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a b s t r a c t

Fracturing fluid property play a critical role in developing unconventional reservoirs. Deep eutectic
solvents (DESs) show fascinating potential for property improvement of clean fracturing fluids (CFFs) due
to their low-price, low-toxicity, chemical stability and flexible designability. In this work, DESs were
synthesized by mixing hydrogen bond acceptors (HBAs) and a given hydrogen bond donor (HBD) to
explore their underlying influence on CFF properties based on the intermolecular interactions. The
hydrogen-bonding, van der Waals and electrostatic interactions between DES components and surfac-
tants improved the CFF properties by promoting the arrangement of surfactants at interface and
enhancing the micelle network strength. The HBD enhanced the resistance of CFF for Ca2þ due to
coordination-bonding interaction. The DESs composed of choline chloride (ChCl) and malonic acid show
great enhancement for surface, rheology, temperature resistance, salt tolerance, drag reduction, and gel-
breaking performance of CFFs. The DESs also improved the gel-breaking CFF-oil interactions, increasing
the imbibition efficiencies to 44.2% in 74 h. Adjusting HBAs can effectively strengthen the intermolecular
interactions (e.g., HBA-surfactant and HBD-surfactant interactions) to improve CFF properties. The DESs
developed in this study provide a novel strategy to intensify CFF properties.
© 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

In the past decade years, the development of unconventional
reservoirs containing abundant oil has aroused growing concerns
to cope with the depleting conventional reservoirs and increasing
energy demands (Wang et al., 2022; Zhang et al., 2022a). However,
the low permeability and low porosity of unconventional reservoirs
result in huge difficulty of development and low oil recovery (Lee
et al., 2016; Yin et al., 2022). Water-based fracturing fluid is an
important means to effectively enhance oil recovery (Yang et al.,
2022). Macromolecule polymers (e.g., synthesized polymer
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(Zhang et al., 2018) and guar gum (Wu et al., 2023)), as thickeners of
traditional water-based fracturing fluids, can generate plenty of
residues after gel breaking, damaging reservoirs (Ma et al., 2022;
Zhao et al., 2019).

Clean fracturing fluids (CFFs) prepared by viscoelastic surfac-
tants can sharply reduce the reservoir damage due to no residues
after gel breaking (Zhao et al., 2019). Viscoelastic surfactants can
spontaneously self-assemble into micelles to impart viscoelasticity
to CFFs (Scholz et al., 2021). The gel breaking of CFFs can be
completed by simply contacting with oil in the reservoirs, no
additional gel breakers are required, thus, reducing formation
damage and environmental pollution (Chu et al., 2013). After gel
breaking, surfactants in CFFs can decrease oilewater interfacial
tension (IFT) and change reservoir wettability to improve sponta-
neous imbibition efficiency (de Aguiar et al., 2010; Javadi and
Fatemi, 2022; Zhang et al., 2021b). Li and co-workers (Li et al.,
2022) reported that the CFF with 0.7% oleamidopropyl dimethyl-
amine and 0.7% sodium p-toluenesulfonate removed 27.0% of oil
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Fig. 1. Structures of HBD and HBAs used in formation of DESs.
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from low-permeability cores for 150 h. Liu et al. (2019) found that
the imbibition efficiency of oil could reach up to 34.6% in 0.1 wt%
sodium alcohol ether sulphate surfactant solution. In order to
obtain higher oil recovery, nanoparticles have been employed as
enhancers to further improve spontaneous imbibition performance
of fracturing fluids by reducing oileliquid IFT and changing
wettability of rock surface (Kuang et al., 2018; Zhou et al., 2019c).
Nanoparticles can also improve rheological properties of clean
fracturing fluids due to the formation of non-covalent bonds with
micelles (Raj et al., 2022). However, the application of nanoparticles
faces the dilemma in poor stability caused by environmental
changes such as temperature, salinity and pH (Cheng et al., 2013;
Zhang et al., 2020). Besides, agglomerated nanoparticles even result
in reservoir blocking during the oil development process (Liu et al.,
2020). To solve these issues, novel functional enhancers are urgent
to be developed.

