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Abstract: Hydraulic fracturing is one of the important methods to improve oil and gas production.
The performance of the fracturing fluid directly affects the success of hydraulic fracturing.
The traditional cross-linked polymer fracturing fluid can cause secondary damage to oil and gas
reservoirs due to the poor flow-back of the fracturing fluid, and existing conventional cleaning
fracturing fluids have poor performance in high temperature. Therefore, this paper has carried out
research on novel sulfonate Gemini surfactant cleaning fracturing fluids. The rheological properties
of a series of sulfonate Gemini surfactant (DSm-s-m) solutions at different temperatures and constant
shear rate (170 s~!) were tested for optimizing the temperature-resistance and thickening properties
of anionic Gemini surfactants in clean fracturing fluid. At the same time, the microstructures of
solutions were investigated by scanning electron microscope (SEM). The experimental results showed
that the viscosity of the sulfonate Gemini surfactant solution varied with the spacer group and the
hydrophobic chain at 65 °C and 170 s~!, wherein DS18-3-18 had excellent viscosity-increasing
properties. Furthermore, the microstructure of 4 wt.% DS18-3-18 solution demonstrated that
DS18-3-18 self-assembled into dense layered micelles, and the micelles intertwined with each other
to form the network structure, promoting the increase in solution viscosity. Adding nano-MgO can
increase the temperature-resistance of 4 wt.% DS18-3-18 solution, which indicated that the rod-like
and close-packed layered micelles were beneficial to the improvement of the temperature-resistance
and thickening performances of the DS18-3-18 solution. DS18-3-18 was not only easy to formulate,
but also stable in all aspects. Due to its low molecular weight, the damage to the formation was close
to zero and the insoluble residue was almost zero because of the absence of breaker, so it could be
used as a thickener for clean fracturing fluids in tight reservoirs.

Keywords: sulfonate gemini surfactant; thickener; temperature-resistance; clean fracturing fluid

1. Introduction

The weakness of polymer crosslinking fracturing fluid in field applications are becoming more
and more obvious with the development of unconventional oil reservoirs [1-5]. Compared with
the traditional cross-linked polymer fracturing fluids, clean fracturing fluids consist of a viscoelastic
surfactant and a corresponding salt solution. The have the advantages of high flowback, simple on-site
preparation, simple injection process and less damage to the formation [6]. As is shown in Table 1,
compared with the guanidine gum fracturing fluid, the cleaning fracturing fluid has many significant
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advantages. However, the increase of temperature is not conducive to the formation of closely
packed worm-like micelles in solution for the conventional single-chain surfactants, which results
in low viscosity and poor thickening performance [7]. Simultaneously, the amount of surfactant
will obviously increase with the increase of temperature, and the cost of clean fracturing fluids
will increase significantly [8,9]. Gemini surfactants have a special molecular structure including
two hydrophilic groups and two hydrophobic chains. They have characteristics of lower oil-water
interfacial tension, CMC, Krafft point, and higher viscosity compared with conventional single-chain
surfactants [10-12]. Gemini surfactants can form stable micellar structures with obvious thickening
effects at low concentration. Therefore, they have broad application potential in constructing a
temperature-resistant thickening clean fracturing fluid system [13,14]. At present, the application
of Gemini surfactants in cleaning fracturing fluids is mainly concentrated on cationic Gemini
surfactants [15]. Zhu et al. [16] added 4 wt.% NaCl or 15 wt.% hydrochloric acid to 2-2.5 wt.%
cationic Gemini surfactant solution to form a clean fracturing fluid. The temperature resistance of the
mixed solution could be up to 95 °C and 80 °C, respectively. Yang et al. [17] found that the 1.0 wt.%
cationic Gemini surfactant could maintain a high viscosity (50 mPa-s) at 120 °C and 100 s~ 1. Yu [18]
studied the viscosity characteristics and the micellar structures of cationic Gemini surfactants. It was
found that by increasing the hydrophobic chain length at s = 2, the linear micelles in the solution
tended to aggregate to form a network structure which led to an increase in viscosity.

