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Preface

“Two-Dimensional (2D)Nanomaterials in Separation Science” is amonograph book,
which offers help in two ways—(a) understanding the fundamentals of 2Dmaterials,
especially graphene-family members, hexagonal boron nitride, molybdenum disul-
fide, tungsten disulfide, metal organic framework, zeolite, MXene nanosheets, etc.
and (b) shaping your thoughts and understanding on the uses of these 2D nanoma-
terials in separation science including the membrane filtration and adsorption. This
book starts with a special chapter, focusing on novel pollutants, such as nanoparticles
and nanoplastics, which have recently become emerging water pollutants of global
importance. The authors of individual chapters cover both simulation and experi-
mental evidences of 2D nanosheet-based separation technologies which are often
viewed as the more difficult concepts, especially to isolate complex solutes from
wastewater. The authors give insight mechanistic details in simple enough language
to make themmore understandable. At first, they scrutinize the literatures, and based
on that enough discussions on 2Dnanosheets synthesis; characterizations,membrane
fabrication, and demonstration of these membranes in isolating solutes are corrobo-
rated in detail. Researchers are often burdened with the task of finding research gaps,
and the enormity of such knowledge gaps is given in the last part of each chapter
which might help the readers to overcome any stagnancy in this research field. The
authors also give their perspectives and concentrated on concepts which could be
useful to young researchers and industrial R&D scientists. My rationale is that new
research breakthrough is considerably difficult to find in the ever-expanding litera-
tures, but if the given challenges and perspectives are appropriately mastered, which
are implemented in my book, one can bring new state-of-the-art technologies in the
field of separation science.

New York, USA Rasel Das
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Introduction

Rasel Das

Abstract This chapter defines the two-dimensional (2D) nanomaterials that have
been used in separation science. Then, chapter summaries can be found at the end
of this chapter.

Keywords Water pollutants ·Water purification · Separation science

1 Background

Industrialization, urbanization, population growth, etc., have severely contaminated
freshwater resources. It is due to the addition of macro-, micro- [1] and nano-
pollutants [2] into the water bodies. Among these, nanoplastics and nanoparticles
have recently become emerging water pollutants of global importance. These pollu-
tants have detrimental effects not only on human health, but also on aquatic flora
and fauna [3]. Huge investment is necessary each year due to these polluted water
consequences. Therefore, water purification using state-of-the-art technologies is
necessary for an unlimited safe water supply [4]. Nowadays, these technologies need
novel materials, especially two-dimensional (2D) nanomaterials (NM), due to their
atomic-scale thickness, nano-sized pores, high surface area, stability, and high purifi-
cation ability [5]. It has been around 160 years that scientists have studied layered
materials. However, very recently, they have tried to figure out the actual uses of
these materials for various technological applications [6]. Most of the bulk mate-
rials, for example, three-dimensional (3D) graphite, when thinned into nanoscale,
for example, graphene, and these thinnest NMs are called 2D nanosheets at their
physical limit as shown in Fig. 1.

Since 1859, many occasional attempts were taken to study graphene, but it is
widely synthesized andused after 2004whenProfessor SirAndreGeimandProfessor

R. Das (B)
Department of Biochemistry and Biotechnology, University of Science and Technology
Chittagong (USTC), Foy’s Lake, Chattogram 4202, Bangladesh
e-mail: raseldas@daad-alumni.de

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
R. Das (ed.), Two-Dimensional (2D) Nanomaterials in Separation Science,
Springer Series on Polymer and Composite Materials,
https://doi.org/10.1007/978-3-030-72457-3_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72457-3_1&domain=pdf
mailto:raseldas@daad-alumni.de
https://doi.org/10.1007/978-3-030-72457-3_1


2 R. Das

a

b c

Fig. 1 a Exfoliation of 3D graphite to few-layer 2D graphene nanosheets using poly (p-
phenylenevinylene) precursor (PPV-Pre), b transmission electron microscope (TEM) and c high
resolution (HR)TEM images of a graphene-PPV-pre single-layer sheet. Figures are reproduced
with permission from the American Chemical Society [7]

Sir Kostya Novoselov (from The University of Manchester) discovered a mono-
layer thick sp2-hybridized 2D carbon sheet using a piece of graphite and scotch
tape. Graphene has excellent electrical, thermal, optical and mechanical properties
[8], which have long been the interest in the field of material science, condensed
physics, synthetic chemistry, etc. It has been claimed that the graphene hardness
is 200 and 30 times higher than steel and diamonds, respectively [9]. Due to its
impermeability to water and gas, graphene has been widely studied in separation
science by making suitable pores on it [10]. Atomic-scale thickness could ensure its
high liquid permeability which is several times higher than most of the commercial
nanofiltration (NF) membranes. It increases cost efficiency and energy loss. There
are three types of graphene, such as raw or pristine graphene, graphene oxide (GO)
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a b

Fig. 2 a Stacking of GO nanosheets in the lamellar membrane and b nanoporous graphene
membrane. Here C: black, H: white, O: red, K+: blue, Na+: purple, Mg2+: orange and Cl−: cyan.
Figure is reproduced with permission from the Royal Society of Chemistry [11]

and reduced GO (rGO) which have been used for membrane fabrications. The free-
standing graphene-family-basedmembranesmainly appear in two forms, (a) lamellar
membranes, formedby stacking ofGO/rGO, and (b) nanoporous graphenemembrane
where pore is generated using oxygen plasma, ion bombardment, etc. (Fig. 2).

As shown in Fig. 2a, water molecules typically permeate through the fabricated
nanochannel between each GO/rGO layer/sheets, while hydrated salt ions/pollutants
are blocked. On the other hand, water molecules could pass through the artificially
created desired nanopores in the graphene (called nanoporous membrane) to hinder
the permeation of large hydrated salt ions (Fig. 2b). Therefore, they have the poten-
tiality for size-selective transport through the graphene nanopores. Thesemembranes
significantly outperform the commercial polymericmembranes in termsof highwater
flux and solute selectivity [12]. However, most of the GO-based membranes have a
tendency to be swelled in presence of water, compromising with solute selectivity
and have shown poor lifelong stability.

After tremendous efforts for graphene production, very recently, researchers are
motivated to synthesize its iso-structural form called hexagonal boron nitride (h-BN).
Similar to graphene, h-BNhas goodmechanical and thermal conductivity. In contrast,
h-BNhas high thermal and chemical stabilities and awide bandgap (5.5–5.9 eV) [14].
H-BN is also a layered 2D material, consisting of equal numbers of boron (B) and
nitrogen (N) atoms in an alternative way in a hexagonal lattice. Compared to carbon
in graphite, B-atoms are situated directly above or below corresponding N atoms as
shown inFig. 3a, and the interlayer distance is almost 0.33nm.Compared toC-Cbond
in graphene, B-N bond in h-BN is partially ionic and therefore, would have good
interaction property for solutes. Despite having these leapfrogging properties, the
application of h-BN in separation science is sparsely reported. Recently, Chen et al.
fabricated amino-functionalized h-BN lamellar membrane as depicted in Fig. 3b–d
which retains solutes based on size-exclusion (molecular sieving) mechanism [13].

Very recently, transition metal disulfides (TMDS) that mainly include tungsten
disulfide (WS2) and molybdenum disulfide (MoS2) have found tremendous research
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Fig. 3 a Illustration of 2D h-BN nanosheets, b h-BN film deposited onto a nylon membrane
support, c cross-section SEM image of a typical h-BN membrane and d mechanism of action for
solute separation. Figures b-d are reproduced with permission from Springer-Nature [13]

interests due to their chemical and thermal stabilities, low-cost material and excel-
lent processibility. However, using these 2D TMDS for solutes separation is rarely
reported in the literature. Methods like chemical vapor deposition, mechanical exfo-
liation, and other chemical strategies are used for the large-scale synthesis of their
2D nanosheets. For example, a rolling-out method has been used to synthesize WS2
nanosheets, having a 100 nm lateral dimension from 1D W18O49 using surfactant
[15]. Ball milling and heating methods have also been used by mixing WO3 and S
and heated the powders at 600 °C in Ar [16]. On the other hand,MoS2 consists of two
types of atoms, that is, molybdenum (Mo) and sulfur (S). The thickness of mono-
layer MoS2 is around 1.0 nm. Compared to steel, it is a strong material (Young’s
modulus: 270 ± 100 GPa). Because of its flexibility, both Mo and S are suitable
to create nanopore even with desired functionality. Figure 4 shows simulated MoS2
membrane with nanoscale pore sizes which enhances water permeation and has good
solute retentions.
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Fig. 4 a Illustration of the simulation box consisting of a MoS2 sheet (molybdenum in blue, and
sulfur in yellow), water (transparent blue), ions (in red and green) and a graphene sheet (in gray).
b Left: Mo only pore type. Right: S only pore type. Bottom: mixed (Mo and S) pore type. Figures
are reproduced with permission from the Nature-Springer [17]
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Metal-organic framework (MOF)—as the name implied, it is a combination of
metal ions/clusters and the organic linker. These combinations prepare secondary
building units that are then self-associated to polymeric architectures (structured
frameworks) as shown in Fig. 5. The main properties of MOF are their high crys-
tallinity, very high surface area (>6000 m2/g) and have ultrahigh porosity (<90%
of its volume) [18]. Similar to a sponge, MOF is capable to host and release many
solutes into/from their pores. It is considered as one of the fastest-growing class
of materials, and >20000 MOFs have been synthesized in the last twenty years.
Because of its variable structural units (i.e., metal ions and organic components),
many researchers are now interested to prepare these materials for many potential
applications, such as separation science, clean energy, gas storage, etc. Depending
on the nature of coordination between organic ligands and metal nodes, the overall

a b

c d

Fig. 5 a Illustration of monolayer Cu2Br(IN)2 framework, b Superposition (stacking) of layers
along the a-axis, c AFM topography image of Cu2Br(IN)2 nanosheets deposited on highly oriented
pyrolytic graphite support, dHeight profile across the green line in (c). Figures are reproduced with
permission from the Royal Society of Chemistry [20]
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shapes (3D) of MOF could be octahedra, irregular polyhedral, dodecahedra, etc.
These 3D shapes have two major drawbacks, such as the requirement of activation
treatment and poor solvents dispersibility. Therefore, recent studies are focusing on
2DMOFnanosheets synthesis either from3DbulkyMOFs using exfoliationmethods
or others. Compared with 3D MOFs, 2D MOF nanosheets have ultrathin thickness,
accessible reactive/active sites, high surface area, etc., which are unique properties to
develop industrial-grade separation techniques. Because of thin thickness and tunable
pore size, the selectivity and permeability of 2D MOFs nanosheets are completely
suitable for fabricating membranes with unprecedented advantages [19].

Zeolite is popular for acting as a host framework towards various solutes. It is
mainly due to their microporous structure, high aspect ratio, thinner nanosheets
(short diffusion distance), hydrophilicity, etc. [21]. It mainly consists of ‘corner-
sharing TO4 tetrahedra where T means tetrahedrally coordinated framework atoms,
for example, Si and Al or other heteroatoms [22]. Roth et al. reported that 213
different types of zeolite are possible to synthesize and/or naturally available by
tuning a range of reaction parameters, such as pressure, time, temperature, reactant
types and structure-directing agents as indicated by the yellow color in Fig. 6. Among
these structural variations, nearly 200 types belong to 3D structure and only 10 cases
can be prepared before the condensation of monolayers to 3D zeolite as revealed
in the left and right sides of Fig. 6, respectively [22]. Figure 7 reveals a few 2D
zeolite nanosheets synthesis methods including hydrothermal, surfactant-templated,
and partial zeolite hydrolysis.

MXenes (general formula:Mn+1 Xn) are transitionmetal carbides or nitrides. They
are the new member of the 2D materials family which could be obtained by etching
of A atomic layer fromMAX ternary (Mn+1AXn) whereM is an early transitionmetal
(e.g., Ti, Zr, Hf, W, V, Nb, Ta, Cr, Sc, etc.), A is a non-metal element (i.e., Si, Al, Ga,
etc.) and X is C or/and N. Yury’s research group reported the MXene (i.e., Ti3C2)
using HF as etchant at first in 2011 from Ti3AlC2 [23]. This Ti3C2 is commonly
expressed by Ti3C2TX, where TX depicts surface functional groups, such as = O, −
OH,−F, etc. Subsequently, various MXenes are reported in the literatures including
V4C3TX, Nb4C3TX, Zr3C2TX, Ta4C3TX, Ti4N3TX, V2CTX, Ti2CTX and Cr2CTX,

etc. Li et al. reported halides-terminated MXenes by using ZnCl2 salts as the etchant
and Zn-based MAX as a precursor as shown in Fig. 8. Such 2D nanosheets are used
to fabricate membrane which shows extremely short transport pathway and many
nanochannels. These properties ensure a very high water transport (>1000 L m−2

h−1 bar−1) and solute rejection (over 90 %) [24]. Therefore, MXenes nanosheets
are promising fashioned 2D materials for fabricating advanced water purification
membranes.

