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Abstract: Fe3O4@ZnO nanocomposites (NCs) were synthesized to improve the stability of the worm-
like micelle (WLM) network structure of viscoelastic surfactant (VES) fracturing fluid and were
characterized by Fourier transform infrared spectrometry (FT-IR), scanning electron microscopy
(SEM), energy dispersive spectrometry (EDS), X-ray diffraction (XRD) and vibrating sample magne-
tometry (VSM). Then, an NC-enhanced viscoelastic surfactant solution as a fracturing fluid (NC-VES)
was prepared, and its properties, including settlement stability, interactions between NCs and WLMs,
proppant-transporting performance and gel-breaking properties, were systematically studied. More
importantly, the influences of the NC concentration, shear rate, temperature and pH level on the
stability of NC-VES were systematically investigated. The experimental results show that the NC-
VES with a suitable content of NCs (0.1 wt.%) shows superior stability at 95 ◦C or at a high shear
rate. Meanwhile, the NC-VES has an acceptable wide pH stability range of 6–9. In addition, the
NC-VES possesses good sand-carrying performance and gel-breaking properties, while the NCs can
be easily separated and recycled by applying a magnetic field. The temperature-resistant, stable and
environmentally friendly fracturing fluid opens an opportunity for the future hydraulic fracturing of
unconventional reservoirs.

Keywords: nanocomposite; worm-like micelle; viscoelastic surfactant; fracturing fluid; stability

1. Introduction

In recent years, unconventional oil and gas resources, especially shale gas and tight oil,
have become an important part of the world energy landscape and a substitute resource for
conventional oil and gas [1–5]. Hydraulic fracturing technology is one of the key technolo-
gies for the efficient development of unconventional reservoirs [6–8]. During the fracturing
operation, fracturing fluid (FF) is injected into the formation through the wellbore using a
high-pressure pump, forming high well pressure, and resulting in the fracture of the reser-
voir rock, which opens high-conductivity fracture channels for hydrocarbons migrating
from the reservoir to the wellbore [9,10]. Another function of the FF is to carry proppant
(such as quartz sand) into these channels to maintain their opening [11,12]. Therefore, FF
is a key component of the fracturing operation, and its performance directly affects the
success of the fracturing operation. Traditional FFs are mainly water-based fracturing fluids
based on polymer thickening compounds such as polyacrylamide (PAM), guar gum and
their derivatives [13–15]. However, these polymer thickeners cannot be completely broken
and degraded, and insoluble residues are preserved in the formation [16]. The residues
block rock pores, reducing reservoir porosity and permeability, resulting in extremely
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unfavourable conditions for subsequent exploitation of oil and gas resources [17,18]. To
effectively reduce damage to reservoirs, a viscoelastic surfactant (VES) fracturing fluid
called clean fracturing fluid was developed [19].