Table 1. Comparison of clean fracturing fluid and guanidine gum fracturing fluid.

Parameter Clean Fracturing Fluid Guanidine Gum Fracturing Fluid
Molecular weight category Molecular weight less than 500 Molecular weight greater than 50,000
With or without crosslinker No Yes

With or without a breaker No Yes
. . Viscoelastic body carrying sand, viscosity =~ Fracturing fluid carrying sand, viscosity
Sand carrying mechanism greater than 30 mPa-s at 100 s~! greater than 100 mPa-s at 100 s~
Filtration loss Low filtration High filtration
Diversion capacity More than 93% More than 70%
Craftsmanship Easy to make on site Difficult to make on site

However, because of the positive charge-carrying properties of cationic Gemini surfactants,
they are easily adsorbed on the surface of oil-bearing rocks, leading to alteration of the wettability
of the oil-gas seepage channels and about 14 wt.% permeability damage to the reservoir [19].
Due to the fact that anionic Gemini surfactants have a lower adsorption than cationic Gemini
surfactants, in recent years, scholars have studied anionic Gemini surfactant viscoelastic fracturing
fluids. Several studies have shown that the viscosity of the sulfonate Gemini surfactant solutions
is affected by the hydrophobic carbon chain and spacer length and additive concentration [20-22].
Moreover, the viscosity behavior of a sulfonate Gemini surfactant solution was investigated. It was
concluded that the viscosity of the 0.6 wt.% surfactant solution could be 90 mPa-s at 30 °C and
6 s~ 1. However, when the temperature exceeded 60 °C, the viscosity of the solution was close to
that of water which indicated that the temperature resistance was poor. Tang et al. [23] formulated
a carboxylate Gemini surfactant clean fracturing fluid containing 3 wt.% DC16-4-16 and 0.04 wt.%
ZnO, and they found that it had high viscosity of 30 mPa-s at 100 °C. For application of anionic
Gemini surfactants as thickeners for clean fracturing fluids, the temperature-thickening properties
of the anionic Gemini surfactant solution are particularly important [24]. In addition, studies have
shown that spacer group and hydrophobic carbon chain play the most important role in the viscosity
of anionic Gemini surfactant solutions [25]. The bisulphonate structure in sulfonate Gemini surfactants
makes them have good water solubility, coupling and high surface activity, and their raw material
sources are relatively extensive, and the synthesis method is relatively simple, so sulfonate Gemini
surfactants are most likely to achieve large-scale industrial production.

Clean fracturing fluid studies are now mainly focused on the study of cationic viscoelastic
surfactants and have been used successfully in some oil fields. However, the cationic surfactant and
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the cationic Gemini surfactant cleaning fracturing fluid easily cause reservoir damage, and have the
problems of poor degradability and pollution damage to the environment and increased consumption
cost at high temperature. Simultaneously, the newly developed conventional anionic Gemini surfactant
cleaning fracturing fluids have problems of high dosage of chemicals and poor high temperature
stability. Therefore, a systematic investigation of the effects of hydrophobic carbon chain, spacer group,
temperature, concentration, and additives on the viscosity of novel sulfonate Gemini surfactants is
needed. Constructing a new non-invasive and temperature-resistant clean fracturing fluid to solve
the problems of high dosage, poor temperature stability and inability to automatically break of the
existing clean fracturing fluid has obvious scientific significance and practical value. The results have
scientific, social and economic value for the efficient development of oil and gas reservoirs.

In this paper, the effects of hydrophobic chain, spacer group, concentration, temperature and
addition of nano-MgO on the viscosity of sulfonate Gemini surfactant solution were investigated by
measuring the solution viscosity. Then, their micellar microstructures were observed by Cryo-SEM.
Finally, the thickening mechanism of sulfonate Gemini surfactant was investigated by correlating the
relationship between solution viscosity and its microstructure. Therefore, this research studied the
rheological properties of the sulfonate Gemini surfactant solution and provided experimental basis for
the application of sulfonate Gemini surfactants in clean fracturing fluid.

