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is still a lot to pursue and achieve. In particular, the devel-
opment of graphene-based membranes will be reviewed to
support their potential application in oil recovery processes.

Improved oil recovery (IOR) and EOR processes are
designed on studies of �uid behavior at macro- and micro-
scales, taking into account, and to some extent with the aim
of manipulating, rock �uid interaction properties in order
to mobilize, displace and produce the maximum possible
volume of hydrocarbon. To this end, the industry has been
exploring the possibilities of low salinity water injection
(LSWI), a method that consists in injecting adequately
modi�ed �ltered water by following a speci�cally designed
procedure to maximize the displacement at both macro-
and microscales. Thus, the question arises on whether the
experience gained in the �eld of graphene-based membranes
can provide possible solutions (or improvements) to water
treatment for LSWI purposes. The following paper gives an
overview of graphene-based membrane technology to then
discuss its potential use in LSWI.

In addition, the paper itself is also an attempt to inform
the readership about the need to share oil and gas industry
problems with scientists working on technologies which
could palliate them. Groundbreaking work is that which
can transcend its own �eld to the bene�t of other �elds.

2. Materials and Methods

2.1. Low Salinity Water Injection to Maximize Oil Recovery.
Historically speaking, water �ooding represents one of the
most popular and e�ective methodologies adopted by the
oil industry to recover additional amounts of oil from a
reservoir that has already been subject to primary recovery
mechanisms. Water �ooding consists in injecting water
(reason why it is also known as water injection) into the
reservoir to push more oil towards the producing wells and
maintaining reservoir pressure slightly above the bubble
point (i.e., pressure at which the oil releases the �rst gas
bubble) in order to maximize the mobility of the oil at reser-
voir conditions. A proper water �ooding process must be
designed with both economic and technical parameters in
mind; for example, the evaluation of reservoir behavior,
including primary production performance, selection of
potential �ooding plans, and estimation of injection and
production rates [5].

The practice of water injection expanded rapidly after the
1920s and has only grown since then. However, and despite
being a nearly 100-year-old practice, conventional water
injection processes have been largely designed without taking
into account the composition of the injected brine. O�shore
�elds and many onshore �elds use seawater for injection,
which is often treated to ensure no solids are present and thus
minimizing possible damage and permeability reduction due
to plugging of the pore throats. Other �elds may use ground
water produced from water supply wells [6]. In optimal dis-
placing conditions, the process can provide an oil recovery
factor that can reach 40% and thus a signi�cant amount of
oil still remains trapped in the porous medium after water
�ooding operations. The value of residual oil saturation
trapped behind the water front is strongly a�ected by the

interaction between rock surface and the �uid phases con-
�ned to the pore spaces and, in particular, by the wettability
and capillary e�ects. On the other hand, rock-�uid interac-
tion properties are strongly a�ected by chemical and physical
interaction between the native components of the system
(i.e., rock, hydrocarbon, and connate water) and the injected
water. Lately, the oil industry has been showing a renewed
interest in water injection processes in which the chemi-
cal composition of the injected brine is manipulated, or
designed, to improve the e�ciency of the displacement
process by reducing the residual oil saturation.

A process that has caught the attention of researchers
from both academia and industry is low salinity water
injection (LSWI), classi�ed by di�erent authors as either an
enhanced oil recovery (EOR) or an improved oil recovery
(IOR) technique. LSWI acts at microscopic scale by reducing
the residual oil saturation through the sought interaction
between the composition of the injected brine, the connate
water, the properties of the oil, and the composition of the
reservoir rock. The technique is e�ective when applied to
mixed-oil-wet sandstone reservoirs. According to the avail-
able literature [7–9], �ooding with low salinity (LS) water
causes desorption of petroleum heavy ends from the clays
present on the pore wall resulting in a more water wet rock
surface, a lower remaining oil saturation, and higher oil
recovery [7]. In spite of the research, both at laboratory and
reservoir scales, a full understanding and recognized expla-
nation of the chemical and physical phenomena behind the
technique is not yet available, and studies are still ongoing.
However, authors agree that the methodology provides
signi�cant improvement in oil recovery. One of the main
appeals of LS �ooding is that it is operationally identical to
conventional water �ooding and does not require expensive
or toxic chemicals [7]. Further advantages associated with
LSWI are the mitigation of the reservoir scaling and souring
risks, improvement of injectivity due to lower suspended
solid content, and reduction of corrosion [10].