2 Conclusions

Based on these preceding materials, this book consists of eight chapters, excluding
this introductory chapter. These chapters bring meaningful information, focusing
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Fig. 6 Schematic illustration of zeolite synthesis using the solvothermal route. Figure is reproduced
with permission from the American Chemical Society [22]

on recent threats to water pollutions and highlighting novel 2D materials-based
methods to purify contaminated water bodies. Chapter 2 underlines major contami-
nants of emerging concerns, especially pharmaceuticals and personal care products.
Two broad categories of novel pollutants including nanoparticles and nanoplastics
are corroborated in detail. The authors show pollutants discharge routes from
domestic/agriculture/industry into freshwater resources, and also highlight the
exposure risks of these pollutants to humans, plants and animals. They summa-
rize some treatments and tackling techniques (classical and advanced) of these
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Fig. 7 Schematic illustration of different reaction pathways that results in 2D zeolites. The atoms,
such as Si, O, N, and H are indicated using yellow, red, blue, and white, respectively (except
surfactant route). Figure is reproduced with permission from the American Chemical Society [22]

Fig. 8 Schematic of the molten salt etching and delamination process. Figure is reproduced with
permission from the American Chemical Society [25]
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pollutants where challenges are given to design future research works. Free-
standing nanoporous graphene-based membrane for water purification is outlined in
Chap. 3. Drawbacks and advantages of some state-of-the-art membrane technolo-
gies are given. Membrane testing methods, ideal membrane properties, as well as
prospects are drawn in this chapter. Before giving experimental working details,
the chapter authors focus on simulation studies that could help to fabricate an effi-
cient nanoporous graphene membrane. Their mechanical stability and large-scale
membrane synthesis are underlined. A few characterization tools of nanoporous
graphene membranes are summarized. In the last part of this chapter, they show
whether suchmembrane is feasible for large-scale application and alsomention some
research gaps to overcome any stagnancy in this research field. Chapter 4 mainly
focuses on recent advances in GO and/or rGO based 2D- and 3D-membrane tech-
nologies. At first, the preparation of GO and rGO is outlined. Next, the experimental
works on lamellar and 3Dmembranes, while the computational studies are discussed
in detail. Some graphene-based desalination membrane and graphdiyne films are
highlighted. The authors describe some research gaps and draw their perspectives to
design future research works. Chapter 5 demonstrates the uses of GO and rGO-based
composite membranes (i.e., reinforcing these materials into other polymeric and/or
NMs) for water purification. At the beginning of this chapter, the authors describe
the commonly used methods (e.g., solvent processing, in situ polymerization, melt
processing, etc.) in order to synthesize the composites. Then, they summarize some
membrane characterization methods for surface roughness, morphological study,
contact angle analysis, thermal stability investigation and mechanical property
evaluation. After that, the experimental evidence of these membranes for solutes
separation is given in detail. In the last part of the chapter, some research gaps are
given based on systematic literature studies. Reverse osmosis and electrodialysis-
based nanoporous graphene membranes are reviewed in Chap. 6. It reveals some
unique fabrication methods of this membrane and discloses the separation mecha-
nisms of solutes. Both the representative theoretical and experimental works in this
field are deeply analyzed. Although using porous graphene membranes in the field
of electrodialysis is less highlighted in the literature, this chapter compiles all the
essential information in one place. Chapter 7 beautifully presents h-BN based sepa-
ration technologies, especially membrane and sorption. At first, the authors describe
all the possible routes for h-BN synthesis. Then, they demonstrate a computational
study that indicates the feasibility of such technology for efficient water purification.
Experimental evidence of h-BN based solute separation is discussed in detail. Lastly,
they compare the performances of h-BN with GO-based membranes which might be
benefitted for general readers. Research gaps are also given at the end of this chapter.
Chapter 8 is based on MoS2 andWS2 based separation methods. At the beginning of
the chapter, the authors discuss these 2D nanosheets synthesis methods. Next, they
show whether the free-standing TMDS is feasible for filtration technology. What is
more interesting about this chapter is to add a section on a comparative study among
TMDS and 1D/2D materials. Research gaps and the author’s perspectives are given
at the end of the chapter. The final Chap. 9mainly covers three very recently used and
fascinating 2Dmaterials, such as MOF, MXenes, and zeolite nanosheets in desalting
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and heavy metal ions removal. These materials have been significantly spotlighted
for their tremendous possibility in separation science. The synthesismethods of these
materials are fundamentally important and described in detail. Both the theoretical
and experimental works, demonstrating the feasibility of such materials to fabricate
future state-of-the-art technologies are given. An interesting section focusing on
the intercalation of these 2D nanosheets into relatively classical GO membranes to
develop an ultra-grade water purification method is underlined. Readers will find
some research gaps and the author’s perspective in the last part of this chapter.
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Emerging Water Pollutants
and Wastewater Treatments

Adejumoke Abosede Inyinbor, Olugbenga Solomon Bello,
Oluwasogo Adewumi Dada, and Toyin Adedayo Oreofe

Abstract The environment is continuously threatened with various kind of pollu-
tants, which have detrimental effects not only on human health, but also on eco-
systems. In general, the water body is an easy route to wastewater disposal where
many contaminants of emerging concerns, such as pharmaceuticals and personal
care products etc. are present. Very recently, other classes of novel water pollu-
tants occur which include nanoplastics and nanoparticles. Here, we discuss both
classical and newly emerging water pollutants categories with their possible conse-
quences. In addition, treatments and tackling techniques of these water pollutants are
summarized. Ten different areas of concern to solve these problems and challenges
of emerging water pollutants are highlighted.

Keywords Emerging contaminants · Classical water pollutants · Nanopollutants ·
Nanoplastics · Nanoparticles

1 Introduction

Water pollution is one class of other types of pollution that has attracted so much
attention. The importance of water to humanity, animals and plants can never be
underestimated, and water pollution threatens clean water availability. Water pollu-
tion can occur as a result of the release of waste product and contaminants into
surface water, runoff into the river, drainage systems leaching into groundwater,
liquid spills, eutrophication, littering and wastewater discharges into water bodies.
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Water quality deterioration is not the only result obtained from water pollution, but
this act also threatens human health and the balance of aquatic ecosystems, economic
development and social prosperity [1].

Pollutants threatening the water sanctity are of a wide range. These include heavy
metals and dyes of many kinds, domestic wastes, such as oil, salts, soaps, detergents,
surfactants, nutrients, organic matter and chemical oxygen demand that is able to
produce energy as high as 130 kJ/g-COD [2]. Wastewater from various industrial
activities also contain pollutants of a wide range. Since water bodies are considered
a convenient route of wastewater disposal, their accompany pollutants becomes a
threat to water bodies. Indiscriminate disposal of solid wastes, as well as runoff
from agricultural activities, contribute serious pollution to the water environment.
Discharges of grey and/or grey water coupled with sewage disposal into water bodies
also create great threats to thewater environment. These threats from various quarters
have left about 67% of the world population in water scarcity at least once in a month
while 1.6 billion people currently face economic water shortage [3, 4].

In recent times, another category of pollutants classed the contaminants of
emerging concerns (CECs) have become a subject of concerns to environmental-
ists. CECs may have been released into the environment over a period of time
without traces or notice until new technologies for their determination were devel-
oped. Other categories of CECs were recently identified as threatening to human and
the ecosystem [5]. Many CECs are also biodegradation products of some chem-
icals. CECs include pharmaceutical and personal care product wastes (PPCPs)
such as antibiotics, antihypertensives, analgesics, anticonvulsant, and antidepressant
amongst others; Endocrine disruptive Chemicals (ECs), such as hormones, flame
retardants, artificial sweetener, plasticizers and insects’ repellants [6].

CECs have been established as a great threat to the aquatic environment and human
health. Their high toxicity, non-degradation characteristics and sneakybehaviormake
them a serious risk in the environment. Pharmaceuticals, such as antibiotics that have
very wide usage and are not completely absorbed in the body may enter the water
environment through various routes (Fig. 1). Their impact in the water environment
ranges from accumulation in water and sediment through bioaccumulation in aquatic
organisms to antibiotics resistant bacteria and gene breeding. High production and
usage of various CECs result in the continuous and ready release of the same into
water bodies [7].

Categories of other pollutants, such as the classical water pollutants, nanoparticles
and nanoplastics amongst others, have also been of great threat to water availability.
Hence, in addition to discussing selected pollutants types, this chapter highlights
their associated risks, methods of screening and tackling various pollutants.
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Water environment

Agricultural activities
• Runoff from animal and 

slaughter houses.
• Runoff from manure 

treated vegetation.
• Direct discharge of 

animal faeces and urine
Wastewater from various activities
• Hospital effluents
• Pharmaceutical effluents
• Domestic effluents
• Municipal effluents

Wastewater treatment plants
• Biosolids
• Runoff from soil irrigated 

with treated wastewater
• Discharge from wastewater 

treatment plantOthers
• Leaching from septic tanks
• Direct discharge of human 

faeces and urine
• Runoff from dump sites
• Careless solid wastes disposal

Fig. 1 Possible source for antibiotics in the water environment

2 Classical Water Pollutants

Pollutants are agents of pollution. The range of pollutants entering the water body
is enormous and these come from various sources. A broad division is the biolog-
ical pollutants and the chemical pollutants. Classical chemical pollutants have been
grouped into two distinct categories; themacro pollutants which occur in veryminute
concentration and the natural organic pollutants [8]. Here, common water pollutants
will be discussed with a focus on nutrients and inorganic pollutants.

2.1 Nutrient as Water Pollutants: Sources, Effects and Clean
Up

Ecological systems greatly depend on nutrients, such as nitrogen (N) and phos-
phorus (P) for healthy survival. However, great deterioration has been seen due to
the excessive discharge of nutrients into water bodies [9]. A high concentration of
nutrients may be discharged into water bodies from identifiable or discrete sources,
such as animal houses and farmyards ormunicipalwastewater treatment plants. Other
sources discharging low concentrations of nutrient into water bodies may be forest
plantations, pastures and arable lands [10]. Another significant source of nutrient
into water bodies is from desert dust. Dust from deserts travels long distance and are
mostly deposited on water shores hence enriching water bodies with nutrients [11].
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Phytoplankton bloom is one way in which nutrients negatively affects water
bodies. This renders water unfit as it causes turbidity, lack of transparency, large
thick scum spread on the water surface, and releases toxins into the water. All
of these threaten water quality as well as a public health [12]. Phytoplankton is
known to release biotoxins into the water while its high reproduction causes serious
algae bloom. The negative impact of algae bloom includes huge dissolved oxygen
consumption, hence choking and deaths of aquatic organisms [13]. Algae bloom also
threats freshwater availability due to unpleasant color and odors impacted on water
bodies [12]. Removal of nutrients is therefore expedient to ensure water safety and
security.

Many techniques of nutrients control cum algae bloom control have been in prac-
tice. A seaweed whose growth thrives on nutrients and sunlight competes with algae
and phytoplankton for their basic growth needs, hence an effective control measure
for algae bloom cum nutrients removal. In addition, seaweeds also have the tendency
to release algae growth-inhibiting chemicals as well as shield off sunlight from
algae and phytoplankton thus controlling their growth [14]. Algae bloom may be
controlled via certain physical and chemical parameters, such as pH and temperature
control, transparency and illumination control as well as nutrients control. Natural
occurrences including turbulence [15] and climate change [16], as well as the delib-
erate diversion of water [17] amongst others, serve as control measures for an algae
bloom. While removal of nutrient from water is found economically unfriendly,
phytoremediation serves as a cheap emerging alternative [18].

2.2 Inorganic Pollutants: The Heavy Metal Menace

Inorganic pollutant types are wide, which range from acids through bases and to
heavy metals. They also include oxyanions, halides, cations as well as radioactive
materials, some of which occur in natural water in low concentration. However,
various anthropogenic activities have left water bodies with a high concentration of
inorganic pollutants [19]. Nutrients which have been detailed in Sect. 2.1 are also
generally grouped with inorganic pollutants. In this section, we will focus on heavy
metal as inorganic pollutant representative.

Heavy metals have become a global challenge as it threatens all components
of the environment. Although the minute concentration of heavy metals exists in
the natural environment, various metal-based industries, as well as metal utilizing
activities, have continued to increase heavy metal concentration in the environment
[20]. Here, we make a study around some heavy metals that are also classed priority
pollutants, such as arsenic, cadmium, lead and mercury.

(a) Arsenic

Arsenic which is commonly found associated with ores becomes a great challenge to
thewater environment globally [21]. Arsenicwhich is grouped as a class 1 carcinogen
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is found associated with more than 300 minerals. The great use of these arsenic-
containing minerals in metallurgical processes has made arsenic a common water
pollutant [22]. Arsenic carcinogenic activities depend on duration and dosage; it as
well focuses on different tissues and organs of the body including the lungs, skin and
bladder. Arsenic has been reported in varying concentrations in drinking water in the
UnitedState [23]. Physicochemical processes, such as adsorption and ion exchange as
well as bioremediation have been used for arsenic removal from the environment [24].

(b) Cadmium

Cadmium enters the environment through natural sources, such as phosphate rocks
while numerous anthropogenic activities basically release cadmium into water
bodies. They are highly toxic, persist in the environment and are referred to as
probable human carcinogens [25]. Cadmium attacks the bones, liver, renal systems
and lungs, causing shortness of breath and hypertension amidst other diseases. Major
human exposure route to cadmium has been traced to food irrigated with wastew-
ater followed by a nonfood material (tobacco). Cadmium accumulation is higher in
women than in men, this is closely associated with hemoglobin deficiency [26]. The
concentration of cadmium has been set to be less than or equal to 3.0 μg/L in water
and less than or equal to 5.0 μg/L in wastewater to be discharged in the environment
[27, 28]. Various conventional methods, such as precipitation, ion exchange, coag-
ulation, filtration, solvent extraction and adsorption have been used for cadmium
removal from water. Adsorption is a preferred technique because of its simplicity of
operation.

(c) Lead

The major exposure route to lead has been from leaded paints, although leaded gaso-
line and industrial release of lead are also prominent. Danger associated with lead
exposure is enormous; this is aggravated in children as it damages cognitive and
behavioral development [29]. High levels of lead exposure experienced in children
have been recently traced to lead presence in water. This is attributed to water distri-
bution channel lines constructed with leaded materials [30]. Lead poisoning may
result in diverse neurological disorders, and long-term exposure can form a basis for
brain tumor. Adsorption has been reported as a preferred method of lead removal
compared with other conventional water treatment techniques [31].

(d) Mercury

Mercury does not exist with gold in the raw ore, but that is extensively used in
gold extraction. The highest level of mercury pollution has been reported to emanate
from artisanal gold mining [32, 33]. Other sources of mercury pollution are cement
production, waste disposal, coal combustion, chemical synthesis, ferrous and nonfer-
rous metal manufacturing as well as chlor-alkali industries [34]. Mercury is known
to affect the cardiovascular system, renal system as well as causes damage to the
central nervous system. Children and pregnant women are highly prone to the effects
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of mercury amongst ages and categories. The prominent impact of mercury in preg-
nancy may result in underweight babies as well as lethargic growth and development
in children [35]. The major ways of mercury removal are adsorption of Hg (II) and
reduction of Hg (II) to Hg (0) which subsequently volatilizes into the air [36].

