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a b s t r a c t

A gel based on polyacrylamide, exhibiting delayed crosslinking characteristics, emerges as the preferred
solution for mitigating degradation under conditions of high temperature and extended shear in ultra-
long wellbores. High viscosity/viscoelasticity of the fracturing fluid was required to maintain excellent
proppant suspension properties before gelling. Taking into account both the cost and the potential
damage to reservoirs, polymers with lower concentrations and molecular weights are generally
preferred. In this work, the supramolecular action was integrated into the polymer, resulting in signif-
icant increases in the viscosity and viscoelasticity of the synthesized supramolecular polymer system.
The double network gel, which is formed by the combination of the supramolecular polymer system and
a small quantity of Zr-crosslinker, effectively resists temperature while minimizing permeability damage
to the reservoir. The results indicate that the supramolecular polymer system with a molecular weight of
(268e380) � 104 g/mol can achieve the same viscosity and viscoelasticity at 0.4 wt% due to the supra-
molecular interaction between polymers, compared to the 0.6 wt% traditional polymer (hydrolyzed
polyacrylamide, molecular weight of 1078 � 104 g/mol). The supramolecular polymer system possessed
excellent proppant suspension properties with a 0.55 cm/min sedimentation rate at 0.4 wt%, whereas the
0.6 wt% traditional polymer had a rate of 0.57 cm/min. In comparison to the traditional gel with a Zr-
crosslinker concentration of 0.6 wt% and an elastic modulus of 7.77 Pa, the double network gel with a
higher elastic modulus (9.00 Pa) could be formed only at 0.1 wt% Zr-crosslinker, which greatly reduced
the amount of residue of the fluid after gel-breaking. The viscosity of the double network gel was
66 mPa s after 2 h shearing, whereas the traditional gel only reached 27 mPa s.
© 2024 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

Deep reservoirs account for the majority of new oil and gas re-
serves globally, representing a significant source of growth for oil
and gas production (Luo et al., 2023; Wang et al., 2022; Xu et al.,
2022). The overlying pressure at such depths results in a typically
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low permeability, particularly in ultra-deep reservoirs (> 6000 m).
For example, the permeability of the Fuman (7400e8200 m) and
Yuanbei (6500e7100 m) oil and gas fields is 0.1e2 and 0.62 mD,
respectively. This limited permeability presents challenges for the
flow of oil and gas, often making the expected recovery unattain-
able (Wu et al., 2023). Hydraulic fracturing is an important method
to develop ultra-deep reservoirs efficiently (Gao et al., 2023; Wang
et al., 2023; Yang et al., 2022). Fracturing fluids are pivotal in
fracturing, transferring pressure, and carrying proppant (Xu et al.,
2023). However, high temperature, shear degradation, high fric-
tion, and reservoir damage are the challenges of fracturing fluids in
ultra-deep reservoirs (Shu and Yan, 2008; Somoza et al., 2023).

Maintaining the structural integrity of fracturing fluids at high
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temperatures is the initial step toward addressing the challenges
(Alarawi et al., 2023; Hu et al., 2019). Crosslinked polysaccharide
gels are usually prescribed to transport proppant from the surface
to the target reservoir zones. Among these gels, guar and its de-
rivatives are the most widely used due to their exceptional per-
formance (Biheri and Imqam, 2022; Zhang H. et al., 2018). Guar-
based gel fracturing fluids have been successfully utilized in
numerous wells for many years (Huang et al., 2019). Nonetheless,
the upper-temperature limit of guar-based gels stands at 180 �C,
beyond which the glucoside bond within guar becomes highly
unstable (Almubarak et al., 2019a,b; Almuntasheri and Operations,
2014). With the need for fracturing in deeper and higher temper-
ature reservoirs, the development of fracturing fluids with superior
stability than guar gels is particularly urgent (Hanafy et al., 2021;
Phelps et al., 2012).