The structure of VES is a worm-like micelle (WLM) network structure with hydrophilic
groups facing outward and hydrophobic groups facing inward, which is self-assembled by
small molecular surfactants under the action of some organic or inorganic salts (such as
sodium salicylate, potassium chloride and sodium chloride) [20]. The viscoelastic surfactant
solution as a fracturing fluid (VESFF) shows excellent viscoelasticity and has the advantages
of good proppant-transporting performance, a strong drag reduction effect and low impact
on the environment [21]. Under the action of oil, gas or formation fluids, the WLM network
structure of VESFF can completely break without damaging the formation, which is ideal
compared to traditional FFs [22]. However, in harsh in situ conditions of unconventional
reservoirs such as high temperature and shear, the WLM network structure of VES is easily
destroyed, which greatly weakens the performance of the clean FF [23,24]. Encouragingly,
the rapid development and application of nanoparticles (NPs) provide new ideas to meet
these challenges. Some NPs have been used to improve the structural stability of VESFF to
withstand the complex environment during fracturing. Nettesheim et al. [25] found that
SiO2 NPs incorporated into a NaNO3/cetyltrimethylammonium bromide (CTAB) WLM
system could promote the entanglement of micelles to effectively improve the viscosity of
the fracturing fluid. Similarly, Zhang et al. [26] proposed a SiO2 NP-enhanced CTAB/NaSal
(sodium salicylate) WLM structure, while SiO2 NPs act as junctions of micelles to produce
a cross-linked micellar system. Philippova et al. [27] further found that NP-WLM with a
pseudo-crosslinking structure could increase the viscosity of the fracturing fluid by three
orders of magnitude. García et al. [28] studied the influence of Al2O3 NPs on the rheo-
logical behaviour of nanoparticle-enhanced VES and found that the Al2O3 NPs increased
the viscosity but not the elastic properties of the VES. In addition, some pyroelectric NPs
(such as BaTiO3 and ZnO NPs) were investigated to improve the rheological properties and
temperature resistance of VESFF, and they show good proppant-transporting performance
at high temperature [29,30]. However, the abovementioned NPs do not have external
response characteristics and are easily detained in the formation pores, which will damage
the formation. Moreover, these NPs mixed with oil and water are difficult to separate
and reuse, which not only pollutes the environment but also increases the application cost
and wastes nanomaterials [31–33]. Fortunately, magnetic NPs can respond to an external
magnetic field, which is easily separated from oil and water for reuse [34]. Magnetic NPs
(such as Fe3O4 NPs) have been reported in fracture and oil/water monitoring [35,36], frac-
turing drag reduction [37] and enhanced oil recovery [38]. What is more, the rheological
properties of magnetic NPs /WLM systems can be improved with a magnetic field [39,40].
Therefore, a nanomaterial with both magnetic and pyroelectric effects may be more suit-
able to improve the stability, proppant-transporting capacity, environmental protection
and reusability of VESFF with NPs in complex conditions for hydraulically fracturing
unconventional reservoirs.

Accordingly, this study aims to prepare a novel Fe3O4@ZnO nanocomposite-enhanced
viscoelastic surfactant solution as a fracturing fluid (NC-VES) using the interactions be-
tween nanoparticles and micelles, and gain further insights into the influence and mech-
anism of NC concentration, shear rate, temperature and pH on the stability of the NC-
VES. First, Fe3O4@ZnO nanocomposites were synthesized and characterized by Fourier
transform infrared spectrometry (FT-IR), scanning electron microscopy (SEM), energy
dispersive spectrometry (EDS) and vibrating sample magnetometry (VSM). Then, the NC-
VES was prepared, and its properties, including settlement stability, interactions between
NCs and WLMs, proppant-transporting performance and gel-breaking property, were
systematically studied.
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2. Materials and Methods
2.1. Materials

Ferric chloride (FeCl3) and ferrous sulfate heptahydrate (FeSO4·7H2O) with purities
of ≥99.5 wt.% were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Acetoxyzinc dihydrate (Zn(Ac)2·2H2O), triethanolamine (TEOA) and
sodium hydroxide (NaOH) with purities of ≥99.5 wt.% were manufactured by Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Octadecyl trimethyl ammonium chloride
(OTAC), ethyl alcohol and sodium salicylate (NaSal) with purities of ≥99 wt.% were
provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The Krafft points
of OTAC surfactant before and after addition of NaSal are 40 ◦C and 25 ◦C, respectively.
Polyacrylamide (PAM) and guar gum were provided by PetroChina Changqing Downhole
Technical Operation Company (Xi’an, China).

2.2. Synthesis of Fe3O4@ZnO NCs

First, Fe3O4 NPs were prepared by a chemical coprecipitation method, where 1.62 g
FeCl3 and 2.08 g FeSO4·7H2O were dissolved in 150 mL deionized water. Then, 0.1 mol/L
NaOH solution was slowly added to the mixed solution until the pH reached 10 and stirred
at constant speed mixer at 300 r/min for 3 h. The Fe3O4 precipitate was then washed with
ethanol and deionized water and dried at 60 ◦C for 10 h.

Second, ZnO NPs were synthesized by a hydrothermal method where 1.09 g Zn(Ac)2·2H2O
was dissolved in 100 mL deionized water. A total of 50 mL of 0.2 mol/L NaOH solution was
mixed in zinc acetate solution. Then, the mixed solution was placed in a high-pressure reactor at
160 ◦C with a mixing rate of 300 r/min for 8 h. The ZnO precipitate was subsequently washed
with ethanol and deionized water and dried at 60 ◦C for 10 h.