3 New Anthropogenic Water Pollutants: Focus
on Nanoparticles and Nanoplastics

Water is an essential component of human life. Allmetabolisms in human and aquatic
organisms arewater dependent. Among the 17 sustainable development goals (SDG),
access to clean and safe water has been signposted as sine qua non. However, one of
themain sources ofwater pollution leading to a barrier to accessibility and availability
of safe water has been accredited to several unregulated and unguided anthropogenic
activities [37]. This section seeks to explore the new anthropogenic water pollutants
majoring in nanoparticles and nanoplastics.

3.1 Nanotechnology and Nanoparticles

Nanotechnology derived its origin from different Science and Engineering fields
where new materials are structured by molecular alteration [38, 39]. Nanoparti-
cles (NPs) are materials structured with a size range of 1–100 nm, possessing at
least one dimension within that size. The two main approaches involved in the
synthesis of several categories ofNPs are ‘Top-down andBottom-up’. The bottom-up
approach is applied by building materials by the principle of molecular recognition,
while top-down is a destructive approach that involves breaking down larger enti-
ties into the micro size and later to nanosize [40–42]. A major advantage of NPs
among other materials lies on their sizes. Based on morphology, physical and chem-
ical properties, NPs are broadly classified into natural and synthetic forms. The
natural NPs exist in the natural environment, including water bodies. They have their
sources from (i) humic substances, biomolecules, and viruses (ii) volcanic ash, metal
oxides/hydroxides, and clayminerals and (iii) microbial activities. On the other hand,
the synthetic NPs are the product of different anthropogenic activities and they are
broadly classified into ‘Incidental and Engineered NPs’. Incidental NPs are acciden-
tally released by various indirect anthropogenic activities, such as combustion and
corrosion processes, automobile exhaust, industrial and mining wastes [43]. Engi-
neered NPs originate from different anthropogenic activities intentionally tailored
towards large production of materials, such as cosmetics, computer chips and acces-
sories, solar cells and home appliances. Based on their precursors, they are further
categorized into six classes as follows and shown in Fig. 2.
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Fig. 2 a TEM image of AgNPs. Reproduced with permission from Elsevier [55, 56], b TEM image
of CS-nZVI [57] and c TEM of Au NPs. Reproduced with permission from the Royal Society of
Chemistry [58]

• Carbon-based (fullerene and carbon nanotube etc.) [44, 45].
• Metallic and metal oxide NPs characterized with good surface plasmon resource

(SPR), magnetic and optoelectrical properties with distinctive micrographs.
• Ceramic NPs formed from a mixture of metals and metalloid oxides with good

relevance in imaging and photocatalysis based on unique properties [46, 47].
• Polymeric NPs are those made of different polymeric organic molecules. They

could be nano-capsules or nanosphere depending on the synthetic method. They
find wide application in drug development [48].

• Liquid-based NPs are organic-based containing liquid moieties and mostly spher-
ical in nature with a vast biomedical application as a result of size advantage
(10–1000 nm) [49–51].
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• Semiconductor NPs are nanomaterials with quantum dot effect, luminescence and
optoelectronic properties. Due to their extremely small sizes (1–20 nm), they find
applications in electronic and bio-sensing [49, 52–54].

3.2 Plastics and Nanoplastics

Plastics are man-made petrochemical products with vast applications in various
sectors. The classifications of recycled and unrecycled plastics based on the Society
of Plastics Industries (SPI) are polycarbonate (PC), polyvinyl chloride (PVC),
low-density polyethylene (LDPE), polypropylene (PP), high-density polyethylene
(HDPE), and polystyrene (PS). The relevance of plastics could be accessed in food
and beverages, packaging, textile, consumer products, transportation, electrical and
electronics, and industrial machinery [59]. Despite the global application and advan-
tages derived from plastics, their indiscriminate disposal in the environment has been
a global challenge for more than five decades. Presented in Fig. 3a–d are pictures of
menace created by the indiscriminate disposal of plastics.

a b

c d

Fig. 3 Different landfill sites with plastics waste around the world [60]
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Size is one of the major parameters for categorizing materials into macro and
nanoscale. It is the fragmentation of larger plastics that led to the formation of micro
and nanoplastics. Recent studies have shown that macro plastics are those with size
greater than five millimeters (>5 mm), microplastics have a size range between one
micro meter (1 μm) to five millimeters (5 mm), while nanoplastics have sizes less
than one micro meter (0.1 μm). Nanoplastics are therefore defined as the product
of polymer fragmentation that exhibits colloidal properties with the size range from
between 1 and approximately (1 μm= 1000 nm) [61, 62]. Both nanoparticles (NPs)
and nanoplastics (NaPs) derive their sources through several anthropogenic activities.
They enter the water body via primary and secondary routes. The primary routes, as
well as primary NaPs, are concerned with the intentionally produced products, such
as pharmaceutical products, paints, and personal care products like cosmetics. On the
other hand, secondary routes, as well as secondary NaPs, refer to the source that has
to do with the degradation and fragmentation of larger particles. They successfully
enter the water body by improper and unselective disposal of waste disintegrated by
natural agents, such as the sun, waves and winds. Generally, both NPs and NaPs are
released during production, uses and guided or unguided disposal of NPs containing
products [48, 63–65].

NPs find relevance in environmental remediation and structuring of environ-
mental sensors for pollutant detection [37, 66, 67], drug delivery and antibacterial
applications [55, 68], engineering electronics and nanocrystalline materials [69, 70]
energy generation from photoelectrochemical applications [71], and in mechanical
industries for the building of coating, lubricant, and adhesives [55, 72, 73].

Despite the vast applications of NPs, their toxicity arising from their usage is
hazardous to the water body. Figure 4 presents various routes of nanoplastics into the
water environment. Similarly, NaPs toxicity arising from the post-consumer indis-
criminate waste disposal has been reported. As earlier established, discharges of
NaPs can be launched from microplastic and macroplastic because of fragmentation
and degradation. Direct emission frommerchandise and applications consists of elec-
tronics, magnetics, optoelectronics, waterborne paints, biomedical products, adhe-
sives, coatings, and 3D—printing [74]. Both NPs and NaPs cause gastrointestinal
disorders, liver, reproductive and neurotoxicity when they are ingested by human
or aquatic organisms [75, 76]. They have the capacity to blend with heavy metals,
polyaromatic hydrocarbon (PAH), and polychlorinated biphenyl (PCBs). NaPs have
the capacity to transport contaminant. Using molecular simulation, [77], investi-
gated nano-sized polystyrene reporting cellular functions could be affected when
nano-sized polystyrene pervades into the lipid membranes. Bioaccumulation of NPs
and NaPs affects plants, vertebrates and invertebrate aquatic organisms. It also alters
the life cycles of bacteria and microbes [77–80].
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Fig. 4 Sources and route of the release of nanoplastics into the water body. Reproduced with
permission from Elsevier [61]

4 Environmental Fate of Water Pollutants

Water is used on daily basis for a different purpose in human activities, such as
industrial, agricultural and domestic activities amongst others [81]. Good quality
water is required in achieving the desired objective of this specific activity. These
processes, however, introduce substances known as pollutants either through point
source (direct discharge) or non-point source (indirect discharge) into the water
environment. Some of these sources include surface runoffs, oil spills, leaching into
groundwater amongst others [82, 83]. These pollutants have characteristics of nature
which reflect in their toxicological, bio-accumulative and persistency in the water
environment [84]. The build-up of pollutants in water results in low water quality
amongst others, such as deleterious human health, harmful effect on aquatic animals
and formation of complexes in the ecosystem [85].

4.1 Industrial Water Pollutants

Industrialization and population growth in most economies had made the principal
source ofwater pollution to be generated from the industries [86]. Industrial processes
require the use of a large volume of water and subsequently lead to the discharge
of a large volume of waste into the environment. The wastewater discharged from
industries is also known as effluents. Industrial effluent is unique to each industry
depending on the type of product produced. Hence, the variations of water pollutants
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in each water body and subsequently the variation in its effect on the environment
[87]. Apart from industrial effluents, industrial waste can also exist in solid and
gaseous form and these can also pollute the water bodies through rainfalls, leaching
of the groundwater and surface runoffs. Some of these industrial water pollutants
include personal care products, pesticides, fungicides, pharmaceuticals, phosphates,
lead, surfactants, metals, caustic soda, asbestos, abrasives, mercury and cadmium
amongst others [88–90].

4.2 Municipal Water Pollutants

Municipalwater pollutants are related towaste generated fromhousehold or domestic
activities. They could be found in solid, semisolid or liquid forms. Prior to the indus-
trial revolution, domestic wastes are disposed by individual residents in a landfill
site. At the emergence of industrialization, the mode of disposal changed to the
use of vehicles and thus emission of CO2 into the environment increased [91]. The
constituents of municipal waste had changed drastically with industrialization, enor-
mous use of personal care products and detergents had also contributed to the release
of pollutants into water bodies [92]. Moora et al. [93] classified municipal wastes
as domestic harmful materials (such as insecticides containers, medications, and
shoe polish), inert waste substances (demolition, construction, debris, rocks, and
dirts materials), bio-degradable constituents (green wastes, food, paper, wood) and
fossil organic materials (plastics, metals, bottles glass). Municipal waste materials
from landfills and incinerators are transported intowater bodies through groundwater
leaching, surface runoffs and rainfall.

4.3 Agricultural Waste Pollutants

The substances disposed into the environment through agricultural activities are
termed agricultural wastes. Some of the agricultural production activities are seed
planting, livestock breeding, meadowland, grazing land, dairy farming, horticulture
and fruit plantation [94]. A number of waste are generated from this process some
of which include products processing waste, rural domestic waste, materials eroded
from farmlands, poultry manure, livestock manure, vegetation, inorganic mineral
and salt from irrigation. It can also be classified as biodegradable, environmentally
friendly and reproducible [95, 96]. The pollutants are disposed into the water bodies
by these activities, thereby polluting the environment. Some of these pollutants are
found in rivers, lakes and coastal oceans through irrigation and surface runoffs.
A long-term accumulation of such pollutants leads to environmental hazards in
plants, animals and humans. The severity of water pollution depends on the type
of agricultural activity, soil type and groundwater level [97].
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5 Exposure Risks and Biocompatibility

Pollutants persist or pseudo-persist in nature to degradation and continuous accumu-
lation poise environmental risks [98]. Deterioration of water quality is not the only
resultant effects of water pollutants, but the detrimental threats to human health,
animal ecological system and plant habitats [99]. The interwoven interaction of the
ecosystem through the food web-enhanced the environmental risk of these pollutants
[100]. Hence, the probability of transference from plants to animals and to humans.

5.1 Effect on Human

Pollutants in water find its path into the food web through diverse means and these
include diet and direct discharge into the water environment amongst others [101].
This is prominent in developing economies in that there is little or no awareness
of the existence of these pollutants in water bodies. Such an economy either uses
conventional water treatment techniques or no treatment at all before the discharge
of water to the environment for use. The conventional treatment technique removes
the large pollutants, while the trace level contaminants are still predominant in the
water bodies. Accumulation and assimilation of these substances in the body system
introduce different health challenges [102]. There is a wide range of health challenge
traceable to ingestion of pollutants some of these includes: leukemia, cancer, brain
tumor, dysmenorrhea, infertility and abortion amongst others [103, 104].

5.2 Effect on Plants

The effect of water pollutants on plants cannot be overlooked as bothman and animal
feeds on plants directly or indirectly through the food chain. The pathway of these
pollutants is through irrigation, leaching and surface runoff [103]. However, plants
uptake both vital and non-vital nutrients from the soil for its growth. Accumulations
of the non-vital nutrients are detrimental to plants, humans and animals [105]. The
ingestion of these pollutants via the plant root forms the basis of its transference to the
food chain. Subsequently, accidental ingestion of unwashed raw plants contributes
to human and animal exposure [106].

5.3 Effect on Animals

Animals are directly affected by water pollutants as it serves as habitat for aquatic
animals and source of diet on plants for terrestrial animals. Water quality that aids
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Fig. 5 Heap of dead fish found on the Atlantic shore. Adapted from https://www.bloomberg.com/
news/articles/2020-05-15/heavy-metal-pollution-causes-mass-fish-deaths-in-nigeria

the growth and well-being of these animals reduce, and hence there is a pronounced
reduction in the species richness and corresponding loss of habitat. Exposure of fish of
different species to a class of water pollutants results in health effects, such as altered
mating performance, sexual growth and the existence of intersex species [107]. This
may result in aquatic isolation and population decline.Water pollutionmay also cause
the death of aquatic organisms depending on pollutants concentration. A typical
example of the effect of industrial pollution was reported in Nigeria. Figure 5 shows
a heap of dead fish on the Atlantic shore. The laboratory analysis of some of the dead
fishes revealed the presence of an unusual amount of metals traceable to discharge
on the waterways.

