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ABSTRACT

ARTICLE HISTORY

Graphene, a two-dimensional nanomaterial, is a promising material for desalination and purification
of organic and inorganic pollutants in the aqueous system. This review illustrates recent advancement
and development using molecular dynamics simulations on graphene-based materials, including
graphene and derivatives such as graphene oxide, for water purification applications. To this end, we
discuss the performance of graphene-based materials for removing various water pollutants from
aqueous media, such as salt, metallic ions, anions, and organic chemicals. This article is envisaged to
be valuable for readers to understand the design and performance of various graphene-based
membranes as the key components for the next-generation membrane technologies.
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Introduction
Rapid industrial development, with growing world population, intensification of agriculture and urbanization, is continuously increasing the contamination of air, water, soil,
and aquatic ecosystems which has made it a primary focus
of political and scientific attention.[1] The contaminants
discharged from the industrial process, agricultural practices, and synthetic chemicals, such as pharmaceuticals and
cosmetics, can have significant effects on the ecoenvironment and threat to human beings and animals.[2,3]
Some vast pollutants derived from many industries such as
metallurgical, mining, chemical manufacturing, and battery
manufacturing industries include toxic heavy metal such as
copper, arsenic, lead, cadmium, mercury, nickel, cobalt,
toxic gases (NOx, SOx, CO, NH3), organic compounds
(dyes, pesticides, pharmaceuticals), and bio-toxics.[4–8]
The dumping of untreated wastewater into rivers, lakes,
and other freshwater bodies and their acute exposure poses
serious health hazards for humans, and survival of aquatic
organisms and living environment.[9,10] The harmful effects
of organic dyes and heavy metal ions are numerous such as
increased heart rate, bio-accumulative, carcinogenic,
paralysis, and even death[11–15] in some cases. Thus, it is
necessarily urgent to eliminate the organic and inorganic
materials from the industrial effluents before it is released
into the environment. Extraction of toxic gases and removal
of aqueous pollutants safely and effectively are technically
challenging. Several traditional methods are being used for
the elimination of hazardous pollutants, which include
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chemical precipitation, membrane filtration, sorption, ion
exchange, electrochemical techniques, and solvent extraction technologies, and ultrafiltration. However, these techniques have some inherent advantages and disadvantages.
For example, the disadvantages of these methods are: low
removal efficiencies, limited adsorption capacity, high cost,
small selectivity, long equilibrium time, and generation of
other waste products. One of the challenges in this area is to
decrease the energy requirement and infrastructure cost of
existing technologies. Thus, it is warranted to develop
advanced purification technologies taking advantage of
new materials to improve the removal efficiencies of
organic and inorganic pollutants from wastewater with
minimum energy and cost. This review presents recent
molecular dynamics studies conducted on graphenebased materials that are very promising for purification
and desalination technologies.

Applications Using Graphene Membranes
Membrane science and technology plays a significant
role in chemical and environmental industries with
a wide range of applications.[16] In general, desalination
is the process of removing organic and inorganic pollutants from wastewater to obtain clean and potable
water. Membrane-based desalination techniques, using
reverse osmosis (RO) method, are currently considered
as more environmentally friendly and energy-efficient
than that of thermal desalination methods such as
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multistage flash and multiple-effect distillation.[17]
However, these technologies suffer from low desalination capacity, high capital costs, require large amounts
of energy, and have low flux permeation rates.[18–21]
The conventional polymeric membranes currently used
in RO plants have dominated the global membrane
market, such as desalination, water purification, and
gas separation due to its simplicity, ease of operation,
low cost, and energy efficiency. However, polymeric
membranes used in RO plants are prone to fouling,
suffer from flux decline under high pressure, undergo
rapid degradation, have a low tolerance to high temperature, acids/alkaline, chlorine, organic solvents[22],
and does not have high permeability and selectivity
(see Fig. 1). Hence, there is a pressing need for the
development of novel membranes with high-water permeability coupled with high salt rejection capacity[23,24],
which can reduce the energy consumption of the RO
process. The ideal membranes should provide high flux
and good ion selectivity, improved stability, and resistance to chlorine and fouling. Additionally, it should be
fabricated as thin as possible and mechanically robust
to maximize permeability, should be chemically inert,
must retain a high salt rejection rate throughout its
service life, and more porous support layers higher
than that of present RO membranes.[25–27] Recently,
nanostructures such as zeolites, metal-organic frameworks, and ceramics materials are successfully replaced
by the polymeric membranes due to their excellent
chemical resistance, high flux, and high rejection
rates.[23,28] However, these membrane materials suffer
from some limitations such as very brittle under high

Figure 1. The limitations of classical RO membranes.

pressure, manufacturing cost, reproducibility, and
defect formation[29] which limits their practical applications in membrane technologies. In this direction, in
recent years, carbon-based materials have attracted
great interest in their easy accessibility, excellent
mechanical properties, biocompatibility, as well as
environmental friendliness.[30,31]
Initially, carbon nanotubes (CNTs) were believed to be
promising candidate materials for membrane due to their
unique hollow structure with open ends and extremely
strong mechanical properties.[32,33] However, it is still challenging to synthesize vertically aligned and high-density
CNTs with large lengths and low defects.[34] The costs and
operational issues have greatly hindered the development
and integration of CNTs into large-area membranes.[35]
Thus, CNTs remain an active area of research for membrane technologies. In recent years, graphene-based materials have attracted great interest in their potential use in
desalination and purification of contaminated water.
Graphene, possessing a single-atom-thick sheet of sp2
hybridized carbon atoms arrayed in a honeycomb pattern,
opened a new door for researchers and scholars to fabricate
the novel membranes with improved separation
capabilities.[36] Potential advantages of graphene include
excellent structural, thermal, mechanical, and electronic
properties, high-surface functionality, and large surface
area.[37,38] With its outstanding properties, graphene
shows excellent potential in several applications such as
transistor fabrication, supercapacitors[39], improved
batteries[40,41], solar cells[42], water purification, atomic permeation, water transportation, and gas separation.[43–45]
One such potential application is the use of graphene sheets
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as membranes for the separation of undesired components
from gases and liquids. Despite its negligible thickness,
membranes made of graphene used in the water desalination because they show adequate mechanical strength,
capability of functioning under higher pressures, low fouling, high chemical resistance, high selectivity, and fast
molecular transport.[21,46] One approach taken by researchers is to create suitable nanopores in graphene sheets.
Nanopores in graphene sheet are formed by ‘knocking
out’ carbon atoms from the matrix, which is initially examined through a series of theoretical studies.[47,48] In this
section, we present a brief overview of computer simulations and theoretical models developed to investigate gas
and water transport through different types of nanoporous
graphene (NPG) membranes.
Molecular dynamics simulations are envisaged to
provide necessary insight into separation of ions from
the aqueous media, and thus providing necessary information for augmenting the designs of RO membranes.
To this end, numerous works have been done in recent
years using porous graphene membranes for separation
of impurities from aqueous media, such as selective ion
transport and seawater desalination. We categorize the
work done by various researchers into the following
sections:
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Effect of Pore Size and Doping
Figure 2a shows a typical design of nanopores on graphene sheet[49], with nitrogens, fluorines, and hydrogen
functional groups. The functionalized graphene nanopores serve as ionic sieves for high selectivity and
transparency. Konatham et al.[50] studied the effect of
functionalization of the pores with carboxylated, aminated, and hydroxylated pores on the NPG membranes
on its ability to reject NaCl. (see Fig. 2b). It was found
that hydroxylated pores gave promising results for the
separation of Cl- ions even at low (0.025 M) and moderate (0.25 M) ionic strengths due to strong free energy
barriers for ions passage. However, the selectivity of
charged functionalized pores of NPG membranes
decreases significantly with increasing ionic strength.
In addition, He et al.[51] simulated using three different
functionalized graphene nanopores, namely, four carbonyl(4CO), four carboxylate(4COO), and three carboxylate(3COO) groups, respectively (see Fig. 3a). They found
that nanopores containing 4CO preferentially conduct
K+ over Na+. On the other hand, the 4COO negatively
charged nanopore selectivity binds Na+ and transports
K+ and Na+. The 3COO nanopores with smaller diameter
can be tuned by changing the magnitude of the applied

