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a b s t r a c t

The traditional multi-process to enhance tight oil recovery based on fracturing and huff-n-puff has
obvious deficiencies, such as low recovery efficiency, rapid production decline, high cost, and complexity,
etc. Therefore, a new technology, the so-called fracturing-oil expulsion integration, which does not need
flowback after fracturing while making full use of the fracturing energy and gel breaking fluids, are
needed to enable efficient exploitation of tight oil. A novel triple-responsive smart fluid based on
“pseudo-Gemini” zwitterionic viscoelastic surfactant (VES) consisting of N-erucylamidopropyl-N,N-
dimethyl-3-ammonio-2-hydroxy-1-propane-sulfonate (EHSB), N,N,N0 ,N0-tetramethyl-1,3-
propanediamine (TMEDA) and sodium p-toluenesulfonate (NaPts), is developed. Then, the rheology of
smart fluid is systematically studied at varying conditions (CO2, temperature and pressure). Moreover,
the mechanism of triple-response is discussed in detail. Finally, a series of fracturing and spontaneous
imbibition performances are systematically investigated. The smart fluid shows excellent CO2-, thermal-,
and pressure-triple responsive behavior. It can meet the technical requirement of tight oil fracturing
construction at 140 �C in the presence of 3.5 MPa CO2. The gel breaking fluid shows excellent sponta-
neous imbibition oil expulsion (~40%), salt resistance (1.2 � 104 mg/L Naþ), temperature resistance
(140 �C) and aging stability (30 days).
© 2023 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

Due to the growing global energy consumption (Wang et al.,
2017) and the continuous depletion of conventional oil reservoirs
(Wei et al., 2017; Baragau et al., 2021), tight oil has become an
important source of oil supply (Wei et al., 2020; Zhang et al.,
2022a). Tight porous media is associated with ultra-low
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permeability and porosity as well as poor connectivity (Miskimins,
2009; Zhou et al., 2020), due to the presence of a significant amount
of nanometer and micrometer sized pores (Wang et al., 2019; Li W.
et al., 2021), resulting in enormous challenges in tight oil exploi-
tations (Kim et al., 2017). In contrast to the conventional oil reser-
voirs, in tight porous media, hydraulic fracturing is an imperative
development method, which can generate fractures to form a
complex oil flow network along with natural fractures (Wu et al.,
2018a; Zhang et al., 2022b).

The characteristics and functionality of fracturing fluids are
essential to the success of hydraulic fracturing (Zhang Y. et al.,
2018). For traditional polymer fracturing fluids such as guar gum
and acrylamide polymers, insoluble residue can cause serious
damage to the formation by plugging pore throats (Holtsclaw and
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Funkhouser, 2010; Kong et al., 2017). In addition, the incomplete gel
breaking is also detrimental to fracturing operations (Ellis, 1998;
Holtsclaw and Funkhouser, 2010). Upon the completion of frac-
turing construction, flowback should take place as soon as possible
to reduce damage to the reservoir (Rassenfoss, 2011), which wastes
both energy (high pressure) and chemicals (fracturing fluids)
injected into the formation. The generation of a large quantity of
flowback water with chemical residues from fracturing fluids and
dissolved minerals poses serious environmental concerns (Kong
et al., 2017). On the other hand, tight oil production rates tend to
decline rapidly, which greatly hamper exploitation and develop-
ment activities (Hua et al., 2020). If only horizontal and hydraulic
fracturing techniques are applied, the average tight oil recovery is
typically less than 10% (Sheng et al., 2017). As an enhanced oil re-
covery (EOR) method, water huff-n-puff, which can replenish for-
mation energy and facilitate spontaneous imbibition, has been
proven to be an effective method to improve tight oil recovery
(Sheng, 2020). A number of studies and field tests have been carried
out on tight oil fracturing and huff-n-puff (Samuel et al., 1997;
Heitmann et al., 2001; Lu et al., 2017; Sheng et al., 2017; Wu et al.,
2018a; Sheng, 2020). However, the traditional multi-process for
tight oil EOR relying on fracturing and huff-n-puff have obvious
deficiencies, such as high cost, complex process, and resource-
wasting, etc. (Peng et al., 2019; Liu et al., 2020). Therefore, a new
technology, the so-called fracturing-oil expulsion integration, must
be employed to further open the blocking, which can simplify re-
covery process, reduce cost, and protect the environment, etc. (Dai
et al., 2020). The fracturing-oil expulsion integration means that
the well is shut-in immediately after fracturing without flowback,
while it is directly opened for production after shut-in (Zhou et al.,
2019). The working fluids used should have excellent fracture-
making and sand-carrying ability without residue and induce lit-
tle damage after gel breaking (Mao et al., 2018). Meanwhile, the gel
breaking fluid should have excellent interfacial activity and realize
oil-water replacement through spontaneous imbibition during
shut-in (Dai et al., 2015). Since there is no flowback after fracturing,
the fracturing energy is completely used to supplement the for-
mation performance (Zhou et al., 2019). Therefore, the fracturing-
oil expulsion integration can not only meet the needs of tight for-
mation fracturing, but also make full use of fracturing energy and
gel breaking fluids for tight oil EOR (Liu et al., 2020).