Even if the incremental oil recovery depends on the
salinity of the brine, the relationship appears not to be simply
proportional. Results of studies discussed in the technical
literature have shown that above a certain threshold, recovery
does not depend on salinity, and below a certain level of
salinity, some issues can be encountered. According to
Jerauld et al. [11], signi�cant low salinity e�ects have been
seen for a salinity range of 1000 to 2000 ppm; therefore they
concluded the threshold must be above and below the
indicated range. Other �ndings have shown that the injected
concentration must be below 25% of the connate water salin-
ity with approximately 3000 to 5000 ppm as upper salinity
threshold and 0 to 1000 ppm as lower salinity threshold
[12]. However, Alzayer and Sohrabi [6] argue that very low
salinity (less than 1000 ppm) may cause other issues such as
�ne migration and clay swelling. Ayirala and Yousef [9]
report that threshold salinity lower than 5000 ppm is desired
to achieve an incremental oil recovery of 5 to 6% with respect
to conventional water �ooding. Rotondi et al. [10] summa-
rize some basic requirements for LS water �ooding that must
be associated with the salinity of the injected water. In partic-
ular, the injected source water should have a salinity of less
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than 6000 ppm with an optimal range of 1000 to 2000 ppm;
formation rock should contain water sensitive minerals
and should not be strongly water-wet; formation water
should contain divalent ions; and reservoir oil should
contain polar components. Consequently, most of the
available literature seems to point out that a water salinity
threshold of 5000 ppm should be considered for an e�ective
LSWI process.

2.1.1. Current Solution and Technologies. Ayirala and Yousef
[9] presented an extensive review of the desalination technol-
ogies already available and under development for LSWI
(they call the process smart water �ooding). They highlight
the requirements of injected water for carbonates indicating
a reduction of monovalent ions, such as sodium and
chlorides, and su�cient concentration of sulfates calcium
and magnesium. In their work, Ayrala and Yousef divide
the desalination technologies into two main categories:
chemical precipitation and chemical-based salt extraction.
As emerging alternative technologies, they mention and
discuss forward osmosis, membrane distillation, carrier-gas
extraction, and dynamic vapor distillation. Finally, they
mention and brie�y discuss the application of graphene-
nanosheet in a list of potential desalination technologies for
the future.

Therefore, according to Ayirala and Yousef [9], the
application of graphene membranes in the oil industry is
considered as a novel technology over the long term. How-
ever, in other �elds, scienti�c and technical communities
are already working hard on a number of applications of
graphene membranes. One of these applications is the
desalination of water for di�erent purposes.

The following sections focus on a critical review of the
state of the art of graphene porous membrane with the aim
of evaluating its potential application to e�cient water
desalination for low salinity water injection.

2.2. Graphene-Based Membranes

2.2.1. Current Technologies. In desalination, as well as in
other separation �elds, polymeric membranes have gained
an important role and are now commonly used in micro-
and ultra�ltration. A membrane can be de�ned simply as a
discrete, thin interface that moderates the permeation of
chemical species in contact with it. This interface may be
molecularly homogeneous, that is, completely uniform in
composition and structure, or it may be chemically or
physically heterogeneous, for instance, containing holes or
pores of �nite dimension or consisting of some form of
layered structures. In anisotropic membranes the transport
rate of a species is inversely proportional to membrane
thickness. High transport rates across membranes are highly
desirable in separation processes for economic reasons. Thus,
the membranes should be as thin as possible. Conventional
�lm manufacturing technology restricts the fabrication of
mechanically robust, defect-free �lms down to about 20 �m
thicknesses; therefore, anisotropic membranes consist of an
extremely thin layer on the surface of a thicker porous
substrate. The permeation rates and separation properties

of the membrane are dependent exclusively by this surface
layer and its substructure while the porous support only acts
as mechanical substrate [13].

