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ABSTRACT

To address two key challenges (sand production and high water cut) in the development of loose
sandstone reservoirs, a supramolecular sand inhibiting and water control agent, PDKM, was prepared
using acrylamide (AM), methacryloxyethyltrimethyl ammonium chloride (DMC), styrene (SM), and
y-methacryloyloxypropyltrimethoxysilane (KH570) as monomers. The molecular structure and thermal
stability of PDKM were confirmed by 'H-NMR, FT-IR, and TGA. Compared with conventional agents
containing only one or two functional monomers, PDM (AM/DMC) and PDSM (AM/DMC/SM), PDKM
demonstrated superior sand inhibiting and water control performance due to the synergistic effects
among its three functional monomers. PDKM forms a denser intermolecular network structure,
resulting in a significantly lower average sand production rate (0.02 g/L) and a longer average sand
breakthrough time (665 s), surpassing the “excellent” standard (< 0.05 g/L) specified in Q/SH 1020
2377-2020 for sand inhibitors. PDKM achieves a higher water—oil resistance ratio (6.47) and markedly
reduces the produced fluid's water cut by 34.1%, greatly exceeding the “excellent” field criterion for
water control agents (> 10% reduction). Theoretical simulation (DFT calculation) reveals strong inter-
molecular interactions, with PDKM-PDKM and PDKM-sand grain interaction energies of —0.065
and —0.085 Ha, providing a robust theoretical basis for its performance. These findings demonstrate that
PDKM offers a promising and effective solution for the integrated control of sand production and water
cut in loose sandstone reservoirs.
© 2025 The Authors. 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

wells. This not only reduces capillary forces and weakens forma-
tion cementation strength but also results in a rapid increase in the

The XX Oilfield in the Bohai loose sandstone reservoir is char-
acterized by strong heterogeneity. The injected water preferen-
tially flows through highly permeable channels during water
injection, leading to early water breakthrough into production
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water cut of produced fluids (Seright and Brattekas, 2021; Luo
et al., 2022; Chen et al., 2023). In the mid-to-late stages of devel-
opment, the elevated fluid shear forces caused by high flow rates
can disrupt the structural integrity of the formation skeleton un-
der high liquid production conditions. This phenomenon leads to
significant sand production, compromising the formation's sta-
bility and causing substantial formation damage (Ross et al., 2006;
Zhu et al., 2021; Duan et al., 2024). “Sand production” refers to the
migration of sand grains from the reservoir into the wellbore along
with the produced fluids during oil and gas production. Sand
production is one of the most critical challenges in reservoir
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development, as the produced sand can cause a variety of opera-
tional and environmental issues (Duan et al., 2024), including: (1)
the corrosion and blockage of surface and downhole equipment,
(2) subsidence of the formation rock and borehole wall instability,
(3) permeability reduction in the oil layer, leading to decreased
production efficiency and lower recovery factors, and (4) envi-
ronmental pollution, posing safety and health hazards. Based on
reservoir characteristics and economic feasibility, sand control
techniques can be broadly categorized into mechanical sand con-
trol and chemical sand inhibition (Salehi et al., 2019; Duan et al.,
2024). Mechanical sand control involves using tools, e.g., sieve
tubes and slotted liners, during drilling and completion to physi-
cally block sand entry into the wellbore (Salehi et al., 2019; Duan
et al,, 2024). However, these methods do not address the root
cause of sand production and have several limitations: complex
and expensive equipment, potential damage to the wellbore, dif-
ficulty in achieving interlayer isolation, and limited effectiveness
against fine sand particles (Salehi et al., 2019; Wu et al., 2024). In
contrast, chemical sand inhibiting involves injecting chemical
agents into the formation to enhance the strength of the in-
teractions between sand grains, thereby transforming loose indi-
vidual sand grains into more stable aggregates. This method
strengthens the formation structure and suppresses sand pro-
duction. It offers several advantages: the process is simple, no
mechanical devices are left in the wellbore, remedial operations
are straightforward, and it is cost-effective and efficient. As such,
chemical inhibition can complement and outperform mechanical
methods in controlling sand production at its source (Wu et al.,
2024; Lei et al., 2025).

In addition, sand production often coincides with high water
cut, which can reduce the effectiveness of water flooding and
impede normal production (Lei et al., 2025). High water cut in-
troduces additional issues such as pipeline erosion, reduced pump
efficiency, and increased operational costs for oil-water separation
and wastewater treatment (Qi et al., 2013). Similar to sand inhib-
iting, water control techniques can also be divided into mechanical
and chemical approaches based on the mechanism of water pro-
duction (Ahmed et al., 2020; Qin et al., 2020). Mechanical water
control typically employs packers to isolate high water-producing
zones, thereby preventing water from entering the wellbore and
interfering with oil production from other layers. However, this
approach has limitations: it is suitable only for reservoirs with a
single water-producing layer and requires a stable interlayer of at
least 1.5 m between the oil and water zones. Furthermore, con-
struction conditions can be restrictive (Denney, 2001; Sun and Bai,
2017; Li Y.K. et al., 2019; Deng et al., 2021; Shu et al., 2023; Tian
et al., 2023). Chemical water control involves injecting chemical
agents into the water-bearing zones to interact with the formation
and block high-permeability channels, thus achieving water con-
trol and oil stabilization. This method is advantageous because it is
simple to implement, highly effective, reliable, and economical. It
also addresses situations that mechanical methods cannot, such as
layered water production with narrow interlayers or casing
deformation that prevents effective zonal isolation (Denney, 2001;
Sun and Bai, 2017; Li Y.K. et al., 2019; Deng et al., 2021; Shu et al.,
2023; Tian et al., 2023). Therefore, it is necessary to apply chemical
sand inhibiting and water control measures for the XX oilfield of
Bohai loose sandstone reservoir.