In recent decades, viscoelastic surfactant (VES) fracturing fluids,
which often utilize small molecules and are free of residues have
drawn extensive attention as an alternative to polymer-based
fracturing fluids (Samuel et al., 1997; Heitmann et al., 2001; Lu
et al., 2017). VES fracturing fluids cause minimal damages to the
formations and can be easily prepared. In addition, they can break
gel thoroughly and rapidly return to low-viscosity spherical mi-
celles, when in contact with the underground hydrocarbons
(Crews, 2005; Lerouge and Berret, 2010). The gel-breaking VES
fracturing fluids have shown enormous potentials in tight oil
development (Dai et al., 2015; Huang et al., 2021). Nevertheless,
severe adsorption, high dosage and poor heat resistance greatly
limit the applications of traditional VES fracturing fluids in tight
formations (Mao et al., 2018; Gao et al., 2022). The Gemini surfac-
tants, consisting of two single-chain surfactants linked by a spacer
group, have superior self-assembly properties compared to the
single-chain surfactants and better rheological behavior (Menger
and Keiper, 2000; Nagarajan 2002). A number of heat-resistant
novel cationic Gemini VESs (Mao et al., 2016; Yang et al., 2017a,
b; Mao et al., 2018; Zhang W. et al., 2018; Xu et al., 2021) with
erucamidopropyl (C25) hydrophobic tails and different spacer
groups have been synthesized, which generally outperform single-
chain VES fracturing fluids. However, Gemini cationic VES frac-
turing fluids exhibit weak salinity tolerance and severe adsorption
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(Khair et al., 2011), which is not conducive to spontaneous imbi-
bition and oil expulsion after hydraulic fracturing. Thus, Gemini
zwitterionic VESs have drawn great interests among scientists and
engineers thanks to their superior properties, including higher
thermal stability, lower adsorption and higher salt tolerance (Lu
et al., 2016; Zhang et al. 2019, 2020; Wang et al., 2020). For
example, Zhang et al. (2020) developed a novel benzene sulfonic
Gemini zwitterionic VES (EDBS), which showed superior thermo-
shearing in 25% standard brine solution at 120 �C. While these
experimental studies have displayed the great promise of Gemini
zwitterionic VESs, the complicated synthesis routes, low yield, and
high costs still significantly impede their development and indus-
trial applications (Li Z. et al., 2021). Thus, a simple method to
synthesize VES, which have a similar performance to Gemini
zwitterionic VESs, becomes highly desirable, especially for VES
fracturing fluids. Recently, Feng and his coworkers proposed a
“pseudo-Gemini” concept to construct CO2- and pH-responsive
viscoelastic fluids (Chu and Feng, 2010; Zhang et al., 2013; Feng
and Chu, 2015). It opens up a new facile approach to construct
VES fracturing fluids using non-covalent interactions and appro-
priate building blocks. A series of viscoelastic fluids based on
“pseudo-Gemini” VES have been developed (Zhang et al., 2016; Wu
et al., 2018b; Yang et al., 2019), presenting a great potential in tight
oil EOR. As temperature increases, CO2 is continuously released
from the aqueous solution, reversing the reaction and reducing the
amine protonation. Meanwhile, CO2 solubility in water is also
affected by its partial pressure. High-temperature and high-
pressure conditions in tight oil reservoirs often impose adverse
impacts on the performance of fracturing fluids. Therefore, a new
high pressure thickening VES fluid is in demand in order to over-
come the shortcomings of the existing CO2-responsive viscoelastic
fluid systems.