The potential of ionic liquids (ILs) for enhanced oil recovery have
been confirmed (Sakthivel et al., 2016). However, high price,
toxicity and poor biodegradability restrict their large-scale use
(Zhang et al., 2012). Deep eutectic solvents (DESs), as a promising
alternative of ILs, have many advantages such as low-price, non-
toxicity, biodegradability, chemical stability, non-volatility, flexible
designability (Jin et al., 2022; Tran et al., 2019). DESs can be simply
synthetized by only mixing hydrogen bond acceptors (HBAs such as
ammonium salt) and hydrogen bond donors (HBDs such as acids,
amines and alcohols) without by-products, which is considered a
green preparation method (Wang et al., 2021). To date, DESs have
been applied in many fields (e.g., catalysis (Zhou et al., 2019b),
material preparation (Smith et al., 2014), electrochemistry (Wang
et al., 2021), purification process (Xie et al., 2016) etc.). Nowadays,
more and more works have focus on the application of DES to pe-
troleum development. With the addition of choline chloride-
glycerol DES, Hadj-Kali and co-workers (Hadj-Kali et al., 2015) re-
ported that the oil/brine IFT was decreased from 24.11 to
0.072 mN$m�1. Sanati et al. (2021) found that the choline chloride-
citric acid DES solution reduced crude oil/brine IFT from 31.0 to
6.1mN$m�1 and altered thewettability of rock surface from oil-wet
to water-wet. Atilhan and Aparicio (2022) used molecular dy-
namics simulations to study the ability of choline chloride-based
DESs to decrease the oil-water IFT and change the rock-surface
wettability. These studies suggest that DESs have presented a
considerable potential for strengthening the imbibition perfor-
mance of clean fracturing fluids. What's more, it seems that HBD
components in DESs are able to enhance the strength of micelle
networks of CFFs by forming intermolecular interactions owing to
the functional groups (e.g., eOH, eSO3H, and eCOOH) of HBDs and
viscoelastic surfactants (Li et al., 2018b). Driven by the intrinsic
hydrogen-bonding interactions in DESs, the HBA components with
almost no functional group may also affect CFF properties (Zhang
et al., 2012). To the best of our knowledge, no work has paid
attention to the possible effects on enhancing the CFF properties.

In this case, a novel method for enhancing fracturing fluid
properties using DESs is firstly reported. Four DESs were synthe-
tized by heating the mixture of malonic acid (a given HBD) and
HBAs (ammonium compounds). Then, five octadecylamide
hydroxypropyl sulfonbetaine (OAHSB)-based CFFs with or without
DESs were prepared, and their properties (e.g., rheology, drag
reduction and spontaneous imbibition performances) were
measured to investigate the impact of DESs. Moreover, it is revealed
that selecting suitable HBAs plays an important role in improving
the properties of fracturing fluids. The DESs supplied a novel route
to effective enhancement of CFF properties.
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2. Experimental

2.1. Chemicals

Choline chloride (ChCl, � 98.0% purity), tetraethylammonium
chloride (TEAC, � 98.0% purity), tetrabutylammonium chloride
(TBAC, � 97.0% purity), tetramethylammonium chloride (TMAC, �
98.0% purity), malonic acid (� 99.0% purity), stearic acid (� 98.0%
purity), sodium hydroxide (� 98.0% purity), potassium hydroxide
(� 95.0% purity), 3-(dimethylamino)-1-propylamine (DMAPA, �
99.0% purity), sodium 3-chloro-2-hydroxypropanesulfonate (CHPS,
� 95.0% purity), ethanol (� 99.5% purity), isopropyl alcohol (�
99.7% purity), sodium chloride (� 99.5% purity), calcium chloride
(� 96.0% purity), dodecyl mercaptan (� 99.5% purity), petroleum
ether, bromophenol blue and phenolphthalein indicators were
purchased from Aladdin Industrial Inc., China. Crude oil and cores
samples were obtained from Changqing Oilfields. Kerosene was
achieved from Sinopec Qingdao Refining & Chemical Co., Ltd. Ul-
trapure water (18.2 MU$cm at 25 �C) was prepared by a water
processor.

2.2. Preparation of DESs and simulated oil

The DESs were synthesized by mixing HBA and HBD at a molar
ratio of 1:2 in a round bottom flask, followed by vigorous stirring at
80e100 �C for 3 h. After HBA and HBD compositions were trans-
formed into a homogeneous liquid phase, the as-prepared DESs
were dried under high vacuum at 60 �C for 24 h, and then placed in
a desiccator for further utilization. Fig. 1 exhibits the structures of
HBD and HBAs used in this work. The compositions of DESs are
shown in Table 1.

The simulated oil was prepared under mechanical stirring to
fully mix crude oil and kerosene with a molar ratio of 1:10. The
density of simulated oil was 0.81 g$cm�3.

2.3. Synthesis of OAHSB

The OAHSB was synthesized as the following two steps (see
Supporting information, Fig. S1) (Feng et al., 2012; Kelleppan et al.,
2021):

(1) Stearic acid was completely melted by heating in a three-
necked flask with a mechanical stirrer at 90 �C. DMAPA and
NaOH were mixed with stearic acid in turn at the NaOH/
stearic acid mass ratio of 0.006:1 and stearic acid/DMAPA
molar ratio of 1:1.2. The mixture was then reacted at 140 �C



Table 1
Compositions of DESs utilized in this study.

Abbreviation HBAs HBD Molar ratio of HBA to HBD

D1 ChCl Malonic acid 1:2
D2 TMAC Malonic acid 1:2
D3 TEAC Malonic acid 1:2
D4 TBAC Malonic acid 1:2
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for 10 h. The product was purified in vacuo and recrystalli-
zation via petroleum ether, and stearamidopropyl dime-
thylamine (SAPDA) was obtained. The effect of reaction
parameters, including the mass ratio of NaOH/stearic, molar
ratio of stearic acid/DMAPA, reaction time, and reaction
temperature, are shown in Figs. S2eS5 (Supporting
information).