6 What New Strategies Are Needed for Tackling New
Wastewater Pollutants?

6.1 Reverse Osmosis

This is a technique of contaminant removal with the use of semi-permeable utilizing
pressure as the physical parameter. This operation is generally carried out using pres-
sure higher than the osmotic pressure of the dissolved contaminants. It is effective in
removing molecular contaminants whose diameter or hydrated shells are larger than
that of water. The technique makes use of an osmotic membrane made of cellulose
in acetone whose pore size is quite small. This operation involves the separation
of the sample solution from a solution of a high ionic strength using a membrane
permeable to water alone. Propelling of water into the filtrate chamber with the aid
of the pressure is needed in reverse osmosis-based filtration system [108]. Generally,
different researchers have reported the use of membrane filtration in reverse osmosis
for dyes, heavy metal ions, salt removal, treatment and recycling of textile wastew-
ater, paper industries wastewater, secondary waste removal and recovering of protein

https://www.bloomberg.com/news/articles/2020-05-15/heavy-metal-pollution-causes-mass-fish-deaths-in-nigeria
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from casein [109–112]. Reverse osmosis has found relevance in the purification of
portable water contaminated with different salts, heavy metals, dyes and it is also
gaining relevance in the industries. Reverse osmosis was used in the reclamation of
municipal wastewater where secondary effluent was treated [113]. Effective seques-
tration of hazardous cationic and anionic pollutants has been reported using reverse
osmosis and some functionalized adsorbents as fillers [114]. Al-Bastaki [115] also
investigated the uptake ofmethyl orange dye togetherwithNa2SO4 salt from artificial
wastewater utilizing reverse osmosis [115]. Despite the application of the method,
the disadvantage is that it is expensive to purify a large volume of water.

6.2 Electrodialysis

This is an electrochemical process involving the separation of salt from water by
ion transfer. This technique is only effective in the removal of ionizable species, for
instance, common salt (NaCl) which exists in solution as Na+ and Cl−. Some species,
such as silica, which does not ionize are unaffected by electrodialysis, but can be
removed by reverse osmosis. The knowledge of electrolysis plays out vividly in elec-
trodialysis. Here, however, filters or membranes are used interspaced and alternately
between the electrodes. Positively charged filters will allow the free flow of negative
ions while hindering cations. In the same manner, negatively charged filters allow
the free flow of positives ions and hinders anions. Series of a compartment within
the tank stores the separated ions. Hence, cells with increased salts concentration are
in alternate arrangement with cells depleting the salts. Desalinated water then flows
for collection. Electrodialysis is a good technique in brackish water treatment, but
has not been employed in well explored for desalination of seawater for economic
reasons [116].

6.3 Ion Exchange

Production of potable water from wastewater using ion exchange has been explored
in recent times as an alternative to conventional treatment techniques. This process is
simple and does not require energy for its operation [117]. The ion exchange attracts
pollutants with the opposite charge for ease of removal and treatment of wastewater.
For instance, an anion pollutant attracts a cationic ion exchange material. Various
natural and synthetic materials can be used to exchange ions thus softening hard
waters and treatment of polluted water [118]. Biomasses are a form of natural ion
exchanger, biodegradable in nature and originate from animal residues, agricultural-
based residue, microbes and wood amongst others. Biomasses are readily available
and easy of disposal due to its high level of biodegradability. Clays with high iron and
aluminumcontent are good ion exchange adsorbent. It can be easily acquired, and it is
characterized by good hydrodynamic properties [119]. Resins, one of the foremost
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ion exchangers used in wastewater treatment is polymeric in nature with diverse
functional groups that attracts ions from the solution. Resins are either cationic or
anionic in naturewith a relatively high recovery efficiency rate. It is simple to operate;
it can be recycled and reused. Resins are non-bio-degradable, and commercial resins
are very costly; this is a major drawback for its use in ion exchange [120].

6.4 Catalytic Process

The catalytic process is one of the advanced treatment techniques employed for
wastewater treatment. It operates through the improvement of the advanced oxida-
tion process with a catalyst. There are two different classes of catalysts employed
for wastewater treatment which include heterogeneous and homogeneous catalysts
[121]. However, the regeneration and reusability of catalysts are paramount due
to its high cost. These characteristics make heterogeneous catalysts more viable
than homogeneous catalysts due to ease of separation from reaction mixture [122].
Also, it attracts more attention due to its high removal efficiency rate, high oxidative
capacity, no intermediate pollutants and strong mineralization rate [123]. Some of
these catalytic processes include catalytic ozonation, photocatalyst, catalytic wet air
oxidation, etc.

In the catalytic ozonation process, hydroxyl radicals (OH) are formed through
an interfacial reaction mechanism that reacts with a variety of organic compounds
in wastewater. Degradation of micropollutants is enhanced with processes estab-
lished on the utilization of hydroxyl radicals [124]. Ozone conversion into hydroxyl
radicals through a series of chain reactions is enhanced with the catalyst mate-
rials which in turn attracts the ozone molecules [122]. Also, larger toxic organic
compounds in wastewater are degraded with catalytic wet air oxidation technique.
Air/oxygen over a catalyst oxidized these larger compounds either completely into
carbon dioxide and water or partially into smaller weight organic compounds. These
smaller-weight organic compounds are further mineralized into carbon dioxide and
water but required more energy to achieve this [125] Catalyst materials include Fe-
based catalyst [126], horseradish/H2O2 [127], ZNPO molecular sieves [128] among
others.

The main objective of the catalytic process is to reduce the toxicity of wastewater
effluent either by conversion to biodegradable intermediate or complete conversion
to carbon dioxide and water.

6.5 Adsorption

Adsorption is an aspect of surface chemistry that involves the sequestration of
contaminants (adsorbate) by a surface or interface of the adsorbent. It finds appli-
cations in the following areas: removal and separation of substances from gas and
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solution phases; purification of impurities from the pharmaceutical and chemical
products; removal ofmetals in its ionic form from solution; purification of the process
effluent for the control of water pollution; removal of odor, taste, and color from
municipal water supplies and removal of impurities from oil, dry-cleaning solvents
[129–131]. Its simplicity and easy operations have given it much attraction [132].

On the basis of the types of the interface between the adsorbate and adsorbents,
it can be classified into physisorption and chemisorption. Physisorption involves
heterogeneous and reversible adsorption mechanism characterized by weak van der
Waal interphase physical forces, a non-specific multilayered process taking place
all over the adsorbent and it is dependent on the surface area, temperature pressure
and adsorbate nature with a lower energy of activation between 20 and 40 kJ mol−1.
Whereas chemisorption is a homogeneous and irreversible adsorption mechanism
characterized by strong chemical forces between adsorbate-adsorbent interphase,
monolayer in nature with high specificity process occurring at the center of the
adsorbent and high activation energy between 40–400 kJ mol−1. Chemisorption is
also influenced by the nature of the adsorbate, temperature, and surface area [133–
135]. Two major types of adsorption techniques are batch and dynamics (Column).
Patel [136] reported five types of adsorption techniques employed for contaminants
removal. The first is batch in nature and the remaining four are dynamics involving the
use of column. They are also generally referred to as continuous fixed bed, moving
bed, fluidized, and pulsed bed. Of all these five techniques, the most explored by
researchers based on ease of operation, cost effectiveness, efficiency and amount
of adsorbent used is batch technique [136]. There are seven generally operational
factors influencing adsorption, namely pH, concentration, contact time, temperature,
adsorbent dosage, stirring speed and ionic strength.

A number of researchers have worked on various categories of adsorbents clas-
sified as (i) natural adsorbents e.g., agro wastes, plant residues, biological adsor-
bents and other eco-friendly materials used directly with modification (ii) synthetic
adsorbents, such as porous materials like nanomaterials, metal-organic frameworks
(MOFs), and other artificial adsorbents that are polymeric in nature, (iii) semi-
synthetic adsorbents: these are prepared by modification of natural adsorbents and
incorporation of functional materials to enhance their performances [137, 138].

Adsorption is found very effective for the removal of categories of pollutants,
such as heavy metals, dyes, pharmaceuticals and other organic pollutants [139–144].
The expensive commercial activated carbon has howevermade adsorption techniques
economically unfriendly. Focus on economically friendly adsorbents as an alternative
to commercial activated carbon has been explored in recent times [145–151].

7 Conventional Wastewater Treatment Processes

Many wastewater treatments basically use a combination of biological, chemical,
and physical, processes. In addition, the removal of solid wastes, such as inor-
ganic and organic solids and sometimes essential element from wastewater may
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be included. Listing the different forms of available treatment in the order in which
they are executed: preliminary, primary, secondary and tertiary otherwise referred to
as advanced wastewater treatment [152]. Furthermore, a disinfection method may be
included in order to make the wastewater free from some pathogenic microbes such
as bacteria and viruses.

(a) Preliminary treatment

This primarily involves the uptake of large particle and coarse solids materials that
may be present in wastewater or discharged from industries. This is necessary so
as to enhance the efficiency of the subsequent water treatment units and to avoid
blockage of pipes of some of the equipment. The preliminary treatment process can
be grouped into the following: coarse screening, grit removal, commination of large
objects. Preliminary treatment is relatively cheap to operate, that is, manually cleared
screens to require either little or nomaintenance of equipment. The automated cleared
screen requires a lower workforce than manually cleared screen. Similarly, it is easy
to operate. Grit removal reduces damages and downstreamprocesses ofmaintenance.
Screening, handling and disposal are eliminated which may help in reducing odors,
flies associatedwith screening.However, amanually cleaned screen requires frequent
scraping in order to prevent clogging blocking and elevated backwater level that
causes accumulation of a solid on the surface. It is relatively costly to operate. The
efficiency of solid capturing by downstream units may be reduced. High equipment
maintenance costs. There may be the accumulation of rag on air diffuse. There may
be an increase in the plastic build-up in the digestion tank. During the digestion
process, solids from comminutors and grinders will not decompose.

Note: Coarse Screening is seldom supplemented by the use of comminutors. This
usually reduces the particles with large size to a smaller size. The size reduction will
enhance the removal of the particles in other treatment processes in sludge form.
Treatment of wastewater at the preliminary stage often requires the inclusion of
devices measuring flow; usually, standing-wave flumes are always included at the
preliminary treatment stage.

(b) Primary treatment

This treatment involves the use of sedimentation and skimming process for the uptake
of organic and inorganic solid that is capable of settling. The percentages of materials
removed during primary treatment are: suspended solids (SS): 55–75%, biochem-
ical oxygen demand (BOD): 25–50% fat and oil: 60–65%. During these stages, it
should be noted that some organic compounds containing phosphorus, nitrogen, and
heavy metals connected with solids wastes are also sequestrated in the process of
primary sedimentation. This treatment doesn’t interfere with the constituents that
are dissolved and those that are colloidal in nature [144]. The effluent that is gener-
ated as a result of primary sedimentation is known as the primary effluent. The least
wastewater irrigation pre-treatment required is the primary treatment. The level of
treatment depends on the objectives of the need. Primary treatment may be described
as sufficient for wastewater remediation if the water is intended for use in irrigation
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of crops not consumable by man or for wetting vineyards. Secondary treatments
are required in countries where problems associated with food storage are usually
avoided. This is applicable to non-food crop irrigation as well. Small portions of
the primary effluent may be used for irrigation in cases where off-line storage is
available.

Anaerobic digestion is a type of biological treatment that is usually adopted
for primary sludge treatment in large sewage treatment plant (7600 m3/d) in the
United States. The volume of wastewater that requires ultimate disposal is reduced
by the metabolic action of anaerobic and facultative bacteria on it [2]. This results in
the stability of the sludge and improvement of its dewatering properties. Digestion
usually takes place in anaerobic digesters. These are tanks with a cover that has its
depth ranging from 7 to 14 m. The duration of wastewater in a digester takes about
10 days and 60 days for a high—rate digester and standard—rate digester, respec-
tively. This enhances the mixing and heating of the wastewater. There is the possi-
bility of generating gas during digestion. The gas generated usually has a methane
content of about 60–65%. This can be harnessed as an energy source. Sludge can
be processed in various ways in the small sewage. This includes land application,
in-process storage, direct application to sludge drying beds, and aerobic digestion.

(c) Secondary treatment

Effluents are usually subjected to further treatments. The third phase of wastewater
treatment is characterized by the secondary treatment process. This stage enhances
the removal of suspended solids as well as organic matters. Secondary treatment
of wastewater is usually subsequent to primary treatment. Removal of colloidal
dissolved and biodegradable organic matters usually occur during this treatment
phase. Biological treatment that occurs in the presence of oxygen is referred to
as aerobic biological treatment. Wastewater is usually subjected to the action of
aerobic microbes (majorly bacteria). The bacteria usually initiate the metabolism of
the organic matter present in the wastewater [153]. Hence, inorganic end–products,
such as CO2, NH3, and H2O as well as other microorganisms are usually produced.
Aerobic biological methods which are employed for secondary treatment of effluent
differ in the transport of oxygen to the microorganisms and the rate organic matter
is broken down by these organisms.

High-rate biological reactors possess relatively small volume reactors and highly
concentrated microbes when compared with low-rate reactors. Therefore, the pace
of growth of new organisms in systems of high rate is quite more due to adequate
environmental control. Clarified secondary effluent is produced when there is a sepa-
ration of the microorganisms from treated wastewater by sedimentation. Secondary
clarifiers are the sedimentation tanks that are utilized in secondary effluent treatment.
Their mode of operation is similar to that of the primary clarifiers. Solids that are
biological in nature which is removed during secondary sedimentation are referred
to as either biological sludge or secondary sludge. These are usually combined with
primary sludge and are subjected to sludge processing.
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(d) Tertiary and/or advanced treatment (TWWT)

This is the last stage of wastewater treatment. The TWWT is employed specifically
to remove pollutants or contaminants which escaped during secondary treatment.
Dissolved solids, heavy metals, refractory organics, suspended solids, phosphorus
and nitrogen are necessary to be removed by specific treatment procedures.Advanced
treatments are also called tertiary treatments as they are often preceded by high-rate
secondary treatment. Tertiary treatment processes, however, are at times coupled
with primary or secondary treatments (e.g., the addition of chemicals to primary
clarifiers or aeration tanks for phosphorus removal) or used to substitute secondary
treatment (e.g., primary effluent overland flow treatment).

Nitrogen content present in influents that is usually in their ammonia form is unaf-
fected as they pass through the first two treatment phases. Near-complete nitrification
of the nitrogenous component occurs in the third aerobic zone, converting them to
nitrites and nitrates sequentially. The mixed liquor rich in nitrate generated from the
aerobic zone is then recycled back to the initial anoxic zone. Nitrates recycled are
denitrified anaerobically and nitrogen gas is generated (which completely escapes
to the atmosphere) by facultative bacteria, which use influent organics hydrogen
donors. Unrecycled nitrates are reduced by endogenous bacteria respiration in the
second anoxic zone. Dissolved oxygen levels are raised again in the final re-aeration
zone to avert subsequent denitrification that may affect settling in the secondary clar-
ifier. To further prevent denitrification, the level of dissolved oxygen is raised in the
final re-aeration zone; this would impair settling in the secondary clarifiers.