Figure 2. (a) Functionalized graphene nanopores with F−N-terminated nanopore and H-terminated nanopore. Adapted with
permission from ref.[49] Copyright (2008) American chemical society (b) Graphene pore functionalized with COO– and NH3+ groups.
Adapted with permission from ref[50] Copyright (2013) American chemical society.
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voltage bias. Under a lower voltage bias, the passage of
Na+ is favored as a consequence of the selective blockage
by Na+. Under a higher voltage bias, transport of K+ is
favored and Na+ no longer blocks the pore due to its
stronger affinity for carboxylate groups which slows its
passage. Various other nanopore configurations[52] for
achieving selective permeation are designed by functionalizing the pore rims of nanoporous graphene (NPG)
using -H, -F, -OH, etc., as shown in Figure 3b–d. On the
other hand, Riyaz et al.[53] investigated the permeability
and selectivity using four different sized nanoporous graphene sheet passivated with nitrogen (N) for removal of
chromate and arsenate from water. Their work elucidates
that the metals ions were physisorbed on the nanoporous
graphene sheet surface and they form hydrogen bond
between target molecules and nitrogen atoms placed on
the edges of the nanopores.
While previous works provide useful insights into how
size and chemistry of the nanopores in graphene-based
membranes affect their desalination performance, some
issues remain open. Recently developed graphene oxide
(GO) membranes identified to be excellent candidate
materials for filtration and separation applications. GO
can be regarded as the oxidized form of graphene having

a high density of functional groups containing epoxy,
hydroxyl, and carboxyl groups on the surface, and
attracted widespread interest due to its exceptional water
permeation and molecular sieving properties. Boukhvalov
et al.[54], successfully proposed the method and modeling
geometries used for the description of graphene−water
interfaces and modeling of graphene oxide atomic
structure.[55,56] The authors also established atomistic
models for hybrid systems composed of water and graphene oxides revealing the anomalous water behavior
inside the stacked graphene oxides on the basis of first
principles calculations. Joshi et al.[57], performed classical
molecular dynamics simulations to support their experimental model and results. They observed in the experimental work that the functionalized GO regions can play
a notable role in salt absorption and, more generally, in
molecular permeation through GO laminates. They performed MD simulations by setting up the GO by adding
12 hydroxyl and epoxy groups to both walls of graphene
capillaries. The results confirmed that smaller ions permeate through the membranes are faster and prefer to reside
more time inside capillaries, in agreement with experiments. Most recently, Abraham et al.[58], performed
molecular dynamics simulations to evaluate the energy

Figure 3. (a) Graphene nanopores functionalized with 4CO, 4COO, and 3COO nanopores are modified with four carbonyl, four
carboxylate, and three carboxylate groups, respectively. Adapted with permission from ref[51] Copyright (2013) American chemical
society. (b) graphene nanopores passivated using -H, -F, -OH functionalization. (c) Oxygen and nitrogen-based functionalized
graphene nanopore (d) stilbene-based nanoporous graphene. (b–d) Adapted with permission from ref[52] Copyright (2018)
American chemical society.
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barriers for various ions entering graphene capillaries of
different widths. The authors revealed that a sharp
increase in the energy barrier, for ions, in less than 9Å
width of graphene capillaries, which was larger for divalent ions compared with monovalent ions, in agreement
with our experiments. Wei et al.[59]explored the water
transport in GO membranes by performing atomistic
simulations. They elucidate the water flow enhancement
inside the nanoconfinement for filtration process, fast
water transport through pristine graphene channels
breaks down due to a side-pinning effect by water confined within oxidized regions of GO membranes.
Guerrero-Avilésa and Orellana[60] showed that the water
flux through the hydroxylated pores in close agreement
with the experimental report, and found water transport
through hydroxylated pores is higher than the hydrogenated pores due to the formation of hydrogen bond
between water molecules and O atoms passivated on
the graphene nanopore. Recently, Heath et al.[61] studied
the molecular interactions between nanopores and alkali
atoms and oxygen-passivated graphene nanopores and
displayed that binding between alkali and oxygen atoms
is strongest when nanopore size is close to the element’s
van der Waals radius.
Effect of External Pressure and Electric Field
Effect of Applied Pressure
In this section, we discuss the efficacy separating metal
ions using NPG membranes and GO membranes, the
effect of varying pore diameter, pore chemistry, applied
external pressure and electric field. Cohen-Tanugi and
Grossman[48] simulated the salt water flow across
a variety of pore diameters and chemical functionalization
of the NPG membranes (see Fig. 4a), which played an
important role in blocking salt ions while passing water
molecules through the NPG membranes. Simulation
results also show that the transport of water through
these nanoporous membranes could reach up to 66 L/
cm2/day/MPa with greater than 99% salt rejection (see
Fig. 4b). In contrast, water transport through
a conventional RO membrane approximately reaches
0.01–0.05 L/cm2/day/MPa with a similar salt rejection.
Cohen-Tanugi and Grossman also found that water flux
through pristine and OH-functionalized pores of the
NPG membranes are 2 to 3 times faster than that of the
conventional membranes used for reverse osmosis at an
equal pressure drop. Nonetheless, the desalination performance of such NPG membranes is most sensitive to pore
size, pore chemistry, and applied pressure. The selective
rejection of ions through NPG is determined by steric
effects, pore size, electrostatic and repulsion interactions
between ions and pores, and pore functionalization.[48,49]
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As an extension of the initiative research reported by
Grossman mentioned above, the effect of pores hydrogenation and hydroxylation on the desalination performance of graphene membranes was further studied by
Wang et al.[62] using MD simulations. The authors considered six graphene membranes, with pores terminated
with hydrogen (H) and hydroxyl (OH), for desalination
performance and systematically investigated the performance of graphene membranes. The water flux and salt
rejections were found to depend on both the pore sizes
and pore functionalities. The water permeance of 785.6 L/
m2/hr/bar obtained by the authors is two or three orders
of magnitude higher than commercially existing technology. Gai et al.[63] calculated the performance of designed
graphene pores with ion etching and decorated with
negatively charged atoms like fluorine, nitrogen, oxygen,
and positively charged hydrogen atoms under various
conditions utilizing MD simulations. The tuning of the
functional groups on the edges of the graphene pore can
provide the best permeability, salt rejection, and high
ionic strength. The authors also found that pore selectivity
was influenced by the electrostatic interactions between
the ions and functional groups positioned at the edge of
the graphene nanopore.
Most recently Ang et al.[64] studied the free-standing
and frozen nanoporous graphene membrane using MD
simulations. They attributed that the free-standing nanoporous graphene membrane can provide a higher salt
rejection, but lower water flux as compared to frozen
membrane. The authors also investigated the performance of slit membranes as compared to a membrane
with circular pore (see Fig. 5a). The authors considered
membranes with circular pores with a diameter of 0.5 nm
and slits with a length of 0.228 nm. The slit containing
membrane showed higher water permeation and perfect
salt rejection compared to the circular pores membrane.
A similar slit containing membrane was also investigated
by Muscatello et al.[65], for the permeation of water
through stacked graphene layers via nonequilibrium
MD simulation (see Fig. 5b). The simulation results reveal
that the path traversed by water molecules has
a considerable impact on the water permeability. As an
extension of the research reported by the above authors,
we recently studied the separation of heavy metal ions
from wastewater using NPG membranes.[66]
We investigated the heavy metal-ion separation performance using NPG membranes with variable pore size,
pore chemistry, and applied hydrostatic pressure. We
compared the nitrogen(N), fluorine(F), and hydroxyl (–
OH) functionalized graphene nanopores on the ability to
reject metal ions in an aqueous media using water permeability, salt rejection, and free-energy profiles. This study
reported that the NPG functionalized with N (NPG-N)
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Figure 4. (a) Geometry of hydrogenated and hydroxylated graphene nanopores. (b) side view of the computational system. (a, b)
Adapted with permission from ref.[48] Copyright (2012) American chemical society.

