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ABSTRACT: The integrated fracturing and oil recovery strategy is a new paradigm for
achieving sustainable and cost-effective development of unconventional reservoirs.
However, a single type of working fluid cannot simultaneously meet the different needs
of fracturing and oil displacement processes. Here, we develop a pH-responsive fracturing-
displacement integrated working fluid based on the self-assembled micelles of N,N-
dimethyl oleoamine propylamine (DOAPA) and succinic acid (SA). By adjusting the pH
of the working fluid, the DOAPA and SA molecules can be switched repeatedly between
highly viscoelastic wormlike micelles and aqueous low-viscosity spherical micelles. The
zero-shear viscosity of the working fluid enriched the wormlike micelles can reach more
than 93,100 mPa·s, showing excellent viscoelasticity and sand-carrying properties. The
working fluid is easy to gel-break when it encounters oil, generating a low-viscosity liquid
without residue. In addition, the system has strong interfacial activity, which can greatly
reduce the oil−water interfacial tension to form emulsions and can achieve reversible
demulsification and re-emulsification by adjusting pH. Through the designed and fabricated microfluidic chip, it can be visualized
that under the synergistic effect of viscoelasticity and interfacial activity DOAPA/SA can effectively expand the swept volume of tight
fractured formations, promote pore wetting reversal and crude oil emulsification, and improve the displacement efficiency. The
DOAPA/SA meets the design requirements of the fracturing-displacement integrated working fluids and provides a novel method
and idea for constructing the integrated working fluids suitable for fracturing and displacement in unconventional reservoirs.

1. INTRODUCTION
Over the past five years, unconventional reservoirs have
become a pivotal force in the development of oil and gas
resources.1,2 However, the sustainable and cost-effective
development of unconventional reservoirs has been a great
challenge.3,4 Hydraulic fracturing technology is a commonly
utilized method of stimulating unconventional reservoir
development.5−7 Hydraulic fracturing not only facilitates the
increase of production in the area from which the well is
extracted but also effectively modifies the reservoir character-
istics to connect the low-permeability reservoir to the wellbore,
expanding the area of wellbore mobilization, thus increasing
the recovery of the resources.8 This process involves injecting a
significant volume of high-viscosity liquid into the well to
induce fractures within the formation. To maintain the
formation’s high conductivity, proppant is also injected to
support these fractures.9 However, due to the limitations of
unconventional reservoir pore characteristics, formation clay
water sensitivity and other factors, the suitable fracturing fluid
system needs to meet the requirements of high viscosity, high
viscoelasticity, and shear resistance of the traditional system
and also needs to have excellent breakage and low residual

properties for minimizing the damage of the fracturing fluid to
the reservoir.
In existing water-based fracturing fluids, five types of

materials, guar gum, cellulose, xanthan gum, polyacrylamide
and their derivatives, are usually added to the fracturing fluid to
increase the viscoelasticity of the system and reduce frictional
resistance guar gum.5,10−12 Although these additives effectively
enhance the fracturing fluid’s ability to create fractures, they
are highly susceptible to the generation of insoluble residues
that cannot be ablated within a short period, resulting in
blockage and damage to reservoir pores.13,14 In addition,
fractures produced by such fracturing fluids tend to propagate
centrally at longitudinal heights, whereas the main objective
when treating low-permeability areas with poor filtration
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properties is to form a transversely induced fracture as deep as
possible into the producing formation.10,12,15,16 It exposes the
fatal shortcoming of traditional water-based fracturing fluids in
their inability to balance reservoir modification and reservoir
damage when confronted with unconventional reservoirs.
To solve the problem of traditional water-based fracturing

fluids, researchers constructed a viscoelastic fracturing fluid
system based on the principle of self-assembly of surfactant
molecules to form wormlike micelles.17,18 This self-assembly
process relies on the intermolecular hydrophobic forces of
surfactants, which allow the molecules to build up in an
aqueous environment with long hydrophobic chains facing
inward and hydrophilic groups facing outward in a directional
manner, resulting in the formation of a wormlike micellar
structure when the concentration reaches a critical value.
Therefore, the fracturing fluid system can easily break the
micelles and form a low-viscosity residue when it contacts the
crude oil or other hydrocarbons in the formation, thus greatly
reducing damage to the reservoir pore space.19−21 This is why
viscoelastic fracturing fluids are also known as clean fracturing
fluids.
However, a large amount of surfactant needs to be added

during the preparation and maintenance of the viscoelastic
fracturing fluid system to ensure that the concentration of
surfactant molecules in the system is much higher than the
critical micelle concentration to form wormlike micelles.
Published research information on the surfactants market by
Precedence research, Allied market research, and Markets and
Markets shows that the global surfactants market is expected to
grow to a value of more than USD 80 billion by 2030.8 As a
result, the high cost during periods of low to medium crude oil
prices limits the widespread use of this system in unconven-
tional reservoirs. In the face of this dilemma, researchers have
added appropriate amounts of nanoparticles, guar gum,
cellulose, polymer, etc. to the viscoelastic fracturing fluid
system to minimize the cost pressure brought by surfac-
tants.17,22−24 However, for complex formations, the addition of
traditional fracturing fluids to low-damage viscoelastic
fracturing not only has limited space for cost reduction but
also cannot effectively avoid the problem of reservoir damage.
In recent years, researchers have increased the packing

density of surfactant molecules by growing the hydrophobic
long chains of surfactants,18,25 or constructing gemini or
trimeric surfactants with multiple hydrophobic chains to
achieve viscoelastic effects at low concentrations.26−28

