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Abstract: Graphene and its derivatives, with their unique two-dimensional structures and excellent
physical and chemical properties, have been an international research hotspot both in the research
community and industry. However, in application-oriented research in the oil and gas industry they
have only drawn attention in the past several years. Their excellent optical, electrical, thermal and
mechanical performance make them great candidates for use in oil and gas exploration, drilling,
production, and transportation. Combined with the actual requirements for well working fluids,
chemical enhanced oil recovery, heavy oil recovery, profile control and water shutoff, tracers, oily
wastewater treatment, pipeline corrosion prevention treatment, and tools and apparatus, etc., this
paper introduces the behavior in water and toxicity to organisms of graphene and its derivatives in
detail, and comprehensively reviews the research progress of graphene materials in the upstream
oil and gas industry. Based on this, suggestions were put forward for the future research. This work
is useful to the in-depth mechanism research and application scope broadening research in the
upstream oil and gas industry.

Keywords: graphene and its derivatives; upstream oil and gas industry; enhanced oil recovery; well
working fluid; profile control and water shutoff; oily wastewater treatment

1. Introduction

With the continuous growth of population and the rapid development of economy, the global
energy demand is increasing. Oil and natural gas, as the most important current energy sources for
human society, will not be replaced on a large scale, at least during the first 50 years of the 21st
century. The oil and gas industry is a multibillion-dollar market that affects the lives of anyone who
has ever driven a car, used electricity, walked on asphalt-paved roads or used polymer products such
as plastics [1]. Therefore, new technologies need to be actively explored to increase the production of
fossil fuels and meet the needs of rapid economic growth and human life.

In recent years, nanomaterials application research in biology, medicine, electronic engineering
and other fields has made rapid progress, which also provides new ideas for the development of the
upstream oil and gas industry. The relatively high cost of nanomaterials is a major challenge for their
application in the oil and gas industry, but scholars and oil companies around the world are still
actively carrying out research on the applications of nanomaterials in the oil industry. The most
widely studied nanomaterials are carbon nanotubes, carbon nanofibers, nano-oxides, and nano-clays
[2].

As a special nanomaterial, the application of graphene and its derivatives in the field of oil and
gas industry has attracted more attention. However, compared with its extensive application in other
fields (such as biodegradation, biomedicine, energy storage and conversion electronic devices,
electronics, photonics, high-strength composite materials, etc.), the application of graphene in o0il and
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gas exploration and production is still at the initial stage. Although its research time is short, the
effects of graphene and its derivatives in oil exploration and development are obvious, so many
scholars and engineers believe that they will have a better application prospects in the upstream oil
and gas industry. Although in theory, graphene should be large in size and large in area, each carbon
atom is sp? hybridized, and there are dangling bonds on the edges. However, because graphene needs
to be stable in the natural environment, the hanging bonds on the edges of such nanoscale graphene
sheets are occupied by other chemical bonds, therefore, in practical applications, it is always a three-
dimensional graphene material composed of nanoscale graphene sheets. In this paper, the application
of graphene and its derivatives in petroleum engineering is reviewed, and their development
directions in the upstream oil and gas industry are proposed.

2. Characteristics of Graphene Materials

2.1. Graphene and its Derivatives

In 2004, Novoselov and Geim at the University of Manchester in the UK obtained the first
graphene sheet by a mechanical exfoliation method, and since then graphene has become a research
hotspot in the scientific community around the world [3]. The unique properties of graphene and its
derivatives make it of great research and application value. Graphene is composed of a single layer
of carbon atoms linked by sp? hybridization. Its basic structural unit is the most stable benzene-like
six-membered ring structure. Its theoretical thickness is only 0.35 nm, which is the thinnest two-
dimensional material discovered so far [4].

Graphene has many excellent physical and chemical properties. For example, the strength of
graphene is the highest among the tested materials, reaching 130 GPa, which is more than 100 times
that of steel. Its carrier mobility is 1.5 x 10* cm>V-1-s7!, which is twice that of indium antimonide
material (the material that has the highest carrier mobility known so far) and 10 times higher than
that of the commercial silicon wafers. Under certain conditions (such as low temperature quenching,
etc.), the mobility can even be as high as 2.5 x 105 cm>V-1-s7.. The thermal conductivity of graphene
can reach 5 x 103 W-m-K-1, which is three times that of diamond. In addition, graphene has excellent
chemical stability and adsorption properties [5-9].

Graphene derivatives generally include graphene oxide (GO), reduced graphene oxide (rGO),
graphene quantum dots (CQDs), doped graphene and modified graphene, among which graphene
oxide is the most widely used graphene derivative. Graphene oxide is a kind of single-layer two-
dimensional material, obtained by the oxidizing and intercalating modification treatment of
graphene, which changes part of carbon atoms from sp? hybrid state to sp® hybrid state, and then
peeled layer by layer [10]. The structure of graphene oxide is similar to that of graphene, carrying a
large number of active oxygen-containing functional groups, such as hydroxyl, carboxyl, epoxy, etc.,
which enables GO to not only have the characteristics of graphene, but also have other chemical and
physical properties (for example, graphene oxide can be evenly and stably dispersed in water). At
the same time, due to the introduction of oxygen-containing functional groups, the large 7 conjugate
structure of graphene is destroyed, so the ability of conducting electrons is lost, and the conductivity
is obviously reduced. Most of the oxygen-containing groups in reduced graphene oxide were
removed, and the C/O ratio increased significantly, therefore, it turns from being hydrophilic to
hydrophobic [11-14].

2.2. Behavior in Water

The industrial applications of graphene and its derivatives are mainly in the fields of surface
coating and preparation of nanocomposites, in which graphene and its derivatives participate the
whole process mainly in the dispersion form. The research on the behavior of graphene and its
derivatives in water is involved in the fields of chemistry, materials science, environmental science
and biomedicine [15,16]. In the field of oil and gas production, in order to be applied to well working
fluids and chemical enhanced oil recovery, graphene and its derivatives in the form of nanoparticles
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are usually dispersed in a water phase. Therefore, their behavior in water is particularly important
for their application in the oil and gas industry.

The solubility of graphene in water is very low. Due to the effect of van der Waals forces, it easily
forms agglomerates or even accumulates to form turbostratic carbon in aqueous solution [17]. The
zeta potential on the surface of graphene is affected by the pH value of the solution, and the
interaction between the particles is also affected, so the dispersion state of graphene in water can be
changed. However, GO particles are easy to disperse evenly in aqueous solution, due to their
hydrophilic oxygen-containing functional groups on the surface [18]. In addition, GO tends to form
stable colloidal solutions in water on account of the electrostatic stabilization mechanism. Lanphere
et al. showed that when the pH value was 5-9, the pH value had no significant effect on both the
hydraulic diameter and the average electrophoretic mobility of GO. However, when the pH value
reduced from 4 to 2, the average electrophoretic mobility of GO was significantly reduced, the
electrostatic repulsion on the surface was weakened, and the hydraulic diameter of GO was sharply
increased [19]. In addition, the average electrophoretic mobility and hydraulic diameter of GO
increased with the increase of ionic strength. When the ionic strength of the solution was greater than
0.1 mol'L-!, GO began to coagulate rapidly. Furthermore, the influence of divalent metal ions on the
average electrophoretic mobility and the hydraulic diameter was stronger than that of univalent
metal ions. Moreover, the humic acid had a significant effect on the stability of GO in the solution.
When the concentration of humic acid increased from 0 to 10 mg-L, the hydraulic diameter of GO
decreased from 500 nm to 250 nm, and the stability was significantly improved [20]. In addition,
recent study conducted by Szabo et al. reported that the limit of rapid aggregation was found to be
size and composition dependent. They also pointed out that not only the widely employed
Hummers-Offeman method, but the overlooked Brodie method is also capable of providing
graphene oxides with good dispersion stability in water [21].

2.3. Toxicity in Organisms

With the rapid growth of the application scope and usage of graphene materials, it is inevitable
they will leak into the environment at some point during the whole cycle of production, storage,
transportation, use, disposal and recycling. Although graphene nanomaterials have relatively good
biocompatibility, they still have certain biological toxicity. Therefore, the impact of graphene
nanomaterials on organisms and the environment has attracted more and more attention [22]. The
oil and gas industry itself has the characteristics of high pollution and high risk. Therefore, when
graphene and its derivatives are used in the oil and gas industry, their biological toxicity must be
considered, thus ensuring that the oilfield enterprises always stick to the people-oriented principle
and develop products towards the direction of environmental protection and safety. Current
biological toxicity studies on graphene and its derivatives mainly include their cytotoxicity, animal
toxicity, plant toxicity and antibacterial properties, etc. [23,24]. Clarifying these charcateristics is of
great significance for the functionalization and practical application of graphene.

Cytotoxicity is one of the important indexes used to evaluate the safety of pollutants. Studies
have shown that graphene nanomaterials have certain cytotoxicity, and their toxicities are closely
related to their physical and chemical properties and the types of cells, and it also has a significant
concentration dependence. The mechanism of the cytotoxicity of graphene is not very clear at present,
but studies have shown that oxidative stress and inflammatory reaction are the main mechanisms
leading to cell death. Graphene materials have high surface activity, which can produce a lot of
reactive oxygen radicals (ROS) after aggregation on the surface or inside of cells. These ROS further
lead to DNA fragmentation, cell membrane damage and mitochondrial dysfunction [25]. Qu et al.
also found that GO can increase ROS levels in cells when it enters cells and accumulates to a certain
extent. At the same time, go can also interact with the toll-like receptor 4 (TLR4) on the surface of cell
membrane and activate TLR4 signaling pathway, which leads to inflammation and programmed cell
death. Qu et al. also found that after GO entered the cell and accumulated to a certain degree, it could
increase intracellular ROS. At the same time, GO also interacted with the toll-like receptor 4 (TLR4)
on the cell membrane surface, and activate the TLR4 signaling pathway, thereby triggering an
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inflammatory response and leading to programmed cell death. In addition, GO can directly damage
the cytoskeleton, change the cell morphology and affect the normal function of cells [26]. Wang et al.
found that the toxicity of GO aqueous solution was not obvious at a low concentration of 20 pug/mL,
but increased significantly when the concentration was more than 50 pg/mL [27].

Graphene materials have also shown some toxic effects on animals. At present, most of the
studies focus on mammals such as rats and mice. The lower protozoa and nematodes, as well as
zebrafish and other aquatic animals have also been studied. The toxicity of graphene materials to
animals is closely related to its action position, action mode and action concentration, as well as the
size of itself and the types of surface functional groups. The toxicity of graphene to mammal is
manifested as low acute toxicity. GO is more toxic to the lungs of mammals than graphene, however,
the surface modification can avoid the toxic effects of GO. The size of graphene material is also a
major factor affecting its toxicity [28-31]. In addition to mammals, Zhao et al. found that GO had
obvious reproductive toxicity to the nematode Caenorhabditis elegans, which can damage its gonad
development [32]. Chen et al. studied the effect of GO on zebrafish and the results showed that GO
had no obvious acute toxicity to zebrafish but could lead to oxidative stress and immune toxicity in
this species [33].

Graphene materials are toxic to both terrestrial plants and algae. Begum et al. studied the toxic
effects of graphene on a variety of vegetables, from the aspects of growth, biomass, shape, cell death
and active oxygen level of their roots and buds. The results showed that higher concentrations of
graphene could significantly inhibit plant growth and biomass increase. In addition, different kinds
of plants and different parts of plants have different reactions after exposure to the action of graphene
[34]. Zhao studied the toxicity and translocation of GO to Arabidopsis thaliana, and found that GO had
no significant effect on seed germination, seed development, seedling root development and
flowering time. The above studies indicate that the toxic effect of graphene on plants may be related
to oxidative stress, but the detailed mechanisms need further study [35]. Nogueira et al. studied the
effect of GO on the green algae Raphidocelis subcapitata from the aspects of ROS, membrane damage
and chlorophyll content, and the results showed that GO could lead to the increase of ROS and
membrane damage in green algae cells, and the accumulation of graphene would also affect the
lighting efficiency of green algae [36]. Ouyang et al. studied the toxic effect of GO on Chlorella vulgaris
and found that GO could accumulate on the surface of algal cells, significantly reduce the
permeability of cell membrane, and cause a degree of extent oxidative stress, resulting in algal cells
damage [37]. The above studies have shown that the toxicity of graphene materials to algae is mainly
caused by the increase of reactive oxygen species. In addition, the shadowing effect of graphene
accumulation also affects the growth of algae.

In the aspect of antibacterial activity, Hu et al. first reported the antibacterial activity of GO and
rGO, and found that the graphene-based nanomaterials can effectively inhibit the growth of
Escherichia coli while showing less cytotoxicity. Graphene paper sheet obtained by simple vacuum
filtration using graphene suspension also had good antibacterial effect [38].

In conclusion, the toxicity of graphene materials to cells, animals, and plants is relatively low,
and they can show good biocompatibility after surface modification. Graphene has a good
antibacterial effect on microorganisms. However, Schinwald et al. found that GO could interact with
proteins in the plasma to form GO-protein composite particles. Graphene sheets could easily become
inhalable particles, enter the lungs and deposit into the alveoli, and produce toxic effects on the lungs,
causing severe pulmonary fibrosis and cysts. In addition, the particles may accumulate in the lung,
liver, spleen and kidney. What makes matters worse is that it cannot be removed from the kidney
[39]. Therefore, special care should be taken when handling graphene and its derivatives, and gloves,
laboratory suits and protective masks should be worn.

3. Application in the Upstream Oil and Gas Industry

Exploratory research for applying graphene and its derivatives in the fields of well working
fluids, chemical enhanced oil recovery, heavy oil recovery, profile control and water shutoff, tracer,
and oily wastewater treatment, etc., was conducted in the past three years. Meanwhile, they have
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also been applied in tools, sensors and pipelines. Although the above research is still in the initial
stages, we have reasons to believe that graphene and its derivatives will certainly provide new
breakthroughs in their application in the oil and gas industry, because of their widely application
research in many fields such as biomedicine, nanotechnology, electronics, photonics, heat transfer
and so on, through which the similar mechanisms could be found.

3.1. Well Working Fluid

3.1.1. Drilling Fluid

Drilling engineering is an important step in establishing a connection channel between the
ground production system and the underground reservoir, which refers to the rock stratum with
pores, fractures or holes, where oil or natural gas are stored and flow. The performance of the
working fluid directly affects the construction work. Drilling fluid in the broad sense is all fluids
(such as liquid, gas, foam) that help to produce and remove cuttings from the wellbore during drilling
process. The functions of drilling fluid mainly include flushing the bottom of the well, carrying
cuttings, balancing formation pressure, cooling and lubricating the drill bit, stabilizing the well wall,
protecting oil and gas reservoir, and transmitting the ground power, etc. Monteiro et al. pointed out
that graphene particles can effectively improve the fluid fluidity, filtration, rheology, stability,
lubricity, electrical properties, thermal properties, viscosity and other properties, therefore it can be
added to drilling fluid, completion fluid, cementing fluid, etc. [40]. This section focuses on the role of
graphene and its derivatives in improving the filtration loss property, lubricity, and rheological
property, and the borehole wall stability.