Figure 5. (a) Circular pores A40 of free-standing graphene nanopore membrane and slit-shaped graphene membrane, where Lc is
critical slit length. Adapted with permission from ref.[64] Copyright (2016) Elsevier. (b) Geometry of the double-layer graphene sheet
membrane was simulated. Adapted with permission from ref.[65] Copyright (2016) American chemical society.

shows higher salt rejection with intermediate permeability
compared to NPG functionalized with F (NPG-F) and
OH (NPG-OH) groups. The NPG-OH shows higher
water permeability through the pore with lower salt rejection compared to NPG-N and NPG-F. However, NPG-F
shows lowest permeability compared to other two NPGs
considered in this study. The energy barrier for the water
molecule is higher for NPG-OH followed by NPG-N and
NPG-F, which shows that the water flux will be highest for

NPG-F among all the NPGs considered in this study (see
Fig. 6a). The water flux and Potential mean force (PMF)
results obtained for water using MD simulations are also
in agreement with the density functional theory(DFT)
calculations. Moreover, the permeability of the water is
4–5 orders more than the existing technologies as shown
in Figure 6b. For the case of NPG-OH, we observed very
high permeability with ~90% salt rejection percentage
compared to NPG-N and NPG-F. On the other hand,
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Figure 6. (a) overall view of the computational system, water (light blue surface), metal ions (pink color), nitrate ions (green and red
color), and pressure applied on piston (gray color). (b) Comparison of water permeability and salt rejection of functionalized NPG
with the existing various technologies reported in the literature. (a–b) Adapted with permission from ref.[66] Copyright (2016)
American chemical society.

NPG-N has intermediate permeability with ~100% salt
rejection. However, NPG-F shows the low permeability
compared to the other two NPGs considered in this study.
Overall, the enhanced water permeability and salt rejection using functionalized NPG can offer important
advantages over existing technologies.[4,67] The findings
thus suggested that ion selectivity can be optimized by
varying the pore size, shape, and number of functional
ligands attached to the nanopores present in the graphene
membrane. While enhancing water flux may not dramatically improve the RO performance because of the thermodynamics limits associated with salt removal, such
enhancement is often encouraging because it helps
achieve high throughput desalination of water. Other
functionalization schemes have also been shown to enable
high rejection rate of heavy metal ions and transitionmetal ions[66,68] and to more effectively exclude chloride
and nitrate ions.[50] Subsequent to the prominent examination of graphene for desalination, numerous theoretical studies have exposed the potential superiority of
graphene membranes to state-of-the-art polymer-based
filtration.[48,49,66]
Chen and Yang[69] have demonstrated water permeation and salt rejection using monolayer graphene nanopores with pyridinic nitrogen (N) doped functionalization
on the pore rims (see Fig. 7a). It was reported that passivation of graphene membranes with various nitrogen-atoms
doping at the pore edges increases the water flux six times
compared with that of pristine graphene membranes.
However, this work exhibits higher water permeability
with several orders of magnitude higher than polymeric
than RO membranes, along with the 100% salt rejection.

Recently, Qiu et al.[70], proposed water desalination using
nanoporous graphene passivated by SiH2 and Si(OH)2
functional groups as shown in Figure 7b,c. They predicted
that Si(OH2) pores enhance superior salt rejection than the
SiH2 functional group nanopore due to selective electrostatic interactions of sodium ions. Thus, the ions are
attracted toward the pore and block water transfer. Very
recently, Köhler[71] and his group demonstrated that ion
flocculant in water improves the salt rejection rate through
nanoporous membranes. In another study,[72] Chogani
et al. explored the effects of functional groups (methyl,
ethyl, and a combination of fluorine and hydrogen) passivated on single-layer nanoporous graphene membrane in
water desalination process using MD simulations. Results
revealed a suitable distribution of alkyl functional groups is
efficient.
So far only computational results were discussed.
For graphene nanoporous membrane, enormous effort
has been made by the scientific community to bring
this concept to experimental verification. However, due
to the difficulty in generating precise and uniform subnanometer pores, there has been limited success. We
discuss here the successes in the experimental realization and testing of nanoporous graphene membranes,
as well as the limitations, and challenges, are discussed
in length. In 2015, Surwade et al.[73] reported experimentally the effective desalination with KCl solution
through the nanoporous graphene membrane, by measuring extremely low ionic transport but measurable
water transport. Oxygen plasma etching technique is
used for creating nanopores on graphene sheet and
achieved a salt rejection of about 76% at high
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Figure 7. (a) Lateral view of the simulation system, showing a functionalized graphene membrane placed in the center of the box
and two chambers on both the sides of the functionalized graphene. The right chamber contained NaCl solution, while the left
chamber was pure water. Adapted with permission from ref.[69] Copyright (2015) Elsevier (b) Silicon-passivated nanopore models.
Top row: Si-6, Si-8, Si-9, Si-10. Bottom row: Si-11, Si-12, Si-12 s. (c) Simulated system in 3D periodic boundary conditions. Top half
represents the feed side (green surface) and bottom half represents permeate side (blue surface). Particles: Green – Cl−, Blue – Na+,
Grey – C, Yellow – Si, Red – O, White – H. (b, c) Adapted with permission from ref.[70] Copyright (2018) American chemical society.

permeability. More promising results were reported in
2019, by Kazemi et al.[74], where extremely high-water
permeation using hydrodynamic pressure was obtained
for a large-area single-layer graphene membrane (100μm scale). In 2017, Qin et al.[75] fabricated a large-area
63 cm2 graphene nanoporous membrane and reported
that membrane shows flux a few times higher as compared to typical polymeric membrane, not able to reject
salt ions. The water permeability and salt rejection from
computational studies are in agreement with the
experimentally measured data and consistent with the
continuum theories, as indicated by Wang et al.[76]
In summary, many numerical experiments on nanoporous graphene membrane for sub-nanometer separation operation have illustrated its enormous potential.
In particular, the feasibility of nanoporous graphene
membranes to perform sub-nanometer separation
with high permeability is well established at the lab
scale. However, much work is needed to bring the
concept to actual industrial applications.
Recently Cohen-Tanugi et al.[77], explored multilayered graphene membranes for water desalination
using molecular dynamics, and they found that fully
aligned pores and smaller interlayer distances effects
water permeation and salt rejection (see Fig. 8a).
Yoshida et al.[78] investigated the permeation of water

across the multiple graphene layers having nanoslits in
a staggered alignment using MD simulations (see Fig.
8c), with an interlayer distance ranging from several
angstroms to a few nanometers. The authors compared
the results for the water permeability obtained using
MD simulations with the predictions obtained using
the lattice Boltzmann calculations and hydrodynamic
modeling. Dahanayaka et al.[79] investigated the flow
across the stacked graphene layers as forward osmosis
(FO) membranes by using molecular dynamics simulations as shown in Figure 8b. The optimum layer separation distance between stacked graphene membranes,
the larger pore widths, and completely misaligned
pore configuration can retain the complete ion rejection and maintain a high-water flux. The results from
these studies can act as a guide in developing advanced
graphene-based thin films for seawater desalination via
FO. Many experimental studies have difficulty in controlling pore generation, particularly in multilayered
graphene. To date, not many experiments have been
performed for multilayer nanoporous graphene membrane, apart from the 2014 bilayer graphene membrane
by Celebi et al.[80]
The recent studies of Kargar et al.[81] provided an
overview of the behavior of confined water flow inside
the nano-capillaries of length 52Å and thickness of

SOFT MATERIALS

305

Figure 8. (a) Bilayer membrane with nanopore radius R, layer separation H, and nanopore offset O. Adapted with permission from
ref.[77] Copyright (2016) American Chemical Society (b) Schematic representation of the simulation system of the bilayer graphene
membrane. Cyan, red, and white color represents carbon, oxygen, and hydrogen atoms, respectively; green, purple, and yellow color
represents sodium, magnesium, and chlorine ions, respectively. Adapted with permission from ref.[79] Copyright (2017) Royal society
of chemistry (c) A snapshot of the multi-layered graphene membrane. Adapted with permission from ref.[78] Copyright (2016) AIP
publishing.

