachowski, T., et al., 2020. Selection of a suitable 
rheological model for drilling fluid using applied numerical methods. Energies 
13 (12), 3192. https://doi.org/10.3390/en13123192.

Xia, Y., Guan, J., Gao, Y., et al., 2023. Optimization of anti-collapse drilling fluid 
systems with high potassium content. Fluid Dynam. Mater. Process. 19 (6), 
1609. https://doi.org/10.32604/fdmp.2023.025263.

Xiao, S.W., Zhang, Y.X., Shen, M.X., et al., 2018. Structural dependence 
of salt-responsive polyzwitterionic brushes with an anti-polyelectrolyte 
effect. Langmuir 34 (1), 97–105. https://doi.org/10.1021/ 
acs.langmuir.7b03667.

Xie, B.Q., Qiu, Z.S., Zheng, L.H., 2016. Synthesis and effect mechanism of a high- 
temperature-resisting viscosifier  SDKP for water-based drilling fluid.  J. Xi'an 
Shiyou Univ. (Nat Sci Ed.) 31, 96–102. https://doi.org/10.3969/j.issn.1673- 
064X.2016.01.016.

Xie, G., Xia, L., Bai, Y., et al., 2024. Investigation on the plugging mechanism of 
nanocomposite polyacrylate copolymers in water-based drilling fluids:  ex
periments and applications. Geoenergy Sci. Eng. 242, 213223. https://doi.org/ 
10.1016/j.geoen.2024.213223.

Yang, J., Sun, J.S., Wang, R., et al., 2022. Laponite-polymer composite as a rheology 
modifier  and filtration  loss reducer for water-based drilling fluids  at high 
temperature. Colloids Surf. A Physicochem. Eng. Asp. 655, 130261. https:// 
doi.org/10.1016/j.colsurfa.2022.130261.

Yang, J., Wang, R., Sun, J.S., et al., 2023. Nanolaponite/comb polymer composite as a 
rheological modifier  for water-based drilling fluids.  ACS Appl. Nano Mater. 6 
(14), 13453–13465. https://doi.org/10.1021/acsanm.3c02079.

Yuan, Y.H., Qu, Y.Z., Gao, S.F., et al., 2023. Advances in study on temperature- 
resistant and salt-tolerant fluid  loss reducers for water-based drilling fluids. 
Xinjiang Oil & Gas 19 (2), 62–68. https://doi.org/10.12388/j.issn.1673- 
2677.2023.02.008.

Zamir, A., Elraies, K.A., Rasool, M.H., et al., 2021. Influence of alkyl chain length in 
ionic liquid based drilling mud for rheology modification:  A review. J. Pet. 

Q.-B. Wang, W.-J. Luo, L.-F. Pan et al. Petroleum Science 23 (2026) 4065–4081

4080

https://doi.org/10.1016/j.apcatb.2019.118157
https://doi.org/10.3969/j.issn.1001%2D5620.2021.02.003
https://doi.org/10.3969/j.issn.1001%2D5620.2021.02.003
https://doi.org/10.1021/cr9901081
https://doi.org/10.1002/app.47813
https://doi.org/10.1002/app.47813
https://doi.org/10.1016/j.petrol.2018.03.003
https://doi.org/10.1016/j.petrol.2018.03.003
https://doi.org/10.1016/j.apsusc.2021.152089
https://doi.org/10.1007/s10853%2D019%2D04221%2D0
https://doi.org/10.1016/j.colsurfa.2018.07.058
https://doi.org/10.1016/j.colsurfa.2018.07.058
https://doi.org/10.1016/j.apsusc.2019.145005
https://doi.org/10.1016/j.apsusc.2019.145005
https://doi.org/10.1016/j.geoen.2023.211498
https://doi.org/10.1016/j.petsci.2024.01.021
https://doi.org/10.1016/j.petsci.2024.01.021
https://doi.org/10.1016/j.conbuildmat.2020.118680
https://doi.org/10.1016/j.conbuildmat.2020.118680
https://doi.org/10.1021/acsami.5b00498
https://doi.org/10.1021/acs.energyfuels.6b01567
https://doi.org/10.1016/j.colsurfa.2021.127168
https://doi.org/10.1016/j.colsurfa.2022.129730
https://doi.org/10.1016/j.colsurfa.2022.129730
https://doi.org/10.3969/J.ISSN.1006%2D768X.2022.04.26
https://doi.org/10.3969/J.ISSN.1006%2D768X.2022.04.26
https://doi.org/10.3969/j.issn.1001%2D5620.2020.05.008
https://doi.org/10.3969/j.issn.1001%2D5620.2020.05.008
https://doi.org/10.1016/j.clay.2016.11.015
https://doi.org/10.1016/j.colsurfa.2023.132434
https://doi.org/10.1016/j.colsurfa.2023.132434
https://doi.org/10.1016/j.matpr.2018.12.073
https://doi.org/10.1088/1755%2D1315/43/1/012071
https://doi.org/10.1088/1755%2D1315/43/1/012071
https://doi.org/10.1016/j.molliq.2021.117950
https://doi.org/10.1016/j.molliq.2021.117950
https://doi.org/10.1016/j.ijbiomac.2024.138556
https://doi.org/10.3969/j.issn.1671%2D3206.2022.06.031
https://doi.org/10.3969/j.issn.1671%2D3206.2022.06.031
https://doi.org/10.1021/acsami.5b04200
https://doi.org/10.1021/acsami.5b04200
https://doi.org/10.1007/s10570%2D023%2D05504%2D1
https://doi.org/10.1016/j.colsurfa.2025.136590
https://doi.org/10.1016/j.colsurfa.2025.136590
https://doi.org/10.1016/j.powtec.2014.11.032
https://doi.org/10.1002/app.48670
https://doi.org/10.1002/app.48670
https://doi.org/10.1016/j.jngse.2016.08.036
https://doi.org/10.1016/j.colsurfa.2016.07.092
https://doi.org/10.1016/j.colsurfa.2016.07.092
https://doi.org/10.12358/j.issn.1001%2D5620.2024.01.001
https://doi.org/10.12358/j.issn.1001%2D5620.2024.01.001
https://doi.org/10.12388/j.issn.1673%2D2677.2023.02.001
https://doi.org/10.12388/j.issn.1673%2D2677.2023.02.001
https://doi.org/10.1016/j.petrol.2021.109808
https://doi.org/10.1002/pen.26109
https://doi.org/10.1016/j.colsurfa.2025.137959
https://doi.org/10.1016/j.colsurfa.2025.137959
https://doi.org/10.1016/j.colsurfa.2024.133956
https://doi.org/10.2118/80210%2Dms
https://doi.org/10.3390/en13123192
https://doi.org/10.32604/fdmp.2023.025263
https://doi.org/10.1021/acs.langmuir.7b03667
https://doi.org/10.1021/acs.langmuir.7b03667
https://doi.org/10.3969/j.issn.1673%2D064X.2016.01.016
https://doi.org/10.3969/j.issn.1673%2D064X.2016.01.016
https://doi.org/10.1016/j.geoen.2024.213223
https://doi.org/10.1016/j.geoen.2024.213223
https://doi.org/10.1016/j.colsurfa.2022.130261
https://doi.org/10.1016/j.colsurfa.2022.130261
https://doi.org/10.1021/acsanm.3c02079
https://doi.org/10.12388/j.issn.1673%2D2677.2023.02.008
https://doi.org/10.12388/j.issn.1673%2D2677.2023.02.008