(2) The water and ethanol were chosen as the solvent to dissolve
the CHPS and prepared SAPDA, respectively, followed by
mixing and heating at 90 �C for 8 h. The solvent of crude
product was removed using vacuum rotary evaporation. The
as-synthesized OAHSB was washed and recrystallized by
petroleum ether and isopropyl alcohol, and then dried in a
freezing dryer. Detailed operation conditions are presented
in Figs. S6eS9 (Supporting information). The product was
analyzed through Fourier transform infrared (FT-IR) spec-
trometer and hydrogen nuclear magnetism (1H-NMR) spec-
trogram (see Supporting information, Figs. S10 and S11).
2.4. Preparation of CFFs and gel-breaking CFFs

The OAHSB-based CFFs were obtained by adding OAHSB, TsONa
and DESs to water at a mass ratio (OAHSB:TsONa:DES) of 1:0.5:1.5
(or 1:0.5:0), followed by stirring to form homogeneous liquid
phase. The compositions of CFFs are listed in Table 2. CFFs were
mixed with kerosene by stirring at room temperature until the gel
broke. Then, themixtures were settled for another 30min to ensure
thorough separation of kerosene (upper phase) and gel-breaking
CFFs (bottom phase). The gel-breaking CFFs phases were collected
into sample bottles for subsequent use.

2.5. Drag reduction measurement

A fracturing fluid friction tester (see Figs. S12) was applied to
determine the drag reduction efficiencies of CFFs. The tester was
firstly calibrated with water. Then, the CFF solution was pumped
into the tester. The experimental parameters (i.e., temperature and
liquid flow rate) were programmed by software. After the tester
reached the set temperature, the CFF solution was circulated in
closed pipeline at a given flow rate for 10 min to obtain stable
pressure drop. The drag reduction efficiency (DR) was calculated
from the following equation:

DR ¼ DP0 � DP1
DP0

(1)
Table 2
Compositions of CFFs applied in this study.

Abbreviation Surfactant Salt

F0 OAHSB TsONa
F0-D1 OAHSB TsONa
F0-D2 OAHSB TsONa
F0-D3 OAHSB TsONa
F0-D4 OAHSB TsONa
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where DP0 and DP1 represent the pressure drops formed by water
and CFFs in the tester tubing, respectively.

2.6. Gel-breaking measurement

The CFF was mixed with kerosene at a certain CFF:kerosene
mass ratio at 25 �C for 5 min. After mixture, another 10 min was
needed to separate the CFF phase (bottom layer) from the kerosene
phase (upper layer). The viscosity of the CFF phase was measured
using a rheometer.

2.7. Spontaneous imbibition measurement

Core samples were vacuum saturated with simulated oil for
24 h, and aged in an oven at 80 �C for 14 days. The saturated core
was placed into the sealed imbibition bottle with gel-breaking CFF
at 80 �C. During imbibition process, the volume of imbibed oil at
different times was recorded. The imbibition efficiency (Ie) of CFFs
was calculated as follows:

Ie ¼ c,Vt

W2 �W1
(2)

where c denotes the density of oil; Vt represents the volume of
imbibed oil; W2 and W1 are the primary and saturated core mass,
respectively.

2.8. Analytical methods

The rheological behavior of CFFs were analyzed by the rheom-
eter (Haake Mars 60) with CC41/Ti barrel rotor. Tracker automatic
tensiometer was used to obtain the surface tension of solutions. The
oilewater IFT was measured by the spinning drop interfacial
tensiometer (TX 500 C, Kono, USA). A laser particle size analyzer
(Zetasizer Nano ZS90, England) was utilized to measure the dy-
namic light scattering (DLS) and zeta potential of CFFs. The surface
tension was measured using the Tracker automatic tensiometer. A
FT-IR (Bruker, Germany) spectrometer was employed to charac-
terized compounds. 1H-NMR spectra was recorded on the Bruker
400 MHz spectrometer. The heteroatom content in simulated oil
was obtained through the elemental analyzer (Vario EL III,
German).

A Bruker atomic force microscope (AFM) was used to analyze
the adhesion in gel-breaking CFFs between probe and hydrophilic
glass sheet under AFM force volume mode at room temperature.
The probe was immersed in ethanol solution with a dodecyl
mercaptan concentration of 10 mmol$L�1 for 24 h, followed by
washing with ethanol and drying with N2 to obtain hydrophobicity.

3. Results and discussion

3.1. Surface properties

The surface tension (g) of OAHSB-based CFF systems is shown in
Fig. 2(a). It can be seen that g sharply decreases with the increase in
DESs Molar ratio of surfactant to salt to DES

e 1:0.5
D1 1:0.5:1.5
D2 1:0.5:1.5
D3 1:0.5:1.5
D4 1:0.5:1.5



Fig. 2. (a) Plot of surface tension versus surfactant concentration for F0, F0-D1, F0-D2, F0-D3 and F0-D4 systems. Schematic hydrogen-bonding interactions, van der Waals in-
teractions and electrostatic interactions between malonic acid/Cl� and OAHSB (b), and between Chþ and OAHSB (c).
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surfactant concentration (C) below the critical micelle concentra-
tion (CMC). After the surfactant concentration achieved CMC, g is
weakly changed. The different CMC values for the CFFs demonstrate
that the D1-D4 DESs affect the formation of micelles. For example,
micelle formation is promoted by D1 and inhibited by D4. Although
g value is closely related to the adsorption of surfactant molecules
at air/water surface, different g values for those solutions imply
that DESs affect the adsorption of OAHSB. D1-D3 components
facilitate the compact arrangement of OAHSB molecules at inter-
face and thus reduce the gcmc of F0 from 35.1 to 33.8e34.7mN$m�1.
After introducing D4, the gcmc of F0 is found to slightly increase to
36.0 mN$m�1.