10–15Å, via the application of (MD) simulation
method. Their results represented the third-order polynomial variation in the water flow as a function of
applied pressure and nanochannels thickness. In addition, the study by Sahu et al.[82] reported that the water
permeation and salt rejection through graphene-based
membranes are seriously influenced by the parameters
such as pore size, applied pressure, and salt concentration. Their results suggested that pore width of 7Å gives
100% salt rejection, and water permeability through
this pore width is two order of magnitude higher than
the conventional membranes. Seo et al.[83] proposed
and fabricated a multilayer graphene slit membrane.
The authors reported a high-water flux and salt rejection in line with the reported MD simulations. It is
observed that as compared to the nanoporous graphene
membrane, the graphene slit membrane is much less
explored. However, studies have indicated that it could
provide better results, both from the point of view of
ease of fabrication and separation performance.

Recently, nanomaterials such as GO membranes show
excellent platforms for membrane fabrication primarily
due to their ultra-fast water permeation, and mechanical
and chemical stability. Few researchers investigated the
effect of applied hydrostatic pressure on the ability to
remove impurities such as metal ions using nanoporous
GO membranes. Nicolaï et al.[84] explored the desalination across as a function of three parameters: linker concentration and thickness of GOF-(n,h) membranes as well
as applied pressure ΔP. They showed that the water permeability across GO membranes increases as the pore
spacing distance decreases. On the other hand, for
a given spacing distance, water permeability increases
sharply up to two orders of magnitude higher than the
current technologies. Chen et al.[85], performed
a pressure-driven flow simulation of ionic aqueous solutions (NaCl, KCl, MgCl2, and CaCl2) across bilayer GO
membranes to investigate the effects of staggered nanoslits on desalination properties using MD simulations as
shown in Figure 9a. The synthesized flow model divided
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Figure 9. (a) Initial configuration of the simulation system and the geometrical parameters characterizing the GO membrane. The
gray, red, white, purple, and lime spheres represent the carbon atoms, oxygen atoms, hydrogen atoms, cations, and anions,
respectively. The ball and stick model denotes the saline water molecules and the stick model denotes the pure water molecules.
Geometrical parameters G, O, W, and H stand for the width of gaps, offset between two gaps, width of the laminate, and interlayer
spacing distance, respectively. Adapted with permission from ref.[85] Copyright (2017) American chemical society. (b) Representation
of the simulation system. The GO membrane has a single nanopore at its center, and six atoms at the perimeter of its pore are
functionalized using carboxyl groups. The golden and blue colors denote the Na+ (Cl-) ions in the salt water. (c) Zoom-in views of the
nanopores in the GO membrane. The red, cyan, and white color denote the oxygen, carbon, and hydrogen atoms, respectively. (b-c)
Adapted with permission from ref.[90] Copyright (2017) American Chemical Society. (d) A snapshot of the simulated cell containing
a GO membrane for water desalination. The GO membrane placed in the center of box and water molecules and ions added to the
one side of the box. (cyan, green, yellow, white, and red colors are carbon, chloride, sodium, hydrogen, and oxygen, respectively).
Adapted with permission from ref.[91] Copyright (2012) Elsevier.

into three parts, the entrance of a nanoslit, the conjunction between the gap and passage, and the interlayer
inside the capillary channel. It is found that for the same
width of the nanoslit, the ability of salt permeation is in
the order K+ > Na+ > Mg2+ > Ca2+, which is not consistent
with the hydration radii of ions. The permeation of ions
through nanoslits and nanocapillaries is not totally up to
the hydration radii. Even though the ionic hydration shell
is greater than the opening space, the ions can also pass
through the split because of the special double-deck

hydration structure. These results are useful for evaluating
the potential of bilayer GO membranes for the desalination process and it is useful for understanding the transport mechanism of water and salt species across
multilayer GO membranes.
Few works[86–89] studied the water permeation and
ion rejection in a layer-by-layer assembled freestanding GO membrane. Water permeation across the
flexible GO capillary channel is obviously lower than
that observed in the channel between pristine graphene
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Figure 10. (a) Structure of GO sheet used in the simulation study. Here, red color is for oxygen atoms, green color is for hydrogen
atoms and cyan color is for carbon atoms. Adapted with permission from ref.[92] Copyright (2018) Elsevier. (b) The structure of the
designed system for model in 3-D view. Adapted with permission from ref.[94] Copyright (2019) Springer Nature. (c) The constructed
system used in this study. Blue and green balls represent Na+ and Cl- ions, respectively, and water is shown as transparent cyan.
Adapted with permission from ref.[95] Copyright (2020) Elsevier.

sheets. Authors demonstrated that the laminate GO
membranes with reasonable interlayer distances exhibit
high salt rejection ability. The friction coefficient of
water flow in the GO channel is two orders of magnitude higher than that for pristine graphene pores, and it
increases with the surface oxidation degree. The hydrogen bond interaction between water and functional
groups on the GO channel is responsible for the
enhanced surface friction.
A recent study by Fang et al.[90] showed how the
ionization of the functional groups at the edge of nanopores in single-layer GO membranes affects the desalination efficiency (see Fig. 9b–c). The study reveals that
water flux through the pore and salt leakage affected by
the ionization of the poresfunctional groups in GO
membrane. Moderate ionization greatly enhances water
flux and leads to higher salt leakage but too strong
ionization reduces the water flux and shows little change
in the salt leakage through the nanopores. Ionization of
the functionalization groups of the membrane depends
on the pH of the feed solution and it has significant
effects on the GO membrane’s desalination performance.
Hosseini et al.[91] performed MD simulations on both
nanoporous graphene and GO membranes at the same
conditions in order to understand the effects of pore
size, pore chemistry and surface functional groups on
the water flux, water permeability coefficient, and salt
rejection (see Fig. 9d). The results indicated that the
hydrophilic groups on the GO membrane showed effective efficiency in salt rejection as well as high

performance in water flux. The nanoporous GO membranes allowing water flux 2–5 orders of magnitude
greater than other existing reverse osmosis membranes.
Gogoi et al.[92] found that the increasing GO
membrane sheet dimension decreases the water permeability; however, the selectivity increases (see Fig.
10a). Water permeation and salt rejection efficiency
through GO membranes can be greatly tuned by the
pore offset distance of the membranes. The increase
in the pore offset distance decreases the permeation
of water molecules and increases the ions rejection
through the layered GO membranes. Giri et al.[93],
carefully investigated the ion permeation, salt rejection, and water structure in GO nanochannels of
varying oxidation degree (from 0% to 40%) and varying interlayer spacing (from 0.6 nm to 1.0 nm) via
atomistic MD simulations. Their results demonstrated that the water permeation increases with
increasing interlayer separation and it decreases
with increasing oxidation degree. The results indicated that the best GO channel for the filtration
efficiency is for an oxidation degree of 10% or
lower and interlayer spacing of 0.8 nm. On the
other hand, Lohrasebi and Koslowski[94] studied the
transport of water molecules and salt ions through
graphene-based nano-channels by changing the parameters such as channel width and charges attached to
the channel (see Fig. 10b). Their results indicated
that the increased ion rejection and water flow
through the nano-channel by enhancing the amount
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of charges, and found that the percentage of water
flow and selectivity (ion rejection) depends on the
geometry and shape of the channel.
The recent work by Qiu et al.[95] showcases water
permeability and ion rejection using three typical
edge functional groups, namely carboxyl (COOH),
hydroxyl (OH), and hydrogen (H) on the GO
nanosheets. The resulting high ion rejection rate for
COOH edge functional group compared to the OH
and H edges functional groups with 7Å interlayer
width. The theoretical research related to permeation
of water and ion into 2D nanochannels of GO membranes (see Fig. 10c) with different interlayer space
and nanostructure have been explored Li et al.[96],
using non-equilibrium MD simulations. They showed
that the strong electrostatic, vdW, hydrogen bond,
and polarization interactions between water/ion and
oxygen-containing groups in GO membranes
impedes their transport, which greatly can promote
the development of desalination membrane using 2D
materials with varying interlayer nanostructures.
The Effect of Electric Field
The effect of the external field such as an electric
field on the ability to remove impurities such as
metal ions using functionalized graphene pores was
also investigated by few workers. Azmat et al.[97], in
particular, studied the ion removal from the water
using two different functionalized graphene nanopores under an external electric field. The results
showed that using electric field the functionalized
graphene pores by fluoride (F-pore) and hydrogen
atoms (H-pore) were permeate, preferentially, the
Na+ and Cl− ions, respectively. Li et al.[68] simulated
the separation performance of CuCl2 from an aqueous solution using nanoporous graphene surfaces as
reverse osmosis membranes with three different functionalized groups (boron, nitrogen (N) and hydroxyl
(OH) groups). The authors explored the effect of
pore chemistry and various conditions on water permeability and ion rejection by computing the interfacial properties and the corresponding potential of
mean forces (PMFs) through the three types of functionalized graphene pores. The N-graphene displays
the relatively low ion rejection with intermediate
permeability. Comparatively, the OH-graphene and
boron-doped graphene membrane have displays
100% ion rejection, although the water permeation
is lowest for OH-graphene compared to the borondoped graphene. The simulated water permeability is
2–5 orders of magnitude higher than that of current
commercial membranes. The calculations of the
potential of mean force revealed that water molecules