Finally, 0.25 g Fe3O4 NPs were dispersed in 50 mL deionized water with ultrasonic vi-
bration for 15 min. Then, 20 mL TEOA solution (1.6 mol/L) and 30 mL zinc acetate solution
(0.02 mol/L) were added into the previous solution at 90 ◦C with stirring at 300 r/min for
10 h. Thus, the composite nanoparticles were obtained after repeated purification more than
5 times through centrifugation (Centrifuge ST16, Thermo Fisher Scientific Inc., Osterode,
Lower Saxony, Germany), washing, drying and magnetic adsorption separation.

2.3. Preparation of the NC-VES

First, 2.87 mmol OTAC was dissolved in 80 mL deionized water at 40 ◦C. Fe3O4@ZnO
NCs were dispersed in the OTAC solution then ultrasonically vibrated for 15 min. Then,
20 mL NaSal solution (0.156 mol/L) was added into the previous suspension solution
at a mixing rate of 180 r/min for 10 min. NC-VES was obtained after standing for 12 h
at room temperature. Meanwhile, VES solution with Fe3O4 nanoparticles and without
nanoparticles were prepared with the same concentration (OTAC: 0.287 mmol/L; NaSal:
0.312 mmol/L) using the same methods.

2.4. Characterization of Nanoparticles

The main functional groups of the samples were examined by FT-IR with a Nicolet
6700 FT-IR instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA). The surface
morphology of the nanoparticles was observed by scanning electron microscopy (JSM-5800,
JEOL Ltd., Toyoshima, Tokyo, Japan). The elemental content of the nanoparticles was
examined with an energy dispersive spectrometer (JEOL Ltd., Toyoshima, Tokyo, Japan).
The size of the synthesized nanoparticles was measured by a Malvern laser particle size
analyzer (ZS90, Malvern Panalytical, Malvern, UK). The crystal structure of the synthe-
sized samples was measured by X-ray diffractometer (XRD, PANalytical B.V., Almelo,
The Netherlands). The magnetizing ability of the samples was evaluated through a vi-
brating sample magnetometer (Lake Shore 7400, Lake Shore Cryotronics Inc., Westerville,
OH, USA).
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2.5. Property Tests of the NC-VES

If the network structure of the NC-VES system is unstable or seriously damaged, some
or all of the NCs in the system will settle out due to the density difference between the
NCs and liquid phase. In this test, the settlement rate of NCs was used to characterize the
stability of the NC-VES system. The slower the settlement rate is, the better the stability of
the NC-VES. The settlement rates (Equation (1)) were measured by the weighing method
with a precision balance (the accuracy was 0.0001 g; Shanghai Fangrui Instrument CO.,
LTD., Shanghai, China). In this test, the settled NCs were separated from the liquid phase by
a magnet as seen in Figure 1a-(2), while the magnet did not suck out the unsettled particles
in the system as seen in Figure 1a-(1). Additionally, the effect of various factors on the
settlement stability of NC-VES were studied by changing the nanoparticle concentration,
shear rate, temperature and pH.

settlement rate =
W2 −W1

W0
× 100% (1)

where W0 is the total weight of the NCs added to the NC-VES, g; W1 is the weight of the
empty sample bottle, g; and is the total weight of the sample bottle and settled NCs after
being dried, g.

Nanomaterials 2022, 11, x FOR PEER REVIEW 4 of 15 
 

 

2.5. Property Tests of the NC-VES 

If the network structure of the NC-VES system is unstable or seriously damaged, 

some or all of the NCs in the system will settle out due to the density difference between 

the NCs and liquid phase. In this test, the settlement rate of NCs was used to characterize 

the stability of the NC-VES system. The slower the settlement rate is, the better the stabil-

ity of the NC-VES. The settlement rates (Equation (1)) were measured by the weighing 

method with a precision balance (the accuracy was 0.0001 g; Shanghai Fangrui Instrument 

CO., LTD., Shanghai, China). In this test, the settled NCs were separated from the liquid 

phase by a magnet as seen in Figure 1a-(2), while the magnet did not suck out the unset-

tled particles in the system as seen in Figure 1a-(1). Additionally, the effect of various 

factors on the settlement stability of NC-VES were studied by changing the nanoparticle 

concentration, shear rate, temperature and pH. 

2 1

0

 100%
W W

settlement rate
W

−
=   (1) 

where W0 is the total weight of the NCs added to the NC-VES, g; W1 is the weight of the 

empty sample bottle, g; and is the total weight of the sample bottle and settled NCs after 

being dried, g. 