Recent data indicate a steady increase in the annual imple-
mentation of sand inhibiting and water control operations in the
XX oilfield of the Bohai loose sandstone reservoir. This trend not
only leads to more frequent interventions in oil and water wells
but also significantly increases production costs. Owing to the
reliance on single-function treatment strategies, approximately
48% of oil wells experience sand production following water
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control operations. In comparison, 50% of wells treated for sand
control suffer from high water cut issues (Lei et al., 2025). These
statistics highlight a major limitation of conventional practices:
the disjointed application of sand inhibiting and water control
measures often results in poor coordination and fails to address
the root causes of the problems. Therefore, it is urgent to develop
and adopt integrated sand inhibiting and water control technolo-
gies that can simultaneously address both challenges in a single
treatment (Lei et al., 2025).

In recent years, based on insights from field applications, the
advanced concept of integrated sand inhibiting and water control
technology has shifted toward enhancing the residual strength of
the formation, thereby increasing the maximum sand-free rate
(MSFR) and reducing the water cut-rather than merely improving
consolidation strength (Alakbari et al., 2020; Li J.D. et al., 2022a).
Guided by this concept, various sand inhibiting and water control
agents have been developed, including cationic polymers, nano-
particles, polyacrylamide hydrogels, and zeta potential changers
(Alakbari et al., 2020; Li ].D. et al., 2022a). Although these control
agents have shown promise in reducing both sand production and
water cut to varying degrees, there remains a need to develop
more effective formulations with improved performance and
reliability. Among these, cationic polymers are particularly note-
worthy due to their dual functionality. These polymers can adsorb
onto sand grain surfaces via electrostatic interactions, forming a
protective adsorption layer that mitigates the detachment of sand
grains. Simultaneously, their polymer chains swell in water, nar-
rowing pore channels and restricting water flow, while collapsing
in oil, thereby preserving oil layer permeability (Marandi et al.,
2018; Lei et al., 2025). Building on this foundation, we propose
the strategic incorporation of hydrophobic monomers (promote
hydrophobic association and enhance the strength of the inter-
molecular network) and monomers capable of forming hydrogen
or hydroxyl bonds (facilitate adsorption bridging and promote
self-aggregation) into the backbone of cationic polymers. Through
these modifications and synergistic effects, we aim to construct
supramolecular systems capable of improved sand grain agglom-
eration and enhanced overall performance in sand inhibiting and
water control (Li X.Q. et al., 2017; Duan et al., 2024; Lei et al., 2025)
(Fig. 1). “Supramolecular interaction” refers to assembling polymer
chains into three-dimensional macromolecular networks through
non-covalent interactions such as electrostatic forces, hydrogen
bonding, n—r stacking, and coordination bonding. These in-
teractions impart the system with superior adaptability, structural
tunability, and responsiveness to environmental stimuli (Joseph
et al,, 2024; Huo et al., 2024; Rijns et al., 2024; Tang et al., 2024).
In recent years, supramolecular polymers have attracted growing
attention as promising functional agents. Leveraging supramo-
lecular interactions to design these polymers holds significant
application potential. This approach offers a practical pathway for
elucidating the mechanisms underlying sand inhibiting and water
control and serves as a strategic route for developing high-
performance materials tailored for enhanced oil recovery (Joseph
et al., 2024; Huo et al.,, 2024; Rijns et al., 2024; Tang et al., 2024).

This study was inspired by the remarkable adhesion ability of
marine mussels, which adhere firmly to rocks and various under-
water surfaces through the secretion of foot proteins characterized
by excellent self-healing properties (Li L. et al., 2015a, 2015b,
2015c, 2022). Therefore, designed and synthesized a novel supra-
molecular sand inhibiting and water control agent PDKM by
incorporating the cationic monomer methacryloxyethyltrimethyl
ammonium chloride (DMC), hydrophobic monomer styrene (SM),
and hydrogen-bonded monomer y-methacryloyloxypropyl-
trimethoxysilane (KH570) into an acrylamide (AM) polymer
backbone, serving as the primary structural framework (Li L. et al.,
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Fig. 1. Schematic diagram highlighting various supramolecular interactions.

2015¢, 2024; Li X.Q. et al., 2017). In this work, we systematically
investigated the structure-activity relationship and underlying
mechanism of the sand inhibiting and water control agent PDKM,
with a particular focus on the synergistic interactions among its
functional monomers. The objective was to deepen the theoretical
understanding of integrated sand inhibiting and water control
processes and provide a more rational and scientifically grounded
approach for designing and developing next-generation functional
agents in this domain.

2. Experimental materials, instruments, and procedures
2.1. Experimental materials

The main chemicals employed in the study include: AM (>
98.0%), DMC (> 99.0%), SM (> 99.0%), KH570 (> 99.0%), ferrous
sulfate (FeSO4-7H,0, > 99.5%), hydrogen peroxide (H,0,, > 99.5%),
2,2'-azobis(2-methylpropionamidine) dihydrochloride (V50, >
99.5%), sodium hydroxide (NaOH, > 99.7%), calcium chloride
(CaCly, > 99.7%), magnesium chloride (MgCl,, > 99.7%), sodium
sulfate (NazS0g4, > 99.7%), sodium bicarbonate (NaHCO3, > 99.7%),
potassium chloride (KCl, > 99.7%), sodium chloride (NaCl, >
99.7%), alkaline alumina, neutral alumina (Al;03, > 99.5%), quartz
sand (0.120-0.180 mm; 0.380-0.830 mm), and kaolin
(0.050-0.071 mm).

The crude oil used in the experiments was obtained from the
XX block of the Bohai Oilfield and exhibited a viscosity of
47.6 mPa-s at 65 °C and a shear rate of 7.34 s .