face lower free-energy barrier as compared with Cu2+
ions when passing through graphene pores. The freeenergy barriers for Cu2+ ion are highest for OHgraphene, followed by boron-doped graphene and
N-graphene, correlating well with the observed salt
rejection. Overall, the functionalized nanoporous graphene membranes exhibit potential application in the
removal of heavy metal ions. In 2016, Rollings et al.[98]
experimentally proved the concept by showing
that negatively charged nanoporous graphene membrane with pores as large as 20Å were able to display
strong K+/Cl− selectivity.
Ruan et al.[99] and Zhu et al.[100] performed molecular
dynamics simulations to investigate selectivity behaviors
of Mg2+ and Li+ passing through the functionalized graphene nanopore models under various electric field intensities (see Fig. 11a–c). However, graphene-based
nanopores are modified with either five carbonyl or five
negatively charged carboxylate ions at the edges of the
pores for achieving selective permeation of Mg2+ ions
over Li+ ions. PMF calculations of ions passing through
the functionalized nanopores. This result suggested that
the Li+ ion has a finite energy barrier to pass through both
the functionalized graphene nanopores, while Mg2+ ions
can cross through functionalized nanopores in a barrierless fashion. Moreover, the separation is due to the difference in dehydration behavior between the second hydration shells of Li+ and Mg2+ ions. For Li+ ions require
excess energy for the dehydration compare to the Mg2
+
ions, and thus shows lower selectivity in permeation of
the Li+ ions over the Mg2+ ions.[99,100]
Nguyen et al.[101] reported that transport of saltwater
through three different pore sizes of the pristine and
positively charged single-layer graphene nanoporous
membranes. The positively charged graphene membranes showed that rate of salt rejection is higher compared to the pristine membrane for hydraulic pore
diameters of 14.40Å. In addition, Nyguen et al.[102]
demonstrated the salt water transport through positively and negatively charged nanoporous graphene
membranes with a hydraulic pore diameter of 14.40Å.
The results indicate that the nanoporous graphene
membranes with four different electric charges distributed on the pore edges show promising performance in
reverse osmosis (RO) desalination systems. Zhang et al.[103] also carried out MD simulations for permeation
of salt ions through the graphene bilayer with and
without a vertical electric field and found that ions
are trapped inside the nanochannels due to the strong
electrostatic interactions between them. Lohrasebi and
Rikhtehgaran[104]] studied the separation ions through
the porous graphene membrane driven by an external
electric field and observed ion rejection rates increased
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Figure 11. (a) Selectivity filter structure of CorA Mg2+ channels viewed from the top. (b) Graphene nanopores with pore diameter of
0.789. (c) The simulation box that consists of a modified graphene nanopore in the center and reservoirs on both sides of the
graphene nanopore. (a–c) Adapted with permission from ref.[99] Copyright (2016) American chemical society.

up to 93% for the electric field (E) of 10 mV/Å and
higher values of E.

Effect of Functionalization and Grafting
Various molecular simulation studies reveal an important
role of terminal groups on graphene-based materials for
an enhanced removal of metal ions from aqueous
streams.[66,105] The GO can be grafted/functionalized
with different polymer groups for the removal of organic
and
inorganic
pollutants
from
wastewater.
Polyamidoamine dendrimers (PAMAMs) are frequently
studied due to their large amount of terminal functional
groups.[106,107] PAMAM dendrimers are much larger and
more versatility in variety of terminal groups, including
amino, carboxylic, and hydroxyl groups.
Yuan et al. grafted graphene oxide with dendrimers
(GO-PAMAM) has shown a high adsorption capacity of
heavy metal ions ~1.0 mmol/gm.[108] Recent experimental
work of Zhang et al.[109] explored using GO-PAMAM
adsorbent to remove heavy metal ions from aqueous
solutions. These experimental investigations showed that
the metal-ion adsorption capacity on the GO surface is
improved after modification with polymers.
To elucidate the molecular interaction between the
metal ions and PAMAM dendrimers, in a recent
work[110], we have illustrated the molecular mechanisms
involved in the adsorption of metal ions (particularly Pb2
+
) on the graphene, graphene oxide, and polyamidoamine
(PAMAM) dendrimer with different terminal groups
grafted on the graphene and graphene oxide surfaces
(see Fig. 12a). Using the base materials listed in Table 1,
eight different surfaces were generated viz., graphene
(GS), GS-PAMAM, GS-PAMAM-COO-, GS-PAMAMOH, graphene oxide (GO), GO-PAMAM, GO-PAMAMCOO-, and GO-PAMAM-OH. An illustration of such
a system, using the G3 generation PAMAM dendrimer

is shown in Figure 12b,c. Adsorption of Pb2+ ions on the
GO-PAMAM-COO- surface is significantly more than
the other surfaces for all five concentrations considered
in this work as shown in Figure 12d.
The maximum adsorption capacity of GO-PAMAM
for Pb2+ ion is found to be 568.18 mg/g at around
6 mmol/L. The experimental findings of the order of
adsorption of Pb2+ metal ion on the different surfaces
GO-PAMAM> GO > GS is qualitatively akin to that
seen in our work.[109] The maximum adsorption capacities of Pb2+ ion on different surfaces calculated from the
Langmuir isotherm equation follow the order GOPAMAM-COO- > GO-PAMAM-OH> GO-PAMAM >
GO > GS-PAMAM-COO- > GS-PAMAM-OH > GSPAMAM > GS.
The adsorption capacity of Pb2+ ions on the dendrimer grafted on the GO surface is significantly more
than the bare GO, bare GS and dendrimer grafted GS
surfaces for five concentrations. The adsorption
mechanism of metal ions on the eight different surfaces
is discussed with the help of microscopic interactions
between metal ion and solid surfaces. In addition, we
examined the self-diffusion coefficient and residence
time of Pb2+ ions near the surfaces. Interestingly, we
found that the interaction between the Pb2+ ion and
dendrimer plays a significant role in enhancing their
association with the dendrimer grafted surfaces. The
results show that the adsorption capacity of the Pb2
+
ion is improved significantly using carboxyl terminal
groups of dendrimer grafted on graphene oxide surface.