(1) Filtration loss properties

Drilling fluids can be filtered into the reservoir at a certain temperature and pressure difference.
The filtration loss property of a drilling fluid refers to the property of whether a drilling fluid can be
easily filtered into the formation or not. A large amount of filtrate invading into the reservoir will
block the oil/gas flow channels and cause damage to the reservoir. At the same time, the thick filter
cake (drilling fluid filter cake is the solid phase deposited on the formation surface during the
filtration process of the drilling fluid, which is measured by thickness, and also known as mud cake)
may cause drilling accidents such as undergauging of holes, increased friction, bit freezing, and well
leakage. Therefore, it is necessary to add a fluid loss control agent to drilling fluids to ensure the
formation of high-quality mud cake and prevent the filtrate from invading the formation during the
drilling process [41].

Submicrometer-thick membranes made from graphene oxide can be completely impermeable to
liquids, vapors, and gases, including helium, but these membranes allow unimpeded permeation of
water [42]. If it can be dispersed in the drilling fluid at nanometer scale, its huge specific surface area
will make it adhere to the surface of the well wall at a very low concentration, and form a thin and
tough integrated film through the connection way similar to tiles [43,44]. The film plays the role of
sealing the micro-nanoscale pores in the formation and can be easily removed by backflow during
production [45,46]. Therefore, graphene can be a powerful filtration loss control agent.

Graphene oxide, as a kind of nanomaterial with the same lamellar structure as graphene, is more
suitable for use in water-based drilling fluid than graphene because its surface is rich in polar groups
and it has good water dispersibility [47]. During the drilling, the filtrate of the drilling fluid
penetrating into the pores of the formation begins from the moment that the drill bit breaks the
formation to form a wellbore. Meanwhile, the solid particles adhere to the well wall to form a filter
cake. The thickness of the filter cake is related to the amount of fluid loss. In general, the greater the
filtration loss, the thicker the filter cake. Adding GO into the drilling fluid can improve its filtration
loss property and improve the quality of the filter cake. Jamrozik et al. used scanning electron
microscope (SEM) to compare the microstructure of filter cakes before and after adding 1.5 wt% GO
to a low solid drilling fluid. The results showed that due to the existence of large number of oxygen-
containing functional groups in GO, it easily reacted with the polymers in the drilling fluid, which
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made the surface of carbonate mineral microcrystalline in the filter cake become covered with a
coating of GO-modified, highly polymerized polymers. Therefore, the formed filter cake was more
compact, which could prevent water from entering the reservoir and was more conducive to
stabilizing the well wall [48].

Kosynkin et al. believed that even if GO was added to a water-based drilling fluid at a dosage
as low as 0.2 wt%, it still showed good filtration loss control performance. American Petroleum
Institute (API) filtration loss is a commonly used parameter to describe the filtration performance of
drilling fluids. API filtrate loss refers to the filtration loss of drilling fluid permeated through the filter
paper with the cross-sectional area of 45.8 cm? and the diameter of 9 cm at room temperature and
0.689 MPa pressure for 30 min. Compared with standard bentonite (API filtration loss was 7.2 mL,
filter cake thickness was 280 pum), the best filtration loss property was achieved when the mass ratio
of flaky GO to powdered GO was 3:1, and the results were that the API filtration loss was 6.1 mL and
the filter cake thickness was 20 um [49]. Xuan et al. pointed out that nano-GO could improve the
filtration loss effect by increasing the viscosity and exhibited a stronger filtration loss control
performance even at a lower concentration. Compared with the traditional filtration loss control
agent, it was found that if nano-GO was used as the filtration loss control agent without the addition
of bentonite, the API filtrate loss was reduced from 137.0 mL to 14.7 mL when the dosage of nano-
GO was increased from 0.2% to 0.6%, which were obtained based on the experiments conducted
according to the API standard procedure recommended for testing drilling fluids. Therefore, it was
considered that nano-GO had excellent filtration loss control effect without needing the presence of
bentonite [50].

(2) Lubricity

Graphene has excellent self-lubricating properties, so it can be used to improve the lubricity of
drilling fluids. Zhao et al. studied the lubrication and wear properties of graphene particles as
lubricant additives added into the PAO4 lubricating oil by means of a UTM-2 tribometer via ball on
plate contact reciprocating sliding. The results showed that the friction coefficient and the wear rate
can be reduced by 78% and 95%, respectively, when graphene was added [51].

Taha et al. developed nanographene particles that can enter the pores of metals where they
crystallize under high pressure to form a protective film, and prevent the formation of balled bits.
The tests showed that the extreme pressure lubrication coefficient of water-based polymer drilling
fluid could be reduced by 80% after adding graphene with a volume fraction of 1-5%, while it as only
reduced by 30-40% after the addition of a common ester-based lubricant. In addition, graphene also
can significantly improve the reservoir protection performance of the well completion fluid. After the
interaction of graphene-based completion fluid with the reservoir, the reservoir permeability
recovery rate reached 41%, while it was only 5% for a conventional completion fluid. After adding
2% graphene into the drilling fluid of a pilot well in Myanmar, the penetration rate increased from
3.04.0 to 9.0 m/h, while the friction resistance decreased by 70-80%. Meanwhile, the bit life was
extended by 75%, the bit wear was small, and no mud was found on the bit surface. The wear rate of
the drill bit was reduced, and no balled bit were seen [52,53].

Furthermore, Liu et al. pointed out that GO had a better effect on improving the lubricating
properties and friction reduction of drilling fluid than graphene. A field application test in Northeast
China showed that when 0.075 wt% GO was added to an oil-based drilling fluid, the lubrication factor
of the drilling fluid was reduced by 15.6%, the reduction rate of the friction coefficient was increased
by 24.3%, and the aluminum disk wear was reduced by 20.5% [54].

(3) Rheological properties

Halliday et al. pointed out in their patent that adding graphene particles to the drilling fluid
could improve the rheological properties of drilling fluids, such as plastic viscosity, yield pint, gel
strength, apparent viscosity, and so on. Using graphene particles 80 mesh size (the particle size
distribution was greater than 65%) they could prepare a drilling fluid system with excellent
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rheological properties, while particles of 120 mesh could be used to prepare a stuck-freeing spotting
fluid [55].

(4) Borehole wall stability

Borehole wall stability refers to the ability of the face of a well to maintain its original state. Shale
inhibitors are often used to inhibit shale expansion and maintain borehole wall stability. Graphene
and its derivatives can also improve the shale stability [56-58]. Aftab et al. comparatively studied the
expansibility of shale samples treated in five drilling fluid samples with KCl, KCl/partial hydrolytic
polyacrylamide, KCl/graphene platelet, KCl/nanosilica, and KCl/multi-walled carbon nanotubes as
shale inhibitors, respectively. X-ray diffraction results showed that the volume expansion rate of shale
samples which were immersed in the drilling fluid with KCl/graphene nanosheets for 20 h was
minimal, indicating that the addition of graphene to a drilling fluid could improve the shale stability
[59]. Rana et al. studied the surfactant-modified GO to improve the performance of water-based
drilling fluids. They claimed that the mechanism was that the sodium dodecylsulfate-modified GO
(SDS-GO) could be adsorbed on the clay surface by electrostatic action, which could reduce the
repulsions between clay particles. Compared with the conventional drilling fluids, the rheological
properties and anti-swelling properties of SDS-GO-containing water-based drilling fluids were all
improved [60].

3.1.2. Cementing Fluid

Cementing fluid is the working fluid used in well cementation. During the process of cementing,
the cementing fluid is injected from the casing pipe to the annulus space (as shown in Figure 1)
between the rock face and the casing pipe, returns to a certain height, and then becomes a cement
paste to consolidate the well wall and the casing. The main components of the cementing fluid
include water, cement and other additives [61,62]. Graphene can improve the rheology of cementing
fluids. Wang et al. conducted a quantitative study of the influence of GO dosage on rheological
parameters of the cementing fluid by using rheometer and laser scanning confocal microscope. The
results showed that the dispersed cement particles agglomerated again and formed a recombination
flocculation structure under the influence of GO, which will affect the rheological properties of the
cementing fluid; the thixotropy, plastic viscosity and yield stress of the cementing fluid were
significantly increased after the addition of GO, therefore the stability of the cementing fluid was also
greatly improved [63].

Cementing fluid Casing pipe

\

Annulus space

#%  Rock face

Figure 1. Schematic of cementing fluid flows in the annulus space.

The strength of the cement sheath is the main criterion to evaluate the quality of cementing [64-
66]. It is found that GO sheets had good hydrophilicity and can be dispersed in the cementing fluid
as a reinforcing material, which is helpful to improve the bonding between cement hydration
products, and prevent the initiation of microcracks and further growth in the early stage of cracking
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[67]. The mechanical properties of Portland cement can be improved (compressive strength and
tensile strength increased by 10% and 30%, respectively) by changing the internal microstructure of
cement after hydration. In addition, graphene’s high thermal conductivity and high electrical
properties can reduce the chemical shrinkage of cement, which is conducive to controlling the growth
of microcracks in the cement matrix and improving wellbore integrity [68,69].

3.1.3. Fracturing Fluids

Unconventional oil and gas reservoirs, such as tight gas, tight oil, shale gas and shale oil, are hot
topics in global energy development. The typical characteristic of such reservoirs is that the
permeability is very low, so some reservoir stimulation measures are needed for hydrocarbon
production. Hydraulic fracturing technology is the most important production stimulation treatment
for the development of unconventional oil and gas reservoirs [70-73]. A fracturing fluid is the
working fluid used in fracturing stimulation, and its performance directly affects the effect of
fracturing stimulation. In order to improve the fracturing effect of unconventional reservoirs, scholars
have done a lot of optimization research on the formulae of fracturing fluids. With the application of
nanotechnology in the oil and gas industry, graphene has been applied to fracturing fluids by oil
companies [74-76].

Saudi Arabian Oil Company (Dhahran, Saudi Arabia) pointed out in their patent that both
nanographene and nano-GO can be used as crosslinkers for fracturing fluids. When a composite
crosslinker system based on the above materials and crosslinkers was used to conduct fracturing, the
shear resistance of fracturing fluids was improved by the synergistic effect between nano-GO or
nanographene and cross-linking agents [77]. Lv et al. studied a GO-stabilized ultra-dry CO: foam
fracturing fluid, and the results showed that the addition of GO improved the thermal stability and
effective viscosity of the ultra-dry CO:2 foam. When GO and saponin were mixed, the interfacial
viscoelastic modulus of COz/liquid increased, and the interfacial bubble membrane appeared as a
solid phase. Compared with pure surfactant-stabilized foam, GO improved the filtration loss of ultra-
dry CO: foam. When the filtration pressure difference was 3.5 MPa, the addition of GO significantly
reduced the filtration loss coefficient of ultra-dry CO: foam. The filter cake would be formed after the
filtration loss of GO-stabilized CO2 foam, and the damage rate to the core was higher than that of the
pure surfactant stabilized foam. However, the permeability damage rate of the core with permeability
of 1.83 x 10 um? was still less than 10%, which was also clean for the reservoir. This research
provided a new efficient fracturing system for unconventional oil and gas in water-deficient areas
[78]. The above studies indicate that graphene materials can improve the performance of fracturing
fluids.

3.2. Chemical Enhanced Oil/Gas Recovery

Fossil energy sources such as oil and natural gas, are non-renewable energy forms. How to
maximize the oil or gas recovery is of great significance to the sustainable development of the global
economy, and the enhanced oil recovery (EOR) technology has attracted worldwide attention, in
which chemical enhanced oil recovery (CEOR) is one of the most effective ways. The construction of
oil flooding systems based on new materials has always been the main direction of the development
of chemical flooding for oil recovery. The application of nanoparticles in CEOR, which has developed
rapidly in the past two decades, provides the basis for the application of graphene materials in CEOR
[79-82]. The following studies show that the use of graphene and its derivatives is feasible in chemical
enhanced oil recovery.

3.2.1. Nanofluid Flooding

Nanofluid flooding technology shows great application prospects in CEOR. The term nanofluid
refers to a homogeneous liquid obtained by highly dispersing nanomaterials (almost all of them are
zero dimensional nanoparticles) in water or other liquid phases (such as ethanol). Compared with
the conventional chemical flooding (alkali flooding, surfactant flooding, polymer flooding, etc.), the
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nanofluid flooding mechanism is more diversified, including conventional mechanisms such as
mobility control, low interfacial tension, wetting reversal, as well as the unique interfacial effects of
nanoparticles [83-85].

(1) Graphene oxide

It is found that graphene oxide can be used in CEOR due to its surfactant-like properties, such
as changing wettability, emulsifying property and reducing interfacial tension. Radnia et al. studied
the adsorption behavior and mechanism of GO on the sandstone surface (as shown in Figure 2) and
analyzed the change trends of adsorption under different conditions. They found that the adsorption
amount of GO on the surface of sandstone was related to the concentration of GO solution. The higher
the initial concentration was, the greater the adsorption capacity was. In addition, the adsorption
amount can be increased by reducing the pH value and increasing the salt concentration. When the
pH value was low, the hydrogen bond between the oxygen-containing functional groups on the GO
sheet and the silicon hydroxyl group on the sandstone surface was the reason for the adsorption;
when the pH value was high, the N-7t interaction between -o-groups on the sandstone surface and
ni-electrons on the GO surface was the reason for the adsorption. Furthermore, the presence of the
electrolyte increased the adsorption amount. It seems that Na* cations acted as a bridge between the
two negatively charged surface of the sandstone and GO sheets, and the bridging effect of Na* was
not as much as the effect of pH at low salinities [86].

GO sheets GO sheets
a S

Figure 2. Schematic of adsorption mechanism of GO on sandstone at (a) low pH, (b) high pH and (c)

at the presence of cations. (Reproduced with permission from [86]. Elsevier, 2017).