To further explore the adsorption of OAHSB in the CFFs at
interface, the maximum adsorption amount of surfactant (Gmax)
was subsequently analyzed by Gibbs adsorption equation (Eq. (3))
(Rosen, 2004):

Gmax ¼ � 1
2:303nRT

�
vr

vlgC

�
(3)

where R denotes thermodynamic constant, J$mol�1$K�1; T means
Kelvin temperature, K. Because the electrolyte concentration of the
CFF systems is much higher than CMC, n is defined as 1 (Zhang
et al., 2022b).

The Gmax values of surfactants in CFFs increase in the order of F0-
D4 (1.60 � 10�6 mol$m�2) < F0 (1.97 � 10�6 mol$m�2) < F0-D3
Table 3
Parameters of surface activity for OAHSB-based solutions.

CFFs CMC, mM gCMC, mN$m�1 10�6Gmax, mol$m�2 Amin, nm2

F0 0.032 35.1 1.97 0.84
F0-D1 0.017 33.8 3.78 0.44
F0-D2 0.020 34.1 3.46 0.48
F0-D3 0.025 34.7 2.81 0.59
F0-D4 0.037 36.0 1.60 1.04

3543
(2.81 � 10�6 mol$m�2) < F0-D2 (3.46 � 10�6 mol$m�2) < F0-D1
(3.78 � 10�6 mol$m�2) as shown in Table 3. It seems that the HBAs
with small molecule size in DESs could lead to an intense
arrangement of OAHSB at interface. According to the Gmax values,
the minimum area of per OAHSB molecule (Amin) can be calculated
from (Rosen, 2004):

Amin ¼
1

NАGmax
(4)

where NA represents Avogadro constant.
A low Amin means a denser arrangement of OAHSB molecule at

the airesolution interface. For F0-D1, F0-D2 and F0-D3, the rela-
tively low Amin further confirms that the D1eD3 can help tight-
ening the arrangement of OAHSB (see Table 3). It is probably
attributed to the malonic acid-OAHSB and OAHSB-Cl� hydrogen-
bonding interactions, van der Waals interaction and electrostatic
interactions (see Fig. 2(b)). In addition to the OAHSB-Chþ van der
Waals interaction and electrostatic interactions (Kawai et al., 2016),
the OAHSB-Chþ hydrogen-bonding interaction should be the
reason for the minimum Amin value of F0-D1 (see Fig. 2(c)). More-
over, the largest Amin of F0-D4 illustrates that the large steric hin-
drance of TBAC can restrain the formation of strong interactions
(e.g., malonic acid-OAHSB interaction), relaxing the arrangement of
OAHSB (Su et al., 2007).

3.2. Rheological properties of CFFs

The influence of DESs on viscosity of F0 at 170 s�1 was explored
using F0with or without D1eD4 (see Fig. 3(a)). After the addition of
D1eD3, the viscosity of F0 system was increased from 39.2 to
47.3e58.4 mPa$s. It is probably ascribed to the interactions (e.g.,
O/HeO hydrogen bond) between DES components and OAHSB,
enhancing the entanglement of micelles in F0. Differently, D4 de-
creases the viscosity of F0 from 39.2 to 24.4 mPa$s. The decreased



Fig. 3. (a) Viscosity at 170 s�1 and (b) steady shear viscosity of OAHSB-based CFFs.

Fig. 4. Oscillatory rheological behavior of OAHSB-based CFFs as a function of frequency
(u).
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viscosity may be ascribed to the large steric hindrance of TBAC in
D4, hindering the formation of micelles. These results indicate that
DESs can also influence the viscosity of CFF. Adjusting the HBA
components of DESs further alter the viscosity.

The steady shear performance of CFFs is shown in Fig. 3(b). The
viscosities of those CFFs are initially improved at low shear rates,
mainly induced by tight entangling of micelles under shear force.
As the increase in shear rate, the shear thinning behavior of CFFs
can be observed because the micelle networks are gradually
destroyed under stronger shear force, matching the typical feature
of non-Newtonian fluid (Hao et al., 2020). F0-D4 shows a unique
feature consistent with Newtonian fluid at shear rate of
0.02e6.67 s�1. Namely, the viscosity is hardly changed upon
changing shear rate. Compared with F0 system, F0-D1, F0-D2 and
F0-D3 have larger zero-shear viscosities and their viscosity peaks
occur at higher shear rates, suggesting the enhancement of D1eD3
for shear resistance of CFFs due to increased micelle network
strength (Zhang et al., 2020). The increase in micelle network
strength may be mainly due to the HBD (i.e., malonic acid) in
D1eD3, which acts as a crosslinker in the CFF system to increases
the entanglement of the micelle network. The lowest zero-shear
viscosity (94.8 mPa$s) of F0-D4 implies the negative effect of D4
onmicelle network strength. Clearly, in the F0-D4 system, the effect
of TBAC HBA in D4 on the micelle network strength exceeds that of
malonic acid.