Graphene and GO for Removing Organic Pollutants
Among various techniques, the adsorption method is considered to be one of the simplest and most attractive methods for separating organic pollutants from wastewater. The
ideal adsorbent material should exhibit high gravimetric
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Figure 12. (a) Schematic diagram for a G0.5 PAMAM-COO- grafted onto graphene sheet where red circle group represents
a carboxyl-terminal group and yellow circle represents a carbon atom within the graphene sheet (GS). (b) Representative simulations
system GO-PAMAM surface solvated in an ionic solution. Grey color represents the GS, cyan, red, blue, and white colorsrepresent the
carbon atoms of PAMAM dendrimer, oxygen atoms of functional groups and PAMAM, nitrogen atoms of PAMAM and hydrogen
atoms of functional groups and PAMAM. Water represented as the light blue surface, nitrate ions represented as green and pink, and
metal ions as shown in yellow. (c) GO-PAMAM surface. (d) Langmuir adsorption isotherm showing the variation of total amount of
metal ion adsorbed (qe) with the concentration (mol/L) for adsorption of Pb2+ ions onto the eight different surfaces. Open symbols
for different terminal groups (-NH2, -COO- and -OH) of dendrimer grafted to GS surface and filled symbols for different terminal
groups (-NH2, -COO- and -OH) of dendrimer grafted to GO surface. Adapted with permission from ref[110] Copyright (2017) American
chemical society.
Table 1. Summary of the materials considered.
Material
GS
GO
PAMAM
PAMAM-COO−
PAMAM-OH

Description
Graphene sheet
Graphene oxide
Dendrimer with NH2 terminal groups
Dendrimer with COO− terminal groups
Dendrimer with OH terminal groups

capacity, easy separation from cleaned water and easy
cleaning for long-term cycling. The most common adsorbents are activated carbon[111], zeolites[112] and natural
fibers[113], and other recent refined materials, including
graphene capsules[114], collagen nanocomposites[115], polyurethane sponge[116], polyurethane, and iron oxide
composites[117], MnO2 nanowires[118] and graphene
hydrogels.[119] These adsorbents have been used for
removal of organic solvents such as alcohols, aromatic
compounds, and dyes from aqueous phase. However,
these adsorbents have significant disadvantages such as

low efficiency, unsatisfactory regeneration, and cycling ability. In this direction, two-dimensional graphene materials
have attracted much recent attention because of their
unique properties including high-surface area.[37,120]
Azamat et al.[121] performed MD simulations to study the
separation of chlorination disinfection by-products such as
CH3Cl, CH2Cl2, and CHCl3 in aqueous solution using
functionalized graphene pores under induced pressure.
The graphene pores terminated with fluorine and hydrogen
atoms with different pore sizes showed that the functionalized nanoporous graphene with a small diameter is
impermeable to trihalomethanes (CH3Cl, CH2Cl2, and
CHCl3) whereas larger diameter pores are permeable to
trihalomethanes. These results suggest that a thin graphene
membrane with a functionalized pore can effectively filter
the trihalomethanes from water under pressure.
Zhao et al.[122] studied the effect of pore width and
composition of ethanol-water mixtures confined
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within slit-shaped graphene nanopores using MD
simulations (see Fig. 13a). They found that ethanol
molecules were preferentially adsorbed on the inner
surface of a pore wall and formed an adsorbed ethanol
layer. Essentially, the adsorbed alcohol layer acts like
a new surface for water molecules to adsorb on it. The
diffusion coefficients for confined pure ethanol molecules are substantially less than that of bulk phase,
indicating more enhanced confinement effect as
shown in Figure 13c. In our recent work[123], we
performed MD simulations to investigate the selectivity of ethanol-water in slit-shaped graphene pores (see
Fig. 13b). In particular, we investigated the structural
(i.e., density profiles, hydrogen bonding, and molecular orientation) and dynamical properties (i.e., selfdiffusion coefficients and residence time) of ethanolwater confined in slit pores. In order to compare the
properties of confined water and ethanol molecules
within different pore widths of graphene sheets, we
considered three pore sizes (7, 9, and 13Å) under
identical conditions. The suitability of the sheets for
the separation of ethanol-water mixture is investigated
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by studying the adsorption and structural behavior of
ethanol-water mixtures in slit pores with variable
width (7 to 13Å) using MD simulations. The selectivity of ethanol is found to depend on the pore-width
and nature of the pore walls. The selectivity of ethanol
is highest for 9Å pore and lowest for 7Å pore. The
investigation of the structural properties of the confined ethanol and water molecules within different
pore widths are used to elucidate the adsorption behavior. Results from this study showed that the adsorption of ethanol molecules inside the graphene pore
increases with increasing mole fractions of ethanolwater mixture. By comparing the selectivity of ethanol
molecules within the different slit pores, 9Å slit pore
shows the highest efficiency of ethanol-water separation compared to the 7 and 13Å pores. The combination of structural and dynamical properties results
reported here for ethanol-water system suggests that
pore size 9Å of graphene surface is useful for the
separation of ethanol from ethanol-water system (see
Fig. 13d). Based on the above results, it can be concluded that molecular sieving plays an important role

Figure 13. (a) Representative of simulation systems. The cyan walls represent the graphene sheets. Adapted with permission from
ref[122] Copyright (2015) American chemical society. (b) Representative simulation snapshot for the water/ethanol mixture in contact
with the 13 Å graphene pore. Red and white spheres represent oxygen, hydrogen atoms, and gray spheres represent carbon atoms
of ethanol molecules, respectively. Cyan color represents water molecules. Grey color spheres represent the carbon atoms of
graphene surface, respectively. Adapted with permission from ref[123] Copyright (2017) American chemical society. (c) Diffusion
coefficients of ethanol with various ethanol/water compositions confined in 7–25 Å graphene nanochannels. Diffusion coefficient of
ethanol in bulk phase represented by green dash line. Adapted with permission from ref[122] Copyright (2015) American chemical
society. (d) Diffusion coefficient for water and ethanol molecules within three slit-shaped pores on the graphene (GS) surface as
a function of ethanol mole fraction. Adapted with permission from ref[123] Copyright (2017) American chemical society.
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in lower pores, whereas surface-fluid interaction is
a governing factor for larger pore sizes.
In a recent work, Joshi et al.[57] using MD simulations have confirmed that the graphene-based materials
with well-defined pore sizes can be used for filtration
and separation technologies for the extraction of valuable solutes from complex mixtures. The graphene
capillary acts as molecular sieves, blocking all solutes
with hydrated radii larger than the capillary size.
Results show that the selectivity of ethanol decreases
with increase in mole fraction of ethanol. The selectivity of ethanol is higher for 9Å slit pore compared to 7
and 13Å pores. The results confirm that the ethanol
molecules easily permeate through the 9Å slit pore
compared to the 7Å. However, the ethanol molecules
transport into the graphene pores obviously depend on
the width of the pore. Therefore, the pore width is the
crucial parameter to dictate the selectivity of ethanol.
This suggests that pore 9Å of graphene surface is promising for ethanol/water separation. The above studies
focused on the preferentially adsorbed ethanol molecules on the inner surface of the pore wall and also the
mobility of water molecules under 2D nanoconfinement. Gao et al.[124] investigated the effect of the alcohol adsorption layer on the mobility of water molecules
under 2D confinement. Molecular simulations were
performed to evaluate four types of alcohol/water binary mixtures confined under a 20Å graphene slit. The
alcohol/water binary mixture separation under 2D graphene slit is usually affected by multiple factors, such as
pore size, pore wall chemistry, and external conditions,
respectively. They found that residence times of the
water molecules covering the alcohol layer were in the
order of methanol/water < ethanol/water <1-propanol/
water < 1-butanol/water. The authors analyzed the
hydrogen bonding (H-bond) network between the preferentially adsorbed alcohol molecules and the surrounding water molecules. They observed a low
average number of H-bonds, which could be due to
the damage of H-bond network of the water molecules
covering the alcohol layer, resulting in the long residence time of the water molecules.
Recently, Borges et al.[89] investigated the molecular
level mechanism for the separation of alcohol/water
inside multilayer GO membranes. The authors explained
the selectivity of water in nano-confined structures and
effective blocking of alcohol molecules by performing
deep analysis on the structural molecule arrangements
inside GO channels and the water permeation mechanisms using molecular simulations. They found that both
the size exclusion and molecular arrangements within GO
channels are responsible for the separation of alcohol/
water and this is due to the formation of water monolayer