Then Radnia et al. studied the feasibility of GO in improving the oil recovery from the
perspective of the emulsification performance of GO, as well as the effect of asphalt on the
emulsification performance. The results showed that adding a small amount of asphalt in the oil
phase can enhance the strength of the emulsion droplets film through the interaction between GO
and asphalt, thus improving the emulsification efficiency and emulsion stability, as shown in Figure
3. In addition, the concentrations GO and asphalt had the most significant effect on the interfacial
tension, which decreased with the increase of GO and asphalt concentrations. Furthermore, under all
conditions, the type of emulsion was an oil-in-water emulsion, which was more suitable for enhanced
oil recovery. However, water-in-oil emulsions were observed when the asphalt concentration was
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higher than 1.5 wt%. In order to control this phenomenon, the oil/water ratio should be increased
[87].

Polar Functional Group

Busuabtalioes Aliphatic Side Chain
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P;\\‘.y“’
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\

GO Film
GO Nanosheet Oil-in-Water Droplet

Figure 3. Schematic of emulsification process. (Reproduced with permission from [87]. Elsevier, 2019).

Khoramian et al. studied the oil enhanced recovery capability of GO nanosheets from the
perspective of their influence on the viscosity of water phase and emulsification performance. The
results show that GO could increase the viscosity of aqueous solution, reduce the oil-water interfacial
tension, and change the oil-wet carbonate rocks into water-wet. In addition, increasing the salt
content in the aqueous solution could reduce the dispersion stability of GO on the one hand, increase
the viscosity of the solution on the other hand, and meanwhile reduce the oil-water interfacial tension
by a small margin. Furthermore, they proposed that the main mechanism of increasing recovery
efficiency of GO was changing the mobility ratio. Therefore, through the above research, it is clear
that GO can be used in chemical enhanced oil recovery [88].

(2) Functionalized modified graphene

The functionalized modification products of graphene and GO can also be used in CEOR. The
corresponding functional modifications mainly include alkylamine-modified graphene oxide,
sulfonated graphene oxide, nitrogen-doped graphene, and graphene oxide/silica composite
materials.

For alkylamine-modified functionalized GO, Luo et al. pointed out that the alkylamine-modified
GO was structurally asymmetric amphiphilic Janus nanoparticles. They could automatically
accumulate at the oil/water interface in brines with medium or high concentrations, and self-organize
to reduce the oil/water interfacial tension. At the same time, this functionalized GO could form a
layer of recoverable solid elastic film at the oil/water interface, separate the oil and water phase, and
displace the oil phase. The oil recovery can be increased by 7.5% at an ultra-low dosage of 0.005 wt%
and 15.2% at relatively low dosage of 0.01 wt%. Therefore, it can be used to improve crude oil
recovery in secondary or tertiary oil recovery [89].

Chen et al. found that increasing the length of the alkyl chain grafted on GO, increasing the
surface roughness of the modified GO, and reducing the surface energy, could increase the contact
angle of the surface of hydrophilic core. In addition, the hexadecylamine- and octadecylamine-
modified GO have the ability to reduce the water injection pressure and increase the water injection
capacity in low-permeability reservoirs (as shown in Figure 4), and can be used as nano-drag
reduction agents in low-permeability reservoirs [90].
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Figure 4. Pressure of water flooding before and after nano drag reducer injection [90].

Radnia et al. studied the ability and mechanism of sulfonated nano porous graphene (NPG) in
improving oil recovery, as shown in Figure 5. The results showed that the sulfonated GO containing
more sulfonated functional groups exhibited good dispersion stability in water. In addition, the
sulfonated graphene could reduce the interfacial tension and change the wettability of the rock
surface. At the same time, it was pointed out that the dominant mechanism of sulfonated graphene
in improving oil recovery was its influence on rock wettability, as shown in Figure 6 [91].
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Figure 5. Schematic illustration for the preparation of functionalized NPG. (Reproduced with

permission from [91]. Elsevier, 2018).
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Figure 6. Schematic illustration for displacement mechanism of functionalized NPG. (Reproduced
with permission from [91]. Elsevier, 2018).

Namin et al. pointed out that functionalized nitrogen-doped graphene could disperse stably in
water in the condition of high salt and high temperature and could reduce the oil/water interfacial
tension by 49.2%. Wettability reversal could be achieved by its adsorption on sandstone and
limestone surfaces. In addition, when functionalized nitrogen-doped graphene was used as oil
displacement agent, the oil recovery could be increased by 16.42%, which they believed was mainly
due to its ability to reduce the interfacial tension [92].

AfzaliTabar et al. prepared rGO/SiOz nanohybrid by the sol-gel method, and pointed out that
the Pickering emulsion stabilized by this nano-porous graphene/SiO2 nanohybrid remained stable in
a reservoir with a salt content of 1%, the temperature of 25-120 °C, and the pH value of 7-10. It is also
pointed out that the composite material can reduce the oil/water interfacial tension, improve the
rheology of the injecting fluid, and could be used in chemical flooding [93]. Tajik et al. also studied
the use of silica-graphene nanohybrid in CEOR, but they focused on the effect of the number of
oxygen-containing functional groups in the composites on CEOR. In addition, the influence of asphalt
on its emulsification performance was also investigated, and the oil displacement performance was
studied by using the micro flooding model [94].

3.2.2. Polymer Flooding

Polymer flooding, which employs polymers as flooding agents, is a commonly used technique
to improve oil recovery. The oil displacement mechanism is to reduce the water-oil mobility ratio and
increase the sweep efficiency of the flooding fluid, thereby improving the crude oil recovery [95,96].
The common polymers used in this technology include natural polymers, such as xanthan gum,
cellulose, etc., and synthetic polymers, such as partially hydrolyzed polyacrylamide (HPAM),
polyacrylamide (PAM). Xanthan gum is not sensitive to salt, but its biological stability is poor,
therefore, its application range is not as wide as synthetic polymer [97,98]. However, the rheological
property of HPAM is susceptible to problems such as salt concentration, chemical degradation, and
shear degradation, which limiting its use in high-temperature and high-salt reservoirs. In order to
improve the rheological properties of HPAM in CEOR applications, the effects of different
nanoparticles on their performance have been studied in recent years [99-101].

Haruna et al. prepared graphene oxide/partially hydrolyzed polyacrylamide materials
(GO/HPAM) and studied the influence of GO nanosheets on the rheological properties and thermal
stability of HPAM. The results show that hydrogen bonds were formed between GO and HPAM. The
addition of GO significantly improved the long-term thermal stability of the material, as well as the
storage modulus and loss modulus of HPAM. In addition, GO/HPAM composite has good
performance under high salt conditions [102]. Lyu et al. prepared polyacrylamide/surface-modified
graphene oxide composite (PAM/sGO) by using the copolymerization of sGO (made from that
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triethoxyvinylsilane covalently bonded to GO) and acrylamide (AM). The performance evaluation
experiment should that the addition of graphene oxide could improve polymer’s temperature
resistance, salt resistance and shear resistance, and could be applied to improve the oil recovery in
high-temperature and high-salt reservoirs [103].

3.2.3. COz Foam Flooding

In the process of CO:2 foam flooding to improve oil recovery, in order to improve the foam
stability, the stabilizer needs to be quickly migrated onto the surface of the liquid film to form a stable
foam boundary, and slow down the drainage of the liquid film of the foam [104]. The commonly used
foam stabilizers are polymers or surfactants. The mechanism of action involves stabilizing the foam
by increasing the apparent viscosity of the liquid phase of the foam system, slowing down the speed
of foam drainage and reducing the gas exchange rate between bubbles [105-108]. However, in high-
temperature and high-salinity formations, the polymer would lose its stability due to its thermal
decomposition, and the surfactant lacks long-term stability due to its poor adsorption capacity to the
gas-liquid interface. In recent years, with the development of nanotechnology, scholars have studied
the advantages of nanoparticle-stabilized foams, as well as the mechanism and influence factor, and
have gained some recognitions. However, not many studies about the effect of graphene on foam
properties and oil displacement effects were reported [109-111].

Liu et al. demonstrated that partially reduced graphene oxide (rGO) can effectively stabilize
COz/water emulsion, as shown in Figure 7 [112]. Barrabino et al. studied the feasibility of graphene
oxide, with the diameter of 4 pm-30 um, nanometer GO (nGO, with the diameter of 70 nm-1.5 um)
and partially reduced GO (rGO, with the diameter of 260 nm—295 nm) as foam stabilizers in enhanced
oil recovery by CO:z flooding. The results show that graphene oxide played a stabilizing role in the
CO:/simulated seawater foam system due to the formation of hydrogels and graphene oxide
accumulation effect. rGO could not stabilize the foam due to its small size, which increased the
hydrophilicity. rGO with the content of 13-22% could not stabilize the foam, which was different
from the results obtained by Liu. This may be due to the high reduction degree of the particles, and
the increase of oxygen content would enhance the hydrophilicity and reduce the COz-affinity [113].

rGO sheet

TiO,/rGO sheet Emulsion TiO,/rGO network

Figure 7. Schematic illustration for (i) forming emulsions in CO2 and water with the aid of rGO or
rGO hybrid and (ii) constructing rGO network (a), Au/rGO network (b) and TiO2/rGO network (c) by
freeze depressurization and drying for emulsions. (Reproduced with permission from [112]. ACS
Publications, 2017).

3.3. Heavy Oil Recovery

Thermal oil recovery is the main method of heavy oil production, which refers to the method of
injecting heat from the ground to the stratum or generating heat underground to achieve
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underground crude oil extraction [114-116]. At present, thermal methods, such as steam huff and
puff, steam flooding, are mainly used for heavy crude oil production. On the one hand, the thermal
recovery method can reduce the viscosity of heavy oil; on the other hand, it can break the carbon
chain of the long carbon chain molecules in heavy oil and improve its fluidity [117,118]. Adding
nanoparticles with high heat conductivity in the process of thermal recovery is helpful to improve
the heat conduction efficiency and improve the viscosity reduction effect of heavy oil [119-123].

Elshawaf et al. studied the application of GO in heavy oil recovery. They pointed out that when
the temperature was 40-70 °C and the GO dosage was 0.02-0.08 wt%, the viscosity of heavy oil can
be significantly reduced by 25-60%. By comparing the viscosity reduction of heavy oil treated by
other nano particles, such as Fe20s, NiO, CuO, ZnO, ALOs, TiO2 and WOs, Fe20s exhibited the best
viscosity reduction effect. However, if the same heavy oil viscosity reduction rates were achieved,
the price of GO was 10-15% lower than that of FexOs. Therefore, they claimed that GO not only had
a significant viscosity reduction effect for heavy oil, but also was economically feasible, and can be
applied to all methods of heavy oil production (such as steam huff and puff, steam flooding, SGAD,
in-situ combustion, electromagnetic heating method, etc.) [124,125].

The use of microwave irradiation to extract heavy oil has the advantages of continuous heating,
being unaffected by buried depth, easy to control, and a low-level of environmental pollution. At
present, many countries and oil companies are carrying out relevant research and experiments.
However, due to the small dielectric constant of heavy oil, the penetration depth of microwave in
heavy oil reservoirs is limited, which affects the viscosity reduction effect [126-129]. Because of its
high conductivity, thermal conductivity and aspect ratio, the two-dimensional sheet-like graphene
could generate a strong electrical losses to microwaves. In addition, magnetic nanomaterials (such as
Fe, Co, Ni and Co030s4) have strong magnetic loss to microwave. Therefore, by combining graphene
with magnetic nanoparticles, graphene/magnetic nanocomposites with both electrical loss and
magnetic loss can be obtained, which is conducive to widening the absorption band and impedance
matching, and improving the microwave absorption capacity [130-138]. When applied to the
development of heavy oil wells, the penetration depth of microwave can be increased, and the effect
of viscosity reduction and stimulation can be improved.

Xu et al. prepared magnetic graphene oxide (MGO) by a self-assembly method and conducted
microwave-assisted enhanced recovery research. The results showed that MGO had good
dispersibility in water. With the increase of microwave radiation time, the dispersibility weakened
and formed magnetic reduced graphene oxide (MrGO), showing better lipophilicity and better
microwave absorption ability when compared with MGO. MGO-assisted microwave irradiation
showed good performance in reducing the viscosity of heavy oil. After microwave treatment for 10
min, the viscosity reduction rate reached 43.61%. In addition, the adsorption of MrGO onto the crude
oil droplets could also reduce the viscosity. Compared with conventional water flooding, MGO
assisted microwave flooding increased the recovery efficiency by increasing the sweep ratio, as
shown in Figure 8. Therefore, MGO assisted microwave oil displacement technology was feasible in
enhancing heavy oil recovery [139].
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Inlet Flow direction Outlet I

Figure 8. Comparison of the oil recovery effects between water flooding and magnetic graphene oxide
fluid flooding in the microscopic model: (a) after water flooding, (b) microwave treatment for 5 min
after water flooding, (c) subsequent displacement, (d) after MGO fluid flooding, (e) microwave
treatment for 5 min after MGO fluid flooding, and (f) subsequent displacement. (Reproduced with
permission from [139]. ACS Publications, 2019).

3.4. Profile Control and Water Shutoff

The heterogeneity of the formation makes the injected water directly flow into the oil well along
a high permeable layer. The washing action of water to the high permeability layer further aggravates
the heterogeneity, which makes it easier for water to break into the oil well along the high
permeability layer [140-142]. In order to improve the sweep efficiency of the injected water, these
high permeability layers must be blocked. Profile control and water shutoff is a common method for
plugging the high permeability reservoir in oil fields. The water injection profile of the water injection
interval can be adjusted by plugging the layer with high permeability from the water injection well,
which is called profile control; the water production of the oil well can be reduced by plugging the
water producer layer from the oil well, which is called water plugging of the oil well, or water shutoff
[143,144].

Profile control and water shutoff are indispensable both in secondary oil recovery (i.e., water
injection or gas injection) and tertiary oil recovery (special fluid injection). The mechanism of profile
control and water shutoff to improve oil recovery is to improve the sweep efficiency [145-147]. In
recent years, with the reservoir conditions that implementing profile control and water shutoff are
more and more complex, the requirements for profile control agents and water shutoff agents also
become higher. For this reason, scholars have conducted many studies, among which polymer
nanocomposite gel system can be effectively used as profile control and water shutoff in the high-
temperature and high-salt reservoirs [148-150].

Almoshin et al. prepared a kind of gel by using low molecular weight polyacrylamide (PAM,
with the molecular weight of 550,000 Daltons), and ZrO:/rGO nanocomposite as the crosslinking
agent. The novel polymer/graphene nanocomposite had a uniformly distributed three-dimensional
network structure. The small size of the gel grid holes made the network structure thermally stable
and firmly locked the water in the gel, even at high temperature. The improvement in the properties
of this material was mainly due to the high specific surface area provided by graphene at the
nanoscale, which increasing the interface interaction between the polymer and graphene. The
experimental results of core flooding showed that the pressure drop of sandstone cores with high
permeability (Berea sandstone with the permeability of 1000 x 10?® um? and porosity of 21%)
increased significantly after treatment. The material had good shear resistance and thermal stability.
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It can significantly enhance the plugging effect in high-temperature reservoir with lower cost,
compared with the existing polymer gel [151].