Hence, in this work, we develop a novel CO2-, temperature- and
pressure-triple responsive smart fluids based on “pseudo-Gemini”
zwitterionic VESs, which can not only meet the needs of tight oil
fracturing construction, but also make full use of fracturing energy
and gel breaking fluids, thereby achieving fracturing-oil expulsion
integration. The smart fluids are formed by mixing N-erucylami-
dopropyl-N,N-dimethyl-3-ammonio-2-hydroxy-1-propane-sulfo-
nate (EHSB), N,N,N0,N0-tetramethyl-1,3-propanediamine (TMEDA)
and sodium p-toluenesulfonate (NaPts) without complex organic
synthesis. Then, the CO2-, thermal-, and pressure-responsive
behavior of this smart fluid are studied based on its rheological
properties. Moreover, the mechanism of triple-responsive smart
fluids is discussed in detail. Finally, a series of fracturing and
spontaneous imbibition performances are systematically investi-
gated. It is expected that this triple-responsive smart fluid would
provide a new idea for the efficient development and exploitation
of tight oil reservoirs.

2. Materials and methods

2.1. Materials

EHSB was prepared according to the reference reported by Chu
and Feng (2013). And the reaction process is shown in Scheme S1
(Supplementary Material). Sodium p-toluenesulfonate (NaPts,
�96%) and N,N,N0,N0-tetramethyl-1,3-propanediamine (TMEDA,
�99%) are obtained from Aladdin Reagent Co., Ltd. (Shanghai,
China) and used without further purification. Shengli tight oil are
obtained from Petroleum Engineering Technology Research Insti-
tute of Shengli Oilfield. The simulation oil used in this study is a
mixture of Shengli tight oil and kerosene (volume ratio: 3:7). The
oil density is 0.804 g/cm3, and its dynamic viscosity is ~5.0 mPa s at
25 �C. The cores are all obtained from Haian Oil Scientific Research



Table 1
The core parameters.

Number Length, cm Diameter, cm Permeability, mD Porosity, %

1 3.33 2.50 0.120 13.24
2 3.31 2.51 0.117 13.54
3 3.28 2.50 0.112 13.29
4 3.30 2.49 0.113 13.08
5 3.24 2.51 0.119 13.69
6 3.29 2.50 0.109 13.45
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Apparatus Co., Ltd and their properties are listed in Table 1.
2.2. Sample preparation

Deionized water is added to a mixture system consisting of
EHSB, NaPts, and TMEDA at 60 �C until completely dissolved and
equilibrated in a 25 �C thermostatic bath for 72 h.
2.3. Rheological measurements

The rheological properties are measured by a HAAKE MARS60
rheometer (Thermo Fisher, Germany). Prior to the studies, the
samples are stabilized in a cylinder at 25 �C for at least 15 min.
Steady and dynamic rheological measurements under atmospheric
pressure are conducted on a coaxial cylindrical sensor system,
which is equipped with a Z43 cup and a CC31/Ti cylinder rotor.
Complementary, a high-temperature and high-pressure sealing
unit with a D400/300 pressure cell and a PZ37 cylinder rotor are
used to study the steady rheological properties under 3.5 MPa CO2
pressure.
2.4. 1H NMR measurements

1H NMR spectra are measured on a Bruker AVANCE III HD 400
NMR spectrometer (Bruker, Karlsruhe, Germany). The TMEDA is
dissolved in deuterium oxide.
2.5. Gel breaking and core permeability damage test

In this work, kerosene is used as a gel breaker to investigate the
gel breaking of smart fluid with a volume ratio of 1.5% (kerosene to
smart fluid) at 80 �C. Core flooding experiments are employed to
investigate the core permeability damage from gel breaking fluids.
First, the core is saturated with formation water and the initial
permeability (K1) is measured by forward brine flooding (1.0 mL/
min). To simulate matrix damage during fracturing, the gel
breaking fluid is injected into the core in the opposite direction at
constant differential pressure of 3.5 MPa for 36 min, and then the
core is aged at 80 �C for 2 h. Thereafter, the formation water is re-
injected into the core to obtain the core permeability (K2). The core
permeability damage rate (hd) is given as

hd ¼
K1 � K2

K1
� 100% (1)
2.6. Scanning electron microscopy

Scanning electron microscope (SEM) measurements are per-
formed by Quanta 450 (FEI, America). All samples for SEM are
conductively coated by spraying Au before scanning.
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2.7. Interfacial tension