2. Materials and Methods

The sulfonate Gemini surfactants shown in Table 2 were purified twice. By accurately weighing
4 g of each surfactant and dissolving in distilled water in a 50 mL volumetric flask, 8.0 wt.% solutions
of different sulfonate Gemini surfactants were prepared. Other surfactant solution concentrations were
prepared by appropriately diluting the 8.0 wt.% solution.

Table 2. Sulfonate Gemini surfactants and their classification.

Spacer Sulfonate Gemini Surfactant (DSm-s-m)
s=2 DS12-2-12, DS14-2-14, DS16-2-16, DS18-2-18
s=3 DS18-3-18
s=4 DS18-4-18

m: hydrophobic chain carbon number, s: spacer group carbon number.

By accurately weighing 0.4 g of nano-MgO and dissolving in distilled water in a 100 mL volumetric
flask, a 0.4 wt.% solution of nano-MgO was prepared. Other solution concentrations were prepared by
diluting the 0.4 wt.% solution.

Viscosity tests of sulfonate Gemini surfactant solutions were performed using a MCR-301
rheometer (Anton-Paar, Graz, Austria). The temperature for analysis ranged from 50 to 90 °C
(the experimental temperature was 65 °C if no special instructions are given), and the shear rate
was fixed with 170 s~! according to the Oil and Gas Industry Standard SY/T5107-2005. The viscosity
data in the figures below were all averaged after three times unless otherwise stated, and the viscosity
test error was 1 mPa-s & 0.005 mPa-s.

The micellar structure of sulfonate Gemini surfactant solution was observed using a 54800 FESEM
(Hitachi, Toyko, Japan). The test solution was placed in a liquid nitrogen tank for quick freezing.
After freezing, the sample was quickly placed in a freeze dryer for 24 h. The sample was coated with a
conductive plastic on a scanning electron microscope, and the sample was sprayed using ion sputtering
apparatus. Finally, the sample was observed by the 54800 field emission scanning electron microscope.

This experimental method can directly link the macroscopic solution viscosity to the
microstructure, and then the effect of the micelle on the viscosity of the solution can be investigated,
which is beneficial to the study of the thickening mechanism.
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The disadvantage of this experimental method is that the scanning electron microscope can only
qualitatively observe the microstructure of the solution micelles but cannot quantitatively describe the
size and diameter of the micelles.

3. Results and Discussion

3.1. Effect of Hydrophobic Chain on the Viscosity of Sulfonate Gemini Surfactant Solution

The effect of hydrophobic chain on the viscosity of sulfonate Gemini surfactant (DS-m-2-m)
solution (8.0 wt.%) was studied at 65 °C and 170 s~ 1. As can be seen from Figure 1, the viscosity of
sulfonate Gemini surfactant solution increases with increasing carbon number of the hydrophobic
chain. The reason for this phenomenon is the hydrophobicity of the molecule increases as the length of
the hydrophobic chain increases, which promotes the formation of micelles in the solution, and the
micelles become tightly entangled with each other, leading to the increase in solution viscosity [26].
The DS-16-2-16 solution’s viscosity is slightly lower, probably because the long hydrophobic chain
is easily deformed, making for less effective hydrophobic groups in the solution and a decrease of
solution viscosity [27]. To better explain this phenomenon, the micellar structures for selected sulfonate
Gemini surfactant solution are shown in Figure 2. DS-12-2-12 in solution self-assembles to form distinct
spherical micelles with a diameter of about 200 nm. The spherical micelles are closely arranged forming
a plate shape. DS-14-2-14 in solution self-assembles into rod micelles. Even though the diameters
of rod micelles are about 100 nm, these micelles are tightly packed together. In addition, DS-16-2-16
self-assembles into spherical and rod-shaped micelles, and their diameters are about 100 to 200 nm.
More importantly, these micelles are packed closer than in DS12-2-12. DS-18-2-18 also self-assembles
in solution to form spherical and ellipsoid (like rods) micelles, but their diameters are approximately
300 nm. Unlike DS12-2-12 and DS16-2-16, these micelles are loosely arranged, and only a few micelles
form the network structure. Therefore, DS-18-2-18 has a better viscosity-increasing effect, and the
maximum viscosity of the micelle solution is 14.7 mPa-s.
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Figure 1. Effect of hydrophobic chain on the viscosity of DSm-2-m solution.
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Figure 2. Effect of hydrophobic chain on micelle structure of DSm-2-m solution.