(e) Disinfection

The disinfectant usually employed for wastewater disinfection is chlorine. It is
injected in form of a solution into the wastewater at the chlorine dosage tank. The
tank is automated and discharges chlorine at a specific time interval. The dosage
of chlorine to be used is dependent on wastewater strength and other factors, but
common dosage ranges are between 5 and 20 mg/l. Other disinfectants, though not
commonly used are ultraviolet (UV) irradiation and ozone. The chlorine dosage tanks
are often automated rectangular channels with designs providing a contact time of
about 25–30 min. However, the standard chlorine contact time of 1 h or more may
be needed for target irrigation purposes of reclaimed effluents. Other factors which
depend on chlorine disinfectants include acidity and alkalinity (pH), impact time,
effluent temperature and lastly, organic contents.

8 Other Wastewater Treatment Techniques

Commonly available high rate processes include rotating biological contactors
(RBC), activated sludge processes, oxidation ditches and trickling filters otherwise
referred to as biofilters. Combining two processes in the serial order for instance; acti-
vated sludge subsequent to biofilters is usually utilized to treat communitywastewater
containing highly concentrated organic matters, which are of industrial origin.
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(a) Activated sludge

This method typically employs the use of biological floc containing protozoans and
bacteria for the treatment of industrial effluents or sewage. In this method, a mixed
liquor of microorganism and wastewater suspension is contained in an aeration basin
or tank which is the dispersed-growth reactor. The components in the aeration basin
are thoroughly mixed by devices that also aerate (i.e. oxygen supplies) the biological
suspension.Commondevices used for aeration are surfacemechanical aeratorswhich
input air by shaking the surface of the liquid and submerged diffusers which liberate
compressed air. The holding time of hydraulics in aeration basins is between 3 and
8 h. which can be more with wastewaters containing high BODs. Sequel to the
aeration phase, separation by sedimentation of microorganisms from liquid occurs
and the secondary effluent is obtained as clarified. To have a sustained high level of
mixed-liquor suspended solids (MLSS), recycling of aliquots of the biological sludge
to the aeration tank is employed. The remaining portion of the sludge is taken off the
process and transferred to sludge processing to ensure a consistent microorganism
concentration within the system. A different variation of the fundamental activated
sludge process, but similar in principle, such as oxidation ditches and extended
aeration, are commonly employed.

(b) Trickling filters

Atricklingfilter is a type of treatment system forwastewater. In this system, sewage or
wastewater in a downward delivery passes over a filter systemconsisting of sphagnum
peat moss, polyurethane foam, slag, gravel, coke, fixed bed of rocks, ceramic, or
plastic media, causing the growth of a layer of microbial slime (biofilm) which
covers the media bed. Metabolism of organic components presents in the wastewater
occurs as they diffuse into the biofilm. The film is usually supplied by oxygen as
unhindered air flows across the media as determined by the wastewater temperature
and atmospheric air. On rare occasions, blowers may be needed to supply forced air
to the system. An increase in the growth of new organisms consequently leads to an
increase in film thickness and at intervals, aliquots of the biofilm slide away from
the media. The discarded substances are in the secondary clarifier separated from
the liquid and deposited in the sludge processing unit. A portion of the secondary
effluent (liquid clarified from the second clarifier) is usually recycled to the biofilter.
This is to ensure better wastewater hydraulic spread over the filter.

(c) Rotating Biological Contactors (RBC)

This is a biological fixed-film reactor process employed in wastewater treatment.
During RBC process, the wastewater is contacted with a biological film so as to
remove contaminants in the wastewater. This is done before the remediated wastew-
ater is discharged into water bodies, such as river, lakes and oceans etc. A rotating
biological contactor consists of a series of parallel discs that are spaced closely
and half-way submerged in the reactor containing flowing wastewater. Biological
degradation of the effluents contaminants takes place on the surface of the disc.
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It should be noted that 80–90% of the BODs, suspended solids SS and some of
the high-density metals initially present in the raw wastewater are been removed
during the biological treatment process coupled with primary sedimentation. A little
higher quality effluent can be produced from the activated sludge process particularly
when disinfection units are coupled with the system. This method gives substan-
tial but incomplete virus and bacteria removal. However, dissolved minerals, non-
biodegradable organics, nitrogen or phosphorus are removed in small quantities in
the system.

(d) Effluent storage

Storage facilities are in most cases links between the irrigation system and the
wastewater treatment plant. However, storage is of great need so as:

i. To establish the deviations in daily flow from the plants and to keep excess
wastewater when the average flow of wastewater goes beyond irrigation
demands (including winter storage).

ii. To keep up with the maximum irrigation demands when influence flow is
moderate.

iii. To reduce the effect of interruptions in the irrigation system and treatment plant
operations. Storage also provides extra time to address temporary water quality
challenges and provides insurance against the chances of unsuitable reclaimed
wastewater entering the irrigation system.

iv. To make wastewater available for advanced treatment. Nitrogen, oxygen
demands, microorganisms, and suspended solids may reduce during storage.

9 Challenges

In an attempt to solve the problems and challenges of emerging water pollutants,
there are needs to focus attention on the following areas:

i. Treating nano-pollutants has remained a big problem to the currently used
wastewater treatment technologies.

ii. Water reclamation in form of reuse and recycling should be promoted both in
the short and long term.

iii. Basic and fundamental standards of wastewater reclamation should be estab-
lished; thesewill includemarking/classification ofwastewater and the purpose
and benefits of re-use.

iv. An established basis for large-scale wastewater reclamation should be put in
place when wastewater treatment plants are established.

v. Treatment plants for wastewater in rural areas are both scarce and hardly
in existence. This should be given priority attention to prevent water-borne
diseases.

vi. In rural areas, facilities for decentralizedwastewater treatment should be put in
place; this will bring about resource/energy recovery from sludge generated.
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vii. Since operational variables are dependent on the type ofwastewater generated,
modeling and optimization techniques can be used for the simulation of these
variables.

viii. If properly harnessed, the evolution of electrocoagulation and hybrid inte-
gration coupled with other treatment processes will lead to the sustainable
replacement of the conventional treatment systems.

ix. Economic feasibility, parameter optimization and system design should be
investigated on wastewater treatment processes.

x. Further studies are needed to develop new low-cost and highly efficient
modification technology for activated carbon preparation.

xi. A pragmatic increase in the practical application of locally prepared adsor-
bents forwastewater treatment, especially in industrial wastewater andmunic-
ipal wastewater treatment should be encouraged. This will further enhance
the use of locally prepared adsorbents in the removal of heavy metals, dyes,
emerging contaminants and other pollutants.

10 Conclusions

In conclusion, various water pollution species continue tomount up in environmental
components. Although some are beneficial at moderate concentration, however, their
presence in high concentration is highly disastrous. Major environmental concern
exists especially with the nanopollutants; their various effects on plants, human and
the ecosystem are quite enormous. Harnessing the tool of effective wastewater and
water treatment may protect the environment and humans hence our recommenda-
tions. Focus on friendly water treatment techniques and building the same into an
economically advantageous system will be of global benefit.
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Nano-Porous Graphene as Free-Standing
Membranes

Asieh Sadat Kazemi and Mohammad Ali Abdol

Abstract Membrane-based treatments are superior to conventional processes in
water purification and desalination in terms of final water quality and smaller foot-
print. In addition, there are inherent weaknesses of state-of-the-art membranes
in reverse osmosis (RO) technology, thus there is pressing constraints for next-
generation membranes. Nano-porous graphene membranes as the mother of novel
2Dmaterials have attracted tremendous attention in the last decade in this regard, and
many theoretical and experimental attempts have been made towards the realization
of these membranes for water desalination. Advancements and challenges facing this
approach, research gaps and prospects that shed light on this field are explored in
this chapter.

Keywords Graphene · Nanopore · Desalination · Reverse osmosis

1 Introduction

Separation techniques based on membranes have major applications in water desali-
nation [1–4], natural gas purification [5, 6], solvent- and petrochemical-based sepa-
rations [7, 8], haemodialysis [9] and bioprocessing [10]. Beyond separations, mem-
branes are used in drug delivery [9], bio/chemical sensors [11], fuel cells [12]
and energy harvesting [13]. The role of membrane-based treatment technologies in
water purification and desalination is undoubtedly unprecedented. These technolo-
gies produce water of superior quality and have a much smaller footprint compared
with conventional water treatment technologies [2], as they are inherently more
energy efficient than thermal approaches [14]. While thermal desalination technolo-
gies consume almost five times the energy used in current state-of-the-art reverse
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osmosis (RO) technology, the energy required for RO itself, is within a factor
of two from the limit of a reversible thermodynamic process [15, 16]. However,
there has been not much progress in RO membrane technology based on the same
polyamide thin-film composite design in the past three decades [17]. The current
membrane design still suffers low permeability even with the most permeable thin-
film composite membranes. The membranes become damaged while in contact with
chlorine, and fouling tendency is still a major challenge in these designs [18]. RO
membrane technology requires new membrane design and fabrication approaches to
meet the needs of advanced desalination demands [19]. An ideal membrane should
easily allow the flow of the desired species, reject undesired species and exhibit
robustness in operation in addition to being economical and manufacturable [20].
Therefore, high permeance, high selectivity, high chemical, mechanical and thermal
stability, and low fouling are the critical margins that new membrane technology
should focus on. With the emergence of two dimensional (2D) materials in the past
decade and beyond, and the enormous amount of attention they captured in the
scientific community due to their unique structural, thermal, and electronic proper-
ties; the perception of using them as a replacement in RO membrane technology has
excelled more than ever. Since the water flux scales inversely proportional to the
membrane thickness, it is necessary for new generation of RO membranes to have
high aspect ratio, high mechanical stiffness, atomic thickness, nanosized pores and
reactivity toward polar and non-polar water pollutants [19, 21, 22]. These extraor-
dinarily properties can be found all together in 2D materials and though still in the
early stages of development, they present characteristics that are potentially advanta-
geous for addressing persistent challenges in membrane separations [20]. Monolayer
graphene has been one of the first 2D materials isolated in nature and employed in
immense variety of applications ever since 2004 [23]. While production of large area
graphene is still an ongoing and active research field [24, 25], many attempts have
been made to design and fabricate nanopores across individual graphene sheets [26].
Developing 2D nano-porous graphene with tuneable ranges of pore size distribu-
tion, pore density and uniformity are critical for water purification and desalination
[26–33]. These properties play an essential role in the engineering of the electronic
properties [34], surface interactions [35] and chemical reactivity [36] of perforated
graphene materials.

We first discuss the state-of-the-art of existing membrane technologies for water
purification and desalination, emphasize their inherent weaknesses and determine the
pressing constraints for next-generation membranes. Then, we illustrate molecular-
level design approaches theoretically towards pristine and functionalized graphene,
summarize simulation considerations, explore mechanical aspects, and transport
phenomena focusing on monolayer graphene, and in some case on multilayer
graphene. Experimentally fabricating highly selective membranes, developments on
appropriate support layer and perforation techniques and characterization methods
are addressed next.While other nano-porous 2Dmaterials [37–48] and carbon-based
materials [49–54] have also attracted extensive attention in separation techniques,
they will be discussed in the consecutive chapters. At last, we review computational
and experimental gaps and prospects in this field of study.
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2 State-of-the-Art Membranes Versus Ideal Membranes

2.1 State-of-the-Art Membranes, Properties, and Limitations

The function of RO membranes is to extract fresh water from pressurized saltwater.
Membrane technologies for water purification and desal-ination are largely based on
size exclusion [15]. Most of Sect. 2.1 is reproduced with permission from Ref. [15],
Copyright 2016, Macmillan Publishers Limited.

A wide range of membrane materials, both polymeric and inorganic, have been
used in RO [55–60]. Polymeric membranes include polysulfone (PSF), polyethylene
(PE), polytetrafluoroethylene (PTFE), polypropylene (PP), polyvinylidene fluoride
(PVDF) [61], while inorganic membranes including silica, carbon, metal-organic
frameworks (MOFs) and various metal oxides [62]. Polymeric membranes are the
dominant material of desalination technology today, essentially owing to their high
processability and low cost. These membranes are categorized into phase inversion
membranes, track etching membranes and thin-film composite (TFC) polyamide
membranes [15]. Due to the stochastic nature of the phase inversion process, a wide
range of membranes formed by this method, have polydisperse pore size distribu-
tions, that adversely influence the selectivity of the resulting active layer [15]. Track-
etched membranes, porous systems, consisting of a thin polymer foil with channels
from surface to the surface, have a major limitation. Their porosity must be main-
tained below 5% to prevent pore overlap and consequently, the low porosity results
in low water permeability. TFC polyamide membranes consist of a non-porous,
highly crosslinked polyamide selective layer and an underlying porous support layer,
usually made of PSF. For porous membranes, flow transpires through the active layer
and selectivity is inherently linked with active layer pore size [15]. For non-porous
and dense membranes, water and solute transports are dominated by the solution–
diffusion model [20]. Water and solute molecules separate into the active layer of
the membrane, diffuse through the polymer matrix down their chemical potential
gradients and desorb into the permeate solution [15].