The oil/water interfacial tension (IFT) is measured by the Texas-
500 spinning drop interfacial tensiometer at 80 �C based on Eq. (2)
(Bai et al., 2014). All measurements are repeated at least three
times.

s ¼ 1:2336ðgw � goÞu2
�
D
n

�2

; f ¼ L
D
� 4 (2)

where s is the oil/water IFT (mN/m); gw is the density of formation
water (0.954 g/mL); go is the density of the simulation oil (0.804 g/
mL); u is the rotational speed (6000 rpm); L is the length of the oil
drop, mm; D is the width of the oil drop, mm; n is the refractive
index of the water phase; f is the correction factor.
2.8. Spontaneous imbibition

The cores are placed in drying oven at 95 �C for 24 h to remove
bound water, and then are saturated with simulation oil as in Dai
et al. (2017). Before the imbibition experiment, oil-saturated cores
are placed in the Amott cells filled with aqueous solution (gel
breaking fluid and brine) at 80 �C and stabilized for 24 h to elimi-
nate the influence of temperature on oil volume. During the
spontaneous imbibition process, the discharged oil aggregates into
the graduated cylinder at the top of the Amott cells. The resolution
of the graduated cylinder is 0.01 mL.
3. Results and discussion

3.1. CO2 and thermal-responsive behavior

The EHSB synthesized in this work is a long-tail zwitterionic
amphiphilic surfactant (Wang et al., 2018). The amide group sub-
stantially extends surfactant length. On the other hand, it also has a
long unsaturated hydrophobic tail (erucyl, C22) (Kumar et al.,
2007). Therefore, EHSB solubility in water is extremely low, while
the cis-unsaturation leads to a kink in the erucyl tails (Kumar and
Raghavan, 2009). To enhance EHSB solubility in water, NaPts is
used as an organic hydrotrope. Herein, we study a novel CO2-,
thermal-, and pressure-triple responsive smart fluid consisting of
EHSB (4.0 wt%, 71.4 mM), NaPts (0.5%, 25.8 mM) and TMEDA (1.2 wt
%, 92.3 mM).

As shown in Fig. 1a, during the steady shear measurements, the
initial viscosity of the smart fluid increases significantly after CO2
injection (from 206,845 to 304,764 mPa s). At 25 �C, its viscosity
decreases linearly as the shear rate increases. A shear thinning
response can be observed throughout the process, indicating that
the smart fluid behaves as a typical elastic gel (Raghavan and
Douglas, 2012). At 80 �C, the zero shear viscosity (h0) of the smart
fluid with CO2 is 14,235 mPa s, which is ~23 times larger than that
without CO2 (620 mPa s). At a low shear rate, their viscosities
remain constant, demonstrating great shear resistance. Shear-
thinning can be observed as the shear rate increases, indicating
the formation of longer wormlike micelles (Lu et al., 2016). The
critical shear rate of the smart fluid with CO2 appears at a much
lower shear rate, indicating that the wormlike micelles become
longer, fewer branches and stiffer (Raghavan and Douglas, 2012). As
temperature increases, the initial viscosity decreases and the smart
fluid transforms from hydrogels to wormlike micelles (Han et al.,
2019). The micelles also become shorter and more flexible at a
higher temperature (Yin et al., 2019).

The dynamic rheological experiments are also conducted. As
shown in Fig. 1b, the smart fluid shows the same elastic



Fig. 1. (a) Steady shear viscosity; (b) Storage modulus (G0) and loss modulus (G
00
) versus frequency; (c) Cole-Cole plot; (d) Steady shear viscosity and dynamic complex viscosity of

the smart fluids with and without CO2 at 25 and 80 �C.
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performance (G0 >G
00
, G0 is the storage modulus, G

00
is the loss

modulus) before/after CO2 injection at 25 �C. As the frequency in-
creases, G0 rises moderately while G

00
increases drastically. G0 rea-

ches a constant value which is defined as the plateaumodulus G0
0 at

high frequency. The smart fluid has a higher G0
0 with CO2, which

indicates denser mesh network and longer micelles (Zhao et al.,
2017). Therefore, CO2 injection is beneficial to the formation of
elastic gel and network structure, leading to a highly elastic system.
At 80 �C, the smart fluid exhibits viscoelastic characteristics. At low
frequency, the smart fluid presents viscidity (G0 >G