Ye et al. found that GO had the function of adjusting the injection volume, plugging the high
permeability layer and improving the sweep efficiency, making it can be used as profile control agent
in water injection in the oilfield. Flooding experiments in the single core showed that the injection of
GO dispersion into the core had two effects, one was to increase the injection pressure of the water
phase, the other was to reduce the permeability due to the adsorption and retention of GO. As a
result, the mobility of the displacement phase in the core was greatly reduced. Flooding experiments
in the two parallel cores showed that in the stage of injecting GO dispersion, it preferentially entered
the core with high permeability, and the adsorption of GO in the layer with high permeability caused
physical plugging, which increased the injection pressure of high permeability core (as shown in
Figure 9). In addition, due to the 3D pore structure of the GO particles dispersed in the pore structure,
the plugging was not complete, and the pores in core still had a certain degree of connectivity (as
shown in Figure 10) [152].
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Figure 9. Pressure curves of the flooding experiment in the two parallel cores [152].

Figure 10. Image of the core profile before and after flooding [152].

3.5. Tracer

Tracer technology is a very effective monitoring method to obtain valuable information about
reservoirs in the oil and gas industry. As a material that can enter the reservoir with the fluid, tracers
can judge the flow direction and seepage velocity of the dissolved fluid in the reservoir pores by
tracking the movement path of the fluid, so as to understand the reservoir properties and reservoir
conditions [153,154]. A good tracer should have the advantages of high detection sensitivity, good
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solubility with the injected fluid, small impact on the flow characteristics of the injected fluid, small
adsorption capacity by the reservoir, strong anti-biodegradation ability, high temperature and high
pressure stability, non-toxic or low toxicity, low cost and so on [155-157].

The commonly used oilfield tracers include chemical tracers, radioisotope tracers, and stable
isotope tracers. Chemical tracers, including inorganic salts, fluorescent dyes, halogenated
hydrocarbons and alcohols, are characterized by large consumption, high cost, poor adaptability and
selectivity, low detection resolution, and environmental or personnel safety problems. Therefore,
such kinds of tracers are gradually being eliminated. Radioisotope tracers are mainly some kind of
tritium-containing compound, which has the advantages of small dosage, convenient detection and
higher detection resolution. However, its radioactivity is harmful to the safety of personnel and
environment, which limits its applications. The term stable isotope tracer refers to isotopes that are
not radioactive, such as 2C, BC, 15N, 180, etc. There are few varieties of such tracers. Although there
is no radioactivity in field application, they still need to be activated by an indoor atomic reactor after
sampling, and their radioactivity can be measured only by atomic energy agency polarity indoor
testing. Moreover, their analysis and test methods are complex and expensive. Therefore, these
disadvantages limit their application. Carbon nanomaterials with adjustable fluorescence developed
in recent years provide a new kind for tracers in oilfields [158-164].

Carbon quantum dots (CQDs) have significant quantum confinement effect and boundary effect
due to their ultra-small size. They have adjustable band gap and can emit stable fluorescence when
stimulated. They are new nano carbon materials with fluorescence properties, in which graphene
quantum dots (GQDs) is a special CQDs [165]. Murugesan et al. studied CQD fluorescent tracers used
for oil production and well detection. CQDs were prepared by electrochemical redox reactions. CQDs
and nitrogen-doped CQDs showed stronger fluorescence signals and remained stable under
conditions of 80 °C and API saline for 30 days. Core flow experiments showed that the recovery of
CQDs in 1 wt% NaCl solution was 76% in cores with low permeability. CQDs thus provide a new
alternative for tracers for monitoring reservoir conductions [166].

3.6. Oily Wastewater Treatment

Oily wastewater in oilfields refers to all kinds of sewage generated during the process of drilling,
production, and transportation, mainly including drilling sewage, wastewater separated from crude
oil and other types of oily wastewater [167-169]. Oily wastewater has the characteristics of large
amount, complex composition, difficult degradation and wide pollution range. In particular, the
large-scale application of tertiary oil recovery technology in oilfields produced a large volume of
wastewater with high emulsification, high viscosity and high oil content, which increases the
difficulty of oilfield wastewater treatment [170-172]. In addition to petroleum hydrocarbons, oily
wastewater also contains sulfur, phenol, cyanogen and other harmful substances. If it is discharged
into the environment without treatment, it will destroy the ecological balance of receiving water
bodies, cause great harm to the natural environment and human health, and cause huge losses to the
production and life of human society. Therefore, it must be effectively treated to meet the standards
before it can be discharged [173-175].

Materials with adsorption and separation abilities are often used in oily wastewater treatment
[176-178]. Three-dimensional graphene, which is composed of two-dimensional graphene as the
basic unit, has the characteristics of rich pores, high surface area, and the hydrophobic and lipophilic
properties. It shows unique advantages in the adsorption and separation, and gradually becomes a
new functional material for adsorption and separation. In addition, the hydrophobic and lipophilic
properties of the graphene surface can be used to construct a surface adsorption layer for oil-water
separation. In recent years, graphene-based sponges, graphene gels, graphene/carbon nanotube
composites and graphene-based separation membranes have been reported more and more in the
field of adsorbent and oil-water separation. The above materials not only have a large oil absorption
capacity, but also exhibit excellent recycling characteristics [179-183].

Nguyen et al. prepared graphene nanosheets-based sponges with high oil absorption, good
selectivity and recyclability by a dip coating method. The material had super-hydrophobicity and
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super-lipophilic characteristics, and the adsorption capacity was up to 165 times of its own weight. It
was suitable for oil and organic solvent absorption [184]. Also, Qiu et al. prepared super-hydrophobic
reduced graphene oxide/melamine sponge (rGO-MS) by modifying the surface of melamine sponge
(MS) with GO. The material had excellent adsorption capacity for both the oil floating on water and
the heavy oil under water, and still maintained more than 90% adsorption capacity after 50 times of
adsorption-extrusion tests. The separation efficiency of oil-water mixture under static and agitating
conditions was as high as 4.5 x 106 and 3 x 106L/(m3h), respectively [185].

By adjusting the surface roughness and surface energy, Yang et al. designed a graphene foam
material with super hydrophobic characteristics, which had good adsorption properties for both oil
and a variety of organic solvents [186]. The enhanced PVDF/graphene composite oil-absorbing film
(NR-PGM) of PET-PA non-woven cloth prepared by Zhang tai et al. had super-hydrophobicity and
super-lipophilic characteristics, and the separation efficiency was up to 97.0%. In addition, the
separation efficiency remained above 95.0% after 10 times of repeated tests [187]. Graphene foam
with the wettability switchable characteristics response to pH value was prepared by Zhu et al. It can
adsorb 196 times of its own weight and can be recycled used for more than 10 times [188,189]. Naseem
et al. prepared TiO2/GO/rTAc membrane by introducing GO and TiO: coating into cellulose triacetate
(TAC) membrane by electrophoretic deposition. The oil-water separation rate could reach up to
98.9%, exhibiting broad application prospect in oil-water separation [190]. Hu et al. prepared a GO
modified Al2Os membrane using GO as the modifier by vacuum transfer method, which has longer
service life and better separation performance compared with the unmodified membrane [191].

3.7. Corrosion Prevention Coating

In the process of oil-gas storage and transportation, crude oil, refined oil and natural gas are all
corrosive to equipment and pipelines. With the development of reservoirs with harsh conditions such
as high temperature and high salinity, higher requirements are put forward for related metal
materials and rubber materials, such as abrasion resistance, corrosion resistance and higher strength
[192,193].

The application of nanotechnology in oil and gas equipment and pipelines is attracting
increasing attention in the field of oil and gas industry, especially the application research of
nanocomposites. The discovery of carbon nanotubes and graphene with higher strength makes the
application of nanocomposites in the field of oil and gas industry become a new hotspot.
Nanocomposites refer to the complex system that was prepared based on resin, rubber, ceramic and
metal as the continuous phase, and metal, semiconductor, rigid particles and other inorganic
particles, fibers, carbon nanotubes and other modifiers as the dispersion phase. The modifier is evenly
dispersed in the matrix material by an appropriate preparation method. The equipment and
apparatus prepared based on nanocomposite materials have the characteristics of light weight,
corrosion resistance, fire resistance, durability and high strength. Nanocomposites can replace some
of the metal material components in the oil and gas industry (such as tools and accessories in offshore
oil platforms, transportation vehicles, and drilling), or as sealing materials (such as packers and
sealing ring), or as coating agent or lubricants [194-198].

Graphene has been widely used in anticorrosive coatings due to its advantages of large specific
surface area, good toughness and good self-lubricating property. The graphene-modified coating has
a tight structure with improved corrosion resistance and wear resistance. Graphene-modified
anticorrosive coatings are a good choice for oil pipe protection [199-201]. Halliburton’s downhole
seals (packers, sealing rings) made of graphene and a variety of other nanocomposites, can deal with
explosive decompression and sealing failure, such as expansion, thread damage, wear and thermal
degradation. In addition, the coating of graphene and its derivatives on the surface of oil and gas
equipment and pipelines can improve the strength and corrosion resistance [202]. The results of the
study conducted by Singhbabu et al. showed that in high salt environment, compared with uncoated
cold rolled steel, the corrosion rate of GO coated steel was reduced by more than 10,000 times [203].
Cao et al. studied the characterization method of graphene-modified coatings for oil pipes. They also
pointed out that, due to the large specific surface area of graphene, adding a small amount of
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graphene can significantly improve the performance of coatings. Compared with other advanced
anticorrosive coatings, graphene-modified anticorrosive coatings were lower in price, exhibiting a
broader application prospect [204].

3.8. Tools and Apparatus

3.8.1. Tools

During the drilling process, drill bit and downhole power apparatus are the main tools used to
break rocks. The harsh environment of high temperature and high pressure put forward higher
requirements for drilling tools. Graphene coatings have excellent mechanical properties, which can
optimize the surface morphology and characteristics of metal, improve the wear resistance, corrosion
resistance and impact resistance of drilling tools, and prevent the tool surface from oxidation and
rusting. Chakraborty et al. coated the surface of diamond particles with a graphene film and applied
it to PDC (polycrystalline diamond compact) drilling bit, which extended the drilling life, and
meanwhile the temperature resistance reached 1200 °C [205]. Keshavan et al. also added graphene to
the diamond particle material of PDC bits to improve the wear resistance, thermal stability and
impact resistance of the bits [206].

Rubber failure is one of the common failures of downhole tools in petroleum engineering. Ocsial
company added graphene nanotubes concentrated solution with a mass fraction of 1.7% to nitrile
rubber, which increased the tensile modulus of nitrile rubber by about 30%. When the modified nitrile
rubber was applied to the rubber stator used in the screw drilling tools, the wear resistance of rubber
stator was increased by 20% and the mechanical drilling speed was also increased by more than 20%
[207].

3.8.2. Sensors

Sensors are crucial for finding new oilfields in the process of exploration, safety monitoring in
the process of stimulation treatments and data collecting in oil and gas production [208]. In oil and
gas exploration, optical waveguides are often used to detect the geological characteristics of the target
layer, downhole environmental parameters (including temperature, pressure, etc.) and the
characteristics of fluids near the well. Waveguides include optical fiber cables, optical fiber sensors
and other optical components. In the hydrogen-rich environment of the wellbore, the free hydrogen
atoms diffuse into the waveguide and react with the defective sites in the optical fiber, which affects
the transmission of light in the waveguide and leads to a weak signal quality, which is called
“hydrogen dimming” [209-211]. Bhongale et al. proposed attaching graphene to the waveguide
surface as a protective layer. The excellent mechanical properties of graphene can extend the service
life of the waveguide, prevent the diffusion of hydrogen atoms, and weaken the “hydrogen
darkening” phenomenon. In addition, graphene has high light transmittance, which can improve the
clearness of signal as a protective layer [212].

In order to ensure the quality of spatial resolution, it is often necessary to use multiple acoustic
sensors at the same time in oil exploration. The development of acoustic sensors is directly affected
by the development of lightweight diaphragm materials [213,214]. At present, the conventional
sensors based on silicon or silicon dioxide materials have the problem of low sensitivity. In addition,
although the sensors based on polymer materials have high sensitivity, their mechanical strength is
limited, and they are unstable in the condition of pervasion structure and water vapor existed
environment [215]. Ma et al. developed an F-P pressure sensor with a pressure sensitivity of 39.2
nm/kPa by using a 25 um ¢ graphene diaphragm. After that, an optical fiber F-P acoustic sensor was
developed by using a graphene film with the thickness of about 100 nm and the diameter of 125 uM.
Its dynamic pressure sensitivity was as high as 100 nm/kPa, and it can detect a minimum acoustic
pressure signal of 60pPA/Hz2[216,217].

The poor conductivity of oil-based drilling fluids could block the direct current, resulting in the
unavailability of resistivity logging while drilling. Magnetic graphene nanoribbon stacks (MGNRs)
are quasi-one-dimensional graphene-based materials. Their special edge confinement effect makes
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their properties flexible and adjustable. For example, the magnetic graphene material cannot be used
directly because there is no gap between the conduction band and valence band, but it can be applied
to the field effect transistor (FET) when it is cut into a smaller scale MGNRs [218,219]. Genorio et al.
attached MGNRs on the surface of oil-based drilling fluid particles as a conductive coating to improve
the reliability of information transmitted by sensors in the wellbore. In addition, because of the size
of the MGNRs can reach nanometer level, so it can enter into pores and fractures with smaller pore
sizes to detect the location of the remaining oil and gas, especially for shale reservoirs which are rich
in nanopores and microfractures [220].

Graphene, as a functional reinforcement material, can enhance the conductivity of composite
materials. Compared with other conductive materials, graphene has excellent conductivity, certain
degree of flexibility, and good compatibility with organic polymers. It is an ideal material for the
preparation of flexible conductive composite materials with organic polymer. Graphene flexible
sensors enhance the selectivity of commonly used sensors in oil and gas exploration [221-223]. The
graphene-based fiber temperature sensor developed by some Chinese scholars had the advantages
of quick response speed (greater than 0.0228 °C/s), high sensitivity (0.134 dB/°C), high accuracy (0.03
°C), long service life, strong anti-electromagnetic interference ability and strong repeatability, which
could be used in fluid media [224]. Tian et al. used graphene as the resistive material and made use
of the extrusion film effect to develop a pressure sensor with a sensitivity as high as 0.96 kPa™ (45
times higher than that of the silicon piezoresistive pressure sensor) in a wide pressure range (0-50
kPa). The response time under high pressure reached 0.4 ms, which can be promoted in the field of
oil and gas exploration [225].