Synthetic polyacrylamide-based gels are currently the primary
choice for fracturing fluids above 180 �C due to their superior
thermal stability and cleanliness compared to guar gels (Kamiyama
et al., 2022; Wang et al., 2017). Polyacrylamides are mainly
composed of two monomers: acrylamide (AM) and acrylic acid
(AA). The thermal stability of polyacrylamides could be further
improved by introducing acrylamido-2-methylpropanesulfonic
acid (AMPS), N-vinyl-2-pyrrolidone (NVP), etc. APMS mainly im-
proves the steric resistance of the side chain of the polymer, while
NVP improves the rigidity of the main chain of the polymer
(Salunkhe et al., 2021). Holtsclaw et al. (2017) developed an AMPS
copolymer and the maximum operating temperature of the
copolymer gel fracturing fluid reached 204 �C. The upper-
temperature limit of the fracturing fluid has been greatly
increased, but the shear degradation, high friction, high cost, and
reservoir damage of the crosslinked fracturing fluid in the wellbore
still limit its application in the ultra-deep reservoirs (Zhang Y. et al.,
2018). Delayed crosslinking has been used to extend the cross-
linking time of fracturing fluid, enabling them to crosslink in the
wellbore or reservoir, effectively reducing shear time and friction
(Sokhanvarian et al., 2019; Yang et al., 2020). However, this requires
that the fracturing fluid should possess sufficient viscosity and
Fig. 1. Diagram of fluids used at different sta
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viscoelasticity to maintain proppant suspension properties before
crosslinking (Li et al., 2019). The above purpose is typically achieved
by increasing the concentration or molecular weight of the poly-
mer, which significantly raises costs. Additionally, gel breaking will
be more difficult and reservoir damage is inevitable (Da et al., 2022;
Wang J. et al., 2020). Currently, it appears difficult for ultra-deep
fracturing fluids to simultaneously meet the requirements of
high-temperature resistance, shear resistance, low friction, low
cost, and low damage (Manz and Carter, 2017;Wang D. et al., 2020).
Therefore, based on the use of the synthetic polyacrylamide-based
gel and delayed crosslinking method, it is worth developing a novel
polymer system for fracturing fluid that possesses high viscosity
and viscoelasticity at low dosages and molecular weight (Liang
et al., 2017; Tong and Mohanty, 2016).

Strengthening the intermolecular force is a feasible way to
improve the viscosity and viscoelasticity of polymers without
increasing the molecular weight and concentration (de Greef and
Meijer, 2008; Yu et al., 2021). The electrostatic and hydrophobic
properties were introduced into the polymer to synthesize a frac-
turing fluid that could be applied in high-salt reservoirs reported by
Zhang et al. (2022). The fracturing fluid formed by the combination
of hydrophobic association polymer and viscoelastic surfactant has
high viscoelasticity and shear resistance, as researched by Pu et al.
(2018). In this paper, supramolecular forces were introduced to
construct a supramolecular polymer system (Almubarak et al.,
2019a,b; Ji et al., 2015; Le et al., 2017). Due to the supramolecular
interaction between polymer chains, the network structure con-
structed by supramolecular forces could be formed. Consequently,
the supramolecular polymer system possesses a high viscosity and
viscoelasticity with a lower concentration and molecular weight,
which is used to efficiently suspend the proppant before cross-
linking (Panchagnula et al., 2004; Qin et al., 2010). As the temper-
ature increased, the supramolecular polymer system was
crosslinked with Zrecrosslinker to form a double network gel,
which could compensate for the viscosity loss of the fracturing fluid
at high temperatures. In addition, due to the low molecular weight
and concentration of the polymer system, a clean fluid would be
ges of the hydraulic fracturing process.



Fig. 2. (a) Graphical synthetic routes of PMAS and PMAT; (b) Schematic diagram of molecular construction in the quantum chemical calculation (Red balls: oxygen atoms, light blue
balls and dark grey balls: carbon atoms, dark blue balls: nitrogen atoms, light grey balls: hydrogen atoms).
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obtained after the gel breaking.
A diagram of the ultra-deep reservoir fracturing was shown in

Fig. 1, where different fluids were used at different stages to reduce
friction and improve the proppant carrying and shear stability. Due
to the use of a delayed crosslinker, the fracturing fluid was not
immediately crosslinked to reduce friction at the stage of surface
and shallow wellbore. Proppant was mainly carried by a supra-
molecular polymer system with high viscosity and viscoelasticity
(Davoodi et al., 2023). As the fracturing fluid reached deeper into
the wellbore or reservoir, the double network gel was formed to
maintain the shear stability at high temperatures. At the same time,
the supramolecular polymer system could also be crosslinked to
form a gel at low concentration, which contributes to the cleanli-
ness of the gel-breaking fluid.

2. Materials and methods

2.1. Materials

Acrylamide (AM) (> 99%), acrylic acid (AA) (> 99%), 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) (> 99%), poly(-
diallyldimethylammonium chloride) (PDDA) (molecular weight of
(10e20) � 104 g/mol, 20 wt% in water), 3-mercaptopropionic acid
(> 98%) and sodium 2-mercaptoethanesulfonate (> 95%) were all
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purchased from Shanghai Aladdin Biochemical Technology Co. Ltd.,
Shanghai, China. The Zr-crosslinker is provided by chemical com-
pany. The traditional polymer utilized in our paper is a partially
hydrolyzed polyacrylamide polymer, primarily comprised of two
monomers: AM and AA. The molecular weight of traditional poly-
mer is 1078 � 104 g/mol. The traditional polymer is supplied by
Dongying Xingjia New Materials Co. Ltd., serving as a thickening
agent for the preparation of gel fracturing fluid. (3-
acrylamidopropyl) trimethylammonium chloride (APTAC)
(74e76 wt% in water) and poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPS) (molecular weight of 200 � 104 g/
mol, 15 wt% in water) were purchased from Shanghai Maclin
Biochemical Technology Co. Ltd., Shanghai, China. Ammonium
persulfate (APS) (> 98%), sodium hydroxide (> 96%), and ethanol (>
99.7%) were purchased from Sinopharm Group Chemical Reagent
Co. Ltd., Shanghai, China. Deionized water was provided in our
laboratory.