However, the high cost caused by the complicated synthesis
method and low yield has hindered the marketization of the
products. Consequently, reducing reservoir damage and
improving economic efficiency remain crucial hurdles for the
sustainable development of unconventional reservoirs.29,30

Fortunately, the huge reserves and development potential of
unconventional reservoirs have always inspired petroleum
engineers and researchers. In recent years, researchers have
proposed the integrated technology of fracturing and oil
recovery, which can simultaneously achieve reservoir stim-
ulation and enhanced oil recovery.31−33 Integrated technology
can effectively reduce production processes, reduce mining
costs, and improve economic benefits. Although there have
been some reports of preliminary exploration of this
technology, these reported cases are still weak compared to
the urgent need for unconventional oil and gas reservoir
development.

Here, based on the concept of an integrated working fluid,
we have constructed a pseudogemini surfactant structure with
pH responsiveness by compounding commercial surfactant
DOAPA and dicarboxylic SA molecule, which can independ-
ently form a fracturing-displacement integrated working fluid
with excellent viscoelastic properties and interfacial activity.
Then, the rheological properties, pH response cyclicity, and
microstructure of the system were characterized, and the
fracturing performance, emulsification performance, oil dis-
placement, and imbibition capacity of the system were
systematically studied. The excellent DOAPA/SA can provide
a reference for the integrated technology scheme of fracturing
and oil recovery in unconventional reservoirs, which has a
positive significance for improving the economic and efficient
development of unconventional reservoirs.

2. EXPERIMENTAL SECTION
2.1. Materials. Succinic acid (SA), sodium hydroxide

(NaOH), and hydrochloric acid (HCl, 37%) were procured
from Shanghai Macklin Biochemical Co. Ltd. N, N-dimethyl
oleoamine propylamine (DOAPA) was obtained from
Shanghai Yincong New Material Technology Co. Ltd. The
proppant used in the study was graciously provided by Shengli
Oilfield, China. This proppant was characterized by being a
spherical ceramsite with a diameter ranging from 380 to 425
μm. Deionized water with an electrical resistivity of 18.0 MΩ
cm was utilized for all measurements. Figure 1 showcases the
molecular structure formulas of both DOAPA and SA.

2.2. Sample Preparation. Specific quantities of DOAPA
and SA were dissolved in deionized water and blended using
mechanical stirring. Subsequently, aqueous solutions of HCl or
NaOH were introduced into the mixture to attain the desired
pH level. The prepared samples were then stored at room
temperature for a minimum of 1 day before commencing
subsequent measurement experiments. In subsequent testing
and evaluation sessions for fracturing, emulsification, oil
displacement, and imbibition, a concentration of 240 mM
DOAPA+120 mM SA is consistently used if the solution
concentration is not explicitly stated.
2.3. Rheology. The HAAKE RS6000 rheometer equipped

with a sealable coaxial cylindrical sensor system (Z41 Ti) was
utilized to measure the rheological properties of the prepared
samples. During viscosity determination, the shear rate was set
within the range of 0.01−1000 s−1, and an appropriate test
duration was selected. The zero-shear viscosity of the sample
was extrapolated from the first Newtonian plateau value
observed at low shear rates. For viscoelasticity tests, the sample
was initially subjected to a fixed frequency of 1.0 Hz to identify
the linear viscoelastic zone, followed by a frequency sweep
conducted at an appropriate stress level. The temperature

Figure 1. Molecular structural formulas of DOAPA and SA.
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regulation was achieved using a cyclic water bath, with the test
temperature set at 25 °C, unless otherwise specified.
2.4. Cryogenic-Transmission Electron Microscopy

(Cryo-TEM). To observe the microstructures of the samples,
a JEM-1400 Plus TEM instrument operating at 120 kV was
utilized. Approximately 5 μL of the sample was applied onto a
copper mesh and evenly spread across its surface. It was crucial
to ensure that the thickness of the sample layer was sufficiently
thin, as thicker layers could not be frozen into a glassy state.
Subsequently, the prepared sample on the copper mesh was
immersed in liquid ethane. Afterward, the precooled sample
was carefully transferred to a transmission electron microscope
using a sample rod, while maintaining a controlled temperature
of −174 °C throughout the observation process.
2.5. Fracturing Fluid Performance. The DOAPA/SA

was prepared using the mechanical stirring method and
subsequently uniformly mixed with the proppant. The
concentration of the proppants in the fluid carrying them
was set at 0.02 g·cm−3. To measure the settling velocities of the
proppants, a cuboid colorimeter cell with dimensions of 90
mm in height and 6 mm in thickness was employed. A water
bath was utilized to regulate the temperature inside the
colorimeter cell. Injection of the proppant-carrying fluid into
the cell allowed for monitoring of the proppants using a digital
camera (VHX-5000, Keyence, Japan), which was equipped
with a portable 3D scanner capable of capturing a large depth-
of-view. A specific amount of kerosene was added to the
fracturing fluid and stirred for 5 min. Subsequently, the
apparent viscosity of the sample was continuously measured
using HAAKE RS6000 rheometer at a temperature of 80 °C.
The time taken for the sample’s apparent viscosity to decrease
below 5.0 mPa·s was defined as the breaking time, and the

apparent viscosity at this point represented the viscosity of the
gel-broken fluid.34