2.2. Preparation of agents

To remove the polymerization inhibitors, the DMC, SM, and
KH570 were purified by passing through chromatography columns
packed with alumina. The monomers, AM, DMC, SM, and KH570,
were then accurately weighed, dissolved in 120 mL of deionized
water, and stirred until uniformly dispersed (by adding 0.1% so-
dium dodecyl sulfate, SDS). The pH of the mixed system was then
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adjusted to 7 using a sodium hydroxide solution. The reaction
mixture was transferred into a three-necked flask and deoxygen-
ated for 30 min using nitrogen. It was then cooled to 5-10 °C using
an ice-water bath. The polymerization reaction was initiated by
adding a certain amount of initiator (H,0,/FeSO4-7H50, V50). The
mixture was kept at a low temperature for 6 h and subsequently
heated to 55 °C for an additional 2 h. The resulting gel was pre-
pared into a solution and dialyzed against deionized water for 3
days. It was then freeze-dried (—50 °C) to yield a white powder, the
final product, PDKM (wherein the ratios Mam: Mpmc: Msm: MgHs70
corresponded to 47:47:5.67: 0.33, M is the amount of substance).
The total mass fraction (AM/DMC/SM/KH570) of the reaction
monomer was maintained at 60% throughout the process. PDSM
(MAM: Mbpwmc: Msy = 47: 47: 6) and PDM (MAM:MDMC =50: 50) were
also synthesized using the same method (Lei et al., 2025). The
synthetic routes are shown in Fig. 2.

It is worth noting that the primary raw materials for PDKM
synthesis, acrylamide (AM) and methacryloxyethyltrimethyl
ammonium chloride (DMC), are both inexpensive and widely
available industrial chemicals. In contrast, the functional mono-
mers styrene (SM) and y-methacryloyloxypropyltrimethoxysilane
(KH570) are expensive, but they are only used in very small,
controlled amounts (~6% of the total monomer molar ratio). The
overall cost has remained within a controllable range. Additionally,
the supramolecular sand inhibiting and water control agent PDKM
is non-toxic and harmless to the environment, with no irritating
odors released during storage or application.

2.3. Structure characterization and performance evaluation

2.3.1. Chemical structure characterization

The 'H-NMR spectra of the PDM, PDSM, and PDKM agents were
recorded using D,0 as a solvent (using an AVANCE NEO 600M
instrument). Their FT-IR spectra were also recorded (using an IFS
125HR spectrometer), and samples were also subjected to ther-
mogravimetric analysis (TGA) (using a THERMOSTEP analyzer).
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Fig. 2. Synthesis of the supramolecular sand inhibiting and water control agents.

2.3.2. Basic performance evaluation

2.3.2.1. Critical association concentration. The viscosities of solu-
tions of the supramolecular sand inhibiting and water control
agents were measured using a Brookfield viscometer (at 65 °C and
7.34 s71). The procedure followed the Chinese Petroleum Industry
Standard (SY/T 5862-2020). The composition of the simulated
water used to prepare the solutions is provided in Table 1.

A scanning electron microscope (SEM; model JSM-IT810) was
also used to observe the microstructures of the supramolecular
sand inhibiting and water control agents in solution (prepared at a
concentration of 1000 mg/L using deionized water).

2.3.2.2. Static adsorption. Solutions of the supramolecular sand
inhibiting and water control agents were first prepared at con-
centrations of 5, 10, 15, 20, 40, 60, and 100 mg/L using simulated
water. The absorbances of these solutions (using the simulated
water as reference sample) were then measured at 202.2 nm using
a UV-visible spectrophotometer (model UV-3100PC). The absor-
bance data were then plotted and least-squares fitted to produce
standard absorption curves.

Absorption experiments were then carried out. (1) 20.0 g of
quartz sand (0.120-0.180 mm) was mixed with sand inhibiting and
water control agent solutions (100.0 g) in conical flasks (150 mL)
and aged for 24 h in an oven (at 65 °C) to reach equilibrium, with
intermittent shaking every hour to ensure adequate contact be-
tween phases. (2) Thereafter, the clear upper liquids were removed
from the conical flasks and centrifuged (4000 r/min, 20 min). (3)
The centrifuged solutions were then diluted to the concentration
range of the standard curves and their absorbance measured at
202.2 nm using the UV-visible spectrophotometer. (4) The con-
centrations of the polymer solutions after reaching adsorption
equilibrium were then calculated using the standard curve equa-
tions (Lei et al., 2025). Finally, we calculated the static adsorption
capacity F (mg/g) of each agent using Eq. (1):

(G-0OVv
ms

F= (1)

where Cy is the concentration of the original polymer solution, mg/
L; C is the concentration of polymer solution after reaching
adsorption equilibrium, mg/L; V is the volume of the solution, L;
and myg is the mass of quartz sand, g.

Table 1

Composition of the simulated water used in the experiments.
Ton K* + Na* Mg?* Ca? cl SO% HCO03 TDS
Concentration, mg/L 4856.5 594.5 134.0 8937.0 1283.0 87.0 15937.0
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2.3.3. Sand inhibiting performance

2.3.3.1. Sand leakage time. The experimental evaluation of sand
leakage time was conducted with reference to the Chinese Patent
CN118329696A (“A rapid method for evaluating the performance of
sand inhibitor”) implementation, and the experimental steps are as
follows: (1) Weighed samples of quartz sand (75.0 g,
0.120-0.180 mm) and sand inhibiting and water control agent
solution (100.0 g) were added to a separatory funnel (250 mL). The
inlet and outlet of the funnel were closed. (2) The separatory
funnel was then placed in an oven (65 °C) and aged for 2 h. (3) The
time for the complete leakage of the sand grains was then deter-
mined (excluding the time for solution leakage).

2.3.3.2. Sand production rate. The experimental evaluation
method refers to the Chinese Patent CN118275289A (“A new
method for evaluating polymer sand inhibitor suitable for large
displacement production conditions in offshore oilfields”), and the
experimental steps are as follows: (1) Samples of quartz sand
(0.380-0.830 mm) and kaolin (0.050-0.071 mm) were weighed in
a mass ratio of 21.2:1.0, the components were evenly mixed and
then transferred to a sand tube (22.5 cm and 10 cm long). (2) The
inlet and outlet of the sand tube were then covered with 150 mesh
single-layer screens. (3) Simulated water (2.0 PV) was then
injected into the sand tube in the forward direction at a rate of
1 mL/min, supramolecular sand inhibiting and water control agent
solution (2.0 PV) was then injected into the sand tube in the
reverse direction at a rate of 1 mL/min, the inlet and outlet of the
sand tube were then sealed and the tube aged in an oven (65 °C)
for 24 h. (4) Simulated water was then injected into the sand tube
in the forward direction at a rate of 100 mL/min for 1 h, the effluent
was collected and filtered using a pre-dried filter paper. (5) The
filter paper was then dried in an oven at 105+2 °C for 2 h (note that
the filter paper was dried in the same as previously used). The sand
production rate Q (g/L) was calculated using Eq. (2):

m; —my

Q="

(2)
where my is the mass of the filter paper, g; my is the mass of the
filter paper and sand residue after filtration, g; and V is the volume
of the filtrate, L.

