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Abstract: Shale oil resources are abundant in the second member of the Kongdian Formation, Cang-
dong Sag, Bohai Bay Basin, China. However, the shale oil here has high viscosity and poor fluidity,
resulting in low recovery and huge difficulty in development, gathering, and transporting. This study
assembled a catanionic surfactant (PSG) through electrostatic interactions between cetyltrimethylam-
monium bromide (CTAB) and α-olefin sulfonate (AOS) in an aqueous phase, which can be used as an
effective emulsifying and viscosity-reducing agents for shale oils of Dagang oilfield. The interfacial
activity and emulsification performance of PSG can be optimized by changing the molar ratio of
CTAB to AOS. Notably, the PSG assembled at the molar ratio of 6:4 shows the best performance, with
ultra-high surface activity and excellent salt resistance. At an oil/water ratio of 1:1 and 50 ◦C, an
aqueous solution of 0.2% PSG can emulsify five types of shale oil, making it form shale oil-in-water
(O/W) emulsion with a viscosity of less than 35 mPa·s, thereby reducing the viscosity of shale oil
and improving its flowability. Importantly, shale oil and water can be separated by simple sedimen-
tation without adding demulsifiers. This study has important guiding significance for the efficient
development and transportation of shale oil.

Keywords: catanionic surfactant; shale oil; emulsify; O/W; viscosity

1. Introduction

With the gradual decrease in conventional oil and gas resources, shale oil, as an im-
portant strategic replacement resource, has attracted extensive attention in recent years [1].
Shale oil resources are rich in China, and the recoverable resources are estimated to be
between 1 billion and 1.5 billion tons [2,3]. Despite the large reserves of shale resources,
China’s continental shale oil is different from North American marine shale oil. Most
of the oil-bearing shale has low maturity, strong reservoir heterogeneity, and developed
nanopores [4–6]. Additionally, shale oil has the characteristics of large molecules, strong
polarity, and high wax content [7]. Therefore, the scale-efficient development of China’s
shale oil still faces many challenges.

The second member of the Kongdian Formation, Cangdong Sag, Bohai Bay Basin,
China is a favorable enrichment area for shale oil [8]. However, the shale oil in this area
has a viscosity of 30.24–1167 mPa·s at 50 ◦C, a density of 0.85–0.94 g/cm3, a pour point
of 28–47 ◦C, and an average wax content higher than 20%, resulting in low fluidity for
crude oil transportation [7]. As a result, the flowback fluid of shale oil is easy to plug
into the wellbore during the lifting process, which affects the production efficiency and
poses great challenges to the efficient exploitation of shale oil, especially in the process of
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long-distance transportation and reservoir transformation [8]. To reduce the viscosity of
crude oil and improve its fluidity, researchers have proposed several key methods, such as
catalytic aquathermolysis, solvent dilution, emulsification, etc. [9,10]. However, catalytic
aquathermolysis is faced with the difficulty of large-scale catalyst preparation, while
solvent dilution has a high cost and environmental problems. By contrast, emulsifying
and viscosity reduction technology is not only cost-effective but also the most promising
large-scale application [11,12].

Surfactants, as interfacial activity substances that can significantly reduce the inter-
facial tension of oil and water, play a vital role in emulsifying and viscosity reduction of
heavy oil [13–15]. It can reduce the viscosity of crude oil by changing the properties of the
oil/water interface and promoting the dispersion of the oil droplets in water [16]. Among
many surfactants, catanionic surfactants show remarkable advantages in emulsifying and
viscosity reduction because of their unique molecular structure and properties [17]. Catan-
ionic surfactants not only combine the characteristics of cationic and anionic surfactants,
but also show many new properties, such as a significant increase in surface activity, an im-
provement in temperature-resistance and salt-resistance, etc. [18–20], which makes it able to
provide a stable emulsification effect under harsh environmental conditions. For example,
Huang and co-workers prepared a catanionic surfactant that can obtain ultra-low oil/water
interfacial tension at low concentration for the actual oil/water system of several blocks
form Shengli Oilfield and Karamay oilfield, thus achieving emulsification and a viscosity
reduction effect [21,22]. However, unlike heavy oil, there are rare reports on viscosity reduc-
tion of shale oil, which leads to serious technical gaps. In this study, the emulsifying and
viscosity reduction of shale oil was studied in detail. CTAB and AOS in the aqueous phase
were used to assemble catanionic surfactant (PSG). A small amount of PSG as an emulsifier
can reverse phase high-viscosity shale oil (W/O) into low-viscosity O/W emulsion, and
the demulsification rate is higher than 85% after 2 h. This surfactant can not only reduce
the viscosity of initial shale oil, but also does not affect the terminal demulsification, which
is expected to play an important role in shale oil lifting and pipeline transportation. Thus,
this work provides a new perspective on shale oil exploitation technology and promotes
the efficient development of unconventional oil and gas resources.

2. Materials and Methods
2.1. Materials and Reagents

Five kinds of shale oils (i.e., GY734H, GY735H, GY151H, GY152H, and GY512L) come
from the second member of Kongdian Formation, Cangdong Sag, Bohai Bay Basin, China.
Cetyltrimethyl ammonium bromide (CTAB, 99%) was purchased from Sinopharm Chemical
Reagent Co., LTD, Shanghai, China. α-olefin sulfonate (AOS, 92%) was purchased from
Shandong Yusuo Chemical Technology Co., LTD, Linyi, China. Its average molecular
weight is 315 g/mol. Distilled water and tap water are from the laboratory. Field water is
provided by PetroChina Dagang Oilfield, Tianjin, China.

2.2. Preparation of Catanionic Surfactant Systems

According to the different molar ratios of CTAB and AOS, these two surfactants were
weighed in a 50 mL breaker. Then, 25 mL water was added to the beaker. A catanionic
surfactant aqueous solution with a concentration of 0.2% was prepared by using a six-
joint magnetic constant temperature agitator (CJJ-93, Jiangsu Jintan Huanyu Scientific
Instrument Factory, Changzhou, China) at 50 ◦C for 30 min.

2.3. Physicochemical Properties Characterization of Shale Oil

According to the national or industry standards in Table 1, the physicochemical
properties of shale oil were determined.
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Table 1. Relevant standards for physicochemical characterization of shale oil.