Energies 2018, 11, 3182 50f11

3.2. Effect of Spacer Group on the Viscosity of Sulfonate Gemini Surfactant Solution

The effect of spacer group on the viscosity of sulfonate Gemini surfactant (DS-18-s-18) solution
(8.0 wt.%) was studied at 65 °C and 170 s~!. It can be seen from Figure 3 that the viscosity of the
sulfonate Gemini surfactant solution increases dramatically when the spacer group carbon number
increases from 2 to 3, and the solution viscosity reaches a maximum of 56.53 mPa-s. The viscosity
decreases after the spacer group carbon number increases to 4. Figure 4 shows the micelle structures
of the selected sulfonate Gemini surfactants. DS-18-2-18 self-assembles in solution to form spherical
and ellipsoid (like rods) micelles, and their diameter are approximately 300 nm. These micelles are
loosely arranged, and only a few micelles form the network structure. DS-18-3-18 self-assembles
in solution to form layered micelles, which are intertwined to form a similar network structure.
In addition, DS-18-4-18 self-assembles into a flat-shaped structure with spherical micelles, but these
micelle structures are loosely arranged and cannot fill the whole space. Thus, as the spacer group
changes, the microstructures of selected DS18-s-18 solution undergoes a transition from spherical
micelles to a network of layered micelles and finally to spherical/layered mixed micelles. DS-18-3-18
has a better thickening behavior under the experimental conditions.

60 -
50
40 -

301

Viscosity (mPa-s)
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DS18-2-18 DS18-3-18 DS18-4-18

Figure 3. Effect of spacer group on the viscosity of DS18-s-18 solution(s = 2, 3, 4).

(a) DS18-2-18

(c) DS18-4-18

Figure 4. Effect of spacer group on micelle structure of DS18-s-18 solution(s = 2, 3, 4).
3.3. Effect of Concentration on the Viscosity of DS18-3-18 Solution

According to the results in Sections 3.1 and 3.2, DS18-3-18 was selected as thickener for our
clean fracturing fluid. The effect of concentration on DS-18-3-18 solution viscosity was studied at
65 °C and 170 s~1. It can be observed from Figure 5 that the solution viscosity increases with the
concentration, and the viscosity increases sharply when concentration increases from 3.0 wt.% to
4.0 wt.%. When the solution concentration is higher than 4.0 wt.%, the increase tendency of the
viscosity becomes slower, and the thickening ability becomes weak. The reason for this phenomenon is
that the sulfonate Gemini surfactant will form the dense network structure in solution with increasing
concentration, which is beneficial to the increase of solution viscosity. However, with the increase
of concentration, the micelle structure ultimately reaches a stable state, resulting in little change in
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viscosity [28]. The effect of concentration on microstructure of DS18-3-18 was investigated, and the
results are exhibited in Figure 6. DS18-3-18 self-assembles into incomplete sheet micelles, and these
micelles can’t cover the whole space when the concentration is 1.0 wt.%. Then the complete sheet
structures appeared in the DS18-3-18 solution and occupy the entire space when the concentration
was 2.0 wt.% (Figure 6b). The number of sheet micelles increased, and some of the sheet micelles
aggregated to form closely-coupled rod micelles, forming a network structure, and the density of the
micelles in the solution became greater when the concentration was 4.0 wt.% (Figure 6c). It can be
seen that the micelle structure gradually changed from an incomplete sheet micelle to tightly wound
rod-like and sheet structures as the concentration increased. Thus, 4.0 wt.% DS-18-3-18 was selected as
thickener’s concentration for the next research of thickening effect.