2.2. Methods

2.2.1. Synthesis and characterization of polymers
The synthesis process of polymers (PMAS and PMAT) is shown

in Fig. 2(a). A certain amount of AM, AA, AMPS, and deionizedwater
was added to a beaker and stirred until completely dissolved. The



Fig. 3. The basal layer and tip. (a) Roughness of the quartz glass sheet; (b) Roughness of basal layer with treatment through LBL method; (c) The tip modified by sodium 2-
mercaptoethanesulfonate; (d) The tip modified by sodium mercaptopropionate.
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molar ratio of AM:AA:AMPS was controlled at 8:1:1 and NaOH was
used to neutralize the pH of the solution to 7±0.5. APS was then
added as an initiator, followed by a bubble degassing with nitrogen
for 30 min. Finally, the solution was transferred to an oil bath at
50 �C for 6 h until the reaction was completed and the colorless or
light white gel was obtained. The gel was dehydrated and washed
in ethanol at least 5 times and dried to obtain PMAS after crushing.
AMPS was replaced by APTAC and the temperature was reduced to
45 �C to obtain PMAT with other conditions remaining the same.
The molecular weights of PMAS (268 � 104 g/mol) and PMAT
(380 � 104 g/mol) were measured using a viscosimeter.

Infrared (IR) spectrum and hydrogen nuclear magnetic reso-
nance (1H NMR) spectrum are important representational methods
of the chemical structure. In this paper, IR spectra and 1H NMR
spectra of the two synthetic polymers were tested respectively to
characterize their molecular structures. The IR spectrum was con-
ducted by Thermo Scientific Nicolet IS50 Fourier transform infrared
spectrometer (America) and potassium bromidewas used for tablet
preparation. 1H NMR spectrum was performed using Bruker
AV400MHz NMR spectrometer (Switzerland) after the synthetic
polymer was dissolved in deuteroxide (D2O).

2.2.2. Measurement of molecular weight of polymers
The Ubbelohde viscometer was used to measure the average

molecular weight of the polymers. A polymer solution with an
initial concentration (c0) of 0.001 g/mL was prepared and diluted to
five polymer solutions with a concentration was cr times the orig-
inal concentration (cr ¼ 1, 2/3, 1/2, 1/3 and 1/4). t was the time that
five polymer solutions of different concentrations flow through the
viscometer. t0 was the time for the 1.0mol/L of NaCl solution to flow
through the viscometer. The relative viscosity (hr) and increased
viscosity (hsp) of polymers with different concentrations could be
1878
calculated according to Eq. (1).

hsp ¼ (t e t0) / t0 ¼ hr e 1 (1)

Draw two lines: hsp/crecr and Inhr/crecr. H is the intercept value
of the intersection point of the two lines at the ordinate. The
intrinsic viscosity ([h]) and molecular weight (M) of the polymers
could be calculated according to Eqs. (2) and (3).

[h] ¼ H / c0 (2)

M ¼ 802 [h]1.25 (3)
2.2.3. Preparation of supramolecular polymer system and double
network gel

The supramolecular polymer system consists of PMAS and
PMAT, which were first completely dissolved in deionized water
and then mixed in a specific proportion. PMAS is the main polymer,
and its viscosity and viscoelasticity were regulated by adding PMAT.
The double network gel was obtained by dropping a certain amount
of Zr-crosslinker into the supramolecular polymer system. The
crosslinking time of the double network gel is 3 min. Based on not
reducing the elastic modulus G0 of the double network gel, the
crosslinking time can be further extended to 15 min using sodium
lactate solution, as shown in Fig. S1 (Supplementary Material).
Hence, the crosslinking time of double network gel in this paper
was adjustable in 3e15 min at 25 �C, which meets the requirement
time of delayed crosslinking. The crosslinking time of the double
network gel was the time when it could be hung with a glass rod
after adding a crosslinking agent, as shown in Fig. 1.



Fig. 4. Structural characterization of synthetic polymers. (a) IR spectra; (b) 1H NMR spectra.
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2.2.4. Rheological test
Rheological performance was measured by the HAKKE RS600B

rheometer (Thermo Hakke Corporation, America). In the test of
high-temperature shear measurement, the temperature ranged
from 25 to 200 �C, the shear ratewas fixed at 170 s�1, and a pressure
of 2.5 MPawas loaded in advance to prevent the evaporation of the
double network gel at high temperatures. The other experiments
were carried out at 25±0.5 �C. The shear viscosity was obtained at a
shear rate of 170 s�1 and the viscoelasticity of polymers was ob-
tained by frequency sweeping with shear stress maintained at 1 Pa.
The shear rate range of the variable shear experiment was from
10�2e103 s�1.