No. Properties Reference Standards

1 Viscosity SY/T0520-2008 [23]

2 Density GB/T13377-2010 [24]

3 Wax content SY/T0537-2008 [25]

4 Pour point SY/T0541-2009 [26]

5 Wax appearance temperature SY/T0522-2008 [27]

2.4. Water Quality Analysis

According to the oil and gas industry standard “Oil field water Analysis Method”
(SY/T5523-2006) [28], the content of six ions and total salinity of distilled water, tap water,
and field water were determined, respectively, as listed in Table 2.

Table 2. Water quality analysis results of distilled water, tap water, and field water.

Ion Content (mg/L) Distilled Water Tap Water Field Water

Na+ + K+ 4 20 10,183

Mg2+ / 11 73

Ca2+ / 38 260

SO4
2− / / 264

CO3
2− / / 31

HCO3
− 6 133 411

Cl− 3 52 15,897

Total salinity 13 254 27,119

2.5. Determination and Calculation of Critical Micelle Concentration (CMC) and
Hydrophilic–Lipophilic Equilibrium Value (HLB)

According to the conductivity method [29], the CMCs of CTAB and AOS surfactants
were determined by electrical conductivity (DDSJ-308A, Shanghai YiZhi Scientific Instru-
ment Co., LTD, Shanghai, China), and then the CMC of catanionic surfactant was calculated
by Clint theory (Equation (1)) [14].

1
C12(1 + K0)

=
X1

C1(1 + K0)
+

X2

C2(1 + K0)
(1)

where C12 is the CMC of the catanionic surfactant. C1 and C2 are the CMCs of CTAB and
AOS, respectively. X1 and X2 are the mole fractions of CTAB and AOS, respectively. K0 is a
constant related to the binding degree of the counterion of the micelle. Here, K0 = 0.59 was
used in the calculation [30].

According to reports in the literature, the HLB value of cationic surfactant CTAB is
15.8 [31], while the HLB value of anionic surfactant AOS can be calculated according to
the method reported by Mcgowan [32]. Finally, the HLB value of the catanionic surfactant
system can be calculated according to Equation (2).

HLB = ∑ (Fi × HLBi) (2)

where Fi is the mass proportion of each surfactant in the system. HLBi is the HLB value of
each surfactant.
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2.6. Emulsifying and Viscosity Reduction of Shale Oil Experiment

First, according to the molar ratio of 6:4, CTAB and AOS were dissolved in 25 mL of
water to assemble a catanionic surfactant (i.e., PSG) with a desired mass concentration.
Then, the preheated shale oil was heated to 50 ◦C and gradually added into 0.2% PSG
surfactant solution in a beaker, and the system was placed in a digital display constant-
temperature water bath (HH, Changzhou Future Instrument Manufacturing Co., LTD,
Changzhou, China) at 50 ◦C for 30 min. Subsequently, the mixture was stirred manually
and thoroughly using a glass rod for 2 min at 50 ◦C to form a stable and homogeneous
emulsion. The mass percentages of PSG in the water were from 0.1 % to 0.5%. The
oil-to-water mass ratios were from 90:10 to 10:90.

The emulsifying and viscosity reduction rate was calculated according to Equation (3).

φe =
η0 − ηe

η0
× 100(%) (3)

where η0 and ηe are the viscosity of shale oil at 50 ◦C before and after emulsifying, mPa·s.
Finally, demulsification performance after emulsifying and viscosity reduction was

evaluated. The above emulsion was poured into a 50 mL measuring cylinder with a stopper
and placed in an oven at 80 ◦C for 2 h. The volume of water separation was observed
and immediately recorded, and then the demulsification rate of shale oil emulsion was
calculated according to Equation (4).

φd =
25 − Vw

25
× 100 (%) (4)

where Vw is the volume of water separation from shale oil emulsion after standing at 80 ◦C
for 2 h, mL.

2.7. Morphology and Droplet Size Distribution Measurements

A drop of shale oil or emulsion was placed on the slide, and then the cover slide
was covered with tweezers. The emulsified structure of shale oil was observed with a
polarizing microscope (ECLIPSE 80i, Nikon, Tokyo, Japan), and photo images were taken.
The average particle size of the emulsion drops was measured by instrument software
(NIS-Elements D 3.0).

2.8. Viscosity Measurements

First, the sample was heated in an oven at 50 ◦C for 30 min, and then 5 mL was taken
out and poured into the sample cup. Subsequently, the sample was heated evenly at 50 ◦C
for 10 min. The viscosimeter (DV2TLVTJ0, BROOKFIELD, Middleboro, MA, USA) and 18#
rotor was used to test the sample viscosity at 10 rpm, and the sample was measured in
parallel 3 times and the average value of viscosity was recorded.

2.9. Determination of Interfacial Tension (IFT)

The ability of surfactants to reduce the interfacial tension between shale oil and water
was evaluated by a rotating drop interfacial tensiometer (701, CNG, Chicago, IL, USA).
The sample tube was first filled with a surfactant solution using an injection, and then a
small amount of shale oil was attached to the inner wall of the sample tube with the tip of a
needle. After the sample tube was installed, the interfacial tension was tested at 90 ◦C and
5000 rpm for 20 min. The equilibrium interfacial tension was finally obtained.

3. Results and Discussion
3.1. Physicochemical Properties of Shale Oil

The physicochemical properties of shale oil significantly affect the interface properties
between oil, water, and shale, thus affecting the efficient development of shale oil. As shown
in Table 3, the viscosities of the five shale oils are as follows, GY734H > GY512L > GY152H
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> GY151H > GY735H, and the change in law of density and viscosity is almost the same.
That is, the greater the viscosity of shale oil, the higher the corresponding density, which is
like the property of heavy oil. In addition, the pour point and wax content of these shale
oils are between 34 and 49 ◦C, and 20.24 and 30.49%, respectively. As a result, they are
almost in a solid state at room temperature, resulting in no fluidity.

Table 3. Physicochemical properties of shale oil.