The oscillatory rheological date (storage moduli (G0) and loss
moduli (G

00
)) for the five OAHSB-based CFFs as depicted in Fig. 4. F0,

F0-D1, F0-D2 and F0-D3 mainly show viscoelastic characteristics
(G0 >G

00
) at low oscillatory frequency and viscous characteristics

(G
00
>G0) at high oscillatory frequency. In contrast, F0-D4 CFF pre-

sents opposite characteristics, demonstrating TBAC of D4 alters the
oscillatory rheological behavior of F0. The intersection points of G0

and G
00
indicate that all five OAHSB-based CFFs have viscoelasticity

because of the formation of wormlikemicelle network (Zhang et al.,
2022b). According to the critical angular frequency (uc) and critical
moduli value (Gc) corresponding to the intersection point, the
plateau moduli (G0) and relaxation time (tR) can be calculated from
Eqs. (5) and (6) (Acharya et al., 2006):
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G0 ¼2Gc (5)

tR ¼
1
uc

(6)

The larger the G0 and tR values, the closer the entanglement of
micelle network. From Table 4, the G0 of F0-D1, F0-D2, F0-D3 are
2.94, 3.42 and 4.06 Pa, respectively, which are higher than that of F0
(2.44 Pa), demonstrating that the D1-D3 DESs enhance the



Table 4
Rheological parameters for the OAHSB-based CFFs.

CFFs Gc, Pa G0, Pa uc, rad$s�1 tR, s

F0 1.22 2.44 43.2 0.023
F0-D1 2.03 4.06 17.9 0.056
F0-D2 1.71 3.42 21.2 0.047
F0-D3 1.47 2.94 30.7 0.032
F0-D4 1.16 2.32 56.7 0.017
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entanglement density of micelle network. Conversely, the G0 of F0-
D4 is only 2.32 Pa, owing to the limit of D4 for the entanglement of
micelle. The tR values also reflect that the entanglement density of
F0 is promoted/inhibited by D1eD3/D4. The highest G0 and G

00
for

F0-D1 can be explained by close micelle entanglement. These re-
sults suggest that only adjustments to the HBAs of DESs are needed
to regulate the rheology property of CFFs.

According to the mentioned above, it can be deduced that the
DESs may affect the rheological characteristics of CFFs by affecting
the formation of micelles. In order to further prove the influence of
DESs, efforts were devoted to analyze the component affinity and
micelle size of CFFs through zeta potential and DLS results. Ac-
cording to the zeta potential data (Fig. 5(a)), F0 has a low zeta po-
tential of�24.4 mV, whereas F0-D1, F0-D2 and F0-D3 exhibit larger
negative zeta potential (from �26.7 to �32.1 mV), suggesting that
D1eD3 give rise to the higher binding affinity of CFF components
(Wu et al., 2019). For F0-D4, the reduced zeta potential contributes
to a negative effect of D4 on the binding affinity of F0. DLS results
show the improvement by D1eD3 and the reduction by D4 for the
micelle size of F0 (Fig. 5(b)). This demonstrates that DESs can
regulate the binding affinity of CFF components and thus impact
the self-assembly and entanglement of micelles.

The interactions between the DES components and OAHSB
molecules are considered to be a prominent factor for changing the
affinity of CFF components. A typical peak appeared at 3447 cm�1

belongs to the OeH peak of OAHSB as indicated by FT-IR spectrum
(see Fig. 5(c)). In the presence of malonic acid, the OeH peak moved
to 3419 cm�1, exhibiting the formation of hydrogen-bonding in-
teractions between malonic acid and OAHSB. Similarly, the OeH
peak of OAHSB shows a decreased chemical shift upon mixing
OAHSB with ChCl. And the OeH peak of ChCl at 3252 cm�1 becomes
weaker and shifts to 3264 cm�1. It is suggested that OAHSB can also
form hydrogen bond with Chþ. As compared to TMAþ, TEAþ and
TBAþ, the Chþ haseOHgroup,which can form extra hydrogen bonds
with OAHSB to motivate the self-assembly and entanglement of
micelle. The hydrogen-bonding interaction between Chþ-OAHSB is
considered to be an important reason for the highest affinity of F0-
D1 components. HBA structures should also cause the different
binding affinity of CFF components. Given an increased electron-
donating capability of eCH3 < eCH2CH2OH < eC2H3 < eC4H9
(Smith and March, 2006), the electron density of HBA cations in-
creases in the order of TMAþ < Chþ < TEAþ < TBAþ. As the result, the
electrostatic shielding effect of HBA cations for OAHSB molecules
decreases in the order of TMAþ > Chþ > TEAþ > TBAþ (see Fig. 5(d)).
A stronger electrostatic shielding is favorable for the gathering and
entanglement of wormlike micelles to form large micelle network
structures. Furthermore, the longer the alkane groups, the larger the
steric hindrance of HBA cations. For TBAþ, the large steric hindrance
will reduce the intermolecular interactions of CFF components and
thus restrict micelle formation, leading to the weakest affinity of F0-
D4 components (Lin et al., 2020). Among those HBA cations, TMAþ