2.2.5. Microstructure
Due to its strong electrostatic effect, the supramolecular poly-

mer system might form structures that differ from those of tradi-
tional polyacrylamide-based polymers. In this paper, the
microstructures of the polymers were measured by a scanning
electron microscope (SEM, model JSM-7610F, magnification of
25e106 times) produced by Nippon Electronics.

2.2.6. Quantum chemical calculation
The quantitative chemical calculation method was applied to

study the interaction energy between APTAC and other molecules
to explore the intrinsic mechanism of the supramolecular polymer
system (Fig. 2(b)). In this section, the molecular structure was
constructed with Guassview, and four positioned atoms (light blue
balls) were kept in a straight line. The distance between two mol-
ecules was defined as the distance between the two light blue
atoms in the middle. Fixing the APTAC, another molecule was
moved horizontally to alter the distance between the two mole-
cules. The energy between the two molecules was calculated after
the molecular structure was optimized at each distance.

2.2.7. AFM mechanical test
An atomic force microscope (AFM) (Bruker MultiMode8, Ger-

many) was used for mechanical measurement in our research. A
schematic diagram of the mechanical test by AFM was shown in
Fig. S2 (Supplementary Material). In this section, 3-
mercaptopropionic acid and sodium 2-mercaptoethanesulfonate
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were respectively modified on gold-plated silicon carbide tips
(NPG-10, Brucker) to represent ReCOO� and ReSO3

� in synthetic
polymers. Studies have shown that a stable AueS covalent bond
could form between the eSH and Au on the surface of the tip (Gao
et al., 2018; Ma et al., 2015). The energy dispersive spectroscopy
(EDS) analysis of the tip modified with sodium 2-
mercaptoethanesulfonate was shown in Fig. 3(c). It could be seen
that the modified tip contained a large amount of C, O, and S. The
tip modified by sodium mercaptopropionate is displayed in
Fig. 3(d). Similarly, the tip contained a large amount of C, O, and S
(Zhao et al., 2022). Therefore, it could be concluded that sodium 2-
mercaptoethanesulfonate and sodium mercaptopropionate had
been attached to the tips respectively from the analysis of EDS.

The root mean square (Rq) roughness of the quartz glass sheet
before treatment was 1.11 nm as shown in Fig. 3(a). Quartz glass
was used as a substrate, and the basal layer containing ReNþ(CH3)3
was obtained by the layer-by-layer self-assembly method as re-
ported by Yu and Ivanisevic (2004). Pre-washed quartz glass was
soaked in 5 g/L PDDA for 20 min and then was washed with
deionized water to remove surface retention. Similarly, the washed
quartz glass was further soaked in 6.4 g/L PAMPS for 20 min and
then was washed with deionized water to remove surface reten-
tion. The above operation was repeated to obtain a basal layer of a
certain thickness and maintained the outermost surface of the
basal layer as PDDA, which was used to represent the ReNþ(CH3)3
in the synthetic polymer. The Rq roughness reached 4.49 nm as
exhibited in Fig. 3(b) after treatment by the layer-by-layer (LBL)
method.
2.2.8. Proppant suspension and gel-breaking experiment
The sedimentation height of single or multi-particle proppant at

different times was recorded to determine the suspension perfor-
mance of the supramolecular polymer systems. The ceramsite
(0.7 ± 0.05mm diameter) with better shape uniformity was used to
replace quartz sand as proppant, and the bulk volume ratio of
proppant to polymer solution was 3:10 for the multi-particle
proppant suspension experiment.

To obtain a gel-breaking solution, different doses of a gel-
breaking agent (APS) were added to the pre-prepared gel. The
mixture was placed in a glass tube and heated in an oven at 200 �C



Fig. 5. Viscosity and viscoelasticity of supramolecular polymer system for different mass ratios of PMAS to PMAT when the total mass concentration was 0.4 wt%. (a) Shear viscosity
and viscosity increase factor at 170 s�1; (b) Viscosity vs. shear rate ranging from 10�2e103 s�1; (c) Viscoelasticity vs. frequency; (d) Viscoelasticity at 0.5 Hz.
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for 1 h. Then, the gel-breaking solution was centrifuged at 3000 r/
min for two times and dried to obtain residues.