Property GY151H GY152H GY734H GY735H GY512L

Viscosity at 50 ◦C, mPa·s 87.27 142.49 2220 58 726

Density at 20 ◦C, g/cm3 0.8859 0.9016 0.9048 0.8301 0.8997

Pour point, ◦C 34 37 42 32 49

Wax content, % 26.40 30.49 23.54 27.12 20.24

3.2. Characterization of Catanionic Surfactant Systems
3.2.1. Oil/Water Interfacial Tension

Surfactants play a key role in interfacial tension reduction during emulsification. The
surfactant molecules adsorb at the interface of crude oil and water, thus reducing the
interfacial tension [33]. This phenomenon of interfacial tension reduction depends on
the chemical structure and concentration of the surfactant itself, as well as the external
environment, such as temperature and salinity of water [34]. As shown in Figure 1a, the
oil/water interfacial tension between GY734H shale oil and surfactant aqueous solution
gradually decreases with the increasing the ratio of cationic surfactant CTAB. The interfacial
tension reaches the lowest value at the molar ratio of 6:4, and gradually increases when
the ratio of CTAB is further increased. The same is true for GY151H shale oil, indicating
that the interfacial activity of catanionic surfactants assembled by electrostatic interaction
in the water phase is the strongest at the optimal molar ratio of 6:4 (CTAB/AOS). The
catanionic surfactant has a double-headed and double-tailed structure, behaving like a
Gemini surfactant, which can also be called “pseudogemini surfactant”. Compared to
conventional Gemini surfactants linked by covalent bonds, the pseudogemini surfactant
assembled by electrostatic interaction has been studied extensively due to its unique
characteristics, including simple synthesis procedures, multifarious aggregate structures, a
strong capability to reduce oil/water interfacial tension, and so on [19,35]. As shown in
Figure 1b, the oil/water interfacial tension gradually decreases with increasing the PSG
surfactant concentration, The interfacial tension reaches the lowest value of 0.0287 mN /m
at 0.2%, and gradually increases when the concentration is further increased. Adsorption
of surfactant molecules at the oil/water interface reaches equilibrium when the surfactant
concentration is further increased, so the change trend of interfacial tension becomes slow.
This result shows that 0.2% is the optimal concentration of PSG surfactants, which can not
only reduce the interfacial tension between shale oil and water to the lowest value, but also
meet the surfactant concentration standard used in the oilfield.

Generally, as typical high-temperature reservoirs, shale reservoirs are buried deeper
than conventional reservoirs. Therefore, it is crucial to study the effect of temperature on
the interfacial tension between shale oil and surfactant solution. As shown in Figure 1c,
the oil/water interfacial tension gradually decreases with increasing the test temperature.
After fitting, it was found that there is almost a linear relationship between temperature and
interfacial tension. According to the linear equation, it can be inferred that the interfacial
tension can be reduced to below 10−3 mN/m under the temperature (120–150 ◦C) of the
shale reservoir in the second member of Kongdian Formation, Cangdong Sag, Bohai Bay
Basin, China. Furthermore, 0.2% PSG solution can still reduce the interfacial tension to less
than 0.01 mN/m after aging at 150 ◦C for one month, indicating that it has strong high-
temperature stability and can be used in shale oil reservoir conditions. Considering the
salinity of field water in the actual application, the effect of water quality on the interfacial
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tension of oil and water was also studied. The total salinity of distilled water, tap water,
and field water is 11 mg/L, 254 mg/L, and 27,119 mg/L, respectively (Table 2). As shown
in Figure 1d, it can be found that the oil/water interfacial tension gradually decreases with
increasing the salinity in the water phase. Surprisingly, 0.2% PSG solution after using field
water can reduce the interfacial tension of GY734H shale oil to 0.0033 mN /m. For several
other shale oils, the interfacial tension can also be reduced to less than 0.01 mN /m using
field water (Table 4), indicating that the catanionic surfactant has ultra-high interfacial
activity in field water and excellent salt resistance.
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Table 4. Interfacial tension between shale oil and field water with or without PSG surfactant.

Shale Oils
Interfacial Tension (mN/m)

With Field Water With 0.2% PSG Aqueous Solution

GY151H 9.9586 0.0049

GY152H 7.3441 0.0028

GY735H 11.4108 0.0087

GY512L 10.5533 0.0054

3.2.2. Critical Micelle Concentration

For ionic surfactants, when the concentration is less than the critical micelle concentration
(CMC), it exists in the form of ions in water and has strong conductivity; while the concentra-
tion is greater than CMC, micelles gradually form [36]. Due to the large volume of micelles,
their conductivity decreases compared with free ions, and the slope of the curve decreases [37].
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Therefore, the CMC value can be obtained from the turning point of the curve of conductivity
with surfactant concentration. As shown in Figure 2, the CMC of CTAB and AOS measured by
the conductivity method is 0.8608 mmol/L and 0.5105 mmol/L, respectively, while the results
reported in the literature are 0.82–1.09 mmol/L and 0.13–3.17 mmol/L, respectively [38–41],
indicating that the measured results of conductivity are basically consistent with those
reported in the literature. According to Clint theory, the CMC of PSG assembled by electro-
static interaction between CTAB and AOS at the optimal molar ratio (i.e., 6:4) in the water
is 0.4825 mmol/L, while the experimental result is 0.4271 mmol/L. The comparison shows
that the experimental and calculated values of the CMC for PSG are very close, indicating
that the CMC results are credible.
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3.2.3. Hydrophilic Lipophilic Balance Value

In addition to CMC, hydrophilic–lipophilic balance value (HLB) is also an important
parameter of surfactants, which reflects the hydrophilic–lipophilic properties of surfactant
molecules. In general, a high HLB value indicates that the surfactant has strong hydrophilic-
ity and poor lipophilicity, and vice versa. According to reports in the literature, the HLB
value of CTAB is 15.8 [31], while the HLB value of AOS is 10.4, calculated according to the
method proposed by Mcgowan [32]. As a result, the HLB value of the catanionic surfactant
PSG calculated by using Equation (2) is 13.8. Thus, PSG can be used as an O/W emulsifier,
because the hydrophilicity of the surfactant is stronger than the lipophilicity at the HLB
value of 10–15 [42,43].