2.6. Emulsifying Capacity. Microscopic morphology of
the gel-broken fluid was observed using an Olympus optical
microscope. The oil−water emulsion was prepared by
homogenizing 5.0 mL of deionized water and 5.0 mL of
kerosene at room temperature using high-speed homogeniza-
tion. The water phase contained a surfactant solution with
varying concentrations of SA and DOAPA, with a constant SA
to DOAPA ratio of 1:2. The oil−water interfacial tension was
measured using a Dataphysics SVT20N interfacial tensiometer.
The experiments were conducted at a temperature of 25 °C, a
rotational speed of 6000 rpm, and a duration of 6000 s.
2.7. Oil Displacement Measurement. To investigate the

oil displacement effect of the integrated working fluid in the
porous medium of a low-permeability unconventional
reservoir, a microfluidic chip was designed and fabricated
using photochemically etched glass substrates. The pore throat
of the porous medium is designed as a regular shape, and the
pore throat is a square hexagon of equal size, which is
connected to the neighboring pore throats through a narrow
channel at the apex of the hexagon. The porous medium of the
microfluidic chip has an area of 50 × 50 mm, the width of the
pore throat is 50−60 μm, and the size of the narrow channel is
8−12 μm. To simulate the development of cracks in the
formation, randomly distributed rectangular channel cracks
with widths of 50−100 μm were set up. Before the
experiments, the porous medium was evacuated and filled
with water. Then, oil was injected into the micromodel to
saturate it until no water flowed out. For the experiment, the
chip was placed horizontally, the working fluid was injected
from the left inlet, and the output fluid flowed out from the

Figure 2. (A) Steady shear rheology and (B) zero-shear viscosity of DOAPA/SA at different SA concentrations. (C) Steady shear rheology with
different concentrations of DOAPA/SA. (D) Frequency sweep rheology and Cole−Cole diagram of DOAPA/SA.
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right outlet. The injection rate was 0.01 mL·min−1 and the
injection volume was calculated as pore volume (PV). A high-
resolution microscope was used to record microscopic images
and observe the flow behavior of the fluid in the porous
medium.
2.8. Imbibition Capacity Measurement. The volumetric

method was chosen for the imbibition experiment, and the
imbibition capacity was evaluated by calculating the degree of
extraction. The dried natural cores (Φ 0.3 × 90 mm) were
placed on an electronic balance to be weighed and recorded,
then vacuumed and saturated with oil for 7 days, the cores
were extracted and weighed after removing the surface oil, and
the original oil-containing volume of the cores was calculated.
The core was placed in an imbibition bottle and the integrated
working fluid was slowly injected into the glass tube scale.
Observe the oil production on the surface of the core and read
and record the volume of oil produced by suction according to
the change in the height of the liquid level. When the reading
of the imbibition bottles no longer changes, shake the bottle to
detach the oil droplets from the core surface, and after
stabilization, the reading is the final volume of crude oil
extracted through the action of imbibition. The final volume of
oil produced as a percentage of the saturated oil volume is the
degree of recovery by imbibition effect.

3. RESULTS AND DISCUSSION
3.1. Rheological Properties of the DOAPA/SA System.

The effect of SA concentration on the maximum zero-shear
viscosity of the DOAPA/SA system was first investigated. The
DOAPA concentration in the aqueous solution was maintained
at 240 mM, and the system’s pH was adjusted using HCl and
NaOH. Preliminary experimental results demonstrated that the
zero-shear viscosity of the DOAPA/SA system peaked at pH
7.56. Figure 2A and 2B depicts the steady shear curves and
corresponding zero-shear viscosity of the DOAPA/SA system
at various SA concentrations at a temperature of 25 °C. The
maximum zero-shear viscosity of the system exhibited an
upward trend with increasing SA concentration when the SA
was below 120 mM. When the concentration of SA increased
to 120 mM, the molar ratio of DOAPA to SA was 2:1, and the
solution formed a self-supporting gel with a maximum zero-
shear viscosity of about 93,100 mPa·s (Figure 2B).
Furthermore, various sample systems were prepared with

different concentrations of DOAPA by maintaining a fixed
molar ratio of DOAPA to SA at 2:1. The steady rheological
properties and corresponding zero-shear viscosity of these
systems were investigated at pH 7.56, and the results are
displayed in Figure 2C. The zero-shear viscosity of the system
increased as the concentration of DOAPA in the aqueous
solution increased. In addition, it can be seen from Figure 2C
that when the DOAPA concentration exceeds 240 mM,
especially 720 mM and 960 mM, there is no significant
difference in the viscosity of the system at high shear rates.
Therefore, taking into consideration the thickening perform-
ance and economic cost of fracturing fluid application, the
optimal concentration of DOAPA was determined to be 240
mM, with a corresponding DOAPA/SA formula of 240 mM
DOAPA+120 mM SA.
A common feature of the five DOAPA/SA solutions of

different concentrations in Figure 2C is that stable shear
rheological measurements appear as a Newtonian plateau
within the shear-rate range from 0.01 to 0.3 s−1, accompanied
by shear thinning over a critical shear rate. Such a shear-

thinning behavior of surfactant solutions is normally evidence
for the existence of wormlike micelles. The rheological
characteristics of the viscoelastic micelle system at the
oscillatory shear frequency (ω) follow the Maxwell fluid
behavior with single stress relaxation time (τR), and the elastic
modulus (G′) and viscous modulus (G′’) are related to the ω
as follows35