Note: The experimental method described above (forward
water flooding followed by reverse injection of supramolecular
sand inhibiting and water control agent solution) simulates the
actual field operation in the XX Bohai loose sandstone oilfield.
More precisely, the process involves injecting sand inhibiting and
water control agent solution via the production well, followed by a
shut-in period. Water is then injected from the injection well to
displace fluids and enhance production. Furthermore, the field
single well liquid producing capacity was converted to an indoor
experimental displacement rate of 100 mL/min.

2.3.4. Water control performance

2.3.4.1. Selective water control. (1) Two sand tubes S; and S,,
which were prepared with the same permeability (200050 mD),
were saturated with simulated water and crude oil, respectively,
and then aged for 72 h. (2) Simulated water and crude oil were
then (forward) injected into S; and S at a rate of 1 mL/min,
respectively. The corresponding permeabilities K, and K, were
measured during stable pressures. (3) Supramolecular sand
inhibiting and water control solution (0.5 PV) was (reverse)
injected into Sy and Sy, respectively, and aged for 24 h. (4) Simu-
lated water and crude oil were once again (forward) injected into
S; and S, respectively, and the corresponding permeabilities Ky,

and K, were measured during new stable pressures (the
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experimental temperature used was 65 °C). The measurement
method references the standard in the Chinese Oil and Gas In-
dustry (SY/T 6567-2016) with implementation. The residual
resistance coefficient Frg (dimensionless) and standard water-oil
resistance ratio Nrrr (dimensionless) were calculated using Egs.
(3) and (4):

K,
Frrs, = K—W
o (3)
Ko
Frgrs, = K
0]
F
NigR = ot (4)
FRrgs,

where Ky, is the permeability when S; was injected with simulated
water, D; K, is the permeability when crude oil was injected into
S2, D; Ky is the subsequent water-flooding permeability in Sy after
injection with supramolecular sand inhibiting and water control
agent solution, D; Ky’ is the subsequent oil-flooding permeability
in Sy after injection with supramolecular sand inhibiting and water
control agent solution, D; Frgs, is the residual resistance coeffi-
cient of S; (water tube) after injection with supramolecular sand
inhibiting and water control agent solution; and Fggs, is the re-
sidual resistance coefficient of Sy (oil tube) after injection with
supramolecular sand inhibiting and water control solution.

2.3.4.2. Water cut reduction. (1) Two sand tubes were prepared
with permeabilities differing by a factor of 2 (200050 mD/4000
4+50 mD). (2) Both tubes were saturated with simulated water and
their porosities and permeabilities were measured. (3) They were
then saturated with crude oil, and the volume of oil used was
recorded. The samples were aged for 72 h. (4) The two tubes were
then connected in parallel to the displacement device and forward
injected with simulated water until the produced water cut
exceeded 95%. (5) 0.5 PV supramolecular agent solution was
reverse-injected into both tubes, followed by 24 h of aging at 65 °C.
(6) Simulated water was again injected in the forward direction at
1 mL/min and 65 °C until the water cut exceeded 95%. The
experimental procedure references the Chinese Petroleum In-
dustry Standard (SY/T 6567-2016) with implementation.

2.4. Theoretical simulations (DFT calculation)

DFT calculation was employed using the B3LYP functional to
evaluate the intermolecular interaction energies. Grimme disper-
sion correction was introduced to improve energy accuracy.
Meanwhile, a full-electron potential basis set was utilized to fully
account for the influence of kernel electrons on valence electrons,
thereby better describing intermolecular interactions. In addition,
the DFT calculations are performed based on the 0 K conditions
and yield pure electronic energies, which are independent of
temperature. Although thermal effects such as vibrational contri-
butions can influence total free energy at higher temperatures,
their impact on solid/condensed phase systems is generally min-
imal at room temperature.

In this study, DFT calculations were used to investigate the in-
teractions between the molecular structures of the synthesized
agents and quartz sand surfaces. All calculations were performed
using Gaussian 16 (Frisch et al., 2016). Geometric optimizations of
all molecular models were first performed using B3LYP functionals
combined with the def2SVP basis set. In addition, single-point
energies were also calculated at the def2TZVP basis set level to
obtain more reliable binding energies. The D3 dispersion correc-
tion was also introduced into the calculation process. All the
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analyses and graphs presented in this work were generated using
GaussView (Semichem, 2019), Multiwfn (v3.8dev) (Lu and Chen,
2021), and rendered using VMD (Humphrey et al., 1996). Interac-
tion energies were calculated using the following formula:

Einc =E(AB) — E(AB) — E(B) (5)

where Ej, is the binding energy of the system; E(AB) is the energy
of the total structure; and E(A) and E(B) are the energies of the
individual components.

Also note that the active interaction sites were visualized by
considering the electrostatic potential, and quartz sand was rep-
resented using a simplified SiO(OH)3 structure to highlight the
extremely strong negative charge on the sand's surface.

3. Results and discussion
3.1. Structure characterization

3.1.1. "H-NMR

Fig. 3 presents the 'H-NMR spectra of three synthesized su-
pramolecular sand inhibiting and water control agents. In Fig. 3,
peak 1 (0.8-1.2 ppm), peak 2 (1.4-1.6 ppm), and peak 3
(1.9-2.1 ppm) are characteristic peaks corresponding to methyl,
methylene, and methane groups, respectively. Similarly, peak 4
(3.0-3.2 ppm), peak 5 (3.3-3.4 ppm), and peak 6 (3.9-4.0 ppm) are
associated with methyl groups on a quaternary ammonium group,
methylene groups adjacent to a quaternary ammonium group, and
methylene groups adjacent to an ester group, respectively. The
large peak labeled as 7 (4.6-4.8 ppm) is caused by the solvent
(D20). Finally, peak 8 (7.1-7.6 ppm) and peak 9 (3.5-3.7 ppm) are
characteristic peaks associated with benzene rings and methyl
groups connected to siloxanes, respectively. The presence of these
characteristic peaks confirms that the KH570, SM, and DMC
components were successfully grafted onto the polymer backbone
during synthesis.