00
), while the

elasticity is dominant at high frequency (G0 <G
00
). The curves before/

after injecting CO2 are compared against theMaxwell model, which
is given as (Granek and Cates, 1992):

G0ðuÞ¼ G0
0u

2t2R
1þ u2t2R

(3)

G
00 ðuÞ¼ G0

0utR

1þ u2t2R
(4)
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tR ¼
1

uCO
(5)

G0
0 ¼2G* (6)

where u is the angular frequency; G0
0 is the plateau modulus; tR is

the relaxation time; uco, G* represent the critical angular frequency
and modulus, respectively, where the cross of G0 and G

00
. According

to this model, the value of the plateau modulus (G
00
) of micelles

provides an estimate for the entanglement length le, which is the
length of micellar chains in the intervals between the two entan-
glement points, that can be derived from:

G0
0 ¼2:446� 109

kBT

le
9=5 (7)

where kB is the Boltzmann constant; T is the temperature, K. The
network mesh size (zm) can also be estimated from plateau
modulus G0

0:



Table 2
Micellar characteristic parameters of different systems.

T, K uco, rad s�1 G0
0, Pa xm, nm le, nm

With CO2 353 1.54 23.4 59.28 148.12
Without CO2 353 31.62 17.4 65.43 174.62
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G0
0 ¼

kBT

z3m
(8)

According to the above equations, various rheological parame-
ters were calculated and listed in Table 2. After the injection of CO2,
the increases of xm and le mean the denser mesh network and
longer micelles. The decrease of uco can be attributed to the
microstructural transition induced by temperature, i.e., longer and
fewer branches (Lu et al., 2016). To determine whether the smart
fluid fits the Maxwell model, the Cole-Cole plot is widely used,
which is given as

G02 þ
�
G0 � G0

0
2

�2

¼
�
G0
0
2

�2

(9)

The Cole�Cole plots for the smart fluid with and without CO2 at
25 and 80 �C are shown in Fig. 1c. The curve of elastic gel (25 �C)
does not show the Maxwell behavior. At 80 �C, the curves with or
without CO2 fit well with the semicircle at low frequency, whereas
slightly deviates at high frequency. This phenomenon is consistent
with the Maxwell model (Acharya and Kunieda, 2006). The exis-
tence of the greater deviation in fluids containing CO2 indicates a
better elasticity.

As shown in Fig. 1d, steady shear viscosity (h) and dynamic
complex viscosity (|h*|) almost overlap at low shear rates (g) and
frequency (u), which follows the Cox-Merz rule, at 80 �C (Li et al.,
2012). This result reveals the emergence of entanglement among
wormlike micelles. At high frequency, the curves start to deviate
because of the disintegration of entangled micelles (Miyoshi and
Nishinari, 1999). At 25 �C, the two viscosity types are different,
i.e., the smart fluids with and without CO2 have significant elastic
characteristics rather than viscoelasticity.

To investigate the thermal endurance of system, the viscosity
retention rates (viscosity ratios at 80 and 25 �C) with and without
Fig. 2. (a) The viscosity retention rates of the smart fluids with and witho
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CO2 are shown in Fig. 2a. As the temperature increases from 25 to
80 �C, h0 without CO2 decreases by almost 3 orders of magnitude
(viscosity retention rate: 0.3%), while h0 with CO2 have only 1 order
of magnitude decrease (viscosity retention rate: 4.7%). And the
viscosity retention rates with CO2 at different shear rates are all
bigger than that of without CO2. It indicates that CO2 injection can
not only enhance system rheology, but also significantly improve its
temperature resistance. More interestingly, the CO2-switchability
of the rheological properties are reversible by adding and removing
CO2 (to) from the system. Such system reversibility can be repeated
numerous times with little changes to system properties (see
Fig. 2b). The improved performance of system by adding CO2 is
probably because the protonated amine groups enhance electro-
static interaction.
3.2. Pressure-responsive behavior