G G( )
( )

1 ( )
R

R

2

2 0=
+ (1)

G G( )
1 ( )

R

R
2 0=

+ (2)

At high ω, G′ usually reaches an extreme value, which is known
as the plateau modulus, i.e., G0. According to the above
equation, the relaxation time τR at the intersection of G′ and
G′′ curves can be estimated by the reciprocal of the critical
frequency.
Figure 2D illustrates the variation curves of the G′ and G′′ of

the DOAPA/SA with ω. At a pH of 7.56, the viscous modulus
surpasses the elastic modulus at low shear frequencies, while
the elastic modulus overtakes the viscous modulus at high
shear frequency ranges. These findings indicate a gradual
transition of the solution from a viscous fluid to an elastic fluid
as the shear frequency increases at pH 7.56, lending support to
the presence of wormlike micelles within the DOAPA/SA
solution.36,37 The dynamic viscoelasticity of the wormlike
micelles system conforms to the Maxwell model, and its Cole−
Cole diagram is presented as a semicircle with a diameter equal
to G0 in the low shear frequency range.38 Figure 2D
demonstrates the Cole−Cole diagram of the DOAPA/SA at
pH 7.56, with the black line representing the fitting of
experimental values according to the Maxwell model. The
rheological behavior of the DOAPA/SA aligns well with the
Maxwell model at low shear frequencies but deviates from the
semicircular curve at high shear frequencies. This phenomenon
can be attributed to the rouse and breathing effect of wormlike
micelles, which undergo continuous breakage and reorganiza-
tion during the shearing process.39 Consequently, despite the
inconsistent adherence of experimental values to the Cole−
Cole semicircle model at high frequencies, the results still
confirm the formation of wormlike micelles within the
DOAPA/SA at pH 7.56. Therefore, the increase in solution
zero-shear viscosity in Figure 2C can be attributed to the
higher DOAPA concentration leading to an increased
likelihood of molecular self-assembly into wormlike micelles,
as well as a greater degree of overlap and entanglement
between micelles. However, when the DOAPA concentration
exceeds 720 mM, the branching of wormlike micelles curtails
the rising trend of system viscosity.
In addition, the unique 2:1 ratio between the two substances

DOAPA and SA is particularly interesting. According to
theory, two DOAPA molecules can form a pseudogemini
surfactant molecular structure by being bound to oppositely
charged SA molecules via electrostatic attraction.40 Addition-
ally, the dispersed aggregation state of surfactant molecules is
typically described by the critical packing parameter CPP (CPP
= V/a0lc). Here, V represents the volume of the hydrophobic
tail chain, a0 denotes the minimum cross-sectional area of the
hydrophilic head groups, and lc signifies the length of the
hydrophobic chain.36 A CPP value between 1/3 and 1/2 is
favorable for the formation of wormlike micelles.36 In
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comparison, the a0 of the pseudogemini surfactant molecular
structure is significantly smaller than that of a single long-chain
surfactant molecule because the hydrophilic headgroups are
bridged by small SA molecules.41 The bridging effect reduces
the electrostatic repulsion between surfactant head groups,
bringing the hydrophilic head groups of the molecules closer
together.42 The bridged pseudogemini surfactant has two
hydrophobic long chains, with a volume of the hydrophobic
tail chain twice that of a single surfactant.41 Consequently, the
CPP of the pseudogemini surfactant readily falls within the
favorable range of 1/2−1/3, promoting the formation of highly
viscoelastic wormlike micelles.40 On a macroscopic level, a
pseudogemini surfactant structure forms between the mole-
cules and self-assembles into wormlike micelles when the
molar ratio of DOAPA to SA is 2:1.36

3.2. pH Responsiveness of the DOAPA/SA. The steady
shear curves of the DOAPA/SA at different pH levels are
presented in Figure 3A. The concentrations of DOAPA and SA
are 240 mM and 120 mM, respectively. At a pH of 6.14, the
solution demonstrates a viscosity of approximately 6.50 mPa·s,
which remains constant irrespective of the increasing shear
rate, indicating its Newtonian fluid behavior. Within the pH
range of 6.65−7.56, the solution exhibits a consistent viscosity
at low shear rates while displaying shear-thinning behavior at
high shear rates. Figure 3B illustrates the appearance and zero-
shear viscosity of DOAPA/SA for various pH levels. It
demonstrates that the prepared DOAPA/SA displayed a
transparent aqueous fluid appearance with an initial pH of
5.74 and a zero-shear viscosity of 2.58 mPa·s. Subsequently,
the system’s zero-shear viscosity exhibited a significant increase
as the pH elevated. At pH values of 6.65 and 6.98, the zero-
shear viscosity reached 226.7 mPa·s and 988.5 mPa·s,