TFC membranes possess much higher water permeability and salt rejection
compared to the first-generationROmembranes (asymmetric cellulose acetate-based
membranes) which were developedmore than 5 decades ago [63]. Furthermore, TFC
membranes proved to be stable over a wide pH range (pH 2–11) in continuous oper-
ation [15, 26]. The combined performances of the TFCs has led to their widespread
utilization in desalination applications to date, however, commercial membranes
still suffer from fairly low permeability and low stability to cleaning chemicals that
are inevitable for fouling mitigation [4, 64]. Membrane fouling is the build-up of
substances on the membrane surface or within the membrane pores. While inorganic
membranes solve most of the challenges involved with polymeric membranes, they
endure low scalability and lowmechanical strength, which obstructs their large-scale
applications [65].
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An ideal membrane combines high water permeability and high selectivity. This
combination has proven difficult to accomplish and therefore referred as perme-
ability–selectivity trade-off [66, 67]. Investigations on novel active layers for desali-
nation membranes pursue to improve the water permeability and water–solute selec-
tivity [15]. Process modeling for seawater RO desalination shows that increased
water permeability above currently achievable levels (2–3 Lm−2h−1bar−1); would
negligibly decrease energy requirements and capital costs [68, 69], opposing the
previous claim of Cohen-Tanugi and Grossman [68]. Such a conflict, irrespective of
the membrane permeability, is mainly due to current RO system designs that desali-
nate seawater using a single membrane stage fed by a high-pressure pump [14, 19].
Note that the use of hydraulic pressure is the main element of the energy consump-
tion by the RO stage. Therefore, instead of realizing higher water permeability, a
more effective goal for novel desalination membrane materials research would be to
achieve improved selectivity for water over all dissolved solutes [15].

2.2 Modules for Current RO Membrane Testing

A typical RO set-up has a simple layout, consisting of feed water input, feed
pre-treatment unit, high-pressure pump, modules for the RO membrane and, in
some configurations, post-treatment stages [70]. There are four different types of
RO membrane modules that are used for desalination processes: plate and frame,
tubular, hollow fiber and spiral-wound [1]. Figure 1 shows the schematics of these
modules. Plate-and-frame is an old ROmodule made up of layers of supported plane

Fig. 1 Schematics of a plate and frame, b tubular, c, d hollow fiber and e, f spiral-wound modules
used for water treatments. d and f are reproduced with permission from [78]. Copyright © 2012
Elsevier Inc
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sheet membrane, with a spacer between each support and membrane to drive the
feedthrough each membrane, while flowing the permeate outside the module [71–
75]. The advantage of this type ofmodule is fouling resistivity, but it has a lowpacking
density which demands a lot of space and makes it expensive. Tubular membrane
units, another RO configuration, comprise membrane tubes wrapped around punc-
tured stainless-steel cylinders. The feed runs across the tubes and the permeate
flows out from the membrane and support [76]. These two modules share the same
advantages and disadvantages and are mainly used for extreme foul feeds [77].

In contrast, hollow-fiber modules have a large packing density, where multiple
fine hollow-fibermembranes are placed in a pressure vessel, and the feed runs outside
the membranes [72, 73]. While these units have high productivity, they are highly
susceptible to fouling. Hollowfibermodules are characteristically 10–20 cm in diam-
eter and 1.0–1.6 m long [78]. One of the most extensively used modules nowadays, is
the spiral-wound. A spiral-wound module contains plane layers of membrane sepa-
rated from each other by spacers and are wrapped around a punctured collection
tube. The feed solution passes across the membrane surface and a portion of the feed
permeates into the membrane envelope where it spirals toward the center and exits
through the collection tube as shown in Fig. 1 [78]. The spiral-wound module has
a high packing density in addition to reasonable fouling resistance. Costly wise, it
is the cheapest module setup produced from TFC membranes [79, 80]. Advances
in materials, manufacturing techniques, feed channels and the size of vessels and
spacers in recent years have contributed to better adjustment of the internal fittings
between module elements and liquid transport features in this module, thus the multi
envelope design of spiral-wound module minimizes the pressure drop encountered
by the permeate traveling toward the central pipe and alsominimizes fouling [78, 81].
The standard industrial spiral wound module is 20.3 cm in diameter and 101.6 cm
long [78]. Four to six spiral wound membrane modules are normally connected in
series inside a single pressure vessel. A typical 20.3 cm diameter tube containing six
modules has 100–200 m2 of membrane area [78]. Spiral-wound is superior to the
other three modules in terms of lowest energy use, lowest system cost and highest
design flexibility but stands in third place in terms of susceptibility to fouling after
plate and frame and tubular modules [81].

2.3 Ideal Membranes, Properties, and Prospects

The rise of graphene and other 2D materials in the past 15 years [82], has opened
new avenues inmembrane technology. The atomic thickness of thesematerialsmakes
them the thinnest possible barrier, and if combined with their remarkable mechan-
ical strength, chemical robustness, extreme flatness, and ability to sustain selective,
nanometre-scale pores [21, 27, 83, 84] at pristine form, become ideal candidates for
replacing the current state-of-the-art membranes. Key advantages of nano-porous
atomically thin membranes as active layers in RO can be summarized as follows
[20]:
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(i) their high permeance could enable higher energy efficiency and compact,
high-productive membrane separation systems [68, 85, 86].

(ii) their robustness due to high chemical resistance and mechanical strength
could prove useful for operation under harsh conditions, e.g., better with-
stand chlorine, allow more aggressive cleaning procedures [86], overcome
challenges of aging, compaction and influence of solvents in organic solvent
nanofiltration [7].

(iii) in case of providing universal size-based rejection independent of the solute,
it would benefit applications involving a diversity of solutes, e.g., removal
of persistent organic pollutants and boron from seawater or in chemical
processing [1, 3, 7, 14, 87].

(iv) their flatness could overcome fouling [20].

Built on what is explained so far, an ideal RO membrane based on nano-porous
atomically thin materials would be extremely flexible and mechanically stable to
fit into the spiral-wound RO modules for the highest efficiency. It would also be
extremely flat to mitigate fouling, and it would be decorated with pores of ideal
nano-sizes and distributions to break permeability–selectivity trade-off. Besides, it
would be extremely thin, to maintain high water permeation as shown schematically
in Fig. 2.

Another important aspect of the RO membrane is the substrate underneath the
active layer or the so-called ‘support layer’. The principal role of the substrate is
to provide mechanical support for the active layer via bearing most of the hydraulic
load and at the same time, distributing the pressure from the water onto patches of the
active layer.However, the substrate has aminor direct role in the salt rejection process,
while water simply percolates through its pore network after permeating through the
active layer [88–90]. In conventional TFC membranes, the active layer (typically
composed of polyamide) bears the salt rejection role and extends 100−200 nm in
thickness [91].

Fig. 2 Ideal RO membrane based on supreme characteristics of nano-porous atomically thin
materials
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The support layer (usually made of PSF) is significantly more porous and thicker
than the active layer with cavities around 0.1−0.5 µm and an overall layer thickness
>100 µm [20, 21, 88, 89]. Ultrafiltration membranes with pores as narrow as 10 nm
have also been utilized as support layers for RO membranes [92]. Like polyamide
active layers, nano-porous atomically thinmembranesmust also lie on top of a porous
substrate for the reasons explained earlier. Figure 3 schematically compares an ideal
nano-porous atomically thin membrane structure and its transport mechanism with
state-of-the-art-membranes. Note that for simplicity, the active layer in the latter is
depicted as non-porous while, there are porous versions employed in RO technology
as well. Furthermore, the structure of the support layer in this image is inspired by
an asymmetric ultrafiltration membrane with the finger-like macro-voids cast from
PSF in [93].

In an ideal situation, the atomically flatmembrane as the active layer, with the least
thickness (~0.35 nm) would sit on top of a porous support layer. This layer has wide
pores and a much lower thickness than its counterpart in polymeric membranes but
still provides sufficient mechanical support for the active layer. Through any of the
mechanisms of perforation techniques (see Sect. 4.3), the active layer would become
nano-porous with ideal size and distribution of nanopores across the membrane.
Therefore, the transport mechanism of salts and water across this membrane would
obey the size exclusion process (Fig. 3). In contrast, the polymeric membrane with
an average thickness of 200 nm, with high surface roughness, sits on top of a thick,
porous support layer with narrow pores. The dominant transport mechanism in this
structure is based on the solution-diffusion process particularly if the active layer is

Fig. 3 Cross-section schematic illustration of ideal nano-porous atomically thin membrane (on
the left) versus state-of-the-art membranes structure (on the right) and a comparison between ion
rejection mechanisms in the two
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non-porous. Even for a porous active layer, regarding the thickness of the polyamide
layer, the solution diffusion process would accompany the size exclusion. Now let
us compare the performance of the two structures when pressurized salty water
is applied to the membranes. Figure 4 illustrates schematically the situation and
compares what would happen to the two structures over time. If identical water
pressure with similar salinity is applied to the two membranes, the hydrated salt ions
(which are typically larger than the ions) would be completely rejected from the
ideal nano-porous membrane but some would leak across the polymeric membrane.

Fig. 4 Schematic comparison between the relative performance of an atomically thin nano-porous
membrane (on the left) and a conventional polyamide membrane (on the right) under applied
pressurized salty water over time
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Water molecules would pass through the nanopores of the ideal membrane much
faster than across the polymericmembrane due to the different transportmechanisms,
active layer thickness and support layer thickness in addition to support layer porosity
(Fig. 4a). Therefore, the performance of the ideal membrane is already better in terms
of salt rejection and water permeation. After a few days or weeks (Fig. 4b), there
would be an accumulation of salt ions on the surface of both membranes. However,
there would also be an accumulation of salt ions in the pores of the support layer
of polymeric membranes due to the leakage (however low) in time. This would not
happen for the ideal membrane if its thickness and porosity are carefully designed.
A gentle cross-flow of water or other chemicals (Fig. 4c) would clean the flat surface
of the ideal membrane while the rough surface of the polymeric membrane would
not be cleaned entirely because of the surface roughness that traps ions. The support
layer with its complicated porous structure is not easily cleaned either, therefore
the polymeric membrane may be fouled and not useable anymore. That is if the
membrane is not damaged by chlorine during the cleaning process. In contrast, the
ideal membrane is completely clean and can be reused further in the RO process. It is
worthy to note that in polyamidemembranes it is hard to synthesize films thinner than
100 nm because the film thickness is governed by the mass transfer of the diamine
to the organic phase during interfacial polymerization [94]. It is also uncertain that a
significantly thinner polyamide film would exhibit high enough salt rejection at any
rate [43].

With this introduction on the advantages and prospects of nano-porous atomi-
cally thin membranes over polymeric membranes for RO technology, it is inevitable
to explore nano-porous graphene as the mother of the 2D materials. Graphene-based
desalination membranes have been envisaged to serve as selective layers and oper-
ated as molecular sieves with the size-based exclusion of undesired solutes in two
forms: nano-porous graphene and graphene-based frameworks [15]. Graphene-based
frameworkmembranes comprise amulti-layered stack of finite-sized graphene sheets
[95–97], formed as laminates through vacuum filtration or layer-by-layer deposition
of graphene oxide and differ in morphology and water transport mechanism from
nano-porous graphene [15] which are comprehensively explored in the literature and
are not the scope of this chapter.

3 Computer Simulations on Nano-Porous Graphene
Membranes; Water Desalination Perspective

In this section, we will review the recent computational findings on pristine and
functionalized nano-porousmonolayer graphenemembranes, inspect and summarize
simulation considerations and explore the latest results on the mechanical stability of
these membranes in a RO system. Further in this section, we will discuss simulation
achievements in the bilayer and multilayer nano-porous graphene and the raised
concerns in adding additional layers to permeability and selectivity. Finally, we will
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discuss the transport of water and ions and selectivity issues that were the center of
attention in the corresponding literature. Some of the materials in this section are
reproduced with permission from Ref. [98], Copyright © 2012, American Chemical
Society and Ref. [99] Copyright © 2016, American Chemical Society.

(a) Pristine and functionalized membranes

A graphene monolayer can be considered as the thinnest membrane, as its thick-
ness is only one carbon atom. Because of the superior strength of graphene [100],
porous graphene is a potential membrane for molecular sieving or water filtration.
Nanopores of various diameters can be realized in graphene via mono vacancies or
multi vacancies [101]. One of the first attempts in functionalization of nanopores in
graphene monolayers showed that they could serve as ionic sieves of high selectivity
and transparency [44]. The chemically modified graphene nanopores were termi-
nated by negatively charged nitrogen and fluorine, favoring the passage of cations.
These were compared with nanopores terminated by positively charged hydrogens,
favoring the passage of anions [44].

Transport of water through porous graphene membrane was studied by Suk and
Aluru [102] using molecular dynamics (MD) simulations where various diameters
of nanopores ranging from 0.75 to 2.75 nm were tested. Their simulation set-up with
graphenemembrane constituted 6 nmwater baths on each side of the membrane. The
pressure-driven flow was simulated by applying a 100 MPa pressure drop across the
pore and water flux was calculated by counting the net amount of water molecules
transported through the pore. For larger pores, the flow rate of water was higher
because of the reduced energy barrier at the entrance of the graphene sheet pore.
The dipole orientation of water molecules that formed the single file chain in the
membrane was also calculated. Dipole orientation is defined as the angle between
the water dipole vector and the tube axis and is averaged over all the water molecules
in the membrane [102]. They found that the dipole orientation flipped frequently in
the graphenemembranewhich indicated frequent breaking of the hydrogen-bonding.
They also investigated water transport through graphene by computing the energetics
ofwater permeation.The energybarrier at the entrancewas estimated tobe a relatively
low value of 0.32 kBT by computing the Potential of Mean Force (PMF) of water.
Since the energy barrier arises from reduced interaction energies, directly connected
water baths may have been the source of low energy barrier by creating a more
bulk-like environment.