3. Results and discussion

3.1. Structural analysis of polymers

The structures of the polymers were characterized by IR and 1H
NMR. As shown in Fig. 4(a), PMAS had an absorption peak ofeOH at
3339.59 cm�1, a stretching vibration peak of NeH at 3194.02 cm�1,
a stretching vibration peak of eCH2e at 2931.38 cm�1, and a
stretching vibration peak of eC]O at 1651.75 cm�1. The same ab-
sorption peak also appeared in PMAT. In addition, the characteristic
absorption peaks of eSO3 in AMPS appeared at 1041.23 and
1184.94 cm�1. The 1H NMR of PMAS and PMAT were shown in
Fig. 4(b). As seen in Fig. 4(b), the chemical shift (d) ofeCH2e (a) and
eCHe (b) on the main chain of the PMAS occurred at 1.54 and
2.11 ppm, respectively. d ¼ 1:39 ppm and d ¼ 3:38 ppm were the
peaks of eCH3 (c) and eCH2e (d) on the side chain of PMAS. As for
PMAT, the absorption peaks of eCH2e (a) and eCHe (b) on the
main chain of the PMAT still appeared at 1.56 and 2.11 ppm. d ¼
1880
1:94 ppm, d ¼ 3:27 ppm, and d ¼ 3:05 ppm were the peaks of
eCH2e (c, e) and eCH3 (d) on the side chain of PMAT, respectively.
The expected molecular structures of polymers were obtained as
known from the analysis of IR spectra and 1H NMR spectra.

3.2. Rheological properties and microstructure of supramolecular
polymer system

The total concentration was the other important factor affecting
the viscosity and viscoelasticity of the supramolecular polymer
system. It could be seen from Fig. S3 (Supplementary Material) that
the higher the concentration, the higher the viscosity and visco-
elastic modulus, and the growth factor of viscosity reached the
highest at a concentration of 0.4 wt%. Therefore, the supramolec-
ular polymer system with a concentration of 0.4 wt% was used as
the research object in subsequent experiments.

Viscosity and viscoelasticity are important parameters for
evaluating the proppant suspension property of fracturing fluid. All
rheological tests in this section were conducted at 25 �C. As could
be seen from Fig. 5(a), as the PMAT content increased, both the
viscosity and the viscosity increase factor of the supramolecular



Fig. 6. Viscosity and viscoelasticity of the supramolecular polymer system (the mass ratio of PMAS to PMAT is 4:1) and the traditional polymer. (a) Shear viscosity at 170 s�1; (b)
Viscosity vs. shear rate ranging from 10�2e103 s�1; (c) Viscoelasticity vs. frequency; (d) Viscoelasticity at 0.5 Hz.
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polymer system first increased and then decreased. Both the vis-
cosity (209.34 mPa s) and the viscosity increase factor (3.39 times)
reached the maximum value when the mass ratio was 1:1. Due to
the presence of cationic monomer APTAC in PMAT, the ReNþ(CH3)3
with positive charge in APTAC would generate strong electrostatic
attraction with the ReSO3

� or ReCOO� of PMAS, which might be an
important factor in the formation of supramolecular polymer sys-
tem (Deng et al., 2020; Schulze and Kirstein, 2005). Therefore, as
the increase in PMAT concentration, the content of ReNþ(CH3)3 in
the polymer solution gradually increased, leading to an increase in
viscosity. However, the content of ReNþ(CH3)3 should be controlled
within a certain range. When the content of ReNþ(CH3)4 was too
high, the electrostatic attraction in the polymer solution would be
strengthened, causing flocculation and weakening the viscosity of
the polymer. A small amount of white precipitation in the solution
was observed at a mass ratio of 1:2 (Fig. 5(d)). As exhibited in
Fig. 5(b), the viscosity difference of the supramolecular polymer
system was mainly reflected in the low shear rate range with vis-
cosity ranging from 351 to 113842 mPa s at 0.01 s�1, reaching the
1881
maximumwhen themass ratio was 1:1. Different from the viscosity
at 170 s�1, the viscosity of the supramolecular polymer systemwith
a mass ratio of 1:2 was lower than that of 4:1 at 0.01 s�1, possibly
because the production of white precipitates reduces the network
structural strength of the supramolecular polymer system. The
same conclusion could also be drawn from the viscoelastic exper-
iment in Fig. 5(c), which showed that both the elastic modulus (G0)
and viscosity modulus (G00) of the supramolecular polymer system
with the mass ratio of 1:2 was less than that of 4:1. The G0 was
greater than the G00 across all frequency ranges for themass ratios of
2:1, 1:1, and 1:2. However, in the low-frequency region, the G00 was
higher than the G0 for the mass ratios of 9:1 and 4:1. On the con-
trary, the G00 was higher than the G0 for the mass ratio of 10:0 in all
frequency ranges. The electrostatic attraction was weak due to the
low ReNþ(CH3)3 content in the case of 9:1 and 4:1. It could also be
seen from Fig. 5(d) that the G0 of the supramolecular polymer
system had reached 7.93 and 10.15 Pa, respectively, at the mass
ratio of 2:1 and 1:1, while the G0 of the supramolecular polymer
system at the mass ratio of 4:1 was only 4.71 Pa. However, the G0 of



Fig. 7. SEM images of (a) 0.4 wt% PMAS, (b) 0.4 wt% traditional polymer, (c) 0.6 wt% traditional polymer, and (d) supramolecular polymer system with the mass ratio of PMAS to
PMAT of 4:1.
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the supramolecular polymer system was much higher than the G00

at the mass ratio of 4:1, and the viscosity at 170 s�1 had reached
117.32 mPa s, which had exceeded the minimum standard for the
viscosity (> 50 mPa s) of the fracturing fluid before crosslinking.
The price of PMAT is higher than that of PMAS. Based on meeting
the viscosity and viscoelasticity improvement, PMAT should not be
too high due to its high cost. As a result, the mass ratio of 4:1 was a
more reasonable choice.