3.3. Emulsifying and Viscosity Reduction of Shale Oil
3.3.1. Effect of Surfactant Molar Ratio on Emulsifying and Viscosity Reduction of Shale Oil

The molar ratio of CTAB and AOS affects the emulsifying performance by influencing
the interfacial tension of shale oil and water. The effect of the mixed molar ratio of CTAB
and AOS on emulsifying and viscosity reduction of shale oil was studied with the total
concentration of fixed surfactant of 0.2%. As shown in Figure 3, the drainage rate of
shale oil emulsion after emulsifying and viscosity reduction first decreases and reaches
the lowest at 6:4, and then increases with the increasing molar ratio of CTAB, indicating
that the catanionic surfactant assembled at the molar ratio of 6:4 has the strongest ability to
stabilize shale oil-in-water (O/W) emulsion. Because PSG molecules can stably absorb at
the interface of shale oil and water, the interfacial film strength is the strongest at this time,
reducing the interfacial tension between PSG solution and shale oil. Therefore, this molar
ratio was used for experiments in subsequent studies.
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Figure 3. Effect of surfactant molar ratio on drainage rate of shale oil emulsion formed by using
0.2% PSG solution.

3.3.2. Effect of Surfactant Concentration on Emulsifying and Viscosity Reduction of
Shale Oil

Surfactant concentration affects the strength of the interfacial film of the emulsion,
thereby influencing the stability of the emulsion [44]. As shown in Table 5, the initial
viscosity of shale oil at 50 ◦C is 2220 mPa·s, and it was found to be water-in-shale oil (W/O)
emulsion by optical microscopy, causing poor fluidity (Figure 4a). However, when PSG
aqueous solution was used as an emulsifying viscosity reducer and mixed with shale oil,
something incredible happened. When the concentration of PSG is lower than 0.2%, the
stability of the shale oil emulsion formed after emulsifying is very poor, and the separation
of shale oil and water occurs immediately in 1–2 min, resulting in unmeasurable viscosity
of the mixed system. Surprisingly, when the PSG concentration is higher than 0.2%, O/W
emulsion is formed after emulsifying (Figure 4b), causing excellent fluidity. Meanwhile,
the viscosity of the system is lower than 33 mPa·s, and the viscosity reduction rate is more
than 99%. In addition, the drainage rate of the formed O/W emulsion after standing at
80 ◦C gradually decreased with increasing PSG concentration (Figure 5), indicating that the
stability of the system was enhanced. Because more surfactant molecules were adsorbed
at the oil/water interface, which enhanced the strength of the interface film. Interestingly,
under the condition of no demulsifiers, the demulsification efficiency of the emulsion
is higher than 90% after standing at 80 ◦C for 2 h, which can meet the requirements of
the oilfield. Therefore, considering the application cost and the stability of the shale oil
emulsion, 0.2% was selected as the optimal concentration for PSG in the follow-up study.

Table 5. Effect of surfactant concentration on emulsifying and viscosity reduction of shale oil.

Sample Viscosity at 50 ◦C
(mPa·s)

Viscosity Reduction
Rate (%) Phenomenon

Shale oil (GY734H) 2220 / Stable W/O

Shale oil + 0.1%PGS / / Unstable O/W

Shale oil + 0.2%PGS 33 98.51 O/W

Shale oil + 0.3%PGS 30 98.65 O/W

Shale oil + 0.4%PGS 28 98.74 O/W

Shale oil + 0.5%PGS 29 98.69 O/W



Energies 2024, 17, 5780 9 of 14

Energies 2024, 17, x FOR PEER REVIEW 9 of 14 
 

 

Table 5. Effect of surfactant concentration on emulsifying and viscosity reduction of shale oil. 

Sample Viscosity at 50 °C 
(mPa·s) 

Viscosity Reduction 
Rate (%) 

Phenomenon 

Shale oil (GY734H) 2220 / Stable W/O 
Shale oil + 0.1%PGS / / Unstable O/W 
Shale oil + 0.2%PGS 33 98.51 O/W 
Shale oil + 0.3%PGS 30 98.65 O/W 
Shale oil + 0.4%PGS 28 98.74 O/W 
Shale oil + 0.5%PGS 29 98.69 O/W 

 
Figure 4. Micro-optical images of shale oil (a) before and (b) after emulsifying and viscosity reduc-
tion with 0.2% PSG solution. 

 
Figure 5. Effect of surfactant concentration on drainage rate of shale oil emulsion. 

3.3.3. Effect of Temperature on Emulsifying and Viscosity Reduction of Shale Oil 
The temperature affects the viscosity of shale oil, thereby resulting in the dispersion 

of shale oil in water. Therefore, the effect of temperature on emulsifying and viscosity 
reduction of shale oil was studied in detail. As shown in Table 6, the viscosity of the 
formed O/W emulsion decreased slightly with increasing the emulsification temperature, 
and the viscosity reduction rate was higher than 99%. Because the continuous phase is 
water, the emulsification temperature has little influence on the viscosity of the continuous 
phase in the emulsion after emulsifying and viscosity reduction. However, the increase in 
temperature causes the initial viscosity of shale oil to decrease, which facilitates its disper-
sion in water, thus promoting the emulsifying and viscosity reduction process. 

  

Figure 4. Micro-optical images of shale oil (a) before and (b) after emulsifying and viscosity reduction
with 0.2% PSG solution.

Energies 2024, 17, x FOR PEER REVIEW 9 of 14 
 

 

Table 5. Effect of surfactant concentration on emulsifying and viscosity reduction of shale oil. 

Sample Viscosity at 50 °C 
(mPa·s) 

Viscosity Reduction 
Rate (%) 

Phenomenon 

Shale oil (GY734H) 2220 / Stable W/O 
Shale oil + 0.1%PGS / / Unstable O/W 
Shale oil + 0.2%PGS 33 98.51 O/W 
Shale oil + 0.3%PGS 30 98.65 O/W 
Shale oil + 0.4%PGS 28 98.74 O/W 
Shale oil + 0.5%PGS 29 98.69 O/W 

 
Figure 4. Micro-optical images of shale oil (a) before and (b) after emulsifying and viscosity reduc-
tion with 0.2% PSG solution. 

 
Figure 5. Effect of surfactant concentration on drainage rate of shale oil emulsion. 

3.3.3. Effect of Temperature on Emulsifying and Viscosity Reduction of Shale Oil 
The temperature affects the viscosity of shale oil, thereby resulting in the dispersion 

of shale oil in water. Therefore, the effect of temperature on emulsifying and viscosity 
reduction of shale oil was studied in detail. As shown in Table 6, the viscosity of the 
formed O/W emulsion decreased slightly with increasing the emulsification temperature, 
and the viscosity reduction rate was higher than 99%. Because the continuous phase is 
water, the emulsification temperature has little influence on the viscosity of the continuous 
phase in the emulsion after emulsifying and viscosity reduction. However, the increase in 
temperature causes the initial viscosity of shale oil to decrease, which facilitates its disper-
sion in water, thus promoting the emulsifying and viscosity reduction process. 