Cohen-Tanugi and Grossman [98] found that both the size and chemical func-
tionalization of graphene pores play an important role in blocking salt ions while
allowing water to flow through the graphene membranes. Their MD examination of
the structure of water in the pore vicinity revealed that the hydrophobic character of
hydrogenated pores reduces the water flow by imposing additional conformational
order on the system, even as the limited hydrogen bonding allows for greater salt
rejection relative to hydroxylated pores. Additionally, the water flux through pris-
tine and OH-functionalized pores membranes was predicted to be 2–3 times faster
than that typical of the current state-of-the-art desalination technology at an equal
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pressure drop [98]. Note that these studies with the aim of reducing computational
time employed pressures that are several orders of magnitude higher (1000–2000
bars) than those in real RO systems (10–100 bars). Moreover, they have kept the
atoms in the nano-porous graphene membrane frozen to decouple the desalination
performance from mechanical effects. However, graphene membranes synthesized
experimentally are flexible and the functional groups at the edge of each nanopore are
susceptible to deformation under the influence of water molecules and salt ions. This
in turn may affect the permeability and salt rejection of the membrane [103]. This
was addressed in [103] where the permeability of nano-porous graphene remained
approximately constant down to very low pressures. it was demonstrated by MD
simulations that nano-porous graphenemaintained its desalination performance even
when the flexibility of the membrane atoms was considered [103].

MD simulations were employed by Konatham et al. [104] to comprehensively
study the transport of water and ions through pores created on the basal plane of one
graphene sheet. They quantified the effect of functionalizing pores with carboxyl
anion COO−, amine cation NH3+, and hydroxyl OH− groups on the pores’ ability to
reject NaCl. The pores that were considered had diameters of 14.5, 10.5, and 7.5 Å.
The ease of Na+ and Cl− ions and water translocation across the pores wasmonitored
by calculating the PMF along the direction perpendicular to the graphene sheet pore.
The results indicated that effective ion exclusion can be achieved only using pristine
pores of diameter ~7.5 Å, whereas the ions can easily penetrate pristine pores of
diameters ~10.5 and 14.5 Å. It was shown that not only the ion size (the diameters of
Na+ and Cl− are 2.58 and 4.40 Å, respectively) but also the ion hydration structure
might affect the free-energy profile. It was demonstrated that carboxyl functional
groups enhance ion exclusion for all pores considered, but the effect becomes less
pronounced as both the ion concentration and the pore diameter increase. The results
in [104] suggest that narrow graphene pores functionalized with hydroxyl groups
remain effective at excluding Cl− ions even at moderate solution ionic strength.

In another study [105], graphene nanopores with diameters of 3.8–8.2 Å, with
different geometries were terminated by hydrogen and hydroxyl functional groups
and studied with MD under 10–200 MPa pressures. Their results demonstrated that
water flux permeating the membranes scaled linearly with external pressure and pore
diameter. Both Na+ and Cl− ions permeated through the membrane with the largest
pore, and the selectivity of the permeated ions exhibited a significant correlation
with the functional group [105]. Water desalination across Si-passivated nanopores
graphene was investigated for systems with fixed and unfixed membranes [106]. The
results indicated that membrane curvature reduces water flux as well as salt passage
through the pore rim. In contrast with fixed membranes, salt rejection for systems
with unfixedmembranes increases with increasing the applied pressure. It was shown
that the symmetrical shape of the density surface at low pressure increases the salt
rejection [106].

Methyl, ethyl and a combination of fluorine and hydrogen molecules were
distributed around the graphene nanopores [107]. The different number of func-
tional molecules was employed to find an optimum distribution of the groups at
hand. The results showed that an appropriate distribution of alkyl groups properly
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stops the salt ions from passing through the graphene, where the flow rate of water
molecules is sufficient. Moreover, the investigation of graphene membrane’s perfor-
mance in different salt concentrations revealed that with an increase in salt concen-
tration of feed water, the water flow rate falls and the number of salt ions on the other
side of the membrane increases [107]. The desalination performances simulated
for monolayer graphene nanopores with pyridinic N doped functionalization under
variousN-doping levels in [108] demonstrated that all N-doped graphenemembranes
exhibit higher water flux with several orders of magnitude higher than polymeric RO
membranes and high salt rejections. Further simulations of the PMFprofiles showed a
moderate free energy barrier forwater and large free energy barrier for ions. The inter-
facial properties of water and ions, as well as their free energy landscapes in passing
through the graphene nanopores, were simulated to explore the desalination mecha-
nism. Density Functional Theory (DFT) simulations revealed that the salt rejection
mechanism of the functionalized graphene was the pore size exclusion of hydrated
ions and the charged repulsion from pore surfaces was not the main factor [108].

(b) Simulation considerations and summary

Figure 5 shows a snapshot of a typical MD simulation box in various reports. The
model graphene sheet membrane (Lx Å × Ly Å), with a pore in its center, is placed
parallel to the xy plane in the center of the simulation box. The pore diameter
(R) is a few angstroms and is obtained by removing carbon atoms, as necessary.
The membrane is surrounded by Lz1 and Lz2 Å of water along the z-direction on
both sides. Different functional groups are schematically added adjacent to the pore.

Fig. 5 Snapshot of a typical MD simulation box in various reports. Lx and Ly are the dimensions
of the graphene sheet, with a pore in its center with a diameter R. The sheet is placed parallel to the
xy plane and is surrounded by Lz1 and Lz2 Å of water along the z-direction on both sides. Different
functional groups are schematically added adjacent to the graphene pore
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Table 1 summarizes the configurations and parameters of MD results on pristine and
functionalized nano-porous graphene for water desalination.

MD simulations are ideal to study nano-porous graphene system for water desali-
nation since they compute the evolution of a system of atoms from an original config-
uration and under a set of constraints [111]. In these simulations, the forces between
atoms at each time step are calculated, then, the positions of all the atoms at the
following time step is updated using Newton’s equations of motion [99]. Depending
on the choice of force field, the performance of relatively large molecular systems
(102−109 atoms) can be explored over physically meaningful time scales (typically
between 1 ns and 1µs) [99].With this introduction,MD simulations allowus to probe
the kinetics and thermodynamics of desalination while accounting for the physics of
water, ions, and graphene layers with high accuracy [99].

MD simulation is usually performed with the temperature maintained at 300 K
by using a Nose-Hoover thermostat. However, there are a few reports that studied
water desalination parameters of functionalized nano-porous graphene membrane at
a range of temperatures 275–343 K [17]. Periodic boundary conditions are employed
to maintain a continuous 2D membrane. In some simulations, the functional groups
were usually pointed toward the center of the pore due to steric constraints [104].
Thus, the diameter of the pore changed depending on the size of the functional groups
grafted to it. The diameter of the functionalized pore was calculated as the distance
between the ends of two opposite functional groups. In each functionalized pore, a
specific number of functional groups were spread uniformly around the rim of the
pore [17, 104]. In otherworks, the size of each porewasmeasured byplotting atoms as
van der Waals spheres and calculating the amount of contiguous area not obstructed
by any atomic representations [98]. Pore diameters were obtained from the open
pore area measurements by the straightforward formula d = 2

√
A/π [98], which

resulted in nominally smaller diameters than the center-to-center measurements. In
some simulations [104], when charged functional groups were used, an equivalent
number of counterions were placed far from the pore and were fixed during the
simulations to maintain the electroneutrality of the system. This prevented the ions
from accumulating near the functional groups, affecting the results.

The salt ions were usually allowed to move freely within the simulation box. The
number of water molecules was maintained constant in different studies. Carbon
atoms in the graphene sheet were held stationary and modeled as Lennard-Jones
spheres using the parameters proposed by Cheng and Steele in 1990 [112, 113]. Na+

and Cl− ions and carbon-water interactions were modeled using the Lennard-Jones
[114] parameters. The functional groups on the pores were rigid. They were modeled
using the flexible Optimized Potentials for Liquid Simulations (OPLS) force field
parameters proposed by Jorgensen et al. [115].

There is a debate on the significance of polarization effects in monovalent salt
solutions. Therefore, water is modeled differently based on different simulation
aims and perspectives. Modeling the water using TIP4P potential [116] allows for
water polarization arising at the intermolecular level via orientational rearrangement
[117]. However, intramolecular contributions to water polarizability (due to bond
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and angle deformations as well as changes in electronic structure) are not explic-
itly included in this model [98]. Cohen-Tanugi et al. [98], performed an auxiliary
set of simulations that added the component of polarizability to the orientational
component. This allowed for enhanced water polarizability within individual water
molecules by permitting flexible bonds and angles, using the SPC/F (flexible) force
field. The results of these flexible water simulations indicated that the rigid TIP4P
model provided similar dynamics at a lower computational cost. They concluded that
intramolecular vibrations and polarizability play a negligible role in the dynamics
of saltwater transport and desalination performance. Other studies, modeled water
molecules using the nonpolarizable, rigid point charge extended (SPC/E) model
[102, 104, 118] because of its simplicity, reliability in reproducing water structure
and dynamics, and the availability of ion—water potentials specifically parametrized
for SPC/E water [17, 113, 119, 120].

Since the main components of seawater are Na+ and Cl− ions [121], the salinity
of seawater is often expressed as 0.6 M NaCl or 0.6 mol·L−1 which is ~35 g/L.
The focus of most MD simulations is on separating water and NaCl and usually,
they consider a higher salinity than seawater in order to increase the occurrence of
ion—pore interactions and obtain more precise results for given system size and
simulation time [98]. Golchoobi et al. [122] have investigated the effect of feed
water salinity on permeability and salt rejection of 7.4 Å diameter hydroxylated
pores in graphene membranes. Concentration polarization graphs and density map
plots for water molecules near the nanopores clearly displayed the orientation of
water molecules as a function of time and coordinate. Their results proved that
higher salinity causes lower congestion of water molecules near the pore as a result
of hydration effects or decreased water permeability. The effect of hydrated ions on
water transport and salt rejection revealed the importance of fine manipulation of the
feed composition.

The pressures employed in MD simulations are considerably greater than the
pressures applied in RO plants (<8 MPa). High simulated pressures on the order
of ~100 MPa have the advantage of obtaining more precise data for water flux and
salt rejection in a finite simulation time (i.e., order of 10 ns) [123]. This approach
is reasonable since water flux scales linearly with the net driving pressure, i.e., the
results obtained at hundreds of MPa can be extrapolated to calculate the water flux
that would result from lower net driving pressures in an RO system [103].

(c) Mechanical stability

Recent developments in the fabrication of nano-porous graphene are promising for
the future of water supply by RO desalination. Although previous studies have high-
lighted the potential of nano-porous graphene membranes, there are few reports
exploring their strength and their mechanical integrity under the high hydraulic
pressures essential in the RO desalination process. Graphene exhibits exceptional
mechanical properties in its pristine, defect-free state; however, the structural strength
of nano-porous realistic defected graphene has not been examined in the specific
context of water desalination. It is well-known that pores tend to weaken graphene
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by reducing its fracture strength and its elastic modulus [124–126]. Like polyamide
active layers, nano-porous graphene must also lie on top of a porous substrate. It has
been shown that the maximum pressure in supported sheets of graphene decreases
as a function of nanopore size and substrate pore size [98]. Moreover, the contin-
uous presence of water may further impact the fracture toughness of graphene as
a RO membrane [127]. RO process relies on the molecular-level separation of salt
ions from water molecules, thus, mechanical failures at the small scales may under-
mine the entire system [123]. Considering d, as the thickness of the membrane, the
stress in a thin membrane under pressure scales with d−2/3 [128], and realizing that
graphene is ~1,000 times thinner than the polyamide layers used in conventional TFC
membranes, the important question arises: Is nano-porous graphene strong enough
to withstand similar pressures without fracturing?

The combined role of applied pressure, membranemorphology, elastic properties,
fracture stress and the effect of water have been systematically studied in [128].
Therein, usingMDsimulations and continuum fracturemechanics, it is demonstrated
that the maximum pressure that nano-porous graphene can withstand depends on
(1) the size and spacing of the nanopores and (2) the radius of the pores in the
substrate material. Therefore, a nano-porous graphene membrane can maintain its
mechanical integrity in RO but the choice of substrate is crucial to this execution.
An appropriate substrate with pores smaller than 1 µm would allow nano-porous
graphene to withstand pressures exceeding 57 MPa (570 bar). Furthermore, it is
revealed that nano-porous graphene membranes with greater porosity may help to
withstand even higher pressures [128].

While experimental tuning of the shape of nanopores at the atomic level remains
a challenge, Qin et al. [129], performed MD simulations on rectangular nanopores
with different areas, aspect ratios (length/width ratios) and orientations to explore
their effect on the tensile strength of defective graphene. It was shown that defec-
tive graphene with a larger area of rectangular nanopore shows a bigger drop in
tensile strength. Furthermore, changes in aspect ratio and orientation of rectangular
nanopore can either decrease or increase the tensile strength of defective graphene,
dependent on the tensile direction [129]. Simulations of nano-porous graphene were
performed by distributing vacancy defects, randomly and uniformly, across the lattice
by Anastasi et al. [130]. It was concluded that the fracture stress decreases substan-
tiallywith increasing defect density and nano-porous graphene sheets with uniformly
distributed defects can withstand higher loads when compared to their counterparts
with random defects. They found that the fracture stress decreased substantially with
increasing defect density. The elastic modulus was found to be constant up to around
5% of vacancy defects and decreased for higher defect densities [130].

Structural response and fracture characteristics of nano-porous graphene
membranes subjected to shear loading were studied by Fang et al. [131]. Although
shear loading or strength is not directly a problem in RO membranes, considering
nano-porous graphene over a support substrate, examining these effects may be
helpful in design parameters. A shear load is a force that tends to generate a sliding
failure on a material along a plane that is parallel to the direction of the force.When a
paper is cut with scissors, the paper fails in shear. The effects of porosity, temperature,
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and shear velocity on themechanical responses of nano-porous graphenemembranes
were examined in [131]. Their results showed that the wrinkling of the membrane
became more obvious with increasing strain. Fracture stress in the nano-porous
graphene membrane decreased with increasing porosity. In addition, the effect of
shear velocity on the shear modulus decreased with increasing porosity [131].