Explor. Prod. Technol. 12 (2), 485–492. https://doi.org/10.1007/s13202-021- 
01343-7.

Zhang, W.Y., Shen, H., Wang, Y.J., et al., 2016. Grafting lignite with sulformethal 
phenoldehy resin and their performance in controlling rheological and filtra
tion properties of water–bentonite suspensions at high temperatures. J. Petrol. 
Sci. Eng. 144, 84–90. https://doi.org/10.1016/j.petrol.2016.03.004.

Zhang, Y.B., Qiu, Z.S., Zhao, X., et al., 2021. Experimental study on ultra-low tem
perature drilling fluid  in Arctic permafrost. Polar Sci. 28, 100645. https:// 
doi.org/10.1016/j.polar.2021.100645.

Zhong, H.Y., Kong, X.Z., Chen, S.Q., et al., 2021. Preparation, characterization and 
filtration  control properties of crosslinked starch nanospheres in water-based 
drilling fluids. J. Mol. Liq. 325, 115221. https://doi.org/10.1016/j.molliq.2020.115221.

Q.-B. Wang, W.-J. Luo, L.-F. Pan et al. Petroleum Science 23 (2026) 4065–4081

4081

https://doi.org/10.1007/s13202%2D021%2D01343%2D7
https://doi.org/10.1007/s13202%2D021%2D01343%2D7
https://doi.org/10.1016/j.petrol.2016.03.004
https://doi.org/10.1016/j.polar.2021.100645
https://doi.org/10.1016/j.polar.2021.100645
https://doi.org/10.1016/j.molliq.2020.115221

	Zwitterionic-hydrophobic associating polymer for enhanced rheology and fluid-loss control in high-temperature, high-salinit ...
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Synthesis method of P-DADL
	2.3. Characterization of P-DADL
	2.4. Preparation and performance test of drilling fluid

	3. Results and discussion
	3.1. Molecular structural characterization
	3.1.1. FTIR and 1H NMR spectrum
	3.1.2. Thermal stability analysis
	3.1.3. Analysis of polymer average molecular weight and elemental content

	3.2. Performance evaluation of P-DADL in WBDF
	3.2.1. Effect of concentration
	3.2.2. Effect of salinity
	3.2.3. Effect of temperature
	3.2.4. Suspension stability analysis
	3.2.5. Fitting of drilling fluid rheological model
	3.2.6. Filtrate loss reduction performance of P-DADL in WBDFs

	3.3. Mechanism analysis of P-DADL in WBDFs
	3.3.1. Characterization of microstructure of drilling fluid
	3.3.2. Influence of P-DADL on drilling fluid mud cake
	3.3.3. Analysis of elemental content in mud cake
	3.3.4. Zeta potential analysis of drilling fluids
	3.3.5. Comparison with similar commercial products

	3.4. Comprehensive analysis of P-DADL action mechanism

	4. Conclusions
	CRediT authorship contribution statement
	Data availability
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