 

Figure 1. Test of the settlement stability (a) and proppant-transporting performance (b). 

Proppant-transporting performance is one of the key properties of fracturing fluid. 

In the test, the settling velocity of proppant (quartz sand) in the NC-VES is used to char-

acterize the proppant-transporting performance. As shown in Figure 1b, the settling ve-

locity was calculated by the Formula v = h/t, where h and t were recorded as the vertical 

distance (cm) and time (s) taken for quartz sand as proppant to settle from the surface to 

the bottom of 40 mL NC-VES. 

3. Results and Discussion 

3.1. Characterization of Fe3O4@ZnO Nanocomposites 

Figure 2 shows the comparison of the chemical structures of Fe3O4, ZnO and 

Fe3O4@ZnO based on the FT-IR spectra obtained over the wavenumber range of 400–4000 

cm−1. The stretching vibration peak at approximately 3410 cm−1 in all the IR spectra is at-

tributed to hydroxyl groups (O–H) due to the adsorbed water molecules on the surface of 

the samples. The peak at approximately 570 cm−1 represents Fe-O bonds in spectra Figure 

2a,b. The stretching peak at approximately 450 cm−1 is related to Zn-O bonds in spectra 

Figure 2a,c. Both the Fe-O bond and Zn-O bond existing in the synthesized Fe3O4@ZnO 

composite indicate that ZnO was adsorbed on the surface of the Fe3O4 particles. 

Figure 1. Test of the settlement stability (a) and proppant-transporting performance (b).

Proppant-transporting performance is one of the key properties of fracturing fluid. In
the test, the settling velocity of proppant (quartz sand) in the NC-VES is used to characterize
the proppant-transporting performance. As shown in Figure 1b, the settling velocity was
calculated by the Formula v = h/t, where h and t were recorded as the vertical distance (cm)
and time (s) taken for quartz sand as proppant to settle from the surface to the bottom of
40 mL NC-VES.

3. Results and Discussion
3.1. Characterization of Fe3O4@ZnO Nanocomposites

Figure 2 shows the comparison of the chemical structures of Fe3O4, ZnO and Fe3O4@ZnO
based on the FT-IR spectra obtained over the wavenumber range of 400–4000 cm−1. The
stretching vibration peak at approximately 3410 cm−1 in all the IR spectra is attributed to
hydroxyl groups (O–H) due to the adsorbed water molecules on the surface of the samples.
The peak at approximately 570 cm−1 represents Fe-O bonds in spectra Figure 2a,b. The
stretching peak at approximately 450 cm−1 is related to Zn-O bonds in spectra Figure 2a,c.
Both the Fe-O bond and Zn-O bond existing in the synthesized Fe3O4@ZnO composite indicate
that ZnO was adsorbed on the surface of the Fe3O4 particles.
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Figure 2. FT-IR spectra of the samples, (a) Fe3O4@ZnO, (b) Fe3O4, (c) ZnO.

The SEM images with EDS analysis of the Fe3O4 (a), ZnO (b) and Fe3O4@ZnO samples
(c) are depicted in Figure 3. As seen from the SEM images, the average sizes of the synthe-
sized Fe3O4 NPs, ZnO NPs and Fe3O4@ZnO NCs are approximately 25 nm, 10 nm and
60 nm, respectively. As shown in Figure 4, the medium diameters of the three nanoparticles
with a narrow size distribution, were consistent with the observation results of the SEM
images. The pure Fe3O4 NPs appear to exhibit an octahedral structure (Figure 3a), while the
ZnO NPs display a spherical-like structure with smaller dimensions (Figure 3b). Figure 3c
clearly shows that ZnO NPs are successfully adsorbed on the surface of Fe3O4 NPs. Ad-
ditionally, the comparison results of the EDS analysis further showed that the composite
nanoparticles were successfully synthesized. Meanwhile, the mass ratio of Fe3O4 and ZnO
(5.14:1) in the Fe3O4@ZnO NCs was obtained from the EDS analysis. Besides, in all EDS
diagrams, the oxygen content higher than the theoretical value was mainly attributed to
the adsorption of water molecules.