Membranes work as semipermeable barriers, allowing
a species (e.g., water) to pass quickly while partially or
completely retaining other species (e.g., salts and other con-
taminants) [14]. Thin-�lm composite membranes with active
layers made of polyamide (with a thickness of approximately
100–300 nm and characterized by large roughness) are the
current gold standard for desalination and other high-end
applications of membrane technology [15].

Since the proposal of the �rst prototype of thin-�lm
membrane nearly 40 years ago, no other chemistry or
structure has surpassed the performance of this particular
arrangement [16]. Nevertheless, polyamide membranes have
a number of drawbacks which represent the main limiting
factors to decreasing the cost and energy demand of desalina-
tion and wastewater reclamation as well as partially hinder-
ing their applicability in some separation �elds. The main
weaknesses of polyamide membranes are (1) their roughness,
which greatly enhances fouling; (2) their susceptibility to
chemical oxidants, impeding the appropriate pretreatment
of feed streams; and (3) their relatively high thickness, reduc-
ing water permeability [17]. Finally, polyamide membranes
are intrinsically subjected to the common permeability-
selectivity trade-o� [18, 19].

Current research is directed towards �nding innovative
materials, not necessarily polymeric, or increasing the per-
formance of standard polyamide layers [20, 21]. Interest-
ing results have been obtained by working with inorganic
nanomaterials used as �llers of the polymeric layer to
allow the formation of composite thin �lms with enhanced
permeability. Alternative structures and materials with
respect to polyamide membranes have also been reported
such as layer-by-layer assembled active layers, zeolite-based
thin �lms [22–28], and graphene-based nanomaterials
[29, 30] which perform separation by size exclusion of
hydrated ions.

Graphene is an excellent starting material for developing
size selective membranes because of its atomic thickness and
high mechanical strength, thus the growing interest in mass
transport properties across graphene-based membranes.
Graphene membranes are nowadays produced as single layer
and stacked multilayers. Figure 1 summarizes the main
applications of these innovative membranes considering the
separation mechanisms. Graphene and other 2D materials
may ideally act as an absolute barrier, preventing the di�u-
sion of any gas species and molecule [31, 32]. Several works
outlined the enhanced oxygen-atom corrosion resistance of
few-layer graphene and graphene oxide-based materials
[33, 34] and successfully demonstrated their potential use
as protective coatings for anticorrosion applications. On the
other hand, two possibilities are foreseen for separation
purposes: (1) exploiting nanopores, which can exclude larger
molecules allowing smaller molecules to pass through, that
can be introduced into the graphene single layer by a variety
of techniques and (2) exploiting nanochannels present in
stacked graphene membranes obtained starting by graphene
oxide �akes.
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Both these technologies have emerged only recently in
the academic world, and some patents have been registered
in the last �ve years [36–38]. Although some companies have
started to sell graphene single layer and stacked graphene
multilayer for several applications, there are still no commer-
cial separation membranes based on graphene in the market.
Technological transfer and scale-up of these materials and
related technologies for separation applications seem of the
essence considering their enormous potential.

2.2.2. Single-Layer Graphene Membranes. The fabrication of
separation membranes based on 2D materials represents
one of the most challenging applications for water desalina-
tion at present. In this sense, pristine single-layer graphene
has gained lots of attention due to its one-atomic-layer thick-
ness, coupled to unique mechanical properties and excellent
chemical stability. In general, water �ux across a membrane
scales inversely with respect to the corresponding thickness.
Therefore, the strongly reduced thickness of graphene
(d � 0.34 nm for single-layer graphene) might enable greater
water permeability than those of conventional membranes
[39], resulting in fast water transport and low �ltration
pressures. The single-layer graphene membranes generally
consist of a porous support with single-layer graphene
suspended over the pores of the substrate. Then, nanopores
with controlled geometry, density, and chemistry are formed
within the graphene structure, thus obtaining nanoporous
graphene (NPG). In this sense, the working principle of
NPG separation membranes is often based on reverse osmo-
sis, where salt ions and other molecules can be rejected while

water molecules may pass through the nanopores. However,
it should be noted that most of the results so far come from
theoretical models while few results have been experimen-
tally obtained mostly because it is very di�cult to make
graphene single-layer membranes suspended on a porous
support and to accurately control pore dimension at nano-
meter/subnanometer scale. In fact, modeling results demon-
strate the correct pore dimension for water �ltration must be
lower than 2 nm [40]. This strongly limits the technology able
to reach this patterning resolution. However, superior water
permeability and ideal salt rejection found by ab initio
calculations strongly motivate the experimental e�orts to
produce such membranes.