  

Figure 5. Effect of surfactant concentration on drainage rate of shale oil emulsion.

3.3.3. Effect of Temperature on Emulsifying and Viscosity Reduction of Shale Oil

The temperature affects the viscosity of shale oil, thereby resulting in the dispersion
of shale oil in water. Therefore, the effect of temperature on emulsifying and viscosity
reduction of shale oil was studied in detail. As shown in Table 6, the viscosity of the
formed O/W emulsion decreased slightly with increasing the emulsification temperature,
and the viscosity reduction rate was higher than 99%. Because the continuous phase is
water, the emulsification temperature has little influence on the viscosity of the continuous
phase in the emulsion after emulsifying and viscosity reduction. However, the increase
in temperature causes the initial viscosity of shale oil to decrease, which facilitates its
dispersion in water, thus promoting the emulsifying and viscosity reduction process.

Table 6. Effect of temperature on emulsifying and viscosity reduction of shale oil.

Temperature (◦C) Viscosity at 50 ◦C
(mPa·s)

Viscosity Reduction
Rate (%) Phenomenon

50 33 98.51 O/W
60 32 98.56 O/W
70 31 98.60 O/W
80 28 98.74 O/W
90 25 98.87 O/W

3.3.4. Effect of Oil/Water Mass Ratio on Emulsifying and Viscosity Reduction of Shale Oil

The mass ratio of crude oil to water has a significant influence on the viscosity of
the system after emulsifying. The high ratio does not facilitate the formation of a stable
O/W emulsion, resulting in a higher viscosity of the system than that of initial shale oil,
while the low ratio facilitates the emulsifying and viscosity reduction, increasing the cost
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of oil recovery due to high water consumption [12]. Therefore, the aqueous solution of
0.2% PSG was used as the emulsifier for the investigation into the effect of the oil-to-water
mass ratio on the viscosity of the shale oil/water/PSG mixture. As shown in Table 7, the
viscosity of emulsion formed after emulsifying first increases and then decreases with a
decreasing oil/water ratio at the concentration of 0.2% PSG. The W/O emulsion is formed
after emulsifying when the oil/water ratio is higher than 6:4, while the reverse phase occurs
and the O/W emulsion is formed after emulsifying when the oil/water ratio is lower than
6:4. Furthermore, the viscosity reduction rate is higher than 99% when the oil/water ratio
is lower than 5:5, indicating that the best oil/water ratio is 5:5 (i.e., 1:1) for emulsifying and
viscosity reduction of shale oil.

Table 7. Effect of oil/water mass ratio on emulsifying and viscosity reduction.

Oil-to-Water Ratio Viscosity at 50 ◦C (mPa·s) Viscosity Reduction Rate (%) Phenomenon

Shale oil (GY734H) 2220 / Stable W/O
9:1 3171 −42.84 W/O
8:2 3615 −62.84 W/O
7:3 1480 33.33 O/W and O/W
6:4 365 83.56 O/W
5:5 33 98.51 O/W
4:6 28 98.74 O/W
3:7 21 99.05 O/W
2:8 15 99.32 O/W
1:9 12 99.46 O/W

3.3.5. Effect of Water Quality on Emulsification and Viscosity Reduction of Shale Oil

In oil field production, field water or brine is often readily available for the injection
and preparation of chemical agents, but distilled water or fresh water is not easy to obtain.
Field water contains a variety of ions, resulting in high salinity. Consequently, the effect
of water quality on emulsification was studied here. As shown in Table 8, the viscosity of
O/W emulsion formed after emulsifying for shale oil decreases gradually with increasing
the water salinity at an oil/water ratio of 1:1. The viscosity reduction effect of field
water is better than that of distilled water and tap water. Because the interfacial tension
between PSG aqueous solution prepared with field water and shale oil is lower than that
between distilled or tap water, and PSG molecules are adsorbed more easily at the oil/water
interface in field water, thus stabilizing the emulsion. Bastian et al. found that seawater
and formation water have a strongly reducing effect on oil/water interfacial tension when
they investigated the influence of salinity on reservoir fluid interfacial tension [45]. Low
interfacial tension is conducive to emulsification and viscosity reduction of crude oils.
Therefore, the catanionic surfactant not only has outstanding salt resistance, but is also
conducive to oilfield application.

Table 8. Effect of total salinity of water on emulsifying and viscosity reduction of shale oil.

Sample Total Salinity of
Water (mg/L)

Viscosity at 50 ◦C
(mPa·s)

Viscosity Reduction
Rate (%) Phenomenon

Shale oil (GY734H) / 2220 / Stable W/O

Shale oil + distilled water with 0.2% PGS 13 51 97.70 O/W

Shale oil + tap water with 0.2% PGS 254 35 98.42 O/W

Shale oil + field water with 0.2% PGS 27,119 33 98.51 O/W
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3.3.6. Effect of Shale Oil Type on Emulsification and Viscosity Reduction of Shale Oil

Generally, shale oils are very different in physicochemical properties, and emulsion
viscosity is influenced by the characteristics of crude oils. In the experiment, to study
the universality of the catanionic surfactants, five kinds of shale oil from the second
member of Kongdian Formation, Cangdong Sag, Bohai Bay Basin, China were selected
for emulsification and viscosity reduction experiments. It was found that O/W emulsions
are formed after emulsifying the five shale oils with 0.2% PSG at an oil/water ratio of 1:1
and 50 ◦C, and the viscosity is lower than 35 mPa·s (Table 9). The catanionic surfactant
assembled by us has excellent universality and can be used for emulsifying and viscosity
reduction of various shale oils, thereby improving the fluidity of shale oil. It is beneficial to
improve oil recovery and efficient gathering and transportation.

Table 9. Effect of shale oil type on emulsification and viscosity reduction.