Chemical shift, ppm

Fig. 3. 'TH-NMR spectra of the supramolecular sand inhibiting and water control
agents.
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3.1.2. FT-IR

Fig. 4 presents the FT-IR spectra of the three supramolecular
sand inhibiting and water control agents. The key absorption
bands are summarized as follows: a (700-710 cm™!), b
(760-770 cm™!), ¢ (870-880 cm™'), and f (1450-1460 cm™!)
correspond to benzene rings; d (950-960 cm™') is a characteristic
peak of quaternary ammonium groups; e (1030-1040 cm ™) is a
characteristic peak caused by Si-O-Si/Si-O-C moieties; g
(1660-1670 cm™!) and h (1720-1730 cm™') are peaks character-
istic of C=0 bonds in esters; and i (2930-2960 cm™!), j
(3170-3190 cm™!), and k (3330-3360 cm~!) are characteristic
peaks corresponding to methyl, C= 0 bonds in amide groups, and
NH> in amide groups. As Si-OH produces a characteristic peak near
k. The higher intensity of the k peak from PDKM compared to PDM
and PDSM confirms the successful grafting of KH570, SM, and DMC
into the PDKM backbone (Chen et al., 2024; Xu et al., 2024). The
copolymers were all target products.

3.13. TGA
Fig. 5 presents the TGA results of the three supramolecular sand
inhibiting and water control agents. As the temperature was

edc ba
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PDM
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Fig. 4. FT-IR spectra of the supramolecular sand inhibiting and water control agents.
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Fig. 5. TGA curves of the three supramolecular sand inhibiting and water control
agents.
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increased from 30 to 263 °C, the PDKM sample lost roughly 11% of
its mass due to water evaporation and cleavage of amide groups. In
contrast, the mass losses for PDSM and PDM were 14% and 35%,
respectively. As the temperature was increased from 263 to 358 °C,
progressive degradation of the polymer backbone occurred, with
complete decomposition finishing around 431 °C. At this stage, the
mass losses of the PDM, PDSM, and PDKM samples were approx-
imately 87%, 80%, and 86%, respectively (Xu et al., 2024; Lei et al.,
2025). It is worth noting that the thermal stability in the low-
temperature range (30-263 °C) is more relevant for field applica-
tion, as the reservoir temperature in the XX block of the Bohai
loose sandstone oilfield is approximately 65 °C. Moreover, Fig. 5
shows that PDKM has better thermal stability compared to PDM
and PDSM at this particular temperature.

3.2. Basic performance

3.2.1. Critical association concentration

To investigate the critical association concentration and injec-
tivity of the supramolecular sand inhibiting and water control
agents, the apparent viscosities of the agents were measured
across a range of concentrations. When the actual concentration
exceeds the critical association concentration, a three-dimensional
network structure is formed within the solution, enhancing its
sand inhibiting and water control performance. The results are
shown in Fig. 6. The viscosity of the PDSM and PDKM solutions
increases significantly when the solution concentration exceeds
2500 mg/L, indicating that the PDSM and PDKM agents have
critical association concentrations (C*) close to 2500 mg/L (Lei
et al., 2024). When a solution has a concentration less than C*,
the molecules are relatively far apart, and the formation in-
teractions are mainly intramolecular. Therefore, the viscosity of
the solution increases slowly as the concentration increases. Once
the solution concentration reaches C*, the molecules are much
closer and intermolecular interactions become dominant, result-
ing in the formation of large molecular aggregates and a sharp
increase in viscosity (Lei et al., 2024). Fig. 6 also shows that the
PDKM solution exhibits significantly higher viscosity than those of
PDM and PDSM at the same concentrations. This enhanced vis-
cosity behavior is attributed to three functional monomers (DMC,
SM, and KH570), which enable a rich array of intermolecular
forces, including hydrophobic association (n—x stacking), hydrogen
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Fig. 6. Viscosity-concentration plots of the supramolecular sand inhibiting and water
control agents.

5195

Petroleum Science 22 (2025) 5189-5202

bonding (hydroxyl bond), electrostatic interactions, cation—r, and
n/cation—r. Under synergistic effects, these interactions contribute
to the formation of a stronger spatial network structure with a
larger hydrodynamic volume, leading to superior thickening
capability (Li X.Q. et al., 2017; Li L. et al., 2015c, 2024; Lei et al,,
2025). Note that the viscosity of the PDKM solution reaches
around 55 mPa-s at a concentration of 5000 mg/L, indicating good
injectability even at this relatively high concentration.

To further elucidate the structural characteristics of the agents
in solution, scanning electron microscopy (SEM) was used to
observe the microscopic morphologies of the PDM, PDSM, and
PDKM solutions, each prepared at 1000 mg/L in deionized water.
The results are presented in Fig. 7. Compared to PDM and PDSM,
PDKM forms a denser intermolecular network. The formation of
macromolecular aggregates and more pronounced entanglement
is clearly visible in the PDKM solution, consistent with the
experimental results of apparent viscosity (Lei et al., 2024).

3.2.2. Static adsorption results

To better understand the static adsorption performance of the
three supramolecular sand inhibiting and water control agents, we
performed static adsorption experiments to determine the
adsorption capacity of the agents on the surface of sand grains. In
general, a greater adsorption capacity implies stronger agglomer-
ation and bundling effects on sand grains (and vice versa). The UV
absorbances of the supramolecular sand inhibiting and water
control agents were first determined to establish the standard
calibration curves shown in Fig. 8(a). After reaching adsorption
equilibrium, the extracted solutions were diluted to < 100 mg/L,
and their concentrations were calculated using the calibration
curves. Based on these values, isothermal adsorption curves were
plotted for each agent, as presented in Fig. 8(b).