respectively, accompanied by the DOAPA/SA gradually sliding
toward the wall within seconds of inversion. Increasing the pH
to 7.56 resulted in the solution’s zero-shear viscosity attaining a
maximum value of approximately 93,100 mPa·s, accompanied
by the solution exhibiting a transparent gel state and a lack of
flow. Nevertheless, further increases in pH caused a sharp
decrease in the system’s zero-shear viscosity. As the pH rose
from 7.56 to 7.82, the zero-shear viscosity once again
diminished, reaching 5.84 mPa·s, while the initial clarified
appearance of the DOAPA/SA transformed into a turbid state.
The intermolecular interactions and micelle types within the
DOAPA/SA system are influenced by the ionization degree of
DOAPA and SA, resulting in corresponding changes in the
appearance and viscosity of the fluid, thus exhibiting pH
responsiveness.
To investigate the cyclic reversibility of the pH response

behavior of the DOAPA/SA, we examined the changes in zero-
shear viscosity by repeatedly adjusting the pH between 6.14
and 7.56 at a temperature of 25 °C. The results are presented
in Figure 3C. At a pH of 6.14, the zero-shear viscosity of the
fracturing fluid was approximately 6.5 mPa·s. Upon adjusting
the pH from 6.14 to 7.56, there was a significant increase in the
zero-shear viscosity to approximately 90,800 mPa·s, represent-
ing an increase of 5 orders of magnitude. Subsequently, when
the pH was decreased back to 6.14, the zero-shear viscosity
dropped to approximately 6.0 mPa·s. This pH-responsive
behavior, whereby viscosity changes with the pH of the system,
can be cycled more than four times within a specific pH range.
These findings demonstrate that the DOAPA/SA developed in
this study exhibits excellent pH reversible switchability,
enabling it to transition between a viscoelastic solution and a
low-viscosity fluid within a narrow pH range. It is important to

Figure 3. (A) Steady shear rheology and (B) zero-shear viscosity of the DOAPA/SA with different pH. (C) Variation of zero shear viscosity with
the number of cycles by changing pH. (D) Frequency sweep rheology of DOAPA/SA with different pH.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00459
ACS Omega 2024, 9, 22691−22702

22695

https://pubs.acs.org/doi/10.1021/acsomega.4c00459?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00459?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00459?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00459?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


note that the addition of salt to a wormlike micelles system can
alter its rheological properties due to changes in micellar
topology.43,44 Typically, the viscosity of a wormlike micelles
system increases up to a critical value as the salt concentration
rises.45 Beyond the viscosity peak, further increases in salt
concentration led to a drop in viscosity. In our study, the
surfactant concentration is high, and the salt concentration
only increases within a small range during the four cycles of
reversible pH regulation. Therefore, the salt produced as a
result of acid/base regulation has no significant impact on the
viscosity of the system.
Figure 3D gives the G′ and G′′ of the DOAPA/SA at

different pH values. The results show that within the tested
shear frequency range, the viscous modulus of the DOAPA/SA
is higher than the elastic modulus and exhibits viscous behavior
when the pH ranges from 6.65 to 6.98. Moreover, the plateau
modulus G0 of the DOAPA/SA solution increased significantly

with pH from 6.65 to 7.56, reflecting a change in the molecular
aggregation structure in the system, which was mainly reflected
in the increase in the entanglement density. Meanwhile, along
with the increase of pH in the DOAPA/SA solution, the
frequency ωc at the intersection of G′ and G′′i is shifted to a
higher ω, which corresponds to a faster relaxation process and
a shorter relaxation time τR. In Figure 3D, the viscoelastic
modulus of the system does not intersect in the ω test range
when the system pH is 6.65. At a system pH of 6.98, the
relaxation time τR is about 0.023 s, whereas the system pH
became 7.56 and the relaxation time τR is elevated to 0.30 s
accordingly. The large extension of the relaxation time is a
visual reflection of the growth of molecular aggregation
micelles in solution, or changes in the structure of the
aggregates.46,47 For example, from small, simple spherical
micelles to larger, intertwined wormlike micelles, or more
complex vesicles and other structures.

Figure 4. (A) Cryo-TEM micrograph of DOAPA/SA solution at pH 6.15 and (B) at pH 7.56.

Figure 5. (A) Steady shear viscosity plots of DOAPA/SA with different temperatures. (B) Viscosity variation curves of DOAPA/SA with shear
time. (C) Variation of proppant settling velocity with temperature. (D) Breaking time and viscosity of fracturing fluid vary with kerosene content.
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To observe the microstructures of micelles in a 240 mM
DOAPA/120 mM SA solution at various pH levels, cryo-TEM
was employed. As depicted in Figure 4A and 4B, a significant
change in the micelle microstructure is observed as the pH
increases from 6.15 to 7.56. At pH 6.15, no wormlike micelles
were present in the DOAPA/SA system, and the solution
displayed a low-viscosity Newtonian fluid behavior. Con-
versely, at pH 7.56, the DOAPA/SA system demonstrates
densely packed wormlike micelles that intertwined to form a
larger network structure. Hence, the reversible switch ability of
the rheological properties of the DOAPA/SA solution can be
fundamentally attributed to the transformation of micelle types
within the system based on pH. Based on the alterations in the
microscopic molecular structure of the DOAPA/SA solution
and the viscoelastic properties of the macro solution, it can be
anticipated that the molecular integration of DOAPA and SA is
highly suitable for meeting the performance criteria of a
viscoelastic fracturing fluid.
3.3. DOAPA/SA Fracturing Fluids Performance. The