Sample
Viscosity at 50 ◦C (mPa·s)

Viscosity Reduction Rate (%) Phenomenon
Before Emulsifying After Emulsifying

GY734H 2220 33 98.51 O/W
GY735H 238 35 85.29 O/W
GY151H 137 28 79.56 O/W
GY152H 142 30 78.87 O/W
GY512L 726 28 96.14 O/W

3.4. Proposed Mechanism

At the oil/water ratio of 1:1 and emulsifying temperature of 50 ◦C, the mechanism of
emulsifying and viscosity reduction of shale oil with 0.2% PSG aqueous solution is proposed.
As shown in Figure 6, for catanionic surfactant PSG assembled by electrostatic interactions
between CTAB and AOS in an aqueous phase, the sulfonic acid group and quaternary
amine group are hydrophilic parts, and the two long carbon chains are hydrophobic parts,
which is like the structure of Gemini surfactants. As a result, it exhibits extremely high
surface and interface activity. The initial shale oil has high viscosity due to its high wax
content and a small amount of water, which forms a W/O emulsion. When PSG aqueous
solution as an emulsifier is mixed manually with shale oil at 50 ◦C, PSG molecules are
gradually adsorbed at the interface between shale oil and water, resulting in a significant
reduction in interfacial tension. At this moment, the W/O emulsion is gradually reversed
into O/W emulsion. Because the continuous phase is water, the viscosity of the system is
significantly reduced, thus improving the fluidity of shale oil. After standing for some time,
the temperature of the system decreases, and the wax crystals in the shale oil gradually
accumulate, resulting in the rapid aggregation of oil droplets, and finally the separation of
shale oil and water.
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4. Conclusions

In summary, a kind of catanionic surfactant (PSG) was assembled by the electrostatic
interaction between cationic surfactant CTAB and anionic surfactant AOS in the aqueous
phase to reduce the viscosity of shale oil. PSG has excellent surface and interface activ-
ity, with a CMC of 0.4825 mmol/L. At the same time, its HLB value is 13.83, making it
suitable for use as an O/W emulsifier. The 0.2% PSG can reduce the interfacial tension
between shale oil and water to less than 0.01 mN/m in the field water with a salinity of
27,119 mg/L. Additionally, it can emulsify five kinds of shale oil to form O/W emulsions
at an oil-to-water ratio of 1:1 and 50 ◦C, reducing the viscosity of shale oil to less than
35 mPa·s, thereby improving its fluidity. Moreover, without any additional demulsifiers,
this system spontaneously separates into oil and water phases after two hours, achieving
a demulsification rate higher than 85%. This work solves the problems of high viscosity
and poor fluidity in shale oil and shows promising application potential in the efficient
development, gathering, and transportation of shale oil. In the future, we will study the
synergistic effect of this surfactant in CO2 huff-n-puff and smart fracturing to improve
shale oil recovery in Bohai Bay Basin, east China.

Author Contributions: Q.L.: Conceptualization, Methodology, Software, Investigation, Writing—
Original Draft, Writing—Review and Editing. X.W.: Resources, Supervision, Data Curation. D.L.:
Resources, Supervision, Visualization. H.G.: Visualization, Investigation. X.H.: Investigation. E.X.:
Formal Analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially supported by the National Key R&D Program of China (No.
2020YFA0710504), the Major Science and Technology Project of China National Petroleum Corporation
(No. 2023ZZ15YJ04), and the Postdoctoral Project of PetroChina Dagang Oilfield Company (No.
2023BO59).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We would like to thank the National Key Laboratory of Multi-Resource Collabo-
rative Green Exploitation of Continental Shale Oil for the platform support of this research.

Conflicts of Interest: The authors declare that this study received funding from China National
Petroleum Corporation and PetroChina Dagang Oilfield Company. The funder was not involved in
the study design, collection, analysis, interpretation of data, the writing of this article or the decision
to submit it for publication. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict
of interest.

References
1. Dong, H.; Zhu, Q.; Wang, L.; Yue, X.; Fang, H.; Wang, Z.; Liu, S.; Wei, S.; Lu, X. Effects of shale pore size and connectivity on scCO2

enhanced oil recovery: A molecular dynamics simulation investigation. Langmuir 2023, 39, 6287–6299. [CrossRef] [PubMed]
2. Jin, Z.J.; Wang, G.P.; Liu, G.X.; Gao, B.; Liu, Q.Y.; Wang, H.L.; Liang, X.P.; Wang, R.Y. Research progress and key scientific issues of

continental shale oil in China. Acta Pet. Sin. 2021, 42, 821–835.
3. Zou, C.N.; Ma, F.; Pan, S.G.; Zhang, X.S.; Wu, S.T.; Fu, G.Y.; Wang, H.J.; Yang, Z. Formation and distribution potential of global

shale oil and the developments of continental shale oil theory and technology in China. Earth Sci. Front. 2023, 30, 128–142.
4. Lai, N.; Deng, J.; Wang, Z.; Wang, J.; Guo, W.; Tang, L. Evaluation of the lower producing limit of the pore radius for imbibition

and displacement based on shale oil reservoir characteristics. Energy Fuels 2023, 37, 11453–11464. [CrossRef]
5. Saputra, I.W.R.; Adebisi, O.; Ladan, E.B.; Bagareddy, A.; Sarmah, A.; Schechter, D.S. The influence of oil composition, rock

mineralogy, aging time, and brine pre-soak on shale wettability. ACS Omega 2022, 7, 85–100. [CrossRef]
6. Sheng, J.J. Critical review of field EOR projects in shale and tight reservoirs. J. Pet. Sci. Eng. 2017, 159, 654–665. [CrossRef]
7. Li, W.Q.; Liu, X.P.; Guan, M.; Liu, H.X. Geochemical characteristics of crude oils in the second member of Kongdian Formation

shale system, Cangdong Sag, Bohai Bay Basin. Pet. Geol. Exp. 2020, 42, 263–272.
8. Zhou, L.H.; Chen, C.W.; Yang, F.; Cui, Y.; Song, S.Y.; Guan, Q.S.; Zhou, F.C. Research and breakthrough of benefit shale oil

development in Cangdong Sag, Bohai Bay Basin. China Pet. Explor. 2023, 28, 24–33.
9. Li, Q.; Wang, X.D.; Li, Q.Y.; Yang, J.J. Research progress and development trend for viscosity reduction technology of heavy crude

oil. Chem. Res. 2018, 29, 441–454.

https://doi.org/10.1021/acs.langmuir.3c00904
https://www.ncbi.nlm.nih.gov/pubmed/37079912
https://doi.org/10.1021/acs.energyfuels.3c01421
https://doi.org/10.1021/acsomega.1c03940
https://doi.org/10.1016/j.petrol.2017.09.022


Energies 2024, 17, 5780 13 of 14

10. Du, A.Q.; Mao, J.C.; Wang, D.L.; Cai, M.J. Research progress in chemical viscosity reduction technologies used for medium and
deep heavy oil. Nat. Gas Ind. 2022, 42, 110–122.