It is well known that the CO2-amine reaction in aqueous solu-
tion is a dynamic and reversible process (Heldebrant et al., 2005).
As the temperature increases, CO2 is continuously released from the
aqueous solution, reversing the reaction and reducing the amine
protonation (Mani et al., 2006). Meanwhile, CO2 solubility in water
is also affected by its partial pressure (Someya et al., 2005). High-
temperature and high-pressure conditions in tight oil reservoirs
often impose adverse impacts on the performance of fracturing
fluids. Hence, the effect of pressure at high temperature conditions
on the rheology of CO2-VES fluid directly determines the quality of
fracturing operations, especially during the initiation and proppant
delivery stages. In order to minimize the impact of CO2 release,
pressurization process is carried out in a CO2 atmosphere. As shown
in Fig. 3, at 3.5 MPa, the system viscosity shows a linear and sharp
decline as the shear rate increases, indicating non-Newtonian fluid
behavior and the destruction of gel structures (Bandyopadhyay and
Sood, 2003). We note that there is no Newtonian fluid area at low
stresses, in contrast to the typical wormlike micellar behavior,
indicating the formation of elastic gel (Dong et al., 2008; Yan and
Pochan, 2010). The micelle grows rapidly and transforms into
elastic gel, as the pressure increases from the atmospheric pressure
to 3.5MPa (Fig. 3) and the viscosity of this VES fluid is dependent on
CO2 pressure.
ut CO2; (b) Switchable viscosity of the smart fluids at 25 and 80 �C.



Fig. 3. Steady shear viscosity of the smart fluids with CO2 for different CO2 pressure at
80 �C.
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3.3. Mechanism of triple responsive smart fluid

This self-assembled structure and its sensitivity to environ-
mental stimuli, such as CO2, stem from the changes in molecular
structures and intermolecular forces. A mechanism is proposed to
explain the formation of viscoelastic fluid and its triple smart
responsiveness as shown in Fig. 4.

Ultra-long hydrophobic chain (erucamide propyl) endows
Fig. 4. Schematic illustration of self-assembly mechanism of the smart fluid induced by CO2,
(b) Stronger elastic gel, after CO2-response at 25 �C and atmosphere; (c) Wormlike micelle,
response at 80 �C and 3.0 MPa CO2.

987
surfactant molecules with strong self-assembly capabilities and
poor water solubility (Kumar and Raghavan, 2009). At room tem-
perature, EHSB solubility in water is small. As a result, it does not
have a high aggregation ability. On the other hand, NaPts can form
electrostatic pairing with the zwitterionic headgroup of EHSB. The
benzyl group of NaPts is embedded vertically in the hydrophobic
chains of EHSB, while the sulfonate anion is located close to the
positively-charged part of EHSB head group at the hydrophilic polar
layer. The adsorption of NaPts not only reduces electrostatic
repulsion, but also enhances electrostatic shielding (Mushi et al.,
2020). The presence of TMEDA can alter the polarity of H2O and
EHSB, which is conducive to the dissolution of EHSB. In the EHSB/
NaPts/TMEDA system, the TMEDA molecules tend to enter micelles
through self-assembly with EHSB and NaPts. As a result, under the
influence of NaPts and TMEDA, EHSB gradually dissolves in H2O and
self-assembles to form stiff wormlike micelle, i.e., elastic gel (see
Fig. 4a).

In order to investigate why the smart fluid shows such different
rheological behavior before/after injecting CO2, 1H NMR of TMEDA
is performed and the proton resonances of TMEDA are shown in
Fig. 5a. After injecting CO2, the chemical shifts of protons move
from 2.07 (a1), 2.21 (b1) and 1.52 (c1) to 2.27 (a2) 2.45 (b2) and 1.68
(c2), respectively, reflecting the protonation of TMEDA. In other
words, TMEDA molecules react with CO2 to form bola-type
ammonium salt, (CH3)2NHþ(CH2)3NHþ(CH3)2(TMEDAH2

2þ), in
aqueous solution. More importantly, the TMEDAH2

2þ molecule with
two positive charges can link with two zwitterionic VESs by non-
covalent electrostatic attraction to form a “pseudo-Gemini” zwit-
terionic VES, 2EHSB-TMEDAH2

2þ (see Fig. 5b). Compared with non-
ionic TMEDA molecule, the double protonated TMEDAH2

2þ mole-
cule is more hydrophilic and can migrate to the micellar interface,
which narrows the gap between the sulfonate anion of EHSB.
thermal and pressure. (a) Elastic gel, initial state without CO2 at 25 �C and atmosphere;
after CO2-response at 80 �C and atmosphere; (d) Stronger wormlike micelle, after CO2-



Fig. 5. (a) 1H NMR of TMEDA without (a-I) and with (a-II) CO2; (b) Schematic illustration of the possible interaction mechanisms of EHSB, TMEDA and NaPts with CO2.