As shown in Fig. 8(b), the adsorption capacities of all three
agents initially increase significantly with rising solution concen-
tration. However, the rate of increase gradually decreases, and the
curves plateau as adsorption approaches saturation. This obser-
vation indicates that at higher concentrations (> 4000 mg/L), the
available adsorption sites on sand surfaces become fully occupied,
and further concentration increases yield minimal additional
adsorption (Lei et al., 2025). Compared to PDM (8.7 mg/g) and
PDSM (14.6 mg/g), the adsorption capacity of PDKM is the largest,
at 16.3 mg/g. The superior performance of PDKM is attributed to
the presence of quaternary ammonium groups, benzene rings, and
silanol groups in its structure. These functional groups enable
strong interactions between the polymer molecules and quartz
sand, resulting in tighter and more stable adsorption (Li ].D. et al.,
2022a; Li X.Q. et al., 2017; Li L. et al., 2015c, 2024).

3.3. Sand inhibiting performance

3.3.1. Sand leakage time

To rapidly assess the sand inhibiting performance of different
functional polymers, we developed a method to evaluate the
performance of sand inhibiting agents using sand leakage time
(Chinese patent CN118329696A: A rapid method for evaluating the
performance of sand inhibitor, which has demonstrated good cor-
relation with the industry-recognized method (the sand inhibiting
evaluation standard “Q/SH 1020 2377-2020"). In this method, a
longer sand leakage time is positively correlated with a lower sand
production rate, thereby serving as an effective indicator of sand
inhibiting efficiency. Fig. 9 illustrates the sand leakage times for
PDM, PDSM, and PDKM at various concentrations. As the con-
centration increases, the sand leakage time of the three supra-
molecular sand and control agents gradually increases. However,
concentrations beyond 5000 mg/L led to no significant
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Fig. 7. SEM images of supramolecular sand inhibiting and water control agents in solution. (a) PDM; (b) PDSM; (c) PDKM.
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Fig. 8. (a) Standard absorbance curves of the three supramolecular sand inhibiting and water control agents. (b) Adsorption capacities of the agents at different concentrations.
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Fig. 9. Sand leakage time as a function of the concentration of supramolecular sand
inhibiting and water control agents.

improvement in sand leakage time, consistent with the findings of
adsorption saturation observed in static adsorption tests. The
average sand leakage time of PDKM (665 s) is longer than both
PDM (160 s) and PDSM (289 s). The superior performance of PDKM
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can be attributed to its incorporation of three functional mono-
mers and the intermolecular synergistic effects (r—n stacking,
hydrogen bond, electrostatic, cation-n, and =/cation-r), these in-
teractions lead to stronger agglomeration and binding of sand
grains, which effectively inhibits their vertical migration and
prolongs the sand leakage time (Lei et al., 2025; Li X.Q. et al., 2017;
Li ].D. et al., 2022b).

The adsorption of PDM, PDSM, and PDKM onto the sand grain
surfaces was further investigated by observing the behavior of the
adsorption film formation when sand and solution were mixed
(Fig. 10). Quartz sand and solutions of the supramolecular sand
inhibiting and water control agents were mixed and left to stand
for 3-5 days. As shown in Fig. 10(a), the adsorption film/polymer
concentration layer formed by PDKM (PDKM-1) is much thicker
than those formed using PDM and PDSM (PDM-1 and PDSM-1,
respectively). The dried sand agglomerates formed from these
mixtures are then removed and observed, as shown in Fig. 10(b).
The sand grain agglomerates formed by PDM (PDM-2) are rela-
tively loosely aggregated with significant flocculent dispersions;
those formed by PDSM (PDSM-2) have irregular, notched edges
and some flocculent dispersions. PDKM (PDKM-2) forms more
uniform, compact, and well-defined aggregates with minimal
flocculent dispersion. To assess aggregate stability, the superna-
tants are decanted, and the remaining sand is manually stirred
with a glass rod (Fig. 10(c)). The aggregates formed using PDKM
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Fig. 10. (a) Adsorption film formation by the supramolecular sand inhibiting and water control agents on the sand grain surface. (b) Aggregation/bundling behavior of the sand

grains. (c) Consolidation effect of sand grain agglomerates.

(PDKM-3) exhibited a better solid-like behavior (i.e. consolidation
effect) and a better agglomeration/bundling effect with the sand
grains compared to PDM-3 and PDSM-3. Therefore, PDKM has a
better sand stabilization effect compared to the others.

3.3.2. Sand production rate

In industrial applications, a key metric for evaluating the per-
formance of sand inhibiting agents is the sand production rate
under specific conditions. According to enterprise standard Q/SH
1020 2377-2020 of the China Petrochemical Group Co., Ltd, we
established a method that can effectively evaluate the perfor-
mance of sand inhibiting agents at a flow rate of 100 mL/min
(Chinese patent CN118275289A: “A new method for evaluating
polymer sand inhibitor suitable for large displacement production
conditions in offshore oilfields”) and has been authorized. In addi-
tion, the method and the evaluation standard of sand inhibitor (Q/
SH 1020 2377-2020) define “excellent” sand inhibiting perfor-
mance if its sand production rate is < 0.05 g/L. The lower the sand
production rate, the more effective the sand inhibiting
performance.

Fig. 11 presents the measured sand production rates of PDM,
PDSM, and PDKM across concentrations ranging from 1000 to
6000 mg/L. The results show a general trend: the sand production
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rate decreased with increasing concentration, eventually
approaching a plateau. Specifically, the average sand production
rates for the PDM and PDSM over the concentration range of
1000-6000 mg/L are 0.05 and 0.03 g/L, respectively. In contrast,
the PDKM has an average sand production rate of 0.02 g/L, indi-
cating a better sand inhibiting performance. The superior perfor-
mance of PDKM is again attributed to its functional monomers,
which allow the polymer to be more firmly adsorbed onto the sand
grain surface (via n—r stacking, hydroxyl bond, electrostatic, cati-
on-r, and =/cation-n interactions), these synergistic interactions
result in a dense intermolecular network that binds tightly to sand
grain surfaces, effectively aggregating them and resisting the
mechanical erosion caused by high-velocity fluid flow (Lei et al.,
2025; Li X.Q. et al.,, 2017; Li L. et al., 2015c, 2024).