There are many types of pipelines used in oil and gas production, and the performance
requirements for pipelines are various according to the different construction situations. When the
oil field enters the middle or high water cut stage, the properties of produced fluid in oil well has
changed, and the partial pressure of the corrosive gas such as CO: and H:S in natural gas well will
gradually exceed the critical value. The corrosion medium will lead to fracture and dropout of rod or
tube phenomena, and even cause the scrapping of oil and gas wells. Therefore, the detection of CO,
H:S and other gases is worthy of attention. The graphene-based gas sensor had ultra-high sensitivity
and ultra-low detection limit because every atom was able to interact with gas molecule, providing a
new choice for oil field gas sensor [226-229].

In the medical field, bones and tissue structures can be distinguished by contrast agents.
Similarly, in the field of oil and gas field exploration and development, the fluids and reservoir rock
skeletons can also be distinguished by contrast agents, so that the direction of fluid flows can be
analyzed and the three-dimensional fracture morphology of the reservoir can be identified. The
research of contrast agents based on graphene and its derivatives is one of the hotspots in the
biomedical field. Many scholars have shown that the contrast agents based on graphene and its
derivatives has good stability, high relaxation rate and easy to monitor and trace. Therefore, contrast
agents based on graphene and its derivatives can also be extended to the field of oil and gas industry,
expanding their application scope [230-232].

4. Conclusions

As new materials, the development of graphene and its derivatives needs to go through a
gradual process from laboratory discovery to large-scale application, and this should follow the
development rules of emerging industries. The application of graphene and its derivatives in the
upstream oil and gas industry is still in the initial exploring stage, but with its excellent mechanical,
chemical, electrical and optical properties, graphene and its derivatives have broad application
prospects in hydrocarbon exploration, oil and water well stimulation, downhole operation, enhanced
oil recovery, oilfield wastewater treatment, tools and apparatus, and other aspects. Limited by the
cost and the depth of the research, there is still a certain gap between the applications of graphene in
the oil and gas industry.

In order to promote the application of graphene and its derivatives in the oil and gas industry,
further research should be conducted in the following aspects: (1) clarification of the microscopic
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mechanisms, such as the role of graphene materials in chemical enhanced oil recovery; (2) broadening
the research scope in the oil and gas industry, such as the application of graphene materials in shale
gas production; (3) revealing the compatibility with other additives, such as the compatibility of
graphene materials with surfactant in chemical flooding; (4) putting forward performance
requirements for graphene and its derivatives used in the oil and gas industry, such as functional
modification of graphene for different purposes in profile control and water shutoff treatments. In
addition, how to reduce the cost of industrial application of graphene in the oil and gas industry is
particularly important given the current low oil price situation.

Funding: This research was financially supported by National Natural Science Foundation of China (No.
51804045), the Key Research and Development Program of Jiangsu Province (Industry Foresight and Common
Key Technology) (No. BE2018065), and the Sci & Tech Program of Changzhou (No. CJ20180053).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Matar, S.E. Chemistry of Petrochemical Processes; Gulf Professional Publishing: Oxford, UK, 2001.

Khalil, M.; Jan, B.M.; Tong, CW.; Berawi, M.A. Advanced nanomaterials in o0il and gas industry: Design,
application and challenges. Appl. Energy 2017, 191, 287-310.

3. Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V,;
Firsov, A.A. Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197-200.

4. Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, L.V.; Firsov,
A.A. Electric field effect in atomically thin carbon films. Science 2004, 306, 666—669.

5. Lee, C; Wei, X.D,; Kysar, ].W.; Hone, ]. Measurement of the elastic properties and intrinsic strength of
monolayer graphene. Science 2008, 321, 385-388.

6.  Chen, J.H,; Jang, C.; Xiao, S.D.; Ishigami, M.; Fuhrer, M.S. Intrinsic and extrinsic performance limits of
graphene devices on SiOz. Nat. Nanotechnol. 2008, 3, 206.

7. Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal
conductivity of single-layer graphene. Nano Lett. 2008, 8, 902-907.

8. Zhou, S,; Bongiorno, A. Origin of the chemical and kinetic stability of graphene oxide. Sci. Rep. 2013, 3, 2484.

9.  Chan, K.T,; Neaton, J.B.; Cohen, M.L. First-principles study of metal adatom adsorption on graphene. Phy.
Rev. B. 2008, 77, 235430.

10. Kim, F.; Cote, L.J.; Huang, J. Graphene oxide: Surface activity and two-dimensional assembly. Adv. Mater.
2010, 22, 1954-1958.

11. Banerjee, A.N. Graphene and its derivatives as biomedical materials: Future prospects and challenges.
Interface Focus 2018, 8, 20170056.

12.  Geim, A.K,; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191.

13. Bianco, A. Graphene: Safe or toxic? The two faces of the medal. Angew. Chem. Int. Edit. 2013, 52, 4986—4997.

14. Chen, L.; Li, J.; Chen, Z,; Gu, Z.; Yan, L.; Zhao, F.; Zhang, A. Toxicological Evaluation of Graphene-Family
Nanomaterials. |. Nanosci. Nanotechnol. 2020, 20, 1993-2006.

15.  Akhavan, O.; Ghaderi, E. Toxicity of graphene and graphene oxide nanowalls against bacteria. ACS Nano
2010, 4, 5731-5736.

16. Zhao, ]J.; Wang, Z.; White, ].C.; Xing, B. Graphene in the aquatic environment: Adsorption, dispersion,
toxicity and transformation. Environ. Sci. Technol. 2014, 48, 9995-10009.

17. Li, D.; Miiller, M.B.; Gilje, S.; Kaner, R.B.; Wallace, G.G. Processable aqueous dispersions of graphene
nanosheets. Nat. Nanotechnol. 2008, 3, 101-105.

18. Cote, L.J; Kim, J.; Tung, V.C. Graphene oxide as surfactant sheets. Pure App. Chem. 2010, 83, 95-110.

19. Lanphere, ].D.; Luth, C.J.; Walker, S.L. Effects of solution chemistry on the transport of graphene oxide in
saturated porous media. Environ. Sci. Technol. 2013, 47, 4255-4261.

20. Chowdhury, I; Duch, M.C.; Mansukhani, N.D.; Hersam, M.C.; Dermont, B. Colloidal properties and
stability of graphene oxide nanomaterials in the aquatic environment. Environ. Sci. Technol. 2013, 47, 6288—
6296.

21. Tamas, S; Plinio, M.; Istvan, S. Size-dependent aggregation of graphene oxide. Carbon 2020, 160, 145-155.

22. Liao, K.H,; Lin, Y.S.; Macosko, C.W.; Haynes, C.L. Cytotoxicity of graphene oxide and graphene in human
erythrocytes and skin fibroblast s. ACS Appl. Mat. Inter. 2011, 3, 2607-2615.



Nanomaterials 2020, 10, 1013 22 of 30

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

Guo, X.; Mei, N. Assessment of the toxic potential of graphene family nanomaterials. . Food Drug Anal.
2014, 22, 105-115.

Ou, L; Song, B.; Liang, H.; Liu, J.; Feng, X.; Deng, B.; Sun, T.; Shao, L. Toxicity of graphene-family
nanoparticles: A general review of the origins and mechanisms. Part. Fibre Toxicol. 2016, 13, 1-24.

Jarosz, A.; Skoda, M.; Dudek, 1. Oxidative stress and mitochondrial activation as the main mechanisms
underlying graphene toxicity against human cancer cells. Oxid. Med. Cell. Longev. 2016, 5851035, 1-14.

Qu, G, Liu, S.; Zhang, S.; Wang, L.; Wang, X.; Sun, B.; Yin, N.; Gao, X.; Xia, T.; Chen, ]J.].; et al. Graphene
oxide induces toll-like receptor 4 (TLR4)-dependent necrosis in macrophages. ACS Nano 2013, 7, 5732-5745.
Wang, K,; Ruan, J.; Song, H.; Zhang, J.; Wo, Y.; Guo, S. Biocompatibility of graphene oxide. Nanoscale Res.
Lett. 2010, 6, 1-8.

Liu, ].H.; Yang, S.T.; Wang, H.; Chang, Y.; Cao, A,; Liu, Y. Effect of size and dose on the biodistribution of
graphene oxide in mice. Nanomedicine 2012, 7, 1801-1812.

Ma, K;; Zhang, S.; Ye, B.; Ouyang, J.; Yue, GH. A new view of graphene oxide biosafety in a water
environment using an eatable fish as a model. RSC Adv. 2016, 6, 29619-29623.

Guo, X.; Dong, S.; Petersen, E.J.; Gao, S.; Huang, Q.; Mao, L. Biological uptake and depuration of radio-
labeled graphene by Daphnia magna. Environ. Sci. Technol. 2013, 47, 12524-12531.

Hu, C; Wang, Q.; Zhao, H.; Wang, L.; Guo, S.; Li,X. Ecotoxicological effects of graphene oxide on the
protozoan Euglena gracilis. Chemosphere 2015, 128, 184-190.

Zhao, Y.; Wu, Q.; Wang, D. An epigenetic signal encoded protection mechanism is activated by graphene
oxide to inhibit its induced reproductive toxicity in Caenorhabditis elegans. Biomaterials 2016, 79, 15-24.
Chen, M,; Yin, J.; Liang, Y.; Yuan, S.; Wang, F.; Song, M.; Wang, H. Oxidative stress and immunotoxicity
induced by graphene oxide in zebrafish. Aquat. Toxicol. 2016, 174, 54—60.

Begum, P.; Ikhtiari, R.; Fugetsu, B. Graphene phytotoxicity in the seedling stage of cabbage, tomato, red
spinach, and lettuce. Carbon 2011, 49, 3907-3919.

Zhao, S.; Wang, Q.; Zhao, Y. Toxicity and translocation of graphene oxide in Arabidopsis thaliana. Environ.
Toxicol. Phar. 2015, 39, 145-156.

Nogueira, P.F.M.; Nakabayashi, D.; Zucolotto, V. The effects of graphene oxide on green algae Raphidocelis
subcapitata. Aquat Toxicol. 2015, 166, 29-35.

Ouyang, S.; Hu, X.; Zhou, Q. Envelopment-internalization synergistic effects and metabolic mechanisms
of graphene oxide on single-cell Chlorella vulgaris are dependent on the nanomaterial particle size. ACS
Appl. Mater. Inter. 2015, 7, 18104-18112.

Hu, W,; Peng, C,; Luo, W.; Lv, M;; Li, X;; Li, D.; Huang, Q.; Fan, C. Graphene-based antibacterial paper.
ACS Nano 2010, 4, 4317-4323.

Schinwald, A.; Murphy, F.A.; Jones, A.; MacNee, W.; Donaldson, K. Graphene-based nanoplatelets: A new
risk to the respiratory system as a consequence of their unusual aerodynamic properties. ACS Nano 2012,
6, 736-746.

Monteiro, O.; Quintero, L. Graphene-Containing Fluids for Oil and Gas Exploration and Production. U.S.
Patent Application 13/424,549, 27 September 2012.

Azar, ].J.; Samuel, G.R. Drilling Engineering; PennWell Books: Englewood, CO, USA, 2007.

Nair, R.; Wu, H.; Jayaram, P.N.; Grigorieva, I.V.; Geim, A.K. Unimpeded permeation of water through
helium-leak-tight graphene-based membranes. Science 2012, 335, 442-444.

Bunch, J.S.; Verbridge, S.S.; Alden, ].S.; Parpia, ].M.; Graighead, H.G.; McEuen, P.L. Impermeable atomic
membranes from graphene sheets. Nano Lett. 2008, 8, 2458-2462.

Leenaerts, O.; Partoens, B.; Peeters, F. Graphene: A perfect nanoballoon. Appl. Phys. Lett. 2008, 93, 193103
193107.

Dikin, D.A.; Stankovich, S.; Zimney, E.J.; Piner, R.D.; Dommett, G.H.B.; Evmenenko, G. Preparation and
characterization of graphene oxide paper. Nature 2007, 448, 457—460.

Robinson, J.T.; Zalalutdinov, M.; Baldwin, J.JW.; Snow, E.S.; Wei, Z.; Sheehan, P.; Houston, B.H. Wafer-scale
reduced graphene oxide films for nanomechanical devices. Nano Lett. 2008, 8, 3441-3445.

Zhu, YW.,; Murali, S.; Cai, W.W.; Li, X.S;; Suk, J.W.; Potts, ].R;; Ruoff, R.S. Graphene and graphene
oxide:synthesis, properties, and applications. Adv. Mater. 2010, 22, 3906-3924.

Jamrozik, A. Graphene and graphene oxide in the oil and gas industry. AGH Drill. Oil Gas 2017, 34, 731—
744.



Nanomaterials 2020, 10, 1013 23 of 30

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Kosynkin, D.V.; Ceriotti, G.; Wilson, K.C.; Lomeda, ]J.A.; Scorsone, ].T.; Patel, A.D.; Friedheim, J.E.; Tour, J.
Graphene oxide as a high-performance fluid-loss-control additive in water-based drilling fluids. ACS Appl.
Mater. Inter. 2012, 4, 222-227.

Xuan, Y,; Jiang, G.; Li, Y. Nanographite Oxide as Ultrastrong Fluid-Loss-Control Additive in Water-Based
Drilling Fluids. ]. Disper. Sci. Technol. 2014, 35, 1386-1392.

Zhao, L.; Ca, Z.; Zhang, Z.; Zhang, X; Lin, Y.; Peng, J.; Zhu, M. Tribological Properties of Graphene as
Effective Lubricant Additive in QOil on Textured Bronze Surface. ]. Mater. Res. 2016, 30, 57-62.

Taha, N.M.; Lee, S. Nano graphene application improving drilling fluids performance. In Proceedings of
the International Petroleum Technology Conference, Doha, Qatar, 6-9 December, 2015.

Ahmad, H.M.; Kamat, M.S.; Murtaza, Mobeen; Al-Harthi, M.A. Improving the Drilling Fluid Properties
using Nanoparticles and Water-Soluble Polymers. In proceedings of the SPE Kingdom of Saudi Arabia
Annual Technical Symposium and Exhibition, Damman, Saudi Arabia, 24-27 April, 2017.

Liu, S.; Chen, Z.; Meng, Q.; Zhou, H,; Li, C.; Liu, B. Effect of graphene and graphene oxide addition on
lubricating and friction properties of drilling fluids. Nanosci. Nanotech. Let. 2017, 9, 446—452.