steady shear curves of the DOAPA/SA at various temperatures
are presented in Figure 5A. In the DOAPA/SA system, the
viscosity curves exhibit a plateau value at low shear rates,
known as zero-shear viscosity. As the temperature increased,
the zero-shear viscosity gradually decreased, reaching approx-
imately 9280 mPa·s at 60 °C. Similar observations have been
reported in other wormlike micelle systems, which are typically
sensitive to ambient temperature.34,48 Typically, a 1 order of
magnitude decrease in zero-shear viscosity occurs with every
10 °C increase in temperature.49,50 However, for the DOAPA/
SA, the zero-shear viscosity only decreased by 1 order of
magnitude when the temperature was raised from 40 to 60 °C,
indicating an improvement in temperature resistance com-
pared to conventional clean fracturing fluids.
However, it is not enough to discuss the temperature

resistance of DOAPA/SA systems in the lower shear range or
at rest. The working fluid is always flowing during the
fracturing process or oil drive, so the focus should be on the
effect of temperature on the viscosity of the system in the
higher shear range behind the Newtonian platform. It is worth
mentioning that in Figure 5A, the increase in temperature
causes the Newtonian plateau of the stable shear curve to
extend. After the critical shear rate, the viscosity curve of the
system under higher shear decreases with the increase of
temperature, showing a regular step pattern. It is shown that
the shear viscosity of the system increases with the increase of
temperature in the range of high shear rate. This indicates that
the DOAPA/SA system has excellent thermal stability at high
shear. For conventional fracturing fluid systems, the effect of
temperature on viscosity has been negative, both at static and
under shear. For the DOAPA/SA system, however, the effects
of temperature appear to be contradictory but are not. This
process is not difficult to understand, in the stationary state or
low shear conditions, the increase in temperature will promote
the thermal movement of molecules in the system, the
microscopic part of the worm-like micelle structure disintegra-
tion, the entanglement between the micelle loose. Therefore,
the macroscopic performance of zero shear viscosity that is the
overall decline of the Newtonian platform. Under high shear,
the one-dimensional linear wormlike micelles are more tightly
entangled with each other, which can better resist the negative
effects of the intensified molecular thermal movement. In
addition, the shear will cause the wormlike micelles to
continuously change from disintegration to reconstruction,

and the macroscopic temperature resistance of the system is
shown to be enhanced under high shear.37,38

Figure 5B depicts the viscosity variation curves with shear
time at different temperatures, with a fixed shear rate of 170
s−1. In the temperature range of 25−80 °C, the stabilized
viscosity of DOAPA/SA increases gradually with the increase
of temperature, from 167.5 mPa·s at 25 °C to 549.1 mPa·s at
80 °C. At 90 °C, the viscosity of DOAPA/SA decreases
significantly, but the lowest value of shear viscosity remains
above 254.0 mPa·s. This indicates that some of the wormlike
micelles in the system are destroyed and the network structure
is disintegrated at this temperature, but there is still a sufficient
amount of wormlike micelle structure to guarantee the
viscosity of the system. According to the Petroleum Industry
Standard of the People’s Republic of China SY/T 5107−2005,
the tolerance temperature of fracturing fluids is defined as the
temperature at which the apparent viscosity reaches 50 mPa·s
under a shear rate of 170 s−1. Therefore, based on this
criterion, the DOAPA/SA developed in this study is suitable
for medium and low-temperature reservoirs.
Proppant-carrying ability is a crucial characteristic of

fracturing fluid, as it determines the ability of the fluid to
transport proppant particles from the vicinity of the wellbore
to distant areas and from the main fracture to smaller fractures.
To assess the proppant-carrying ability, a static settlement test
was conducted using different fluids. As depicted in Figure 5C,
both water with a pH of 7.56 and a DOAPA/SA with a pH of
5.74 exhibited a similar proppant settling rate of approximately
9 × 10−3 m·s−1, which indicates a poor or unacceptable
velocity (vs >8.3 × 10−4 m·s−1) for proppant settling.51 The
presence of a wormlike micelle structure enhanced the fluid’s
proppant-carrying ability. Figure 5C illustrates that the
proppant settling velocity in the DOAPA/SA with a pH of
6.98 is one magnitude lower than that in both water with a pH
of 7.56 and the DOAPA/SA. This can be attributed to the
support provided by the viscous wormlike micelle structure,
preventing the proppant from sinking until the structure
deforms or ruptures. However, even in the DOAPA/SA with a
pH of 6.98, the desired proppant settling velocity (vs <8.3 ×
10−5 m·s−1) was not achieved.51 Figure 5C further reveals that
the proppant settling velocity in the DOAPA/SA (pH = 7.56)
was one magnitude lower than that in the DOAPA/SA (pH =
5.74), across temperatures ranging from 20 to 80 °C. Hence,
the DOAPA/SA at pH = 7.56 showcases excellent proppant-
carrying ability.
The solubilization of hydrocarbons into the hydrophobic