Based on the above experiments, the supramolecular polymer
system could maintain high viscosity and viscoelasticity through
supramolecular interaction under the lowmolecular weight (268�
104 g/mol). The comparison of rheological properties of the su-
pramolecular polymer system and the traditional polymer (hy-
drolyzed polyacrylamide with a molecular weight of 1078 � 104 g/
mol) was shown in Fig. 6. Both the viscosity and viscoelasticity of
the 0.4 wt% supramolecular polymer system were much higher
than those of the traditional polymer at the same concentration
and were slightly higher than those of the 0.6 wt% traditional
polymers. Therefore, without increasing the molecular weight, the
supramolecular system with a concentration of 0.4 wt% achieved
the viscosity and viscoelasticity comparable to the 0.6 wt% tradi-
tional polymers.

The SEM images of PMAS, traditional polymer, and the supra-
molecular polymer systemwere shown in Fig. 7. Themicrostructure
of the supramolecular polymer system exhibited characteristics
similar to that of a gel, showing high viscoelasticity (Minami et al.,
1882
2019; Roullet et al., 2020). The microstructures of PMAS and the
traditional polymer were similar to traditional polymers with
lamellar structure and irregularity (Zhao et al., 2019). The micro-
structure of the supramolecular polymer system was ordered,
similar to the layer-by-layer (LBL) structure that differed from
PMAS and the traditional polymer. This difference might be due to
the stacking of layers between PMAS and PMAT, which generates an
ordered spatial network structure through supramolecular inter-
action (Wang et al., 2014; Wu et al., 2019).

3.3. Intrinsic interaction mechanism of supramolecular polymer
system

In this section, quantum chemical calculations and AFM tech-
niques were employed to gain deeper insights into the interaction
mechanism of the supramolecular polymer system. As could be
seen from Fig. 8(a), the electrostatic attraction was observed be-
tween APTAC and other molecules. The electrostatic energy be-
tween AA�/AMPS� and APTAC was much greater than that of the
other three monomers. The result was obvious because APTAC is
positively charged, while AA� and AMPS� are negatively charged.
Similarly, the exchange energy between AA�/AMPS� and APTAC
was higher than other molecules (Fig. S4 in Supplementary
Material). As observed in Fig. 8(b), the variation trends of induc-
tion energy were similar to electrostatic energy, and the absolute
value was slightly lower than that of electrostatic energy. The



Fig. 8. Interaction energy between APTAC and other monomers with quantum chemical calculation. (a) Electrostatic energy; (b) Induction energy; (c) Dispersion energy; (d) Total
SAPT0.
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interaction between AA�/AMPS� and APTAC on induction energy
was also stronger than other molecules. The variation trends of
induction energy and dispersion energy were similar, but the dif-
ference was not large for all molecules (Fig. 8(c)). Total SAPT0 was
the sum of electrostatic energy, exchange energy, induction energy,
and dispersion energy as displayed in Fig. 8(d). The equilibrium
distance of AA� and AMPS�was at 4.0 Å, and the total SAPT0 of AA�

and AMPS� reached �428.00 and �385.83 kJ/mol, respectively.
From the results of quantitative chemical calculation, the electro-
static interaction was an important factor affecting the intermo-
lecular force, and the effect of AA�was slightly stronger than that of
AMPS�. However, ReCOO� and ReSO3

� were fully ionized in
quantitative chemical calculations, which might differ from their
true force with ReNþ(CH3)3 in water environments for ReCOO�

was easily hydrolyzed in water. Therefore, AFM would be used to
further investigate the force between the ReNþ(CH3)3 and the
ReCOO�/ReSO3

� in water environments.
The tips and the substrate have been modified by predefined

molecules, respectively, from the characterization results in Section
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2.2.7. The typical force curves are shown in Fig. 9(a). When
retracting the tip, the adhesion forcewas recorded. 256 force curves
were obtained by measuring in 500 nm� 500 nm region. Then, the
adhesion force of each force curve was calculated through fre-
quency distribution, as shown in Fig. 9(b) and (c). The median
adhesion force was 0.526 and 0.414 nN for ReCOO� and ReSO3

�,
respectively. To further reduce the experimental error, mechanical
measurements were conducted in three different regions to obtain
average adhesion force, as shown in Fig. 9(d).