Graphene is usually obtained by following top-down
synthetic approaches, like the mechanical exfoliation [41],
or bottom-up synthesis methods, such as the epitaxial growth
[42] and catalytic chemical vapor deposition (C-CVD) [43].
Several supports with di�erent porosities have been proposed
and combined to graphene single layer for fabricating NPG
membranes, like silicon-based chips [44] and porous poly-
meric membranes [45]. In most of the cases, the as-grown
graphene single layer exhibited intrinsic defects like single
holes, tears, and wrinkles. The transport properties across
such intrinsic defects of the NPG membranes were investi-
gated for water desalination, resulting into insu�cient salt
rejection properties due to their large size [46]. Therefore,
regardless of porous support, the introduction of the nano-
pores of di�erent but uniform size within the graphene active
layer was achieved by several techniques as block copolymers
lithography [47], optimized thermal treatments, and/or
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Figure 1: Applications and �ltration mechanisms of graphene-based membranes. Reprinted with permission from [35]. Copyright John
Wiley & Sons.
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via high-energy irradiation techniques such as ultraviolet-
induced oxidative etching [48], ion bombardment [25],
electron beam, and oxygen-plasma etching methods [44].
Depending on the experimental approach, the formation of
pores in a continuous and wide size range, between approxi-
mately 0.5 and 10 nm, was achieved. A sketch of NPG mem-
brane successfully tested for water desalination is represented
in panel (a) of Figure 2. In this case, the nanopores (0.5-1 nm
in diameter, panels (b) and (c) of Figure 2) were opened
within the graphene layer by O2 plasma etching. On the other
hand, ions bombardment coupled to chemical etching were
exploited to open nanopores (average diameter of 0.40 nm)
within graphene single layer, to fabricate NPG on porous
polymeric supports (panels (d) and (e) of Figure 2) [25, 49].

The �rst theoretical studies demonstrating the feasibility
of NPG membranes for water desalination started to appear
in 2012 and were based on molecular dynamic (MD) simula-
tions. The ability of graphene single layer to withstand strong
pressure regimes up to 57 MPa, that is, about ten times higher
than the typical pressure in seawater reverse osmosis plants,
was e�ectively demonstrated, either for graphene alone or
when supported on substrates with porosities of up to 1 �m
[50]. To evaluate the transport properties, a saltwater feed

solution was simulated and forced to pass across the NPG
membrane by applying pressure with a rigid piston. For a
�xed pore density of �1 × 1013 cm�2, the NPG showed excel-
lent water permeability per nanopores of �103 L/m2·h·bar,
high �ow rates and promising salt rejection, approaching
nearly 100% when controlled subnanometer-sized pores
were introduced into the graphene layer. Such ultrahigh
water permeability was demonstrated also for low pressures
closer to the realistic values applied in real reverse osmosis
systems. Another MD simulation study also predicted that,
for NPG membranes, tripling in water permeability would
result in 44% less pressure requirement or 15% less energy
consumption for a seawater reverse osmosis plant [51]. Other
MD studies also highlighted that the �ltration mechanism
and salt rejection properties of the NPG are mainly governed
by three parameters, that is, the size and geometry of the
pores and the chemical functional groups terminating the
edge of the nanopores. In terms of pore size, and theoretically
speaking, nanopores with diameters as small as 0.75 nm
allowed water molecules to pass through the NPG while
e�ectively rejecting salt ions [52]. The chemistry of the pores,
that is, the chemical functional groups terminating the
edge of the pores, also in�uenced salt rejection of NPG

(a) (b) (c)

(d) (e)

Figure 2: (a) Sketch of NPG membrane successfully tested for water desalination. (b, c) Scanning transmission electron microscope images of
graphene with dimension of pores of �1 nm. Reprinted with permission from [44]. (d) Graphene single-layer transferred onto a porous
polymeric support. (e) Field emission scanning electron microscope image of graphene single layer suspended over the pores of the
polymeric support. Reprinted with permission from [46].
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