Fig. 6. Apparent viscosity (170 s�1) and temperature as a function of time for the smart
fluids with CO2 at 3.5 MPa CO2 pressure.

Table 3
The damage of core permeability by gel breaking fluid.

Number Initial permeability, mD Final permeability, mD hd, %

1 0.120 0.116 3.33
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Therefore, after injecting CO2, the wormlike micelle becomes much
longer and stiffer, causing the sharp rise in the viscosity, viscous
modulus and elastic modulus (see Fig. 4b). On the other hand, due
to the “pseudo-Gemini” zwitterionic VES, the thermal endurance of
the systemwith CO2 is significantly superior than that without CO2.

As the temperature increases, the reaction between TMEDA and
CO2 proceeds in the opposite direction, i.e., the degree of TMEDA
protonation decreases. In addition, the temperature can also affect
the non-covalent interactions and molecular thermal motion (Wu
et al., 2018). At a higher temperature, surfactant molecules spend
less time on their end-caps due to the rapid exchange. Conse-
quently, additional end-caps can be generated, resulting in shorter
micelles. Hence, less protonation of TMEDA, weaker non-covalent
interaction and stronger thermal motion lead to the rapid
decrease in viscosity upon heating (see Fig. 4c). As the CO2 partial
pressure increases, more CO2 molecules are dissolved in the
aqueous solution which enhances protonation of TMEDA, resulting
in a higher viscosity (see Fig. 4d).

3.4. Fracturing fluid functional performances

3.4.1. Temperature and shear resistance
In actual hydraulic fracturing, the high temperature and high

shear in the wellbore may result in sharp decreases in fracturing
fluid viscosity. Therefore, excellent temperature and shear resis-
tance is necessary for the fracturing fluid to create joints and carry
proppant. We increase the system temperature from 25 to 140 �C at
a rate of 3 �C/minwith continuous shearing at 170 s�1 for 7000 s to
simulate the actual fracturing process. As shown in Fig. 6, when the
pressure cell is filled with 3.5 MPa CO2, the fluid viscosity increases
to ~30 mPa s, which can satisfy field application requirement.

3.4.2. Gel breaking and core permeability damage performance
In order to reduce formation damage and achieve high reservoir

productivity, fracturing fluid should be broken as soon as possible
after fracturing construction. Compared with traditional polymer
fracturing fluid, VES fluids automatically break the gel when it
meets oil (alkane), while no additional breaker is needed. For
conventional fracturing fluids (nanoparticle-enhanced supramo-
lecular fracturing fluid, NESF and crosslinked guar fracturing fluid,
CGF), there are some residual gel and residue in their gel breaking
fluids and the residue can adsorb on the surface of the crack (Huang
et al., 2021). The gel breaking fluid of the new systemhas no residue
and its viscosity is ~1 mPa s after adding kerosene (1.2%) at 80 �C.
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The average core permeability damage caused by NESF is 22.57%,
which is similar to core permeability damage caused by CGF
(Huang et al., 2021). As shown in Table 3, the permeability damage
rate of the new system (3.33%) is lower than NESF and CGF, indi-
cating that the gel breaking liquid incurs minimal damage to the
core.

3.5. Spontaneous imbibition of gel breaking fluids

The oil recovery for gel breaking fluid during spontaneous
imbibition is plotted in Fig. 7. All imbibition oil recovery curves
showa similar trend. The oil recovery of gel breaking fluid increases
throughout the oil production process. The oil recovery increases
significantly for the first 12 h and subsequently reaches a plateau
from 12 to 60 h. Then, when the imbibition period passes 60 h, the
volume tends to stay constant, indicating that very little or nowater



Fig. 7. Oil recoveries of spontaneous imbibition experiments for gel breaking fluids
and brine water at 80 �C.

Fig. 8. The IFT between simulation oil and gel breaking fluid at different (a) temperatures,
aging time at 80 �C.
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imbibes into the rock cores. As the breaking gel becomes more
dilute, the oil recovery decreases slightly. The gel breaking fluid has
the best oil displacement performance (i.e., ~40%). The dilution
effect of the formationwater reduces the spontaneous imbibition of
breaking fluid, but the oil recovery of the diluted breaking fluid still
reaches ~24%, which is significantly higher than the oil recovery of
brine (~10%), NESF (~19%), and CGF (~8%) (Huang et al., 2021).