core of micelles can impact the distribution of surface charge in
wormlike micelles, causing a transition from wormlike to
spherical micelles.52 Consequently, this transition leads to a
loss of viscoelasticity. To evaluate the effectiveness of the
DOAPA/SA in breaking gels, kerosene was employed as a
surrogate for the formation of hydrocarbon. Specifically, the
viscosity and gel-breaking time of the resulting fluid were
measured at 80 °C. Figure 5D presents the data, indicating that
both the gel-breaking time and viscosity decreased as the
volume of kerosene increased. For instance, when the kerosene
volume reached 1.0%, the viscosities of the gel-broken fluid
were below 5.0 mPa·s within an hour. Controlling the gel-
breaking time of the DOAPA/SA can be achieved by adjusting
the amount of the kerosene breaker. Observations of the gel-
broken fluids reveals their clarity and absence of residues.
Nonetheless, even after collapse, surfactant molecules can still
migrate deeper into the formation due to pressure, coming into
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contact with rock and crude oil. As can be imagined, DOAPA/
SA surfactants are not only an essential component in the
construction of wormlike micelles, but also an effective
component in reducing oil−water interfacial tension, promot-
ing oil droplet emulsification in the reservoir, and thus
enhancing oil recovery.
3.4. DOAPA/SA Emulsifying Performance. Fracturing

and oil displacement fluids for unconventional oil and gas
exploration and development should not only meet the
requirements of the fracturing process but also have the
function of emulsification and oil displacement. Optical
microscope images of DOAPA/SA after gel breaking with
different contents of kerosene are shown in Figure 6A. From
the optical images, it can be seen that kerosene mixed with
DOAPA/SA formed an oil-in-water emulsion, which proves
that the DOAPA/SA system has the emulsifying ability after
breaking the glue.
The emulsion system was further explored by an interfacial

tensiometer (Figure 6B). The interface tension measurements
show that the oil−water interfacial tension decreased from
42.50 mN·m−1 to 25.93 mN·m−1 in the kerosene-water system
containing 0.05 mM DOAPA/SA. With the increase of
DOAPA/SA concentration in the emulsion system, the oil−
water interfacial tension decreases continuously, and the
equilibrium time of the oil−water interfacial tension is also
shortened simultaneously. At a DOAPA/SA concentration of
2.0 mM, the interfacial tension of kerosene-water is reduced to
0.62 mN·m−1, and the equilibrium time was only 52 s. This

further demonstrates the excellent interfacial activity of
DOAPA/SA at low concentrations. From Figure 6C, it can
be seen that the interface tension of kerosene-water decreases
sharply at the initial stage with the increase of surfactant
DOAPA/SA concentration. The oil−water interface tension is
reduced at a slower rate when the surfactant concentration
exceeds about 0.2 mM, which can be determined to be close to
the critical micelle concentration of the DOAPA/SA
combination. The critical micelle concentration of 0.2 mM is
negligible compared to the 240 mM DOAPA/SA fracturing
fluid system. These results indicate that the DOAPA/SA
combination will still have good interfacial activity even after
deeper penetration into the formation and gradual reduction of
the fluid concentration by rock adsorption and laminar
separation. This process of concentration reduction facilitates
the transition from a highly viscoelastic fracturing fluid system
to a high interfacial activity-repellent system.
In addition, we examined the effect of pH on DOAPA/SA

interfacial activity during interface tension measurements. As
shown in Figure 6B, the interfacial tension curves of kerosene
and water coincide with the initial state when the aqueous
solution pH = 5.7. This reflects the significant effect of pH on
the interfacial tension of kerosene-water mixtures containing
DOAPA/SA. Figure 6C and 6D present the appearance and
optical micrographs of the O/W emulsion. The O/W emulsion
appears homogeneous after adjusting the solution pH to 7.5.
Upon gradually decreasing the pH to 5.7, the oil droplets in
the emulsion aggregate, lead to oil−water phase separation.

Figure 6. (A) Optical microscopic images of gel-broken fluids. (B) Interfacial tension of DOAPA/SA at different pH values. (C) Interfacial tension
of DOAPA/SA at different concentrations. (D) O/W emulsion appears at different pH values.
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However, upon adding NaOH solution to the demulsified oil−
water mixture for 10 min, the system homogenizes and
converts back into a stable oil−water emulsion. This process
can be successfully repeated in subsequent demulsification and
restabilization cycles. Additionally, room temperature storage
for over 60 days without any treatment is achievable for the
kerosene-in-water emulsion stabilized using 10 mM DOAPA/5
mM SA. This is explained by the fact that the self-assembly of
the DOAPA/SA system is affected by the solution pH,
resulting in emulsions that exhibit switchable behaviors and
can undergo reversible emulsification and demulsification
triggered by pH changes. These findings effectively demon-
strate the sensitive response of the assembled surfactant
(DOAPA/SA) to pH triggers and highlight the excellent
reversibility of the switchable emulsification/demulsification
behavior. Furthermore, this indicates the potential for pH
adjustment to facilitate rapid demulsification of production
fluids, hence eliminating the need for complex oil−water
separation operations like static and ionization methods.53,54