has the strongest electrostatic shielding and smallest steric hin-
drance. However, the Chþ maximizes the bonding affinity between
F0 components. This is probably because the Chþ-OAHSB hydrogen
bond plays a dominant role in adjusting the bonding affinity. The
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addition of DES is more beneficial to improve the performance of
fracturing fluids than single HBA or HBD (Figs. S13eS15 and
Table S2). In addition, HBA (e.g., ChCl) enhanced the rheological
properties of F0 more effectively than HBD (i.e., malonic acid). This is
attributed to the electrostatic interaction between HBA cation and
OAHSB. Overall, the DESs improve rheological characteristics of CFFs
mainly from three steps: (1) the formation of hydrogen-bonding
interactions between OAHSB and DES components; (2) the forma-
tion electrostatic interactions between HBA cations and OAHSB; and
(3) the steric hindrance of HBA cations change the interaction
strength of CFF components.

3.3. Performance evaluation of CFFs

For the application of CFFs, other properties (e.g., temperature
resistance, salt tolerance, drag reduction, gel-breaking and spon-
taneous imbibition capacity) should also be concerned. Thus, those
properties were explored in this section.

3.3.1. Temperature resistance
The temperature resistance of the CFFs was firstly performed at

20e90 �C under the shear rate of 170 s�1. The increase in temper-
ature results in the reduction of CFF viscosities (see Fig. 6). Similar
results have been previously reported by Yang et al. (2020) andMao
et al. (2018). It suggests that high temperature can lead to the
dissociation of micelles in CFFs. The viscosities of F0, F0-D1, F0-D2,
F0-D3 and F0-D4 are decreased by 85.1%, 70.5%, 73.6%, 77.3% and
91.8%, respectively. Note that, F0-D1, F0-D2, F0-D3 have lower
reduction rates of viscosity when compared to F0, most probably as
a result of the strong interactions between D1eD3 components and
OAHSB, improving the strength of micelles and thus temperature
resistance of F0 system.

3.3.2. Salt resistance
The salt tolerance experiment of CFFs was carried out. The re-

sults are presented in Fig. 7. As the increase in NaCl concentration,
the viscosities of CFFs are decreased (see Fig. 7(a)). Excessive NaCl
could inhibit the formation of worm-like micelles because the
electrostatic double layer of OAHSB surfactant was over com-
pressed, thereby reducing the viscosity of CFF (Sun et al., 2019).
D1eD3 greatly improves the NaCl resistance of F0 CFF, that is, the
reduction efficiency of F0 viscosity is decreased from 71.8% to
35.8%e48.8% at the NaCl concentration of 100,000 mg$L�1. Low-
concentration CaCl2 increases the viscosities of CFFs (see
Fig. 7(b)) because Ca2þ ions reduce the repulsion between surfac-
tant molecules by shielding the charges of surfactant, which is
conducive to the formation micelle and thus the enhancement of
micelle network strength (Al-Sadat et al., 2014). Upon CaCl2 con-
centration to 6000 mg$L�1, the viscosity of the CFFs with DESs is
still increased, while that of F0 without DES is decreased, denoting
that DESs enhance the salt tolerance of CFFs. This may be ascribed
to the malonic acid of DESs, which interacts with Ca2þ by
coordination-bonding interaction to weaken the compression of
Ca2þ for the electrostatic double layer of OAHSB. According to the
FT-IR analysis (Fig. S16), the C]O peak of malonic acid at 1737 cm�1

was shifted to at 1727 cm�1 when introducing Ca2þ. The results
confirm the generation of coordination-bonding interaction be-
tweenmalonic acid and Ca2þ. DESs provides a feasibility to prepare
fracturing fluids through using formation water with high salinity.

3.3.3. Drag reduction
Fig. 8 shows the drag reduction efficiency of OAHSB-based CFFs

at 20e65 L$min�1. The drag reduction efficiencies of F0, F0-D2 and
F0-D3 are first improved and then decreased with increasing flow
rate. The improvement of drag reduction efficiencies indicates that



Fig. 5. Zeta potential (a) and micelle size (b) of the OAHSB-based CFFs; (c) FT-IR of malonic acid, ChCl, OAHSB, ChCl/OAHSB mixture and malonic acid/OAHSB mixture; (d) Schematic
diagram for electrostatic shielding of HBA cations for OAHSB. The blue zooms are the electrons over HBA cations. The red lines indicate electrostatic shielding.