XRD analysis of synthesized Fe3O4, ZnO and Fe3O4@ZnO nanoparticles and Rietveld
refinement of the XRD data of the Fe3O4@ZnO composite were shown in Figure 5. As
shown in Figure 5a, the characteristic peaks and Bragg lattice planes reported at 30.08◦

(220), 35.42◦ (311), 43.08◦ (400), 53.56◦ (422), 56.98◦ (511) and 62.63◦ (440) are related to
Fe3O4 structure, while the characteristic peaks and Bragg lattice planes reported at 31.72◦

(100), 34.44◦ (002), 36.21◦ (101), 47.49◦ (102), 56.51◦ (110), 62.81◦ (103) and 67.86◦ (112)
are related to ZnO structure, which are in accordance with the patterns of standard pure
Fe3O4 and ZnO, respectively [41,42]. Almost no obvious impurity peak was observed,
which confirmed the high purity for the synthesized samples. As shown in Figure 5b,
Rietveld refinement with good fit (goodness of fit x2 = 1.19) was carried out to obtain more
crystal phase information of the composite. Parameters for Fe3O4 (crystal structure: cubic;
lattice constant: a = 8.372 Å; space group: Fd3m) and parameters for ZnO (lattice constant:
a = 3.249 Å, c = 5.208 Å; crystal structure: hexagonal; space group: P63mc) were obtained.
Meanwhile, the mass ratio of Fe3O4 and ZnO (4.91:1) in the Fe3O4@ZnO NCs from the
Rietveld refinement is consistent with the EDS test within the range of allowable error. The
results revealed that Fe3O4@ZnO NCs with a high purity were successfully synthesized.
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Figure 6 shows the magnetization of the Fe3O4 and Fe3O4@ZnO samples. It is clearly
observed that the magnetization curves for the measured samples are S-shaped. When the
magnetic field is zero, the remanence and coercive force are close to zero, indicating that the
synthesized Fe3O4 NPs and Fe3O4@ZnO NCs possess good soft magnetic and practically
superparamagnetic properties. The saturation magnetization measured for pure Fe3O4
NPs is 76.03 emu/g, while the saturation magnetization of Fe3O4@ZnO NCs decreases
slightly but still maintains a high value of 62.26 emu/g. The high magnetization ensures
that the Fe3O4@ZnO NCs have strong magnetic response ability and are easily separated
from the liquid phase by magnetic field during quantitatively measuring the settlement
rate of NCs (seen in Section 2.5). On the other hand, Fe3O4@ZnO NCs is simply recycled
from the dispersed solution by using a magnet (seen in Section 3.3). What is more, the mass
ratio of Fe3O4 and ZnO calculated from the comparative saturation magnetization is 5.02:1,
consistent with the above tests (EDS analysis and XRD analysis), which further proves the
purity of the synthetic Fe3O4@ZnO NCs.
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3.2. Stability of the NC-VES
3.2.1. Effects of Shear Rate and NC Concentration

The shear rate-dependent viscosities of the VESFF for different NC concentrations was
studied with shear rates ranging from 0.1 to 1000 s−1 at 25 ◦C (tested with an Anton Paar
rheometer, Physica MCR 302, Anton Paar GmbH, Graz, Austria). Figure 7 shows that the
viscosity remains unchanged at low shear rates, while a notably reduced slope is observed
under high shear rates, and the shear-thinning phenomenon occurs in all samples. The
dependence of viscosity on shear rate is usually explained by shear banding behaviour,
which has been reported in previous research results [43–46]. It is found that the NCs
can improve the viscosity of the VES system. When the concentration of the NCs is low
(0.01 wt.%), the viscosity increases but is not clear compared with the VES without NCs.
When the NC concentration reaches 0.1 wt.%, the viscosity at 170 s−1 of the NC-VES is
higher than VES without NCs. However, when the NC concentration is higher (0.3 wt.%),
the viscosity of NC-VES decreases sharply at high shear rates.
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Dynamic modulus (storage modulus G′ and loss modulus G”) as a function of fre-
quency is shown in Figure 8. Within the measured test frequency range, the storage modu-
lus remains almost unchanged, while the loss modulus increases gradually. For NC-VES
systems, the storage modulus and loss modulus are greater than those of the VES system,
suggesting that the WLM network in VES is strengthened by NCs. Here, the nanoparticles
are incorporated into worm-like micellar systems to form nanoparticle-micelle junctions as
the connection point of WLMs, which improves the structural stability and viscoelasticity
of the WLM systems [47–49]. Combined with Figures 7 and 8, this indicates that the NC
concentration (0.1 wt.%) enables the NC-VES system to possess sufficient stability and
high viscosity, maintaining good proppant-transporting performance during fracturing
operations. Therefore, subsequent research on the influencing factors of fracturing fluid
focuses on the NC-VES system with a 0.1 wt.% NC concentration.