3.5. Oil Displacement and Imbibition Capacity. The
displacement and imbibition capacity measurement are also an

important part of the performance evaluation of the fracturing
and oil displacement integrated working fluid. In particular, the
flowing state of the working fluid in the tiny pore structure of
the formation and the interaction characteristics with oil,
water, rock, and other substances largely determine the ability
of the working fluid to enhance oil recovery. Here, taking a
typical tight sandstone in unconventional reservoirs as an
example, a new micromodel with pore throats and complex
fracture networks was designed and fabricated to visually
observe the flow behavior and action characteristics of
DOAPA/SA fluids at the pore scale (Figure 7A). Figure 7B
illustrates that the DOAPA/SA is injected into the leading
edge and flanks in sufficient contact with the oil distributed in
the fracture, the pore throats, and the narrow channels.
Through the adsorption of surfactant molecules on the pore
surface, the DOAPA/SA solution gradually alters the oil-
wetting characteristic of the pore surface to water-wetting,
causing the membranous flow to detach from the pore surface
and form an oil-in-water emulsion. Its ability to thoroughly
clean oil from tight pore spaces reaffirms the outstanding
wetting and emulsifying properties of DOAPA/SA surfactants.

Figure 7. (A) Fabrication templates and microscopic characterization of microfluidic chips. (B) Real-time recorded images of microfluidic chip
pore throat wetting transformation and oil droplet stripping process. (C) Real-time recorded images of the exfoliation process from a macroscopic
viewpoint. (D) Cumulative sweep efficiency and oil displacement efficiency as a function of injection volume. (E) Variation curves of DOAPA/SA
imbibition capacity with time at different temperatures.
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From the macroscopic point of view of Figure 7C, at the
early stage of injection (0−0.5 PV), the flow resistance of fluid
in the fracture is low, leading to the initial working fluid
flowing along the fracture first, and the oil inside the fracture is
driven first. In the middle stage of injection (0.5−4 PV), a large
amount of oil in the pores and throats around the fracture is
displaced, and the working fluid wave area gradually expands.
However, in the middle stage of driving, a large amount of
isolated residual oil and membranous residual oil remained in
the wave area. Membrane residual oil refers to the residual oil
attached to the fracture wall and pore corners. Isolated residual
oil refers to the residual oil in the pores and throats separated
by fractures. This is because in the tiny capillary pore channels,
the contact area between the working fluid and the oil is small,
and the advantage of high surface activity is difficult to act in a
short time, making the driving force of the fluid into the tiny
pores and throats lower, and then it is difficult to effectively
displace the oil inside. It is noteworthy that the sweep volume
of the working fluid was further expanded under the driving of
the injection pressure, and there was no phenomenon of early
breakthrough scuttling along the fracture. The statistical results
in Figure 7D show that during the injection process of 0−8PV,
the overall sweep efficiency and oil displacement efficiency
reached 93.2% and 62.4%, respectively. The excellent sweep
efficiency and oil displacement efficiency are attributed to the
interfacial activity and viscoelastic properties of the DOAPA/
SA system, which can effectively activate oil repulsion, drive
the flow of residual oil, and control the breakthrough flow to
increase the sweeping range.
In addition, it can be found from the imbibition curves in

Figure 7E that the imbibition rate reaches the maximum value
at the beginning of the experiment. Within 10 h after the start,
DOAPA/SA spontaneously infiltrated into the core, and the
range of the imbibition effect gradually expanded, and the
imbibition rate decreased with the increase of time. In the
range of 50−80 °C, which guarantees the stability of the
rheological properties of the DOAPA/SA system, there is a
significant increase in the imbibition rate and the final oil
produced volume with the growth of the ambient temperature.
At 80 °C, the imbibition capacity reached 2.79 mL and the
extraction degree reached 19.86%. It was confirmed that the
synergistic process of displacement and imbibition using the
DOAPA/SA system can be used for the effective development
of crude oil within tight reservoirs.

4. CONCLUSIONS
Based on the concept of integrated development of unconven-
tional oil reservoirs, we have developed a pH-responsive
viscoelastic solution system through the self-assembly
surfactant. This system serves as an integrated working fluid
for fracturing and oil displacement. The formula of the system
consists of 240 mM DOAPA and 120 mM SA. Macroscopic
rheological behavior and microscopic self-assembled structures
of DOAPA/SA with pH-responsive properties. At pH 7.56,
DOAPA and SA self-assemble to form wormlike micelles,
producing a maximum viscosity of 93,100 mPa·s. By adjusting
the pH, the zero-shear viscosity of the solution can be switched
more than four times. The DOAPA/SA have excellent shear
resistance and proppant carrying capacity, with viscosities
above 500 mPa·s even after 60 min of shear at 80 °C and 170
s−1. Moreover, the fracturing fluid can be easily broken within
1 h after adding kerosene, generating a low-viscosity liquid
with no residue. The DOAPA/SA system had excellent

interfacial activity, which can achieve reversible emulsification
and demulsification through pH adjustment. Leveraging its
viscoelastic properties and interfacial activity, DOAPA/SA
effectively expands the swept volume and controls the
breakthrough flow. Additionally, its high interfacial activity
promotes pore-wetting transformation and facilitates the
emulsification of residual oil, thereby enhancing oil-washing
efficiency. The exceptional self-assembled viscoelastic gelation
behavior and interfacial activity of DOAPA/SA present a novel
approach for the development of integrated working fluids
suitable for fracturing and displacement in unconventional oil
reservoirs.
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