X.-Y. Wang, M.-W. Zhao, X.-H. Wang et al. Petroleum Science 20 (2023) 3540e3552
shear force stretches the micelle network in CFFs and thus sup-
presses the formation of turbulence (Wang et al., 2016). However, a
stronger shear force can destroy the micelle network, resulting in
the reduction of drag reduction efficiency. For F0-D1, the drag
reduction efficiency still increases at 65 L$min�1, reaching 80.3%.
This means that F0-D1 has the strongest micelle network among
those OAHSB-based CFFs, which is consistent with the result of
steady shear test (Fig. 3b). The intermolecular interactions (e.g.,
hydrogen-bonding interactions) brought about by the introduction
of D1 components should be an important reason for the high-
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strength micelle network of F0-D1. By the way, for F0-D4, drag
reduction efficiency exhibits a continuous decrease, implying that
the weak micelle network is easily damaged by shear force.

3.3.4. Gel breaking
The gel-breaking performance of CFFs is evaluated, as shown in

Fig. 9. All viscosities of the OAHSB-based CFFs at 170 s�1 are
reduced after the addition of kerosene. Notably, F0-D1, F0-D2 and
F0-D3 exhibit better gel-breaking performance, although their
initial viscosities are higher than that of F0. The results demonstrate



Fig. 6. Effect of temperature on the viscosity of OAHSB-based CFFs under the shear
rate of 170 s�1.

Fig. 8. Effect of flow rate on the drag reduction efficiency of CFFs.
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that DESs can improve the gel-breaking performance of CFF, which
is beneficial to a faster completion of gel breaking after reservoirs
are fractured for subsequent construction. The reason may be that
the DESs improve the strength of interactions between the com-
ponents of CFF phase and oil phase, driving more oil droplets into
themicelles and destroying themicelle structures (Guo et al., 2013).
3.3.5. Spontaneous imbibition
Apart from above performances, the spontaneous imbibition
Fig. 7. Effects of NaCl (a) and CaCl2 (b) concentrations
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performance of gel-breaking CFFs is also significant. Fig. 10(a)
provides the spontaneous imbibition results of gel-breaking CFF
systems at 80 �C. After 98 h, the imbibition efficiency of F0 is only
29.9%. However, the considerable imbibition efficiencies of 32.1%e
44.2% for F0-D1, F0-D2, F0-D3 and F0-D4 are achieved. The
increased imbibition efficiencies are dependent on the introduction
of DESs. Furthermore, the imbibition kinetics is also enhanced in
CFF systems with D1eD4. For instance, the imbibition equilibrium
of the F0-D1 system can be obtained at 74 h, which is ~24 h shorter
than that of the F0 system. We hypothesize that the D1eD4
on the viscosities of OAHSB-based CFFs at 170 s�1.



Fig. 9. Gel-breaking performance of CFFs.

Table 5
The heteroatom residual ratio of simulated oil after imbibition in CFFs.

Oil System Residual ratio, wt%

S N O

O0 F0 81.4 90.5 84.2
O1 F0-D1 65.4 72.0 67.8
O2 F0-D2 67.2 76.5 71.4
O3 F0-D3 70.9 80.8 74.4
O4 F0-D4 72.7 85.7 76.5
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effectively reduce the oilewater interface tension to promote the
removal of oil from core pores, thereby accelerating the imbibition
acceleration. To confirm this hypothesis, the IFT between gel-
breaking CFFs and simulated oil was analyzed. According to the
IFT results (see Fig. 10(b)), the D1eD3 DESs decrease the interface
tension between oil and F0 phases from 0.67 to 0.30e0.44mN$m�1,
which facilitates the removal of oil. However, D4 increases the
interface tension to 0.71 mN$m�1.

Interestingly, the imbibition efficiency of the F0-D4 system
(32.1%) is higher than that of F0 (29.9%) although the interface
Fig. 10. Imbibition efficiency (a) and IFT (b) bet
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tension of F0-D4 is the highest. Probably because the DES compo-
nents can generate extra interactions with oil molecule. Table 5
describes the residual ratio of heteroatoms (i.e., S, N and O) in
simulated oil after imbibition in the OAHSB-based CFF systems.
After the imbibition at 80 �C for 98 h, the heteroatoms in oil are
found to be obviously decreased, indicating the interactions (e.g.,
hydrogen bonds) between CFF system and oil droplet. According to
the FT-IR, two typical peaks located at 1621 and 3416 cm�1 relate to
the stretching vibration of CeO and OeH groups of oil (see
Fig. 11(a)). And the OeH stretching vibration peaks of OAHSB and
D1-D4 are observed at about 3427 cm�1. Oil molecules tend to form
hydrogen-bonding interactions (e.g., OeH/O, OeH/S, and
OeH/N) with the CFF components, promoting the imbibition
process of oil (Li et al., 2013, 2018b). Even so, the heteroatom re-
sidual ratios of imbibed oil are further reduced as the introduction
of DES1-DES4 into F0. It seems that the D1eD4 enhance the
strength of interactions between F0 system and oil molecule. To
prove the strength enhancement of interactions, the adhesion be-
tween oil and hydrophilic glass sheet in gel-breaking CFFs was
measured by AFM. The adhesion is defined as the most negative
value of the force curve for probe retraction. A weak adhesion
(0.12 nN) can be observed when conducted in the F0 system (see
Fig. 11(b)). After replacing the liquid phase by DES-based CFF sys-
tems, the adhesion increases to 0.78e1.43 nN (see Fig. 11(c)e(f)),
indicating that DESs effectively improve the oil-CFF interaction
strength. In summary, these results reveal that the DESs are capable
to improve the imbibition performance of CFFs from two aspects:
(1) the manipulation of IFT between oil and gel-breaking CFFs; and
ween gel-breaking CFFs and simulated oil.