3.4. Water control performance

3.4.1. Selective water control

The oil industry generally uses the standard water-oil resis-
tance ratio (Nggr) to evaluate the selective water control perfor-
mance of water control agents. The larger the Nggg value, the better
the ability of the water control agent to block water preferentially
over oil under the same conditions (effective water plugging
without hindering oil production, thereby improving sweep effi-
ciency). In this study, we evaluated the Nggg values of the control
agents at a concentration of 5000 mg/L, consistent with actual
field application dosages. The results for the PDM, PDSM, and
PDKM control agents are summarized in Table 2.

PDKM exhibits a significantly higher water—oil resistance ratio,
outperforming PDM and PDSM by 125.8% and 28.0%, respectively,
demonstrating that PDKM has superior selective water control
capabilities. It more effectively reduces the permeability to water
while maintaining permeability to oil, thus enabling selective flow
regulation in porous media. This enhanced performance can be
attributed to the synergistic effect of PDKM's three functional
monomers. These monomers enable strong adsorption of the
polymer onto pore surfaces. Additionally, polymer chain segments
dispersed in the pore water phase act as ‘adsorption anchors’,
which swell in water and shrink in oil. Consequently, PDKM cre-
ates higher resistance to water flow while allowing oil to pass and
enhances water-blocking efficiency without adversely affecting oil
mobility (Ye et al., 2010; Guo et al., 2014; Ahmed et al., 2023;
Hayavi et al., 2023; Lei et al., 2025).

3.4.2. Water cut reduction

One of the most direct indicators of water control effectiveness
in the field is the reduction in water cut of the produced fluid. A
significant drop in water cut implies that oil production has
increased, indicating the successful application of the water con-
trol agent. Because 5000 mg/L is the standard concentration used
in field operations, this concentration was adopted in our labora-
tory experiments. The results of reduced water cut for PDM, PDSM,
and PDKM are shown in Fig. 12. A noticeable reduction in water cut
was observed during reverse injection of the sand inhibiting and
water control agents, because the sand inhibiting and water con-
trol agents have selective water control effects. The agents can

Table 2
Resistance coefficients and residual resistance coefficients of supramolecular sand
inhibiting and water control agents.

Agent Kw Ko K, K, FRrs, Frgs, Nrrr
PDM 2.53 1.29 0.68 113 3.721 1.142 3.26
PDSM 2.48 1.34 0.38 1.15 6.526 1.165 5.60
PDKM 2.49 1.26 0.33 1.08 7.545 1.167 6.47
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Fig. 12. Water cut reduction performance of various supramolecular sand inhibiting
and water control agents.

reduce the permeability of the water layer without affecting the
permeability of the oil layer. As a result, the agents prevent water
channeling, redirect the injected fluids, and expand the sweep
volume, lowering the water cut (Lei et al., 2024, 2025). The water
cut values of PDM, PDSM, and PDKM are 16.9%, 23.5%, and 34.1%,
respectively. PDKM outperformed the other agents, reducing the
water cut by 101.8% more than PDM and 45.1% more than PDSM,
confirming its superior water control performance. This
improvement is again credited to the PDKM, which contains three
functional monomers. The presence of PDKM allows for forming
thicker and more stable adsorption layers on pore surfaces, along
with a higher residual resistance coefficient in the aquifer. These
effects reduce the permeability of high-permeability water-
bearing zones without negatively impacting the permeability of
the oil zones, thus expanding swept volume, enhancing oil
displacement, and achieving the dual goals of water control and oil
stabilization (Qiao and Zhu, 2010; Lai et al., 2013; Askarinezhad
et al,, 2021; Lei et al., 2025).

3.5. Mechanisms

3.5.1. Theoretical simulations

Theoretical simulations (DFT calculation) were performed to
investigate the interactions (including intermolecular in-
teractions) between the supramolecular sand inhibiting and water
control agents and sand grains. Note that the molecular simulation
calculations are facilitated using negatively charged SiO, to
represent quartz sand. Fig. 13(a)-(c) shows the electrostatic po-
tential maps of PDM, PDSM, and PDKM, respectively. In these
images, the blue clouds represent regions of positive charge, with
deeper blue indicating stronger positive electrostatic potential.
Greater electrostatic potential leads to stronger attraction to the
negatively charged quartz sand surface (Niu et al., 2025; Zhang
et al., 2025). As shown in Fig. 13, the blue clouds in the PDKM
are significantly deeper and more widespread than those in the
PDM and PDSM, indicating a stronger affinity of PDKM for
adsorption onto sand surfaces.

To further investigate the molecule-to-molecule and molecule-
to-sand grain interactions, the interaction region indicator (IRI)
function was used to visualize these interactions, as shown in
Fig. 13(d)-(i). The corresponding adsorption energies were also
calculated. In the IRI plots, the deeper the blue color, the stronger
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Fig. 13. Results of the theoretical simulations (DFT calculations). Top row: electrostatic potential maps of PDM (a), PDSM (b), and PDKM (c). Middle row: intermolecular in-
teractions of PDM (d), PDSM (e), and PDKM (f). Bottom row: molecular interactions between sand grains and PDM (g), PDSM (h), and PDKM (i).

the interaction; the deeper the red color, the greater the steric
hindrance; and the green color indicates weak interactions
(Richardson, 2015; Lemos et al., 2024; Mouli et al., 2025).
PDM-PDM, PDSM-PDSM, and PDKM-PDKM interactions are
shown in Fig. 13(d)-(f), respectively. Similarly, Fig. 13(g)-(i) shows
the interactions between quartz sand-PDM, quartz sand-PDSM,
and quartz sand-PDKM, respectively.