3.2.2. Effect of Temperature

All samples were heated to the corresponding experimental temperature by a water
bath and held for 10 h, then the settlement rate of NCs in each sample was obtained by
weighing and calculation, as shown in Figure 9. The results show that when the temperature
increased from 25 to 65 ◦C, the settlement rate of NCs increased from 0 to 0.1%, while
almost no sedimentation phenomenon occurred, indicating that the NC-WLM network
structure of the system was very stable in the low to medium temperature range. As the
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temperature continued to rise, the sedimentation rate increased slightly, but even at a high
temperature of 95 ◦C, the settlement rate was only about 2%, indicating that the temperature
resistance of the system was very good. Conventional VESFF is a WLM network structure
formed by the spontaneous aggregation and self-assembly of high-concentration surfactant
molecules, which has a specific viscoelasticity and can meet the needs of fracturing in
medium- and low–temperature reservoirs. However, the WLM structure in traditional
VESFF is easily broken at high temperatures, because the interaction between molecules
such as van der Waals forces and hydrogen bonding forces weakens and the stability of
aggregates decreases [23], leading to a sharp decrease in the viscosity of the system, which
severely weakens the performance of the fracturing fluid.
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Figure 10. Viscosity as a function of time at high temperature (heated to 95 °C). 

Figure 9. Settlement rate as a function of temperature, in which the insertions from left to right refer to
the stable state of the NC-WLM system at 25 ◦C, 65 ◦C and 95 ◦C respectively.(OTAC: 0.287 mmol/L;
NaSal: 0.312 mmol/L).



Nanomaterials 2022, 12, 812 10 of 15

The viscosities as a function of time at 95 ◦C with a constant heating rate of 3 ◦C/min
and a shear rate of 170 s−1 are displayed in Figure 10. When the temperature is lower
than 60 ◦C, a slight increase in viscosity was observed in all three curves. However, as the
temperature continues to increase to 95 ◦C, the viscosity of the samples decreases sharply.
The viscosity of VES with Fe3O4 NPs is lower than that without NPs at 95 ◦C. The reason is
that a certain amount of surfactant molecules are adsorbed on the surface of Fe3O4 NPs,
resulting in a decrease in the surfactant concentration involved in WLM structure in the
liquid phase [50]. Compared with the other two systems, the high-temperature resistance
of the NC-VES system is mainly attributed to the ZnO NPs on the surface of the NCs.
As shown in Figure 11, the ZnO nanoparticles adsorbed on the surface of NCs possess
a pyroelectric effect, releasing charges with increasing temperature. The charged NCs
easily adsorb micelles and play a role in the junction of the WLM network structure. The
electrostatic screening of charged WLMs promotes further growth of wormlike micelles,
and maintains good stability of the WLM network structure [29]. Therefore, the NCs
incorporated into the WLM network act as a skeleton-like structure, greatly improving the
stability of the NC-WLM system at high temperature.
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3.2.3. Effect of pH

As shown in Figure 12a, in a highly acidic environment (pH = 1–5), the settlement
phenomenon of the system is very clear, while the settlement rate is as high as 94.9%.
This shows that the system cannot exist stably in strong acids, which can be attributed to
two aspects. On the one hand, in the presence of a strong acid, some NCs react with H+