Halliday, W.S.; Schwertner, D.W.; Strickland, S.D. Drilling Fluids Comprising Sized Graphite Particles. U.S.
Patent 7,087,555, 8 August 2006.

Wang, X.; Sterling, R.L. Stability analysis of a borehole wall during horizontal directional drilling. Tunn.
Undergr. Space Tech. 2007, 22, 620-632.

Hashemi, S.S.; Melkoumian, N.; Taheri, A. A borehole stability study by newly designed laboratory tests
on thick-walled hollow cylinders. ]. RMGE 2015, 7, 519-531.

Ding, L.; Wang, Z.; Liu, B.; Lv, J.; Wang, Y. Borehole stability analysis: A new model considering the effects
of anisotropic permeability in bedding formation based on poroelastic theory. J. Nat. Gas Sci. Eng. 2019, 69,
102932.

Aftab, A; Ismail, A.R.; Ibupoto, Z.H. Enhancing the rheological properties and shale inhibition behavior of
water-based mud using nanosilica, multi-walled carbon nanotube, and graphene nanoplatelet. EQypt. . Pet.
2017, 26, 291-299.

Rana, A.; Saleh, T.A.; Arfaj, M.K. Improvement in Rheological Features, Fluid Loss and Swelling Inhibition
of Water-Based Drilling Mud by Using Surfactant-Modified Graphene. In Proceedings of the Abu Dhabi
International Petroleum Exhibition & Conference, Abu Dhabi, UAE, 11-14 November, 2019.

Nelson, E.B. Dominique Guillot. Well Cementing, 2nd ed.; Schlumberger: New York City, NY, USA, 2006.
Lavrov, A.; Torseeter, M. Physics and Mechanics of Primary Well Cementing; Springer International Publishing:
Berlin/Heidelberg, Germany, 2016.

Wang, Q.; Wang, J.; Lv, C.; Cui, X,; Li, S.; Wang, X. Rheological behavior of fresh cement pastes with a
graphene oxide additive. New Carbon Mater. 2016, 31, 574-583.

Chen, T.; Guan, Z. Theory and Technology of Drilling Engineering; University of Petroleum Press: Dongying,
China, 2005.

Zhao, C; Li, J; Liu, G.; Zhang, X. Analysis of the influence of cement sheath failure on sustained casing
pressure in shale gas wells. |. Nat. Gas. Sci. Eng. 2019, 66, 244-254.

Bu, Y.; Ma, R; Guo, S.; Du, J; Liu, H.; Cao, X. A Theoretical Evaluation Method for Mechanical Sealing
Integrity of Cementing Sheath. Appl. Math. Model. 2020, 84, 571-589.

Li, X.; Wei, W.; Qin, H.; Hu, Y. Co-effects of graphene oxide sheets and single wall carbon nanotubes on
mechanical properties of cement. J. Phys. Chem. Solids 2015, 85, 39-43.

Chen, J.; Yao, B.; Li, C.; Shi, G. An improved Hummers method for eco-friendly synthesis of graphene oxide.
Carbon 2013, 64, 225-229.

Alkhamis, M.; Imgam, A. New Cement Formulations Utilizing Graphene Nano Platelets to Improve
Cement Properties and Long-Term Reliability in Oil Wells. In Proceedings of the SPE Kingdom of Saudi
Arabia Annual Technical Symposium and Exhibition, Dammam, Saudi Arabia, 23-26 April, 2018.
Mangadlao, ].D.; Cao, P.; Advincula, R.C. Smart cements and cement additives for oil and gas operations.
J. Petrol. Sci. Eng. 2015, 129, 63-76.

Ghanizadeh, A.; Clarkson, C.R.; Aquino, S.; Ardakani, O.H.; Sanei, H. Petrophysical and geomechanical
characteristics of Canadian tight oil and liquid-rich gas reservoirs: I. Pore network and permeability
characterization. Fuel 2015, 153, 664-681.



Nanomaterials 2020, 10, 1013 24 of 30

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Fu, L, Liao, K.; Ge, J.; Zhang, G.; He, Y.; Wang, X.; Zhang, S.; Deng, S. Study of Ethylenediammonium
Dichloride as a Clay Stabilizer Used in the Fracturing Fluid for Tight Reservoir. J. Petrol. Sci. Eng. 2019, 179,
958-965.

Liao, K;; Ge, J.; Fu, L.; Li, J.; Li, T.; Zhang, G. Study of Novel Self-initiated Aggregating Proppant for
Channel Fracturing. Int. ]. Oil. Gas. Coal. T. 2019, 20, 327-341.

Zou, C.; Zhu, R; Wu, S;; Yang, Z,; Tao, S.; Yuan, X,; Hou, L; Yang, H.; Xu, C; Li, D.; et al. Types,
characteristics, genesis and prospects of conventional and unconventional hydrocarbon accumulations:
Taking tight oil and tight gas in China as an instance. Acta Petrolei Sinica 2012, 33, 173-187.

Gupta, D.V. Unconventional fracturing fluids for tight gas reservoirs. In Proceedings of the SPE Hydraulic
Fracturing Technology Conference, Woodlands, TX, USA, 19-21 January, 2009.

Barati, R.; Liang, J. A review of fracturing fluid systems used for hydraulic fracturing of oil and gas wells.
J. Appl. Polym. Sci. 2014, 131, 40735.

Li, L.M,; Liang, F.; Al-Muntasheri, G.A.; Cairns, A.]. Hydraulic Fracturing Fluid. U.S. Patent Application
14/994,958, 13 July 2017.

Lv, Q; Li, Z.; Zheng, R. Study of ultra-dry CO: foam fracturing fluid enhanced by graphene oxide. In
Proceedings of the International Petroleum Technology Conference, Beijing, China, 26-28 March, 2019.
Chen, L.; Wang, J.; Yu, L.; Zhang, Q.; Fu, M.; Zhao, Z.; Zuo, J. Experimental Investigation on the Nanosilica-
Reinforcing Polyacrylamide/Polyethylenimine Hydrogel for Water Shutoff Treatment. Energy Fuels. 2018,
32, 6650-6656.

Jia, H.; Huang, P.; Wang, Q.; Han, Y.; Wang, S.; Dai, J.; Song, J.; Zhang, F.; Yan, H.; Lv, K. Study of a gemini
surface active ionic liquid 1, 2-bis (3-hexylimidazolium-1-yl) ethane bromide as a high performance shale
inhibitor and inhibition mechanism. J. Mol. Lig. 2020, 301, 112401.

Chen, L.; Qian, Z.; Li, L.; Fu, M.; Zhao, H.; Fu, L.; Li, G. Synergism of polyvinyl alcohol fiber to hydrogel
for profile modification. Colloid. Surf. A 2019, 578, 123609.

Feng, Y.; Yin, J.; Liu, S;; Wang, Y.; Li, B.; Jiao, T. Facile Synthesis of Ag/Pd Nanoparticle-Loaded Poly
(ethylene imine) Composite Hydrogels with Highly Efficient Catalytic Reduction of 4-Nitrophenol. ACS
Omega 2020, 5, 3725-3733.

Vladimir, A.; Eduardo, M.; Enhanced Oil Recovery: Field Planning and Development Strategies; Gulf
Professional Publishing: Oxford, UK, 2010.

Dayo, A,; Ipsita, G.; Dandina, R. Nanoscale investigation of silicon dioxide nanofluids and implications for
enhanced oil recovery — An atomic force microscope study. J. Petrol. Sci. Eng. 2020, 191, 107165.

Fu, L.; Zhang, G; Ge, J.; Liao, K.; He, Y.; Wang, X; Li, H. Study on dual-frequency ultrasounds assisted
surfactant extraction of oil sands. Fuel. Process. Technol. 2017, 167, 146-152.

Radnia, H.; Nazar, AR.S.; Rashidi, A. Experimental assessment of graphene oxide adsorption onto
sandstone reservoir rocks through response surface methodology. |. Taiwan Inst. Chem. E. 2017, 80, 34-45.
Radnia, H.; Nazar, A.R.S.; Rashidi, A. Effect of asphaltene on the emulsions stabilized by graphene oxide:
A potential application of graphene oxide in enhanced oil recovery. J. Petrol. Sci. Eng. 2019, 175, 868-880.
Khoramian, R.; Ramazani, S.A.A.; Hekmatzadeh, M.; Kharrat, R.; Asadian, E. Graphene Oxide Nanosheets
for Oil Recovery. ACS Appl. Mater. Inter. 2019, 2, 5730-5742.

Luo, D.; Wang, F.; Zhu, J; Cao, F.; Liu, Y.; Li, X.; Ren, Z. Nanofluid of graphene-based amphiphilic Janus
nanosheets for tertiary or enhanced oil recovery: High performance at low concentration. Proc. Natl. Acad.
Sci. USA 2016, 113, 7711-7716.

Chen, H.; Xiao, L.; Xu, Y.; Zeng, X.; Ye, Z. A novel nanodrag reducer for low permeability reservoir water
flooding: Long-chain alkylamines modified graphene oxide. ]. Nanomater. 2016, 2016, 1-10.

Radnia, H.; Rashidi, A.; Nazar, A.R.S.; Eskandari, M.M.; Jalilian, M. A novel nanofluid based on sulfonated
graphene for enhanced oil recovery. J. Mol. Lig. 2018, 271, 795-806.

Namin, A.R.; Rashidi, A.; Gharesheikhlou, A.A.; Ghasemy, E.; Jalilian, M. Experimental application of
functionalized N-doped graphene for improving enhanced oil recovery. Colloid. Surf. A 2019, 581, 123801.
AfzaliTabar, M.; Alaei, M.; Bazmi, M.; Ranjineh, K.R.; Koolivand, S.M.; Motiee, F.; Rashidi, A.M. Facile and
economical preparation method of nanoporous graphene/silica nanohybrid and evaluation of its Pickering
emulsion properties for Chemical Enhanced oil Recovery (C-EOR). Fuel 2017, 206, 453—466.

Tajik, S.; Nasernejad, B.; Rashidi, A. Preparation of silica-graphene nanohybrid as a stabilizer of emulsions.
J. Mol. Lig. 2016, 222, 788-795.



Nanomaterials 2020, 10, 1013 25 of 30

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

Zhang, Y.; Wang, J.; Qiao, L.; Liu, X. Research status and development of polymer flooding injection process
and allocators. Energy Procedia 2019, 158, 4822-4828.

Soroush, A.; Rituraj, B.; Pratik, K.N.; Cliff, T.].; Pavlos, P.V.; Arezoo, M.A. Multi-objective history matching
of surfactant-polymer flooding. Fuel 2018, 228, 418-428.

Jiang, H.Y.; Zhang, K.; Chon, B.H.; Choi, H.J. Enhanced oil recovery performance and viscosity
characteristics of polysaccharide xanthan gum solution. J. Ind. Eng. Chem. 2015, 21, 741-745.

Reinoso, D.; Martin-Alfonso, M.J.; Luckham, P.F.; Martinez-Boza, F.J. Flow behavior and thermal resistance
of xanthan gum in formate brine. J. Petrol. Sci. Eng. 2020, 188, 106881.

Hu, Z.; Chen, G. Novel nanocomposite hydrogels consisting of layered double hydroxide with ultrahigh
tensibility and hierarchical porous structure at low inorganic content. Adv. Mater. 2014, 26, 5950-5956.
Giraldo, L.J.; Giraldo, M.A ; Llanos, S.; Maya, G.; Zabala, R.D.; Nassar, N.N.; Cortes, F.B. The effects of S5i02
nanoparticles on the thermal stability and rheological behavior of hydrolyzed polyacrylamide based
polymeric solutions. . Petrol. Sci. Eng. 2017, 159, 841 - 852.

Nourafkan, E.; Asachi, M.; Gao, H.; Raza, G.; Wen, D. Synthesis of stable iron oxide nanoparticle dispersions
in high ionic media. |. Ind. Eng. Chem. 2017, 50, 57-71.

Haruna, M.A.; Pervaiz, S.; Hu, Z.; Nourafkan, E.; Wen, D. Improved rheology and high-temperature
stability of hydrolyzed polyacrylamide using graphene oxide nanosheet. . Appl. Polym. Sci. 2019, 136, 47582.
Lyu, Y.; Gu, C; Tao, J.; Yao, X.; Zhao, G.; Dai, C. Thermal-resistant, shear-stable and salt-tolerant
polyacrylamide/surface-modified graphene oxide composite. ]. Mater. Sci. 2019, 54, 14752-14762.

Clark, J.A.; Santiso, E.E. Carbon Sequestration through CO: Foam-Enhanced Oil Recovery: A Green
Chemistry Perspective. Engineering 2018, 4, 336-342.

Phukan, R.; Gogoi, S.B.; Tiwari, P. Effects of CO:-foam stability, interfacial tension and surfactant
adsorption on oil recovery by alkaline-surfactant-alternated-gas/CO:2 flooding. Colloid Surface. A. 2020, 597,
124799.

Li, S;; Qiao, C.; Li, Z;, Wanambwa, S. Properties of carbon dioxide foam stabilized by hydrophilic
nanoparticles and hexadecyltrimethylammonium bromide. Energy Fuels. 2017, 31, 1478-1488.

Li, S.; Li, Z.; Wang, P. Experimental study of the stabilization of CO:2 foam by sodium dodecyl sulfate and
hydrophobic nanoparticles. Ind. Eng. Chem. Res. 2016, 55, 1243-1253.

Gu, ].Y. Preparation of active silica foam stabilizer and its foam stability evaluation. Master’s Thesis,
Southwest Petroleum University, Chengdu, China, 2018.

Yekeen, N.; Manan, M.A.; Idris,A.K; Padmanabhan, E.; Junin, R; Samin, AM.; Oguamah, 1. A
comprehensive review of experimental studies of nanoparticles-stabilized foam for enhanced oil recovery.
J. Petrol. Sci. Eng. 2018, 164, 43-74.

Du, D.; Zhang, X,; Li, Y.; Zhao, D.; Wang, F.; Sun, Z. Experimental study on rheological properties of
nanoparticle-stabilized carbon dioxide foam. J. Nat. Gas. Sci. Eng. 2020, 75, 103140.

Dehdari, B.; Parsaei, R.; Riazi, M.; Rezaei, N.; Zendehboudi, S. New insight into foam stability enhancement
mechanism, using polyvinyl alcohol (PVA) and nanoparticles. . Mol. Lig. 2020, 307, 112755.

Liu, C; Zhang, J.; Sang, X.; Kang, X.; Zhang, B.; Luo, T.; Zhang, J. CO2/Water Emulsions Stabilized by
Partially Reduced Graphene Oxide. ACS Appl. Mater. Inter. 2017, 9, 17613-17619.