is enhanced by the formation of a robust hydrogen bond
network. It was found that the key factors for designing
more efficient alcohol-water separation membranes are
permeability, membrane affinity, molecular size exclusion, and geometry confinement, respectively. They suggested that GO membranes are versatile and efficient for
ethanol dehydration using this separation process.
Borthakur et al.[125] studied the influence of different
inorganic anions (Cl−, Br−, SCN−, NO3−, SO42− and CH3
COO−) and cations (Ca2+, Mg2+, Na+, and NH4+) on the
surface potential of GO suspension using MD simulations. The simulations are performed by solvating single
GO molecule in both acidic and basic forms in pure water
and aqueous solutions of NaCl, Na2SO4, NaSCN, NaNO3,
NaBr, CH3COONa, NH4Cl, MgCl2, and CaCl2 with the
0.1 M concentration. The results from MD simulations
suggested that the interactions between cations and
anions with the surface of GO and correlate to the measured zeta potential to the presence of inorganic ions in
the colloidal suspension at molecular level. This work
showed that GO successfully utilized in the reactive
extraction technique for separation of methyl blue dye
molecule from aqueous phase to organic phase. Hou et al.[126] demonstrated the adsorption behavior of calcium
and sulfate ions on four different types of surfaces such as
graphene sheet (G), GO with carboxylate (GOCOO−,
deprotonated carboxyl), GO with carboxyl (GOCOOH)
and GO with hydroxyl (GOOH). They found that the
adsorption of calcium and sulfate ions is greatly depended
on the polarity of GO surface, and consequently adsorption ratio follows the order: GOCOO− > GOCOOH >
GOH> G.
GOs
are
two-dimensional
one-atom-thick
nanosheets with a large surface area that can facilitate
drug adsorption on their surfaces and edges through
mechanisms such as π-π stacking, electrostatic interactions, and hydrogen bonding. Therefore, the drug
loading capacity of GO is typically larger than other
nanoparticle-based carriers. Wang et al.[127] and
Mahdavi et al.[128] have investigated, independently, a graphene-based drug delivery system for
DOX and three other anticancer drugs, i.e., chlorin e6
(Ce6), MTX, and SN38. They specifically focused on
the effect of graphene sheet size on the drug diffusion
and adsorption on the pristine graphene (PG), GO,
and polyethylene glycolfunctionalized GO (GO-PEG)
in vacuum. They conclude that the drug adsorption
is more favorable when the drug molecules and graphene nanosheets become comparable in size.
Moreover, the drug molecules interact more strongly
with the GO-PEG carrier than with the PG sheets,
which highlights the advantages of functionalization
in improving the stability of graphene-based drug
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delivery systems. Previous research has not adequately explained the underlying mechanism of
DOX adsorption on graphene-based nanocarriers in
an aqueous medium at different pH levels. Mahdavi
et al.[128] studied the adsorption of doxorubicin
(DOX) anticancer drug on pristine graphene and
graphene oxide nanocarriers, with different surface
oxygen densities, in an aqueous environment with
varying pH levels using MD simulation (see Fig.
14a). They revealed the underlying mechanisms of
DOX loading and release on graphene and GO surfaces, which would be valuable to design better graphene-based nanocarriers for the DOX delivery and
targeting applications. The authors demonstrated that
there exists a significant difference in the adsorption
of multiple DOX molecules on a GO sheet at neutral
versus acidic pH levels. Thus, the simulation results
can be used to design suitable DOX/GO drug delivery systems with desirable pH-induced drug release
characteristics. Moreover, the GO could be used as
a potential nanocarrier for the delivery of other
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anticancer drugs, such as camptothecin and
paclitaxel.
Safdari et al.[129] analyzed the adsorption behaviors
of the 5-fluorouracil (5-FU) anticancer drug on the
surface of graphene oxide nanosheet using DFT and
MD simulation. The geometrical, topological, and electronic properties of 5-FU molecule adsorption on the
GO nanosheet are employed using DFT calculations.
Moreover, the authors also investigated the effect of
temperature (250, 300, 350, and 400 K) on the dynamic
interaction between GO nanosheet and 5-FU drug
molecules in an aqueous environment using MD simulations. The results obtained from MD simulations
illustrate that the increasing temperature to 400 K promotes the hydrogen bonds between different functional
groups on GO nanosheet and 5-FU drug molecules. It
is also found that by increasing the temperature from
250 to 400 K, the van der Waals interaction energy of
the simulation system becomes more negative. Recently
Hasanzade et al.[130] studied the adsorption of ellipticine (EPT) drug on the surface of graphene oxide

Figure 14. (a) Adsorption of doxorubicin (DOX) drug molecules on GO graphene oxide at pH = 7. Adapted with permission from
ref[128] Copyright (2016) Royal Society of Chemistry (b) GO membrane models with deff = 10.19 Å after capillary filling. The red, and
white color denote the oxygen, and hydrogen atoms of water molecules. Adapted with permission from ref[135] Copyright (2016)
American chemical society. (c) Representative simulated system for adsorption of methylene blue cations on GO in an aqueous
solution. (d) Zoom-in views of the methylene blue cations and GO solvated in an aqueous solution. Water molecules are not shown
for clarity. The color of atom represents the following rule: white, hydrogen; red, oxygen; gray, carbon; blue, nitrogen; yellow, sulfur.
The GO is shown as gray–bonded sheet, while methylene blue cations are shown as larger spheres. (c-d) Adapted with permission
from ref[134] Copyright (2015) AIP publishing.
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nanosheet using density functional theory and molecular dynamics simulations. They examined the effect of
the pH on the drug molecule loading and released on
GO nanosheet. MD simulations results showed that the
favorable drug molecule loading at the neutral blood
pH level and its release at an acidic pH level of the
environment surrounding a cancerous tumor. The
results from this study explain the molecular mechanisms of EPT loading and release under the influence of
pH, which is useful for development of a pH-controlled
drug delivery system using GO carriers.
Tang et al.[131] studied the adsorption of aromatic
compounds on GO by combining MD simulations, and
DFT calculations. The authors studied the adsorption
capacity of aromatic compounds on GO governed by
the π-stacking ability, polarizability, and hydrogen
bond interaction energy. You et al.[132] investigated
the adsorption action of nonylphenol ethoxylates
(NPEO10) on GO surface, where theoretical calculation
from MD simulation demonstrated that the adsorption
capacity mainly depends on the polar interactions
between the ethoxylate group and oxygen-containing
functional group on the GO surface. In a recent
work[133], molecular dynamics simulations were conducted to study the adsorption of three different types
of dye molecules (i.e. methylene blue (MB), rhodamine
B (RhB) and methyl orange (MO)) on GO surface. The
calculated adsorption energies elucidate electrostatic
interactions between the dye and the GO model. The
study illustrated that GO has better adsorption of cationic dyes (MB and RhB) compared to the anionic dyes
(MO). Liu et al.[134] performed MD simulations to
understand the molecular mechanism interactions
between the GO sheet and methyl blue (MB). This
study revealed that the GO can remove almost all MB
from aqueous solutions due to the strong electrostatic
interactions between GO and MB molecular. The MD
simulations showed that the MB cations quickly congregate around GO in an aqueous solution as shown in
Figure 14c,d. The effective removal of radioactive technetium from contaminated water is of enormous
importance from an environmental and public health
perspective. Williams et al.[135] demonstrated that GO
membrane capillaries are used for removal of technetium from water using molecular dynamics simulations
as shown in Figure 14b. PMF of individual anions are
calculated when entering into the membrane capillaries.
They also investigated the effect of changing the capillary diameter and observed the entrance barriers of
anions using PMF calculations. The results from this
study suggested that entry of anions from aqueous
solution into the capillary is associated with
a decrease in free energy. DeFever et al.[136], performed