We also study the effect of temperature and salinity on the
stability of gel breaking fluid. Gel breaking fluid is placed intowater
bath at 30, 40, 50, 60, 70, and 80 �C, respectively. The IFT between
simulation oil and gel breaking fluid at different temperatures is
shown in Fig. 8a. As the temperature increases, IFT decreases
moderately. At temperature higher than 40 �C, IFT remains con-
stant, indicating that the breaking gel presents a good temperature
resistance. To further investigate whether the gel breaking fluids
can withstand high temperature for a long time, the fluid is sealed
into ampoule bottle and placed in a thermostat at 80 �C for a
month. Then, IFT is measured and recorded every 5 day as shown in
Fig. 8b. As the aging time increases, the breaking gel transforms
from colorless and transparent to yellow (see Fig. 8d), while IFT
remains almost constant, indicating a great temperature resistance.
To study the effect of salinity on simulation oil-gel breaking fluid
(b) aging time, (c) NaCl concentrations; (d) Pictures of gel breaking fluids for different



Fig. 9. The SEM pictures of core (a) before and (b) after spontaneous imbibition.
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IFT, the gel breaking fluid with different concentrations of NaCl
from 1 � 104 to 20 � 104 mg/L are prepared. The IFT between
simulation oil and gel breaking fluid with varying degree of salinity
at 80 �C is shown in Fig. 8c. The IFT is independent of salinity,
indicating the good stability at high salinity.

We also use SEM to observe the surfacemorphology of saturated
oil core before and after spontaneous imbibition as shown in Fig. 9.
Thick oil slicks that adhere on the surface of the saturated core can
be observed. The initial core also presents a rough surface. After
spontaneous imbibition, some part of the smooth core surface is
exposed, and the oil slicks on the core surface become thinner,
indicating the oil stripping ability of breaking gel.

4. Conclusions

In summary, we develop a novel CO2-, temperature-, pressure-
triple responsive smart fluid by utilizing the “pseudo-Gemini”
zwitterionic VES consisting of EHSB, TMEDA and NaPts without
complex organic synthesis and purification. The introduction of CO2
results in the protonation of tertiary amine groups in TMEDA,
which is one of the main mechanisms of triple responsiveness.
Protonated TMEDAmolecules and EHSB molecules are “bridged” to
form “pseudo-Gemini” zwitterionic VESs by non-covalent electro-
static attraction, resulting in longer and stiffer micelles. Due to the
“pseudo-Gemini” zwitterionic VES, the thermal endurance of sys-
tem with CO2 is significantly better than that without CO2. As the
temperature increases, the viscosity drops rapidly due to the less
protonation of TMEDA, weaker non-covalent interaction and
stronger thermal motion. When the CO2 partial pressure increases,
higher CO2 dissolution in aqueous solution facilitates the proton-
ation of TMEDA, resulting in viscosity increase. The smart fluid is
able to satisfy the technical requirement of tight oil fracturing
construction at high temperature (140 �C) and pressure (3.5 MPa).
Moreover, the gel breaking fluid shows excellent spontaneous
imbibition oil expulsion (~40%), salt resistance (1.2 � 104 mg/L
Naþ), temperature resistance (140 �C) and aging stability (30 days).
The smart fluid, consisting of EHSB, TMEDA and NaPts, can not only
meet the requirement of tight oil fracturing construction, but also
make full use of fracturing energy and gel breaking fluids for oil
expulsion, i.e., accomplishing tight oil fracturing-oil expulsion
integration. It is remarkable that triple responsive smart fluid for
tight oil fracturing-oil expulsion integration is presented for the
first time in our work (Wu et al., 2018). Compared with the
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conventional Gemini surfactant system, the smart fluid based on
“pseudo-Gemini” zwitterionic VES has better temperature resis-
tance, while it has simpler synthesis routes and lower cost than the
Gemini zwitterionic surfactant (Chu and Feng, 2010; Zhang et al.,
2013; Feng and Chu, 2015; Zhou et al., 2019; Zhang et al., 2020; Li
Z. et al., 2021). Therefore, it is envisioned that the triple respon-
sive smart fluid for tight oil fracturing-oil expulsion integration is
expected to open a new door to efficient tight oil exploitation and
optimization.
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