Barrabino, A.; Holt, T.; Lindeberg, E. An Evaluation of Graphene Oxides as Possible Foam Stabilizing
Agents for CO2 Based Enhanced Oil Recovery. Nanomaterials 2018, 8, 603.

Speight, ].G. Introduction to Enhanced Recovery Methods for Heavy Oil and Tar Sands, 2nd Ed.; Gulf Professional
Publishing: Oxford, UK, 2016.

Dwijen, K.B. Oil Sands. Heavy Oil & Bitumen: From Recovery to Refinery; PennWell Corp.: Tulsa, OK, USA,
2012.

Ding, M.; Wang, Y.; Yuan, F.; Zhao, H.; Li, Z. A comparative study of the mechanism and performance of
surfactant- and alkali-polymer flooding in heavy-oil recovery. Chem. Eng. Sci. 2020, 219, 115603.

James, G.S. Heavy Oil Recovery and Upgrading; Gulf Professional Publishing: Oxford, UK, 2019.

Alade, O.S.; Hamdy, M.; Mahmoud, M.; Al Shehri, D.; Mokheimer, E.; Patil, S.; Al-Nakhli, A. A preliminary
assessment of thermochemical fluid for heavy oil recovery. | Petrol. Sci. Eng. 2020, 186, 106702.

Ahmadi, M.; Chen, Z. Challenges and future of chemical assisted heavy oil recovery processes. Adv. Colloid.
Interfac. 2020, 275, 102081.

Pei, H,; Shu, Z.; Zhang, G.; Ge, ]; Jiang, P.; Qin, Y.; Cao, X. Experimental study of nanoparticle and
surfactant stabilized emulsion flooding to enhance heavy oil recovery. J. Petrol. Sci. Eng. 2018, 163, 476—483.



Nanomaterials 2020, 10, 1013 26 of 30

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Patel, H.; Shah, S.; Ahmed, R.; Ucan, S. Effects of nanoparticles and temperature on heavy oil viscosity. |.
Petrol. Sci. Eng. 2018, 167, 819-828.

Li, F.; Wang, X.; Pan, H.; Li, Q.; Yang, J. Preparation of disk-like a-Fe20O3 nanoparticles and their catalytic
effect on extra heavy crude oil upgrading. Fuel 2019, 251, 644-650.

Robert, M.; Abdallah, D.H.; Gerardo, V.; Roohollah, A.; Nashaat, N.N. Enhanced thermal conductivity and
reduced viscosity of aegirine-based VR/VGO nanofluids for enhanced thermal oil recovery application. J.
Petrol. Sci. Eng. 2020, 185, 106569.

Elshawaf, M. Investigation of graphene oxide nanoparticles effect on heavy oil viscosity. SPE Annual
Technical Conference and Exhibition, Society of Petroleum Engineers: Dallas, TX, USA, 24-26 September,
2018.

Elshawaf, M. Consequence of Graphene Oxide Nanoparticles on Heavy Oil Recovery. SPE Kingdom of
Saudi Arabia Annual Technical Symposium and Exhibition, Dammam, Saudi Arabia, 23-26 April, 2018.
Nasri, Z.; Mozafari, M. Multivariable statistical analysis and optimization of Iranian heavy crude oil
upgrading using microwave technology by response surface methodology (RSM). J. Petrol. Sci. Eng. 2018,
161, 427-444.

Di, S; Ning, T.; Yu, J.; Chen, P,; Yu, H.; Wang, ].; Yang, H.; Zhu, S, Recent advances and applications of
magnetic nanomaterials in environmental sample analysis. TrAC-Trend. Anal. Chem. 2020, 126, 115864.
Lakhova, A.; Petrov, S.; Ibragimova, D.; Kayukova, G.; Safiulina, A.; Shinkarev, A.; Okekwe, R.
Aquathermolysis of heavy oil using nano oxides of metals. J. Petrol. Sci. Eng. 2017, 153, 385-390.

Lin, D.; Feng, X.; Wu, Y.; Ding, B.; Lu, T.; Liu, Y.; Chen, X.; Chen, D.; Yang, C. Insights into the synergy
between recyclable magnetic FesOs and zeolite for catalytic aquathermolysis of heavy crude oil. Appl. Surf.
Sci. 2018, 456, 140-146.

Jia, H.P; Su, Y.J.; Hou, G.L. Progress in Fabrication and Microwave Absorption Capacity of Graphene-
based Magnetic Nanocomposites. ]. Mater. Eng. 2013, 5, 93-97.

Divandari, H.; Hemmati-Sarapardeh, M.; Schaffie, M.; Ranjbar, M. Integrating synthesized citric acid-
coated magnetite nanoparticles with magnetic fields for enhanced oil recovery: Experimental study and
mechanistic understanding. J. Petrol. Sci. Eng. 2019, 174, 425-436.

Fossati, A.; Martins Alho, M.; Jacobo, S.E. Covalent functionalized magnetic nanoparticles for crude oil
recovery. Mater. Chem. Phys. 2019, 2381, 121910.

Zhou, K,; Zhou, X,; Liu, J.; Huang, Z. Application of magnetic nanoparticles in petroleum industry: A
review. J. Petrol. Sci. Eng. 2020, 188, 106943.

Seliem, M.K.; Barczak, M.; Anastopoulos, L.; Giannakoudakis, D.A. A Novel Nanocomposite of Activated
Serpentine Mineral Decorated with Magnetic Nanoparticles for Rapid and Effective Adsorption of
Hazardous Cationic Dyes: Kinetics and Equilibrium Studies. Nanomaterials 2020, 10, 684.

Betancur, S.; Carrasco-MarinAgustin, F.; Pérez-Cadenas, A.F.; Franco-Ariza, C.A,; Jimenez, ]. A.; Manriqye,
E.]J.; Quintero, h.; Cortes, F.B. Effect of Magnetic Iron Core-Carbon Shell Nanoparticles in Chemical
Enhanced Oil Recovery for Ultralow Interfacial Tension Region. Energy Fuels. 2019, 33, 4158-4168.
Dehghani-Dashtabi, M.; Hekmatara, H.; Seyed-Yazdi, ]J. Highly magnetic nanocomposites consist of
magnetite nanoparticles, graphene oxide and hyper-branched poly citric acid. Mater. Chem. Phys. 2019, 224,
271-278.

Waifalkar, P.P.; Chougale, A.D.; Kollu, P.; Patil, P.S.; Patil, P.B. Magnetic nanoparticle decorated graphene
based electrochemical nanobiosensor for H202 sensing using HRP. Colloid. Surf. B 2018, 167, 425-431.

Yin, k.; Ji, j; Shen, Y,; Xiong, Y.; Bi, H.; Sun, J.; Xu, T.; Zhu, Z.; Sun, L. Magnetic properties of Co304
nanoparticles on graphene substrate. . Alloy. Compd. 2017, 720, 345-351.

Xu, Z,; Li, Z.; Jing, A.; Meng, F.; Dang, F.; Lu, T. Synthesis of magnetic graphene oxide (MGO) and auxiliary
microwaves to enhance oil recovery. Energy Fuels. 2019, 33, 9585-9595.

Zhao, F. Oilfield Chemistry; China University of Petroleum Press: Dongying, China, 2007.

Kong, D.; Li, Y.; Yu, M,; Ma, R.; Guo, H.; Peng, Y.; Xu, S.; Yan, H. Experimental investigation on block and
transport characteristics of foam in porous media for enhanced oil recovery processes. Colloid. Surface. A.
2019, 5705, 22-31.

Ji, L. Oil well water plugging technology research in Jurassic reservoir of Hu 153 oilfield. Master’s Thesis,
Xi’an Shiyou University, Xi’an, China, 2017.

Ding, B.; Shi, L.; Dong, M. Conformance control in heterogeneous two-dimensional sandpacks by injection
of oil-in-water emulsion: Theory and experiments. Fuel 2020, 2731, 117751.



Nanomaterials 2020, 10, 1013 27 of 30

144.

145.

146.
147.

148.

149.

150.

151.

152.

153.
154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Yu, L; Dong, M.; Ding, B.; Yuan, Y. Experimental study on the effect of interfacial tension on the
conformance control of oil-in-water emulsions in heterogeneous oil sands reservoirs. Chem. Eng. Sci. 2018,
1892, 165-178.

Reena.; Kumar, A.; Mahto, V.; Choubey, A.K. Synthesis and characterization of cross-linked hydrogels
using polyvinyl alcohol and polyvinyl pyrrolidone and their blend for water shut-off treatments. J. Mol. Lig.
2020, 3011, 112472.

Li, Y.; Li, Y.; Yang, P. Water shutoff and profile control in China over 60 years. ODPT 2019, 41, 773-787.
Fu, L, Liao, K; Ge, J; He, Y; Guo, W, Zhang, S. Synergistic Effect of Sodium p-
Perfluorononenyloxybenzenesulfonate and Alkanolamide Compounding System Used as Cleanup
Additive in Hydraulic Fracturing. Energy Fuels 2020, doi:10.1021/acs.energyfuels.0c01043.

Khoshkar, P.A.; Fatemi, M.; Ghazanfari, M.H.; Static and dynamic evaluation of the effect of nanomaterials
on the performance of a novel synthesized PPG for water shut-off and improved oil recovery in fractured
reservoirs. J. Petrol. Sci. Eng. 2020, 189, 107019.

Jia, H.; Xie, D.S.; Kang, Z. Secondary surface modified laponite-based nanocomposite hydrogel for gas
shutoff in wellbore. ]. Petrol. Sci. Eng. 2020, 191, 107116.

Bai, Y.; Shang, X.; Wang, Z.; Zhao, X. Experimental study of low molecular weight polymer/nanoparticle
dispersed gel for water plugging in fractures. Colloid. Surf. A 2018, 551, 95-107.

Almoshin, A.M.; Alsharaeh, E.; Fathima, A.; Bataweel, M. A novel polymer nanocomposite graphene based
gel for high temperature water shutoff applications. SPE Kingdom of Saudi Arabia Annual Technical
Symposium and Exhibition, Dammam, Saudi Arabia, 23-26 April, 2018.

Ye, Z.; Xu, Y.; Chen, H.; Cheng, C.; Han, L.; Xiao, L. A Novel Micro-Nano Structure Profile Control Agent:
Graphene Oxide Dispersion. |. Nanomater. 2014, 2014, 1-9.

Yu, R;; Zhang, T.; Zhou, W. Technique in oil field tracer. Ind. Water Treat. 2007, 27, 12-15.

McLaughlin, J.S. Radioactive Tracers: Review of Principle Factors in Design and Application. Permian
Basin Oil and Gas Recovery Conference, Midland, TX, USA, 27-29 March, 1996.

Wang, Y.K.; Chen, W.Y.; Wen, S.G. Evaluation and application of new type trace substance tracer. Fine Spec.
Chem. 2019, 27, 27-29.

Zhu, J. Study on Optimizing of Interwell Tracer in Dingbian Fanxue Oilfield. Master’s Thesis, Xi'an Shiyou
University, Xi’an, China, 2018.

Serres-Piole, C.; Preud’homme, H.; Moradi-Tehrani, N.; Allanic, C.; Jullia, H.; Lobinski, R. Water tracers in
oilfield applications: Guidelines. J. Petrol. Sci. Eng. 2012, 98-99, 22-39.

Zheng, Z. Experimental Study on Diffusion Mechanism of Gas Tracer in Crude Oil. Master’s Thesis,
Southwest Petroleum University, Chengdu, China, 2017.

Tian, J. Experimental Research on the Fluorescent Tracer Technique between Wells in Zhongyuan Oilfield.
Master’s Thesis, China University of Petroleum (East China), Qingdao, China, 2013.

Kang, W.; Hu, L.; Zhang, X.; Yang, R.; Fan, H.; Geng, ]. Preparation and performance of fluorescent
polyacrylamide microspheres as a profile control and tracer agent. Petrol. Sci. 2017, 12, 486-491.
Murugesan, S.; Suresh, R.; Kuznetsov, O.; Khabashesku, V.N.; Darugar, Q. Multicolor Fluorescent Silica
Nanoparticles as Tracers for Production and Well Monitoring. In Proceedings of the SPE Annual Technical
Conference and Exhibition, San Antonio, TX, USA, 9-11 October 2017.

Tello Bahamon, C.C.; Mora, G.; Acosta, T.J.; Manrique, G.A.; Quintero, D.F. Understanding Flow Through
Interwell Tracers. In Proceedings of the SPE Western Regional Meeting, San Jose, CA, USA, 23-26 April
2019.

Huseby, O.; Galdiga, C.; Zarruk, G.A.; Hartvig, S.K. New Tracers to Measure Residual Oil and Fractional
Flow in Push and Pull Tracer Tests. In Proceedings of the SPE EOR Conference at Oil and Gas West Asia,
Muscat, Oman, 26-28 March 2018.

Murugesan, S.; Suresh, R.; Agrawal, D.; Darugar, Q.; Khabashesku, V. Unconventional Nanotechnology-
Based Tracers for Drilling and Completion Applications. In Proceedings of the International Petroleum
Technology Conference, Dhahran, Saudi Arabia, 13-15 January 2020.

Li, L.; Wu, G; Yang, G.; Peng, J.; Zhao, ].; Zhu, ]. Focusing on luminescent graphene quantum dots: Current
status and future perspectives. Nanoscale 2013, 5, 4015-4039.

Murugesan, S.; Kuznetsov, O.; Suresh, R.; Agrawal, D.; Monteiro, O.; Khabashesku, V.N. Carbon Quantum
Dots Fluorescent Tracers for Production and Well Monitoring. In Proceedings of the SPE Annual Technical
Conference and Exhibition, Dubai, UAE, 26-28 September, 2016.



Nanomaterials 2020, 10, 1013 28 of 30

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Ma, B. Mechanism of Surfactant Improving Oilfield Wastewater Recycling Efficiency. Master’s Thesis,
Shandong University, Jinan, China, 2014.

He, Y,; Jiang, Z. Technology review: Treating oilfield wastewater. Filtr. Separat. 2008, 45, 14-16.

Sun, Y.; Wang, D.; Daniel, CW.; Tsang, D.C.; Wang, L.; Ok, Y.S.; Feng, Y. A critical review of risks,
characteristics, and treatment strategies for potentially toxic elements in wastewater from shale gas
extraction. Environ. Int. 2019, 125, 452-469.

Qiao, S. Synthesis and Performance Evaluation of Magnetic Materials for Treating Ternary Compound
Flooding Wastewater Nanoparticles. Master’s Thesis, Northeast Petroleum University, Chengdu, China,
2018.

Wang, Q.; Zhu, H.; Li, J. Research progress in ultrasonic degradation technique of polymer-bearing oilfield
wastewater. Tech. Acoust. 2018, 37, 141-145.