MD simulations for removal of aromatic contaminants
from water using graphene and GO surfaces. They
elucidate the molecular interactions between naphthalene molecules play a significant role in enhancing their
association with graphene and GO surface.
Graphene and GO for Separation of Organic
Pollutants by External Pressure
Borges et al.[137] investigated the dynamics of water
permeation in pristine graphene and GO membranes.
Authors systematically analyzed the transport dynamics
of the confined nanofluids depending on the interlayer
distances and the role of the oxide functional groups
under controlled thermodynamics conditions. They
found that the water flux is much more effective for
graphene than for graphene oxide membranes which is
attributed to the hydrogen bonds formation between
oxide functional groups and water, which traps the
water molecules and prevents ultrafast water transport
through the channels. Bong et al.[138] performed MD
simulations with four different solvents, namely water,
gasoline (consisting of heptane, octane, and hexyl benzene), kerosene (consisting of n-hexadecane and
n-eicosane), and olive oil (consisting of palmitic acid,
stearic acid, oleic acid, and linoleic acid) for selective
filtration using graphene sheet grafted with different
functional groups. The graphene sheet with high percentage coverage of hydroxyl and carboxylic functional
groups blocks kerosene. Whereas water is not filtered
out with low-percentage epoxide coverage. These
results suggested that the surface functionalization of
graphene sheet can solve particular separation problems involving oil and water mixtures. Bahamon et al.[139] studied to understanding the separation of
phenol and ibuprofen from water using multilayered
graphene oxide membranes. Results showed that 100%
rejection organic solutes and greater water permeability
inside GO membrane up to 20% than that in graphene
layers, because of strong hydrogen-bonded interactions
with the oxygenated groups. In a recent study conducted by Ansari et al.[140], the separation of perchlorates and trihalomethanes from aqueous solution using
different functional groups (-F, -OH, and -H) placed on
the edges of the GO nanopore was invested. It was
found that functionalized GO nanosheet membrane
showed high-water permeability, and perchlorate and
trihalomethanes rejection passed through these pores.
Hou et al.[141] demonstrated that the permeation of
liquid ethanol–water mixtures through a series of nanoporous graphene membranes with various pore sizes
and shapes as shown in Figure 15a,c. The selective
permeation of ethanol molecules across the graphene
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Figure 15. (a) The nonequilibrium permeation simulation system; the inset is the enlarged snapshot for ethanol molecules passing
through the nanopore. Color cyan for nanoporous graphene; green, blue color represents the carbon, oxygen atoms of ethanol
molecules; red and white color represents the oxygen and hydrogen atoms of water molecules. Adapted with permission from
ref[141] Copyright (2016) American chemical society. (b) A snapshot of the molecular simulation system. Colors cyan, red, and white
denotes for carbon, oxygen, and hydrogen atoms. Adapted with permission from ref[142] Copyright (2017) Springer Nature. (c) Pore
structures and pore electron density isosurfaces of the nanoporous graphenes considered in the simulation. Adapted with
permission from ref[141] Copyright (2016) American chemical society.

membranes is higher than water molecules. This result
suggests that permeability of ethanol molecules shows
several orders of magnitude higher than current pervaporation membranes. Shi et al.[142] presented ethanol/
water separation using single-layer graphene with various pores and functional groups such as hydrophilic (–

OH) and hydrophobic (–H) terminations. They found
the separation performance of ethanol from water
depends on the pore size, pore’s chemistry, and applied
hydrostatic pressure (see Fig. 15b). The hydrophilic
functionalization of graphene nanopores is found to
be more efficient for ethanol/water separation, due to

Figure 16. (a) The snapshot of molecular system for separation of water-ethanol by GO membrane having a single nanopore at its
center, and six carbon atoms at the perimeter of its pore are functionalized using carboxyl groups. Zoom-in view of the nanopores in
the GO membrane. The orange, blue, cyan, and white color denote the carboxyl oxygen, oxygen, carbon, and hydrogen atoms,
respectively. Adapted with permission from ref[143] Copyright (2018) Elsevier. (b) A schematic illustration of the simulation system
box of water-hexane separation by using GO membranes. Adapted with permission from ref[144] Copyright (2018) Elsevier.
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lower energy barrier for water than the ethanol molecules in the pore vicinity compared to hydrophobic
porous graphene membrane.
Similarly, Fang et al.[143], studied the separation of
water and ethanol using single-layer GO sheets with
different pore sizes and tuning the ionization of functional groups on the periphery of GO pores as shown in
Figure 16a. They revealed that water to ethanol selectivity coefficient of ∼7 within the pores of nominal
diameter of 11.2Å and ionization of the COOH groups
on the edge of the pores in the GO membranes. This
improved the selectivity of water over ethanol molecules due to the ionization of the functional groups; the
dominating factor is functional groups on the periphery
of pores which enhances the accessibility of water
molecules but suppresses the ethanol molecules at the
same pores.
Recently, Foroutan et al.[144] investigated computationally the separation of water from a water-oil
mixture by two-layer GO layers with varying interlayer spacing between two GO layers as well as gap
size of GO (see Fig. 16b). Their results suggest that
the reduction in the interlayer distance and size of
the gap will decrease the permeability and flux of the
water molecules, but the amount of water molecules
separating from the oil increases. The GO functional
groups also affect the water-oil separation, which is
revealed by the hydrogen bonding calculations
between GO and water molecules. The authors also
calculated PMF to study the effect of functional
groups on repelling oil molecules from the GO
gaps. Yu et al.[145], studied the molecular permeation
of ethanol-water mixtures passing through singlelayer GO nanopores modified with COOH (carboxyl)
and COO- (ionized carboxyl) groups, respectively.
They concluded that GO-COO- pore showed
a strong molecular affinity between water and COOgroup compared to the ethanol molecules, promoting
the higher selective penetration of water relative to
the ethanol. Liu et al.[146] explored the microstructure
of GO membrane is optimized and the permeation
behavior of water and ethanol through porous GO
membranes with different pore sizes and O/C ratios.
The adequately sized pore (D = 2.4 Å) and a high O/
C ratio (R = 0.49) GO membrane attained the highest
ethanol rejection and water flux.
Finally, we will end this section with a comparison of
computational and experimental works. Until now,
many experimental works[58,147–157] were conducted
on the GO-based membranes for water purification.
On the contrary, computational studies are very limited. There are some discrepancies among the simulation and experimental results which remain to be

understood. The models in the computational studies
mostly based on the ideal structures of graphene membranes, exhibiting a considerable discrepancy with the
realistic structures in many aspects, such as the pore
size and porosity in the NPG membranes, chemical
modifications on pore edge and graphene surface both
for the NPG and GO membranes, interlayer channel
distance and topological structure in the GO membranes. However, the GO membrane areas in the simulations are usually on the order of square nanometers,
which is many orders smaller than the real membrane
area employed in the experiments. Though the simulations usually employed periodic boundary conditions,
the complicated distributions of pores and channels in
the GO membranes cannot be considered in the simulations with a small membrane area. The molecules
(water, ion, etc.) involved in the simulations (range of
hundreds and thousands) are very limited owing to the
limitation of computation cost. The molecular permeance obtained by averaging the molecular transport
rates in such short time periods may induce a nonnegligible discrepancy with the experimentally measured data. One possible solution to solve the abovementioned inadequacies would increase the length and
time scales of molecular simulations by the means of
coarse-grained method and other effective methods
such as realistic topological structure, chemical composition, and quantum mechanical calculations. Such studies would be necessary for the translation of material
realized in the lab scale to the industrial scale.

Summary and Future Scope of Work
This review highlighted the use of molecular simulation
methods to study the removal of organic and inorganic
pollutants from aqueous solutions using graphene and
graphene-based materials by means of MD simulations.
The simulation studies reveal that functionalized graphene and GO materials are a promising substitute of
activated carbon and other materials that are presently
used for desalination and purification of wastewater. The
functionalized graphene and GO membranes possess
higher water permeability that is several orders higher
than the existing methods. The graphene and GO materials have been shown to have the potential to be one of the
most reliable and versatile materials for wastewater treatment and have great potential for applications in environmental science. However, membrane affinity,
molecular size, geometry confinement, and selective permeation are the key factors for designing more efficient
graphene and GO membranes for separation of organic
and inorganic pollutants from wastewater. Furthermore,
the key challenge lies in understanding the synthesis
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mechanism to produce a vigorous and cost-effectiveness
membranes for practical applications. Although computational studies have shed light on transport mechanisms
in idealized pores, an understanding of the structure and
behavior of pores in real materials has only just started to
emerge. Finally, additional research is needed to evaluate
the cost-effectiveness of large-scale membrane fabrication, adsorption of multi-components, pilot-plant studies
and monitoring of the long-term stability of membranes
under practical application conditions. Significant work is
needed to overcome these major challenges, for commercialization of graphene and GO materials for large-scale
wastewater treatment. In this direction, molecular studies
are highly desirable to provide essential information for
the commercial application of graphene-based materials
for desalinations and purification of wastewater.
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