The intermolecular IRI plots shown in Fig. 13(d)(f) indicate
that the blue IRI area in Fig. 13(f) is deeper than the blue areas in
the PDM-PDM and PDSM-PDSM plots. This observation demon-
strates the strongest intermolecular forces between two PDKM
molecules, which is further supported by the calculated interac-
tion energies. The interaction energy of PDKM (—0.065 Ha) is
larger than both PDM (—0.044 Ha) and PDSM (-—0.052 Ha). The
results indicate that the intermolecular interactions between
PDKM molecules, including n—= stacking, hydrogen bonding, and
electrostatic attraction, are stronger than the other agents, leading
to more stable and compact intermolecular network structures.

The interactions between agents and quartz sand are shown in
Fig. 13(g)—(i). The IRI plots reveal that the sand-PDKM (Fig. 13(i))
has the most extensive blue interaction regions, indicating stron-
ger binding of PDKM to the quartz surface compared to PDM
(Fig. 13(g)) and PDSM (Fig. 13(h)). This observation is consistent
with the calculated interaction energies: sand—-PDM (—0.046 Ha),

5199

sand-PDSM (—0.070 Ha), sand-PDKM (—0.085 Ha). The strong
electrostatic interaction between PDKM and quartz sand is
attributed to strong hydrogen bonds. Note that the strongest
electrostatic interaction is close to the strength of a chemical bond.
Therefore, these strong interactions enable PDKM to adsorb more
firmly onto the surface of quartz sand, providing a more effective
adsorption and bridging effects that promote tighter aggregation
of sand particles, thereby controlling their mobilization under
fluid flow.

3.5.2. Sand inhibiting and water control mechanisms

The mechanisms of achieving simultaneous sand inhibiting and
water control by PDKM are illustrated in Fig. 14. The parts labeled
‘A’ relate to sand inhibiting, and those labeled ‘B’ relate to water
control.

3.5.2.1. Sand inhibiting mechanism. As shown in A1 (Fig. 14), PDKM
molecules are strongly adsorbed onto the surface of quartz sand
grains, forming a dense three-dimensional network structure (see
Fig. 7). This network structure arises from intermolecular in-
teractions of PDKM-PDKM and PDKM-sand, including electro-
static, m—n stacking, hydroxyl condensation, and hydrogen/
hydroxyl bonding. An SEM image of intermolecular network
structure formed by the PDKM is also shown in C, demonstrating
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Fig. 14. Schematic diagrams of the mechanisms of achieving simultaneous sand inhibiting and water control by PDKM.

its “fishing net” configuration which serves as a protective net to
prevent sand grain from detaching (see Fig. 10(a)). As shown in A2,
two adjacent sand grains are firmly bridged (aggregated) by the
intermolecular network structure of the agent (see Fig. 10(b)).
Therefore, free individual sand grains are transformed into ag-
gregates of multiple sand grains (see Fig. 10(c)), improving the
overall stability of the sand grains and achieving desired sand
inhibiting effect.

3.5.2.2. Water control mechanism. As shown in B (Fig. 14), PDKM
molecules adsorbed onto the quartz sand surface form a polymer
adsorption layer (or concentrate layer, see Fig. 10(a)) with selective
water control effect through similar intermolecular interactions
(electrostatic, n—n stacking, hydroxyl condensation, hydrogen/hy-
droxyl bonding). In B1, when the polymer adsorption layer en-
counters water, the polymer chains undergo hydration-induced
swelling, adopting an anchor-shape structure that partially oc-
cludes pore throats. This effect significantly increases the flow
frictional resistance of the water phase and reduces the perme-
ability of the water layer (see Table 2). In B2, the polymer
adsorption layer encounters oil, the polymer molecular chains
shrink, increasing the effective aperture of the oil flow channel and
significantly reducing the flow frictional resistance of the oil
phase. Consequently, PDKM facilitates oil flow through the rock
pores, indicating the permeability of the oil layer remains unaf-
fected. Overall, this swelling—shrinking behavior results in flow
control: hindering water phase flow while preserving or
enhancing oil phase flow (see Table 2 and Fig. 12).

4. Conclusions

Building upon previous research, a novel supramolecular sand
inhibiting and water control agent, PDKM, was successfully syn-
thesized by incorporating the cationic monomers (DMC) and hy-
drophobic monomers (SM) into the polymer backbone, followed
by the introduction of functional monomer KH570. KH570 can
form hydrogen/hydroxyl bonds with quartz sand and enhance
intermolecular interactions. The performance of PDKM was sys-
tematically compared with that of previously developed agents
PDM and PDSM. The main conclusions are as follows:
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(1) Benefiting from the synergistic effect of the three functional
monomers DMC, SM, and KH570, PDKM exhibits a signifi-
cantly lower sand production rate (0.02 g/L, which is 60.0%
and 33.3% lower than that of PDM and PDSM, respectively)
and a longer sand leakage time (665 s, which is 315.6% and
130.1% higher than PDM and PDSM, respectively). These
results confirm that PDKM offers superior sand inhibiting/
stabilization performance.

(2) Due to its denser intermolecular network structure and
more pronounced macromolecular aggregation, PDKM es-
tablishes a higher standard water—oil resistance ratio (6.47,
which is 98.5% and 15.5% higher than PDM and PDSM,
respectively), and achieved a greater reduction in water cut
(34.1%, which is 101.8% and 45.1% higher than PDM and
PDSM, respectively). These observations demonstrate that
PDKM has a more effective and selective water control
effect.

(3) The theoretical simulations (DFT calculation) results further
validate the experimental findings. Compared with PDM
and PDSM, PDKM exhibits a stronger electrostatic potential
(more concentrated positive charge), a higher intermolec-
ular interaction energy (—0.065 Ha, which is 47.7% and 25.0%
greater than PDM and PDSM, respectively), and a stronger
adsorption onto quartz sand (—0.085 Ha, which is 84.8% and
21.4% greater in magnitude than PDM and PDSM, respec-
tively). Therefore, compared to the PDM and PDSM, PDKM
possesses stronger interactions with quartz sand and other
PDKM molecules, better aggregating/bridging sand parti-
cles, and enhanced sand inhibiting and water control effects.
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