The average adhesion forces were 0.530 nN between ReCOO�

and ReSO3
� and 0.377 nN between ReCOO� and ReNþ(CH3)3,

respectively. The conclusion was that the interaction between
ReCOO� and ReNþ(CH3)3 was slightly stronger than that of ReSO3

�,
which was also consistent with the results of quantum chemistry
calculation. Therefore, the main conclusionwas that the interaction
mechanism of the supramolecular polymer system was the inter-
action between PMAS and PMAT, in which the electrostatic inter-
action dominated. The electrostatic interaction mainly came from
the electrostatic attraction between ReCOO�/ReSO3

� in PMAS and



Fig. 9. Diagram of the force between ReNþ(CH3)3 and ReCOO�/ReSO3
�. (a) Typical force curve between ReCOO�/ReSO3

� and ReNþ(CH3)3; (b) Frequency distribution of adhesion
force between ReCOO� and ReNþ(CH3)3; (c) Frequency distribution of adhesion force between ReSO3

� and ReNþ(CH3)4; (d) Average adhesion force.
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ReNþ(CH3)3 in PMAT.
3.4. Viscoelasticity of double network gel

As the fracturing fluid was injected into the reservoir, the su-
pramolecular polymer system gradually crosslinked to form gels.
High-strength gels are crucial for the fracturing fluid to effectively
transport proppants at high temperatures (Sun et al., 2015).
Therefore, it was necessary to investigate the viscoelasticity of
double network gel. In this section, the viscoelasticity between
different polymers and Zr-crosslinker was investigated, as shown in
Fig. 10. For a supramolecular polymer system, the double network
gel with hanging ability could be formed when the Zr-crosslinker
concentration was 0.05e0.4 wt%, as exhibited in Fig. 10(a) and
(d). When the Zr-crosslinker concentration was 0.3 wt%, G0 reached
its maximum and then decreased, which might be due to over-
crosslinking caused by the excessive crosslinking agent. Surpris-
ingly, the supramolecular polymer system could form a high-
strength gel only at the crosslinker concentration of 0.05 wt%,
which was conducive to reducing the cost of fracturing fluids. By
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comparison, it can be found that a hangable gel could be obtained
only when the concentration of the Zr-crosslinker was greater than
0.6 wt% at 0.4 wt% traditional polymer (Fig. 10(b) and (e)) and all of
G0 was less than 5 Pa for all crosslinker concentration, which was
much less than 0.4 wt% supramolecular polymer system. When the
concentration of traditional polymer reached 0.6 wt% (Fig.10(c) and
(f)), effective crosslinking could occur only when the concentration
of Zr-crosslinker was greater than 0.2 wt%, and the G0 was still lower
than 0.4wt% supramolecular polymer system. Therefore, it could be
concluded that the supramolecular polymer system could form
double network gel at lower dosages of polymer and crosslinker,
reducing the costs and potentially reducing residue after gel
breaking (Huang et al., 2020; Lu et al., 2017).

Shear viscosity was also an essential property of gel fracturing
fluids, especially the shear dilution and shear recovery. As revealed
in Fig. S5 (Supplementary Material), both double network gels and
traditional gels exhibit shear-thinning characteristics. However, the
viscosity of double network gels surpasses that of traditional gels at
the shear rate of 170 s�1. Furthermore, the shear recovery rate of the
double network gel stands at 73.3%, which is significantly higher



Fig. 10. Photographs and viscoelasticity of gels formed by Zr-crosslinker and different polymers. (a) and (d) 0.4 wt% supramolecular polymer system; (b) and (e) 0.4 wt% traditional
polymer; (c) and (f) 0.6 wt% traditional polymer.

Fig. 11. High-temperature shear measurement. Double network gel: 0.4 wt% supra-
molecular polymer system þ 0.1 wt% Zr-crosslinker. Traditional gel: 0.6 wt% traditional
polymer þ 0.6 wt% Zr-crosslinker.

Table 1
Experimental results of gel breaking.

Sample No. Polymer Zr-crosslinker concentra

#1 0.4 wt% supramolecular polymer system 0.1
#2
#3
#4 0.6 wt% traditional polymer 0.6
#5
#6
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than the 53.5% recovery rate of the traditional gel, indicating su-
perior shear resistance.

3.5. Application performance of fracturing fluid

It had been proved that the supramolecular polymer system
possessed good viscosity and viscoelasticity, which could form
double network gel at low dosage. In the following, the shear sta-
bility at high temperatures, the gel breaking of double network gel,
and the proppant suspension property of the supramolecular
polymer system will be demonstrated.