11. Zhang, X.; Guo, J.; Gao, C.; Kiyingi, W.; Wang, L.; Fei, D.; Peng, Z.; Li, J.; Dong, J. A molecular study of viscosity-causing
mechanism and viscosity reduction through re-emulsification for Jimsar shale oil. J. Mol. Liq. 2023, 392, 123470–123483. [CrossRef]

12. Li, Q.; Wang, X.-D.; Li, Q.-Y.; Yang, J.-J.; Zhang, Z.-J. New amphiphilic polymer with emulsifying capability for extra heavy crude
oil. Ind. Eng. Chem. Res. 2018, 57, 17013–17023. [CrossRef]

13. Su, G.; Zhang, H.; Geng, T.; Yuan, S. Effect of SDS on reducing the viscosity of heavy oil: A molecular dynamics study. Energy
Fuels 2019, 33, 4921–4930. [CrossRef]

14. Liu, J.B.; Zhong, L.G.; Yu, Z.W.; Liu, Y.G.; Meng, X.H.; Zhang, W.; Zhang, H.L.; Yang, G.; Wu, S.J. High-efficiency emulsification
anionic surfactant for enhancing heavy oil recovery. Colloids Surf. A Physicochem. Eng. Asp. 2022, 642, 128654–128666. [CrossRef]

15. Liu, L.; He, S.; Tang, L.; Yang, S.; Ma, T.; Su, X. Application of CO2-switchable oleic-acid-based surfactant for reducing viscosity of
heavy oil. Molecules 2021, 26, 6273. [CrossRef]

16. Chen, Q.; Zhu, Y.; Wang, M.; Ren, G.; Liu, Q.; Xu, Z.; Sun, D. Viscosity reduction of extra-heavy oil using toluene in water
emulsions. Colloids Surf. A Physicochem. Eng. Asp. 2019, 560, 252–259. [CrossRef]

17. Marques, E.F.; Brito, R.O.; Silva, S.G.; Rodríguez-Borges, J.E.; do Vale, M.L.; Gomes, P.; Araújo, M.J.; Söderman, O. Spontaneous
vesicle formation in catanionic mixtures of amino acid-based surfactants: Chain length symmetry effects. Langmuir 2008, 24,
11009–11017. [CrossRef]

18. Eastoe, J.; Dalton, J.; Rogueda, P.; Sharpe, D.; Dong, J.; Webster, J.R.P. Interfacial properties of a catanionic surfactant. Langmuir
1996, 12, 2706–2711. [CrossRef]

19. Li, Y.; Li, H.; Chai, J.; Chen, M.; Yang, Q.; Hao, J. Self-assembly and rheological properties of a pseudogemini surfactant formed in
a salt-free catanionic surfactant mixture in water. Langmuir 2015, 31, 11209–11219. [CrossRef]

20. Ju, H.; Jiang, Y.; Geng, T.; Wang, Y. A green and easy synthesis method of catanionic surfactant ammonium benzenesulfonate and
its surface properties and aggregation behaviors. J. Mol. Liq. 2018, 264, 306–313. [CrossRef]

21. Han, X.; Chen, X.H.; Wang, J.; Huang, J.B. Application of anion-cation pair surfactant systems to achieve ultra-low oil-water
interfacial tension. Acta Phys.-Chim. Sin. 2012, 28, 146–153.

22. Zhao, H.N.; Cheng, X.H.; Zhao, O.D.; Huang, J.B.; Liu, C.J.; Zhao, B. Mixed cationic and anionic surfactant systems achieve
ultra-low interfacial tension in the Karamay oil field. Acta Phys.-Chim. Sin. 2014, 30, 693–698.

23. SY/T 0520-2008; Viscosity Determination of Crude Petroleum-Equilibrium Method by Rotational Viscometer. National Develop-
ment and Reform Commission: Beijing, China, 2008.

24. GB/T 13377-2010; Crude Petroleum and Liquid or Solid Petroleum Products-Determination of Density or Relative Density-
Capillary Stoppered Pyknometer and Graduated Bicapillary Pyknometer Methods. General Administration of Quality Su-
pervision, Inspection and Quarantine of the People’s Republic of China; Standardization Administration of China: Beijing,
China, 2010.

25. SY/T 0537-2008; The Test Method of Wax Content in Crude Oil. National Development and Reform Commission: Beijing,
China, 2008.

26. SY/T 0541-2009; Test Method for Gel Point of Crude Oils. National Energy Administration: Beijing, China, 2009.
27. SY/T 0522-2008; Determination of Wax Appearance Temperature in Crude Petroleum-Test Method by Rotational Viscometer.

National Development and Reform Commission: Beijing, China, 2008.
28. SY/T 5523-2006; Practice for Analysis of Oilfield Waters. National Development and Reform Commission: Beijing, China, 2006.
29. Mata, J.; Varade, D.; Bahadur, P. Aggregation behavior of quaternary salt based cationic surfactants. Thermochim. Acta 2005, 428,

147–155. [CrossRef]
30. Lin, I.J.; Somasundaran, P. Free-energy changes on transfer of surface-active agents between various colloidal and interfacial

states. J. Colloid Interface Sci. 1971, 37, 731–743. [CrossRef]
31. Tang, Z.; Wu, C.; Tang, W.; Ma, C.; He, Y.-C. A novel cetyltrimethylammonium bromide-based deep eutectic solvent pretreatment

of rice husk to efficiently enhance its enzymatic hydrolysis. Bioresour. Technol. 2023, 376, 128806–128816. [CrossRef]
32. Mcgowan, J.C. A new approach for the calculation of HLB values of surfactants. Tenside Surfactants Deterg. 1990, 27, 229–230.