Viscosity (mPa.s)

2 4 6 8
Concentration (%)

Figure 5. Effect of concentration on the viscosity of DS18-3-18.
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(c) 4.0 wt.% DS18-3-18

Figure 6. Effect of concentration on micelle structure of DS18-3-18.
3.4. Effect of Temperature on Viscosity of DS18-3-18 Solution

The relationship between DS-18-3-18 solution viscosity and temperature was studied, and the
results are shown in Figure 7. As the temperature increases, the solution viscosity of 4.0 wt.%
DS18-3-18 shows a downward trend. In particular, there is a significant decrease in DS18-3-18
solution viscosity when temperature increases from 60 °C to 70 °C. Then the tendency slows down
when the temperature exceeds 70 °C. This is because the network micelles in DS18-3-18 solution
will be destroyed as temperature increases [29,30]. Moreover, lamellar micelles, reticular micelles,
and worm-like micelles can help to keep the viscosity stability of DS18-3-18 solution at higher
temperatures. To further investigate the mechanism of temperature-resistance thickening of DS18-3-18
solution, the self-assembly morphology of DS18-3-18 micelles were characterized by scanning electron
microscopy, and the electronic micrographs are shown in Figure 8, where it can be seen that DS18-3-18
self-assembles into a complete layered micelle, and the layered micelles have large pieces of sheet
micelles attached at 50 °C. When the temperature raised to 70 °C, the lamellar micelles gradually
disintegrate to form sheet micelles, and these sheet micelles became smaller (Figure 8b). Then the sheet
micelle structures in the solution became sparse, and part of the sheet structure disintegrated to form
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irregular spherical micelles and rod-like micelles at 90 °C. But these micelles still formed the network
structure in solution (Figure 8c).

704
60
50

40

Viscosity (mPa-s)

50 60 70 80 90
Temperature (°C)

Figure 7. Effect of temperature on the viscosity of 4 wt.% DS18-3-18.

1. 00um

(a) 50 °C DS18-3-18 solution structure (b) 70 °C DS18-3-18 solution structure

(c) 90 °C DS18-3-18 solution structure

Figure 8. Effect of temperature on the micelle structure of 4.0 wt.% DS18-3-18.

This indicates that the density of network lamellar micelles in DS18-3-18 solution decreases as the
temperature increase, and the morphology of the micelles gradually becomes incomplete, resulting in a
decrease in solution viscosity. But the spatial network structure is conducive to the DS18-3-18 solution
viscosity when temperature is higher than 70 °C. Thus, DS18-3-18 solution viscosity was still 6.42 mPa-s
at 90 °C, which exhibited prominent thickening ability and tolerance of DS18-3-18 at high temperature
(>80 °C).
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3.5. Effect of Nano-MgO on the Viscosity of 4.0 wt.% DS18-3-18