Temperature and shear resistance are crucial factors in deter-
mining the applicability of double network gel in ultra-deep/ultra-
high temperature fracturing to evaluate these properties, a high-
temperature shear test was conducted on the double network gel,
and the results are presented in Fig. 11. The viscosity of the double
network gel decreased rapidly at first and then stabilized between
530 and 560 mPa s at 100 �C. As the temperature continued to rise,
the viscosity continued to decline. When the temperature reached
200 �C, the viscosity decreased to 168 mPa s. After shearing for 2 h,
the average viscosity at the last minute was taken as the final stable
tion, wt% G0 of gel, Pa APS concentration, wt% Residue content, mg/L

8.84 0.01 50
0.05 0
0.10 0

7.77 0.01 340
0.05 160
0.10 20



Fig. 12. Sedimentation of particles in different polymer solutions. (a) Single particle proppant; (b) Multi-particle proppant.
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value, which was 66 mPa s, meeting the viscosity standard (>
50 mPa s) of high-temperature shear measurement of fracturing
fluid (Yang et al., 2020). Therefore, the double network gel met the
temperature resistance requirement of the fracturing fluid at
200 �C. In contrast, the viscosity of the traditional gel decreased
rapidly at the beginning and continued to decline until the final
viscosity was 27 mPa s, which was significantly lower than the
specified viscosity. The network structure of the traditional gel was
solely based on a Zr crosslinked network, making it difficult to
recover after shearing, compared with the network formed by the
supramolecular force.

The results of the gel breaking are shown in Table 1. Two groups
of gels with similar elastic modulus were compared. The gel-
breaking solutions of #4 and #5 were relatively muddy, and
obvious sediment could be observed at the bottom of the tube after
centrifugation (Fig. S6 in Supplementary Material). It could be seen
from Table 1 that when the concentration of APS reached 0.05 wt%,
the double network gel was completely broken without residues.
This was due to the low concentrations of polymer and crosslinker
used in the double network gel system. In contrast, the traditional
gel could not be completely broken at the low concentration of APS,
resulting in residue contents of 340 mg/L at 0.01 wt% APS and
160 mg/L at 0.05 wt% APS. Excessive residue content could lead to
reservoir damage and reduce the seepage capability of oil and gas
reservoirs after fracturing (Zhou et al., 2020). When the APS con-
centration was 0.1 wt%, the residue content was reduced to 0.
Although at high APS content, the gel fracturing fluid could be
broken completely without residue content. However, it was clear
that excessive APS could cause the gel to degrade too quickly, which
affected the transport of the proppant (Das et al., 2018; Wang J.
et al., 2020). In conclusion, the supramolecular polymer system
could form a double network gel with a low concentration of
polymer and crosslinker, which contributed to the gel breaking at a
low concentration of APS.

The settlement of a single proppant particle in a polymer solu-
tion was described in Fig. 12(a). The proppant settlement rate was
the fastest in the 0.4 wt% traditional polymer solution, reaching
0.77 cm/min. The sedimentation rate of the proppant was equal by
comparing the 0.4 wt% supramolecular polymer system with the
0.6 wt% traditional polymer. The sedimentation test of multi-
particle proppant was described in Fig. 12(b). The suspension
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performance of the polymer was 0.4 wt% supramolecular polymer
system > 0.6 wt% traditional polymer > 0.4 wt% traditional poly-
mer, which was consistent with the conclusion obtained from the
single proppant particle sedimentation experiment. The difference
in the multi-particle sedimentation experiment was that the sedi-
mentation of the upper part proppant was influenced by the
presence of the bottom proppant, resulting in a decrease in the
volume decline rate over time. This could be due to the interaction
among particles, which led to a more gradual settling behavior.

4. Conclusions

In this study, a supramolecular polymer system tailored for
ultra-deep fracturing fluid was developed, of which viscosity and
viscoelasticity were investigated and the interaction mechanism
was revealed. The application performance of the fracturing fluid
was demonstrated in the end. The key findings of this study were
summarized below.

(1) The viscosity and viscoelasticity of the supramolecular
polymer system could be regulated by changing the con-
centration and mass ratio of PMAS to PMAT. The 0.4 wt%
supramolecular polymer system (molecular weight of
(268e380) � 104 g/mol) could achieve similar viscosity and
viscoelasticity to that of the 0.6 wt% traditional polymer
(molecular weight of 1078 � 104 g/mol).

(2) The supramolecular polymer systemhad an ordered network
structure similar to gels. The formation of this structure was
mainly caused by the electrostatic attraction between
ReSO3

�/ReCOO� in PMAS and ReNþ(CH3)3 in PMAT, of which
the role of ReCOO� (0.526 nN) was slightly greater than that
of ReSO3

� (0.414 nN).
(3) The supramolecular polymer system could form double

network gel with high elastic modulus (9.00 Pa) under only
0.1 wt% Zr-crosslinker, compared to 7.77 Pa of the traditional
gel at 0.6 wt% Zr-crosslinker.

(4) The viscosity of the double network gel met the required
viscosity (50 mPa s) of the fracturing fluid at 200 �C and
could be broken completely under 0.05 wt% APS, which
greatly reduced the reservoir damage. The high viscosity and
viscoelasticity greatly improved the proppant suspension
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property of the supramolecular polymer system at lower
molecular weight and concentration.
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