(Fe3O4 + 8H+ = Fe2+ + 2Fe3+ + 4H2O, ZnO + 2H+ = Zn2+ + H2O) and are dissolved in the
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solution. The solution will then exhibit the crimson colour of the Fe2+ and Fe3+ aqueous
solutions. On the other hand, excessive H+ leads to an increase in the repulsive force
between the head groups of the OTAC molecule and destroys the WLM network structure,
which results in large settlement of NCs [51,52]. From the results, when pH = 1, the
settlement rate decreases, which does not mean that the settlement stability of the NC-VES
becomes better, but that more NCs have been dissolved in the solution. Therefore, it can be
considered that the stronger the acidity, the worse the settlement stability of the system.
When the pH is weakly acidic–neutral–weakly alkaline (pH = 6–9), the settlement rate
of the system is very small. Meanwhile, Figure 12b shows that it is difficult for NCs to
form stable suspension in water without WLMs even under neutral conditions, because
the particle density (about 5.26 g/cm3) is much greater than that of the liquid. In the
strongly alkaline environment (pH = 10–14), the settlement rate of NCs increases rapidly
with increasing pH. When pH ≥ 13, a large number of NCs settle out. On the one hand,
ZnO is dissolved by alkaline solution (ZnO + 2OH− + H2O = [Zn(OH)4]2−). On the other
hand, an excessive OH− destroys the self-assembly mechanism of surfactant molecules,
leading to micelles unsuccessful for connecting with each other and assembling into a
WLM network structure [53]. Therefore, the pH environment has a strong impact on the
stability of the NC-VES, with the system being able to maintain a good stability in a wide
range of pH = 6–9.
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3.3. Proppant-Transporting Performance and Gel-Breaking Property

In the process of a hydraulic fracturing operation, fracturing fluid is pumped into
the formation, cracking the rock formation and forming a fracture channel to improve the
oil and gas production efficiency. To prevent fracture closure, proppants (such as quartz
sand) are transported by fracturing fluid into the formation to prop fractures, keeping the
fracture open for a long time under formation pressure. Therefore, it is very important that
the fracturing fluid possess good proppant-transporting performance, which is one of the
key factors for the success of fracturing operations. In this work, the proppant-transporting
performance of four fracturing fluids was compared, and the results are shown in Table 1.
Compared with conventional fracturing fluids (Guar FF and PAM FF), the VES systems
(NC-VES and VESFF) show better proppant-transporting performance. The settlement
velocity of quartz sand in the NC-VES is only 0.52 × 10−3 cm/s, far less than 0.08 cm/s,
which displays superior proppant-transporting performance [54]. In addition, by adding a
small amount of kerosene to NC-VES, gel breaking occurs rapidly with no residue, and the
NCs can be easily recycled using a magnet to apply a magnetic field, as shown in Figure 13.



Nanomaterials 2022, 12, 812 12 of 15

The results imply that the NC-VES system is a low-damage, environmentally friendly and
cost-saving fracturing fluid.

Table 1. Settlement velocity of different FF samples at room temperature.

Samples Constituents (per 100 mL Water) Viscosity (mPa·s) Settlement Velocity (cm/s)

NC-VES 1 wt.% OTAC + 0.5 wt.% NaSal + 0.1 wt.% NCs 158 0.52 × 10−3

VESFF 1 wt.% OTAC + 0.5 wt.% NaSal 130 7.29 × 10−3

Guar FF 0.35 wt.% Guar 51 0.18
PAM FF 0.35 wt.% PAM 59 0.11
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4. Conclusions

In this study, the influence and mechanism of NC concentration, shear rate, tempera-
ture and pH on the settlement stability of the NC-VES fracturing fluid was systematically
investigated. First, NCs with good magnetic response ability were synthesized and acted
as junctions of micelles to improve the stability of the WLM network structure. The results
showed that the NC-VES system with the optimal concentration of 0.1 wt.% possesses
good shear and temperature resistance. At high temperatures (such as 95 ◦C), the ZnO NPs
with a pyroelectric effect on the surface of NCs can effectively reduce the decomposition of
the WLM network structure to prevent the NCs from settling out of the fracturing fluid.
Strong acid and strong alkaline solutions seriously damage the NC-VES network structure
by dissolving NCs and hindering the self-assembly behaviour of surfactant molecules,
resulting in an acceptable pH range of 6~9. In addition, the settling velocity of quartz
sand in the system at room temperature was only 0.52 × 10−3 cm/s, indicating that the
NC-VES has good proppant-transporting performance. Finally, no residue was found after
gel breaking of the NC-VES and the recovery of NCs by magnetic adsorption, implying no
damage to the formation and the environment. A new type of temperature-resistant, stable
and environmentally friendly fracturing fluid was thus provided for hydraulic fracturing
of unconventional reservoirs.
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