Peng, B.; Yao, Z.; Wang, X.; Crombeen, M.; Gsweene, D.; Tam, K.C. Cellulose-based materials in wastewater
treatment of petroleum industry. GEE 2020, 5, 37-49.

Zhang, L. Research on Integration Technology of Dual Film Deep Treatment for Oily Wastewater of ASP.
Master’s Thesis, Jilin University, Changchun, China 2017.

An, CJ.; Huang, G.; Yao, Y.; Zhao, S. Emerging usage of electrocoagulation technology for oil removal from
wastewater: A review. Sci. Total Environ. 2017, 579, 537-556.

Ji, ].Y.; He, H.Q.; Chen, C,; Jiang, W.; Aikifa, R.; Zhang, T.].; Yuan, S.J. Biomimetic Hierarchical TiO.@CuO
Nanowire Arrays-Coated Copper Meshes with Superwetting and Self-Cleaning Properties for Efficient
Oil/Water Separation. ACS Sustain. Chem. Eng. 2019, 7, 2596-2577.

Liu, H.; Chen, T.; Su, S.S. Application of magnetic superhydrophobic materials in oil-water separation. Appl.
Chem. Ind. 2020, 49, 493-499.

Li, J.J.; Zhou, Y.N.; Luo, Z.H. Polymeric materials with switchable superwettability for controllable
oil/water separation: A comprehensive review. Prog. Polym. Sci. 2018, 87, 1-33.

Padaki, M.; Surya Murali, R.; Abdullah, M.S.; Misdan, N.; Moslehyani, A.; Kassim, M.A.; Hilal, N.; Ismail,
A F. Membrane technology enhancement in oil-water separation. A review. Desalination 2015, 357, 197-207.
Tang, W.J.; Sun, D.; Liu, S.H. One step electrochemical fabricating of the biomimetic graphene skins with
superhydrophobicity and superoleophilicity for highly efficient oil-water separation. Sep. Purif. Technol.
2020, 236, 116293.

Kang, WW.; Cui, Y.; Qin, L.; Yang, Y.Z.; Zhao, Z.B.; Wang, X.Z. A novel robust adsorbent for efficient
oil/water separation: Magnetic carbon nanospheres/graphene composite aerogel. J. Hazard. Mater. 2020, 329,
122499.

Zhang, M.; Liu, G.; Gao, Y.; Gao, B.; Xu, X,; Kong, W.; Li, N.; Jiang, W. A facile approach to ultralight and
recyclable 3D self-assembled copolymer/graphene aerogels for efficient oil/water separation. Sci. Total
Environ. 2019, 694, 133671.

Song, Y.;Li, H.; Gao, Y.; Gao, B.; Kong, W.; Zang, Y.; Jiang, W. Grass-modified graphene aerogel for effective
oil-water separation. Process Saf. Environ. 2019, 129, 119-129.

Masumeh, F.; Hojat, Z.; Ebrahim, S. Investigation of water-oil separation via graphene oxide membranes:
A molecular dynamics study. Colloids Surf. A 2018, 555, 201-208.

Nguyen, D.D.; Tai, N.H.; Lee, S.B.; Kuo, W.S. Superhydrophobic and superoleophilic properties of
graphene-based sponges fabricated using a facile dip coating method. Energy Environ. Sci. 2012, 5, 7908—
7912.

Qiu, L.; Zhang, Y.; Liu, S.; Zhang, Q.; Zhou, Y. Preparation and Application of Superhydrophobic and
Robust Graphene Composites Oil/Water Separation Material. Chem. ]. Chin. Univ.-Chin. 2018, 39, 2758-2766.
Yang, S.; Chen, L.; Lei, M.; Hao, B.; Chen, ]J.; Ma, P.C. Graphene foam with hierarchical structures for the
removal of organic pollutants from water. RSC Adv. 2016, 6, 4889-4898.

Zhang, T.; Xiao, C.; Hao, J.; Zhao, J.; Fam, ZW.; Chen, K.K. Studies on Nonwoven Fabric Reinforced
PVDF/GE Oil-absorptive Composite Membrane. Acta Polym. Sin. 2016, 9, 1198-1205.

Zhu, H; Chen, D.; Li, N.; Lu, J. Graphene foam with switchable oil wettability for oil and organic solvents
recovery. Adv. Funct. Mater. 2015, 25, 597-605.

Zhu, H.; Chen, D.; An, W.; Li, N.; Xu, Q.; Li, H,; He, J.; Lu, J. A robust and costeffective superhydrophobic
graphene foam for efficient oil and organic solvent recovery. Small 2015, 11, 5222-5229.



Nanomaterials 2020, 10, 1013 29 of 30

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

Naseem, S.; Wu, C.M,; Xu, T.Z; Lai, C.C.; Rwei Syang, P. Oil-water separation of electrospun cellulose
triacetate nanofiber membranes modified by electrophoretically deposited TiOz/graphene oxide. Polymers
2018, 10, 746-760.

Hu, X.; Yu, Y,; Zhou, J.; Wang, Y.; Liang, J.; Zhang, X.; Chang, Q.; Song, L. The improved oil/water
separation performance of graphene oxide modified AI203 microfiltration membrane. . Membr. Sci. 2015,
476, 200-204.

Zhao, S.; Lan, W. Present Status and Research Progress of Anti-corrosion Technology in Pipeline. Surf. Tech.
2015, 44, 112-118.

Tan, B. Study on Stray Current Corrosion and Protection of Oil Pipeline. Master’s Thesis, China University
of Mining & Technology, Xuzhou, China, 2019.

Askari, M.; Aliofkhazraei, M.; Ghaffari, S.; Hajizadeh, A. Film former corrosion inhibitors for oil and gas
pipelines— A technical review. J. Nat. Gas Sci. Eng. 2018, 58, 92-114.

Askari, M.; Aliofkhazraei, M.; Afroukhteh, S. A comprehensive review on internal corrosion and cracking
of oil and gas pipelines. ]. Nat. Gas Sci. Eng. 2019, 71, 102971.

Ekemini, [.; Ambrish, S.; Lin, Y. Inhibitive effect of onion mesocarp extract-nickel nanoparticles composite
on simultaneous hydrogen production and pipework corrosion in 1 M HCL. Int. ]. Hydrog. Energy 2020, 45,
10814-10825.

Chen, C. Preparation and Aging Resistance of Inorganic Nanoparticles/Natural Rubber Latex Composites.
Master’s Thesis, AnHui University of Science Technology: Huainan, China, 2019.

Lei, J. Improved natural rubber composites reinforced with a complex filler network of biobased
nanoparticles and ionomer. Mater. Chem. Phys. 2018, 203, 156-165.

Lu, H. Preparation and Properties of Polyurethane/Graphene Composite Anticorrosive Coating on Carbon
Steel Surface. Master’s Thesis, AnHui University of Science Technology, Huainan, China, 2019.

Yang, N. Study of Characteristics and Anticorrosion Mechanisms of the Graphene-Based Layered
Nanomaterial Modified Waterborne Coatings. Master’s Thesis, University of Chinese Academic Science,
Beijing, China, 2019.

Ma, Y.; Zhang, Y.; Liu, ]. GO-modified double-walled polyurea microcapsules/epoxy composites for marine
anticorrosive self-healing coating. Mater. Design 2020, 189, 108547.

John, H. Downhole Seal and Method of Lubricating a Downhole Tool. U.S. Patent Application 13/191,045,
2 February 2012.

Singhbabu, Y.N.; Sivakumar, B.; Singh, ].K.; Bapari, H.; Pramanick, A.K; Sahu, R K. Efficient anti-corrosive
coating of cold-rolled steel in a seawater environment using an oil-based graphene oxide ink. Nanoscale
2015, 7, 8035-8047.

Cao, Y.Q.; Feng, C.; Zhu, L.].; Li, R.Z. Development of Characterization and Analysis Methods for Graphene
Modified Coatings for Tubing. Mate. Sci. Forum. Trans Tech Publ. 2019, 944, 923-929.

Chakraborty, S.; Digiovanni, A.A.; Agrawal, G.; Scott, D.E.; Mathur, V. Graphene-Coated Diamond
Particles and Compositions and Intermediate Structures Comprising Same. U.S. Patent 9,103,173, 11 August
2015.

Keshavan, M.K.; Zhang, Y.; Shen, Y.; Griffo, A.; Janssen, M. Polycrystalline Diamond Materials Having
Improved Abrasion Resistance, Thermal Stability and Impact Resistance. U.S. Patent 7,493,973, 24 February
2009.

Ocsial Company. Drilling Speed Increased by 20%: Yet Another Upgrade in the Oil & Gas Sector Made
Possible by Graphene Nanotubes. Available online: https: //ocsial.com/en/news/340/ (accessed on 14
January 2019).

Wang, Y.; Nai, L.; Niu, J.; Zhang, X.; Du, L. Experimental study on high-sensitivity induction magnetometer.
Chin. ]. Grophys. 2019, 62, 3760-3771.

Deng, S. Development of Interferometric Optical Fiber Sensor for Oil and Gas Exploration and Security.
Master’s Thesis, Nanjing University Science Technology, Nanjing, China, 2017.

Ke, Z.; Tang, D.; Lai, X.; Dai, Z.; Zhang, Q. Optical fiber evanescent-wave sensing technology of hydrogen
sulfide gas concentration in oil and gas fields. Optik 2018, 157, 1094-1100.

Christopher, B. Fiber Optic Sensors in the Oil and Gas Industry: Current and Future Applications. In Opto-
Mechanical Fiber Optic Sensors; Butterworth-Heineman: Oxford, UK, 2018; pp. 211-236.

Bhongale, S.G.; Gazda, J.; Samson, E.M. Graphene Barriers on Waveguides. U.S. Patent Application
15/513,465, 19 Octorber 2017.



Nanomaterials 2020, 10, 1013 30 of 30

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

Takao, A.; Takafumi, T.; Toru, S.; Kunimi, T.; Ito, S.; Kato, A.; Toshifumi, M. Development of the high
sensitivity MEMS accelerometer for oil and gas exploration. ASEG Ext. Abstr. 2013, 2013, 1-4.

Della Lucia, F.; Zambrozi, P.; Frazatto, F.; Piazzetta, M.; Gobbi, A. Design, fabrication and characterization
of SAW pressure sensors for offshore oil and gas exploration. Sens. Actuat. A-Phys. 2015, 222, 322-328.

Li, C,; Gao, X.; Guo, T.; Xiao, J.; Fan, S.; Jin, W. Analyzing the applicability of miniature ultra-high sensitivity
Fabry-Perot acoustic sensor using a nanothick graphene diaphragm. Meas. Sci. Technol. 2015, 26, 122-130.
Ma, J.; Jin, W.; Ho, H.L.; Daj, ].Y. High-sensitivity fiber-tip pressure sensor with graphene diaphragm. Opt.
Lett. 2012, 37, 2493-2495.

Ma, J.; Xuan, H.; Ho, H.L. Fiber-optic Fabry—Pérot acoustic sensor with multilayer graphene diaphragm.
IEEE Photonic. Tech. L. 2013, 25, 932-935.

Geng, L.; Wang, M.; Jiang, H. The Status of the Development of Graphene Applications in Petroleum
Engineering. Pet. Drill. Tech. 2019, 47, 80-85.

Lu, T. Study on Lateral Resistivity Logging-While-Drilling Method in Oil-Based Drilling Fluid Based on
C4D Technology, Master’s Thesis, Zhejiang University, Hangzhou, China, 2018.

Genorio, B.; Peng, Z.; Lu, W. Synthesis of dispersible ferromagnetic graphene nanoribbon stacks with
enhanced electrical percolation properties in a magnetic field. ACS Nano 2012, 6, 10396-10404.

Wang, H.; Xiang, C.; Hu, H. Research progress of graphene conductive composites. |. [ilin Jianzhu Univ.
2016, 33, 35-39.

Xu, T. Preparation and Study of Graphene Conductive Composites. Master’s Thesis, Hubei University of
Technology, Wuhan, China, 2017.

Wang, L.; Wu, Y,; Wang, Y.; Li, H,; Jiang, N.; Niu, K. Laterally compressed graphene foam/acrylonitrile
butadiene styrene composites for electromagnetic interference shielding. Compos. Part A: Appl. Sci. Manufac.
2020, 133, 105887.

Yu, J.; Chen, Z,; Zhang, ]. An Optical Fiber Temperature Sensor Based on Graphene. China Patent
CN201320351588.6, 22 January 2014.

Tian, H.; Shu, Y.; Wang, X.F.; Mohammad, M.A.; Bie, Z; Li, C.; Mi, W.T.; Yang, Y.; Ren, T.L. A graphene-
based resistive pressure sensor with record-high sensitivity in a wide pressure range. Sci. Rep. 2015, 5, 8603.
Al Shehhi, A.; Al Suwaidi, M.; Al Hammadi, I.; Saadat, I. CO2 Detection Using Graphene Based Micro
Sensors. Abu Dhabi International Petroleum Exhibition & Conference, Abu Dhabi, UAE, 7-10 November,
2016.

Fan, X.; Elgammal, K.; Smith, A.D.; Delin, A.; Lemme, M.C.; Niklaus, F. Humidity and CO: gas sensing
properties of double-layer graphene. Carbon 2018, 127, 576-587.

Zhang, Y.H.; Han, L.F.; Xiao, Y.H,; Jia, D.Z,; Guo, Z.H.; Li, F. Understanding dopant and defect effect on
H-S sensing performances of graphene: A first-principles study. Comp. Mater. Sci. 2013, 69, 222-228.

Alaie, M.M.; Jahangiri, M.; Rashidi, A.M.; Haghighi Asl, H.; Lzadi, N. A novel selective H2S sensor using
dodecylamine and ethylenediamine functionalized graphene oxide. J. Ind. Eng. Chem. 2015, 29, 97-103.
Kanakia, S.; Toussaint, J.D.; Chowdhury, S.M.; Lalwani, G.; Tembulkar, T.; Button, T.; Shroyer, K.R.; Moore,
W.; Sitharaman, B. Physicochemical characterization of a novel graphene-based magnetic resonance
imaging contrast agent. Int. |. Nanomed. 2013, 8, 2821-2833.

Hu, Y.H. The First Magnetic-Nanoparticle-Free Carbon-Based Contrast Agent of Magnetic-Resonance
Imaging-Fluorinated Graphene Oxide. Small 2014, 10, 1451-1452.

Zhang, M.; Revia, R.; Wang, H. Paramagnetic Boron-Doped Graphene Quantum Dots and Their
Application for Safe Magnetic Resonance Imaging. U.S. Patent Application 16/222,741, 20 June 2019.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

‘@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