[CrossRef]
33. Lv, M.; Luo, C.; Yang, J.; Zhou, Y.; Liu, C.; Xu, B. Effect of number of oxypropylene on dynamic interfacial tensions of extended

surfactants. Colloids Surf. A Physicochem. Eng. Asp. 2019, 570, 429–437. [CrossRef]
34. Fogang, L.T.; Kamal, M.S.; Hussain, S.M.S.; Kalam, S.; Patil, S. Oil/water interfacial tension in the presence of novel poly-

oxyethylene cationic Gemini surfactants: Impact of spacer length, unsaturation, and aromaticity. Energy Fuels 2020, 34, 5545–5552.
[CrossRef]

35. Zhang, Y.; Feng, Y.; Wang, Y.; Li, X. CO2-switchable viscoelastic fluids based on a pseudogemini surfactant. Langmuir 2013, 29,
4187–4192. [CrossRef]

36. Zana, R. Ionization of cationic micelles: Effect of the detergent structure. J. Colloid Interface Sci. 1980, 78, 330–337. [CrossRef]
37. Garcia-Mateos, I.; Velazquez, M.M.; Rodriguez, L.J. Critical micelle concentration determination in binary mixtures of ionic

surfactants by deconvolution of conductivity/concentration curves. Langmuir 1990, 6, 1078–1083. [CrossRef]
38. Lu, S.J.; Chen, C.; Guo, H.T.; Zhou, X.M.; Dong, J.F.; Hong, X.L.; Li, X.F.; Zhang, G.Y. Determination of the second critical micelle

concentration of CTAB by UV spectra without probe. Acta Chim. Sin. 2006, 64, 2437–2441.

https://doi.org/10.1016/j.molliq.2023.123470
https://doi.org/10.1021/acs.iecr.8b04537
https://doi.org/10.1021/acs.energyfuels.9b00006
https://doi.org/10.1016/j.colsurfa.2022.128654
https://doi.org/10.3390/molecules26206273
https://doi.org/10.1016/j.colsurfa.2018.10.025
https://doi.org/10.1021/la801518h
https://doi.org/10.1021/la960123q
https://doi.org/10.1021/acs.langmuir.5b02491
https://doi.org/10.1016/j.molliq.2018.05.034
https://doi.org/10.1016/j.tca.2004.11.009
https://doi.org/10.1016/0021-9797(71)90352-3
https://doi.org/10.1016/j.biortech.2023.128806
https://doi.org/10.1515/tsd-1990-270407
https://doi.org/10.1016/j.colsurfa.2019.03.054
https://doi.org/10.1021/acs.energyfuels.0c00044
https://doi.org/10.1021/la400051a
https://doi.org/10.1016/0021-9797(80)90571-8
https://doi.org/10.1021/la00096a009


Energies 2024, 17, 5780 14 of 14

39. El Kadi, N.; Martins, F.; Clausse, D.; Schulz, P.C. Critical micelle concentrations of aqueous hexadecytrimethylammonium
bromide-sodium oleate mixtures. Colloid Polym. Sci. 2003, 281, 353–362. [CrossRef]

40. Ekwall, P.; Mandell, L.; Solyom, P. The aqueous cetyl trimethylammonium bromide solutions. J. Colloid Interface Sci. 1971, 35,
519–528. [CrossRef]

41. Farajzadeh, R.; Krastev, R.; Zitha, P.L.J. Foam films stabilized with alpha olefin sulfonate (AOS). Colloids Surf. A Physicochem. Eng.
Asp. 2008, 324, 35–40. [CrossRef]

42. Yamashita, Y.; Sakamoto, K. Hydrophilic–lipophilic balance (HLB): Classical indexation and novel indexation of surfactant.
In Encyclopedia of Biocolloid and Biointerface Science, 2V Set. 1; Ohshima, H., Ed.; Wiley: Hoboken, NJ, USA, 2016; pp. 570–574.

43. Guo, X.; Rong, Z.; Ying, X. Calculation of hydrophile–lipophile balance for polyethoxylated surfactants by group contribution
method. J. Colloid Interface Sci. 2006, 298, 441–450. [CrossRef]

44. Ataeian, P.; Aroyan, L.; Parwez, W.; Tam, K.C. Emulsions undergoing phase transition: Effect of emulsifier type and concentration.
J. Colloid Interface Sci. 2022, 617, 214–223. [CrossRef]

45. Sauerer, B.; Al-Hamad, M.; Ma, S.M.; Abdallah, W. Effect of formation water salinity on interfacial tension of reservoir fluids.
J. Pet. Sci. Eng. 2021, 204, 108700. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00396-002-0783-z
https://doi.org/10.1016/0021-9797(71)90210-4
https://doi.org/10.1016/j.colsurfa.2008.03.024
https://doi.org/10.1016/j.jcis.2005.12.009
https://doi.org/10.1016/j.jcis.2022.02.140
https://doi.org/10.1016/j.petrol.2021.108700

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Preparation of Catanionic Surfactant Systems 
	Physicochemical Properties Characterization of Shale Oil 
	Water Quality Analysis 
	Determination and Calculation of Critical Micelle Concentration (CMC) and Hydrophilic–Lipophilic Equilibrium Value (HLB) 
	Emulsifying and Viscosity Reduction of Shale Oil Experiment 
	Morphology and Droplet Size Distribution Measurements 
	Viscosity Measurements 
	Determination of Interfacial Tension (IFT) 

	Results and Discussion 
	Physicochemical Properties of Shale Oil 
	Characterization of Catanionic Surfactant Systems 
	Oil/Water Interfacial Tension 
	Critical Micelle Concentration 
	Hydrophilic Lipophilic Balance Value 

	Emulsifying and Viscosity Reduction of Shale Oil 
	Effect of Surfactant Molar Ratio on Emulsifying and Viscosity Reduction of Shale Oil 
	Effect of Surfactant Concentration on Emulsifying and Viscosity Reduction of Shale Oil 
	Effect of Temperature on Emulsifying and Viscosity Reduction of Shale Oil 
	Effect of Oil/Water Mass Ratio on Emulsifying and Viscosity Reduction of Shale Oil 
	Effect of Water Quality on Emulsification and Viscosity Reduction of Shale Oil 
	Effect of Shale Oil Type on Emulsification and Viscosity Reduction of Shale Oil 

	Proposed Mechanism 

	Conclusions 
	References