The influences of nano-MgO concentration on the 4.0 wt.% solution viscosity were studied at
90 °C. Figure 9 shows that the DS18-3-18 solution viscosity increases firstly and then decreases as
the nano-MgO concentration increases at high temperature. When 0.02 wt.% nano-MgO is added,
the solution viscosity reaches its maximum of 21.87 mPa-s, which meet the required viscosity of a clean
fracturing fluid. This is because the nano-MgO with extremely high specific surface area and can be
easily adsorbed on the micelle end plane or surface in the DS18-3-18 solution when the nano-MgO
concentration is low. Therefore, nano-MgO particles shield the micelles from electrostatic repulsion,
which is beneficial to form the network micelles and increase solution viscosity [31]. Due to the high
content (4.0 wt.%) of DS18-3-18, double-layered structures were formed with the nano-MgO through
non-covalent bonds. The hydrophilic heads of the surfactants faced outward, and the nanoparticles
were in the center [32]. As the mass fraction of nano-MgO continued to increase, it was more conducive
to the formation of this double-layer structure, which promoted the repulsion between DS18-3-18
solution micelles and weakened the stability of the network structure. Therefore, the viscosity
and temperature-resistance of the solution were reduced when the nano-MgO reached a certain
mass fraction. To better explain the observed phenomena, the micellar structures of the DS18-3-18
solution with different concentration of nano-MgO were investigated. As can be seen from Figure 10,
4.0 wt.% DS18-3-18 self-assembles into sparse sheet micelles. Then the aggregated rod-like micelle
structure appears on the sheet-like micelle structure in solution when adding 0.01 wt.% nano-MgO.
The rod-like micelles accumulated through the structure of the sheet micelles in the DS18-3-18 solution
gradually became larger and aggregated into a compact layer when the concentration of nano-MgO was
0.02 wt.% (Figure 10c). Finally, the compact layer structure gradually became sparse, and the rod-like
micelles gradually transformed into worm-like micelle structure when the concentration was 0.03 wt.%
(Figure 10d). Also, the viscosity of DS18-3-18 solution firstly increases and then decreases with the
increase of nano-MgO concentration. Therefore, nano-MgO affect viscosity of 4.0 wt.% DS18-3-18
solution in high temperature though changing micellar structure morphology of DS18-3-18 solution,
and it has the best temperature-resistant thickening effect on solution viscosity at the concentration
of 0.02 wt.%.

Viscosity(mPa-s)
N

10 1 -
6 /
6 -
T T T
0.00 0.02 0.04 0.06

Concentration(%)

Figure 9. Effect of nano-MgO concentration on the viscosity of 4.0 wt.% DS18-3-18.
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(b) 4 wt.% DS18-3-18+0.01 wt.% nano-MgO

1..00um

(c) 4.0 wt.% DS18-3-18 + 0.02 wt.% nano-MgO (d) 4.0 wt.% DS18-3-18 + 0.03 wt.% nano-MgO
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Figure 10. Effect of different concentration of nano-MgO on the micelle structure of DS18-3-18 solution.

4. Conclusions

The effects of molecular structure, temperature and addition of nano-MgO on the viscosity of

sulfonate Gemini surfactants were investigated by testing the solution viscosity. The micelles of the
solution were observed by Cryo-SEM, and the mechanism of increasing the viscosity in surfactant
solution was explored. The most important conclusions for this work are summarized as below:

)

@)

®)

4)

)

(6)

The viscosity of the DSm-s-m solution showed a fluctuating upward trend with increasing the
length of hydrophobic chain at s = 2. Meanwhile, the viscosity of the DS18-s-18 solution increased
firstly and decreased later with increasing spacer group length. Moreover, DS18-3-18 showed
prominent viscosity behavior.

The viscosity of the DS18-3-18 solution increased as the increase of surfactant concentration,
and the tendency of the increase became slow when the solution concentration exceeded 4.0 wt.%.
4.0 wt.% DS18-3-18 solution had better temperature-resistance, and the viscosity of the solution
kept above 6 mPa-s at 90 °C and 170 s~ !, which satisfied the experimental requirements for a
clean fracturing fluid thickener.

The addition of nano-MgO improved the temperature-resistance of 4.0 wt.% DS18-3-18 solution.
The viscosity of the solution increased firstly and decreased later with increasing nano-MgO
concentration. The viscosity of the solution reached its maximum of 21.87 mPa-s at 90 °C
when 0.02 wt.% nano-MgO was added, which achieved the required viscosity of the clean
fracturing fluid.

DS18-3-18 self-assembled intodense layered micelles, and the micelles entangled with each
other to form a network structure, contributing to the better temperature-resistance and higher
viscosity. Nano-MgO further enhanced the temperature-resistance of 4.0 wt.% DS18-3-18 solution
by changing the micellar morphology.

The limitation of this experimental study was that the temperature resistance of the sulfonate
Gemini surfactant can only reach 90 °C, and the cost was slightly higher.
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(7) Compared with other studies, DS18-3-18 had a temperature resistance of 90 °C, and the viscosity
after adding nano-MgO could reach up to 21.87 mPa-s, which meet the viscosity requirements of
a clean fracturing fluid and has good application prospects.
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