Fig. 11. (a) FT-IR of oil, OAHSB and D1-D4. Typical forceedistance curves between the hydrophobic probe and glass sheet in F0 (b), F0-D1 (c), F0-D2 (d), F0-D3 (e) and F0-D4 (f).
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(2) the interactions between oil and DES components.
From the above imbibition experiment results, DESs are

confirmed to be useful for enhancing oil recovery. In order to
compare with the imbibition results in this work, the previous
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reported results applying other imbibition agents such as nano-
fluid, ionic liquid (IL), brine, and surfactant were also investigated
(see Fig. 12). It is found that brine tends to imbibe little oil even at a
long imbibition time, most likely due to the absence of surface



Fig. 12. Imbibition efficiency of oil in representative gel-breaking CFFs and other
systems, including brine (Al-Weheibi et al., 2015; Li et al., 2018a; Manshad et al., 2017;
Strand et al., 2008; Zaeri et al., 2018; Zhao et al., 2018), surfactant (Chen and Schechter,
2021; Li et al., 2022; Qi et al., 2022; Sun et al., 2021; Zhang et al., 2021a; Zhao et al.,
2018), nanofluid (Li et al., 2018a; Nowrouzi et al., 2019; Zhao et al., 2020; Zhou
et al., 2019a) and DES/IL (Al-Weheibi et al., 2015; Manshad et al., 2017; Sakthivel
and Elsayed, 2021; Shuwa et al., 2015).
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activity. The nanofluid is more conductive to achieve relatively high
imbibition efficiencies, since nanoparticles are capable of
decreasing oilewater IFT and altering the wettability of rock
Fig. 13. Viscosity of solutions prepared by reused gel-breaking F0-D1 and F0.
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surface, but taking longer to achieve higher imbibition efficiency.
Remarkably, the surfactant, DES and IL solutions can achieve high
imbibition efficiencies during short imbibition period.

When employing DESs to assist the surfactant solution to
imbibe oil from cores, a better imbibition performance can be ob-
tained. For example, the imbibition efficiency of the F0 system is
only 29.9% at 98 h, which apparently promote to ~39.4%e44.2%
within 90 h by introducing D1eD3 DESs. However, some oil is still
hard to be removed from the pores of cores, which should be
attributed to the low permeability and heterogeneity of the cores
(Kong et al., 2021). Anyhow, the DESs in this work have confirmed
the feasibility for effectively promoting the imbibition performance
of CFFs.

3.4. Reusing of gel-breaking CFFs

From economic and environmental aspects, the reusing of gel-
breaking CFFs after flowback is critical. The gel-breaking F0 and
F0-D1 were selected as examples to explore the feasibility of
reusing gel-breaking CFFs (see Supporting information 1.1), using
the viscosity of solution prepared with gel-breaking CFF and 0.5 wt
% OAHSB as an evaluation criterion. With the increase in recycling
times, the viscosities of prepared solutions remarkably increase and
then decrease (see Fig. 13). The F0-D1-based solutions exhibit
higher viscosities than the F0-based solutions. After four cycles, the
viscosity of F0-D1-based solution can reach 42.3 mPa$s, while that
of F0-based solution is only 1.7 mPa$s. Good reusing stability of the
gel-breaking F0-D1 reveals DESs provide excellent potential to
prepare CFF utilizing gel-breaking CFF.

4. Conclusions

Four binary DESs were prepared as the “green” additives to
explore their underlying effect on the properties of CFFs on the
basis of intermolecular interactions. The DES components
enhanced the CFF properties through their hydrogen-bonding and
electrostatic interactions with OAHSB molecules. Among those
DESs, the D1 reduced the CMC of OAHSB from 32 to 17 mM and the
gCMC from 35.1 to 33.8 mN$m�1. Moreover, the D1 excellently
promoted the formation and entanglement of micelles in CFF to
improve micelle network strength and thus the CFF properties (e.g.,
rheology, temperature resistance, salt tolerance, drag reduction,
and gel breaking). The coordination-bonding interaction between
OAHSB and malonic acid HBD plays an important role in improving
the Ca2þ resistance of CFF. For spontaneous imbibition test, the
imbibition efficiency was increased from 29.9% in 98 h to 44.2% in
74 h because the introduction of DESs strengthens the CFF
solution�oil interactions. The adjustment of HBAs is capable of
improving the CFF properties by regulating the intermolecular in-
teractions (e.g., HBA-OAHSB and OAHSB-OAHSB interactions).
These results provide a new perspective for employing DESs to
effectively improve CFF property.
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