(d) Multilayer graphene

Single-layer nano-porous graphene has shown potential as a RO desalination
membrane, and multiple efforts have targeted the synthesis of large-scale graphene
films [132]. However, producing perfect monolayer graphene over large areas
remains challenging. The primary method for synthesizing graphene sheets, chem-
ical vapor deposition (CVD) results in substantial multilayer coverage, defects,
tears and wrinkles [28]. However, multilayer graphene membranes can be synthe-
sized more economically than the monolayer material and have higher mechanical
stability. Some of the physical implications of these multiple graphene layers on the
membrane’s performance have been studied recently [99, 133]. The major concerns
are whether these multilayers will maintain high water permeability? what is the
interplay between nanopores on different layers? How would they influence the
membrane’s water permeation and salt rejection ability? Do we have the tool to
create arrays of pores with diameters ~1 nm, with suitable distribution and deep
enough into all layers across large-scale structure?

MD simulation was employed to investigate the effects of layering graphene on
RO performance. This was done by taking a bilayer nano-porous membrane as a
model system [99]. The model assumed that the alteration from a monolayer to two
layers, demonstrated the most important effects of adding layers and that subsequent
layers have a qualitatively similar impact. It was shown that multilayer nano-porous
graphene membranes display similar promising desalination properties to mono-
layer membranes. However, manipulating layer separation and pore alignment is
essential to improve desalination performance [99]. Figure 6 shows a snapshot of
a typical bilayer simulation with effective parameters on the desalination perfor-
mance. The key parameters that were explored in multilayer nano-porous graphene
sheet efficiency for water desalination studies were the feed pressure P, the offset O
between nanopores in the upstream and downstream graphene layer, and the spacing
H between graphene layers. The interlayer spacing can be as fine as H = 3.35 Å (∝
layer spacing in graphite) or can be much larger. Some physically relevant spacing
are 10 and 14 Å that correspond to two and three water layers, between the graphene
sheets [99].

Cohen-Tanugi et al. [99] demonstrated that for completely aligned pores in
bilayer graphene, the flow rate decays nonlinearly with increasing layer separation.
Free energy barrier studies reveal that a small separation between the pores results in
a system possessing a single barrier for transport. This height of this barrier is larger
than a monolayer nano-porous graphene membrane partially due to the stronger
surface adsorption ofwater on the bilayer nano-porous graphene surface. Conversely,
for maximally offset pores, the interspace region does not allow any water passage
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Fig. 6 Snapshot of typical bilayer simulation with effective parameters on the desalination
performance

[99]. They also found that the bilayer nano-porous graphene membrane is capable of
rejecting salt for sufficiently small nanopores (<4 Å) where salt rejection decreases
for greater pore alignment, larger layer spacing, or higher pressure. Pore offset and
layer separation considerably influences the membrane’s ability to reject salt. In the
limit of large H, it is expected that the two layers act as independent membranes. For
N-layer membranes, the permeability can be predicted using a resistance-in-series
model while increasing the number of layers results in greater salt rejection due to
a higher diffusion resistance for ions. Although nano-porous graphene membrane’s
permeability will drop linearly as the number of graphene layers increases, the
resulting permeability loss may still represent an acceptable trade-off [99].

Zhang et al. in [134] also investigated design parameters inmultilayer nano-porous
graphene systems for water desalination. In addition to the offset O (12.6 Å) between
the nanopores and the interlayer spacing H (7–12 Å) between graphene layers, they
explored the number of pores and layers, considered more realistic pore diameters
(8–12 Å), optimized the parameters and examined salt rejection for NaCl, MgCl2
and CaCl2 solutions. Similar to [99], they found that salt rejection is influenced
substantially by the interlayer spacing distance. This was due to the large free energy
between ions and graphene sheets and the relatively large size of the hydration layer
around the ions. With the increase in the number of graphene sheets, the water flow
rate was slowed down. Alternatively, the salt rejection rate increased notably with
the number of graphene sheets in agreement with the report by Mooney et al. [135].
Water flux per area per time analyses revealed the dependence of the desalination
performance on the number of pores. With the fluctuation of salt rejection around
100% owing to the trapping phenomenon of ions in small interlayer spacing, water
flux increased with the increase in the pore numbers.
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Cohen-Tanugi et al. [99] summarized the most efficient scenarios for multilayer
experimental situation based on their simulation findings in four points:

(1) If both pore alignment and layer separation could be precisely controlled, a
multilayer nano-porous graphene membrane with the smallest possible layer
separation and fully aligned pores would represent the most promising choice.

(2) If only layer separation could be precisely controlled, sufficiently large layer
separation (i.e., 8 Å) would be preferable, to avoid fully obstructing water
passage across misaligned pores.

(3) If only pore offset could be controlled, a membrane with fully aligned pores is
desirable.

(4) If neither pore neither alignment nor layer separation could be controlled,
having a nano-porous graphene membrane with the greatest possible pore
density is recommended to enhance the likelihood of having aligned pores.

In an innovative MD study, Abdol et al. [136] created aligned pores in multilayer
graphene using focused ion beam irradiation and strengthened the stability of the
whole structure simultaneously. They proposed that incident ion beams, besides
creating pores, can reinforce the lateral strength of multilayer graphene by creating
some permanent covalent bonds around the pores between graphene layers. They
also showed that by changing the kinetic energy of the incident beams the density
of the covalent bonds can be tuned. Graphene layers in a multilayer structure have a
great tendency to be delaminated or swelled in an aquatic environment. Considering
that, the proposed technique could be a promising approach to overcome the weak
points of multilayer graphene structures and make them suitable candidates for use
as water purification membranes. However, these ideas are yet to be explored in the
experiment.

(e) Ion transport and its implications

Membranes functioning over different length scales, achieve selective transport
through a variety of mechanisms [20]. At the smallest scale, dense polymeric
non-porous RO or gas separation membranes, such as RO membranes for water
desalination, operate by a solution-diffusion mechanism [5, 61]. In these systems,
differences in solubilities and diffusivities of the species in the membrane material
trigger selectivity. While solubility relates to the molecular structure, porosity and
chemical affinity of the membranes; diffusivity is regulated by thermally activated
rearrangements of the polymer chains [20]. More permeable materials typically
provide less selectivity when selectivity is only governed by diffusion, and result
in a trade-off between permeability and selectivity. The incorporation of additional
mechanisms, such as chemical affinity or molecular sieving assists in overcoming
this trade-off [13].

The atomic thickness and composition in 2D membranes induce several discrep-
ancies with solid-state nanopores. Sahu and Zwolak [137] have comprehensively
discussed ionic phenomena in nanoscale pores through 2D materials. For pores in
2D membranes with diameters above ~2 nm, ‘access resistance’ is dominant over
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‘pore resistance’. When the pore radius is below 1–2 nm, the ‘pore resistance’ plays
the dominant role. The resistance for ions to transfer from one end of the pore to
the other is defined as the ‘pore resistance’. On the contrary, the resistance for ions
to converge from the bulk electrolyte away from the membrane to the mouth of the
pore is the ‘access resistance’ and occurs on both sides of the membrane. While
both resistances influence ion transport, pores in 2D membranes, balance these two
contributions differently than other membranes [137].

As earlier mentioned, pore functionalization can drastically change ionic trans-
port, especially if the pore is smaller than the size of the hydrated ion [20]. Charged
or partially charged functional groups can reduce the energy barrier for ions of oppo-
site charge and increase the barrier for ions of like charge [104] along the pore edge.
This will lead to cation/anion selectivity [109]. Astonishingly, the flexibility of the
membrane can also impact the ‘pore resistance’. In contrast to solid-state pores,
graphene pores are more flexible, and their dynamic area can be larger than the static
area [138].

In a less sophisticated view to ion transport, Thomas et al. [139] proposed six
main mechanisms for salt rejection by nano-porous (sub-nanometer) monolayer
graphene membranes: size exclusion, dehydration effects (steric exclusion of the
hydration shell), charge repulsion, interactions with the pore, interactions of solutes
with specific chemical structures of the pore and entropic differences. The strong
electric field around dissolved ions forces the nearby water molecules to orient into
hydration layers. The first hydration layer is strongly bound to the ion with an energy
range from ~1 eV in monovalent ions to ~10 eV in bivalent ions. This hydration layer
tends to move along with the ion. The second layer is only partially oriented, and
the third hydration layer is diffuse and only weakly defined [140]. As the diameters
of the first hydration shell for Na+, K+, Ca2+, Mg2+ and Cl− are 0.72 nm, 0.66 nm,
0.82 nm, 0.86 nm and 0.66 nm, respectively; which are larger than the effective size of
a water molecule (0.26 nm), attributing the size exclusion and dehydration effects are
the most important salt rejection mechanisms [17, 20, 141]. Neutrally charged pores
smaller than the ion hydration size, therefore, present a blockade to ion transport.
The transport of water is influenced by hydrogen bonding and structuring of water
molecules when the pore size is below ~2 nm [20]. Again, ‘pore resistance issues
should be carefully taken into account. The smallest pores in graphene that allow
water to pass through, can accommodate only a single water molecule in their cross-
section and therefore exhibit single-filemovement of water molecules [104]. In pores
with the diameter <1.5 nm, water molecules adopt certain preferential configurations
as they pass through the pores [104, 142].

While much effort is focused on the molecular understanding of microscopic
mechanisms driving water and ion transport through nano-porous graphene, only
few works [130, 143] have connected interfacial properties, such as surface tension
and friction to water and ion transport through graphitic monolayers. The exper-
imental determination of the contact angle depends on the impurities and defects
on the surface, which may lead to the scattering of contact angle values. Because
the material surface is critical for compatibility with the surrounding environment,
several molecular simulations have been performed to describe the interfacial region
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at the atomistic scale. Some of these atomistic simulations have been used to predict
the contact angle of water on different surfaces [144, 145]. The contact angle value
depends on the chemical nature of the surface andother parameters, such as roughness
and chemical heterogeneity, which have been much less investigated from this theo-
retical approach. Another way for estimating solid—liquid interactions is to compute
the solid—liquid interfacial tension. Thermodynamic definitions of the interfacial
tension were used to compute the solid—liquid interfacial tension for graphene—
water systems [146]. Water transport mechanisms including velocity, viscosity and
slip length have also been studied in nano-porous atomically graphene membranes.
Since water structure, is confined in the radial direction and layered in the axial
direction of the pore, water viscosity and slip length increase with a decrease in the
pore radius [127].

4 Experimental Work on Nano-porous Graphene
Membranes

Practical attainment of nano-porous atomically thin membranes in RO systems
involves the following: (1) synthesis of a continuous large layer of the material,
(2) engineer of nanopores in terms of size and distribution and (3) the ability to
handle the materials using suitable porous supports. The latest achievements at the
experimental level in these fields are discussed in the following subsections.

4.1 Fabrication of Large-Area Graphene

CVD has emerged as a tunable and versatile method for producing continuous layers
of 2D materials over large areas [24, 147] and holds promise in RO membrane
fabrication. The CVD method for graphene synthesis was first reported in 2006 on a
Ni substrate [148]. Later in 2009, Li et al. [149] demonstrated large-area CVDgrowth
of monolayer graphene on copper, followed by roll-to-roll transfer of 0.76 m sheets
of CVD graphene by Samsung in 2010 [150]. Kobayashi et al. [151] from SONY
exhibited roll-to-roll synthesis and transfer of 100 m long graphene-coated films in
2013. Other techniques developed in recent years for the fabrication of graphene
sheets including micromechanical cleavage, liquid-phase exfoliation, and epitaxial
growth on SiC, result in high quality, small flakes, and low yield. Other methods like
self-assembly, electrochemical exfoliation, unzipping of carbon nanotubes (CNTs)
and reduction of graphene oxide either produce very small flakes or flakes of low
quality. Overall, apart from CVD and epitaxial growth, all the other methods lack
appropriate control over the number of layers [20, 27, 147, 152–155]. Figure 7
summarizes themain fabricationmethods of graphene in terms of sheet area and cost.
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Fig. 7 Sheet area per cost of different graphene fabrication methods

Experimental work on nano-porous atomically thin membranes for RO has largely
focused on CVD graphene. The advantages and problems regarding this method is
technically advanced and tackled [20].

4.2 Appropriate Porous Support Layer for Free-Standing
Graphene

Although there is the possibility of creating nanopores onto the large area material
prior to its transfer over the appropriate support layer [156], but the inverse process
is usually practiced [31, 33, 157–159]. Since CVD graphene is used for membrane
fabrication, a transfer of the graphene layer is necessary from the underlying growth
support to the substrate of interest [160]. The transfer usually involves chemical
etching of the metal catalyst like Ni or Cu on which graphene has been grown. A
successful etching process and survival of graphene requires a very thin polymer
being spin-coated on the sheet beforehand. Once the metal is completely etched
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from the backside of graphene and the polymer layer/graphene is fished out of the
water onto the substrate of interest, the polymer layer is removed by a combination of
cleaningmethods (i.e., chemical and heating). However, this polymeric layer is never
fully removed [31, 33, 158, 159] and leaves behind some residues that undermine the
mechanical stability and continuity of the graphene sheet. For RO applications, the
substrate of interest is an appropriate porous support layer that allows graphene to
free-stand over a large area and together with the properties of graphene, accomplish
high selectivity in the presence of imperfections and defects [161].

Ideal support or coating for the active layer will add a transport resistance in
series to both selective pores and defects, thus limiting leakage without adversely
impacting the permeance [161]. This resistive layer must be thinner than the spacing
between non-selective defects in the atomically thin layer [6, 161]. More critically,
the support must have high surface porosity for efficient use of the surface area of the
active layer, have high mechanical strength, higher permeance than the active layer,
good chemical resistance, provide stable adhesion and facilitate transfer or coating of
the active layer [161]. Most experimental studies have used specialized supports for
RO applications. Polycarbonate track-etched [33], poly(1-methyl silyl-1-propyne)
[162], polypropylene [163] and polyvinyl idene difluoride [163] membranes and
microfabricated Si supports [29, 31, 158, 159] are some examples. Microfabricated
Si supports have low surface porosity, which results in high permeance with respect
to the graphene area but low permeance based on total membrane area. They are also
expensive and require several fabrication steps. Additionally, they are not flexible to
fit a spiral-wound module for practical large-scale separations [159]. Even the poly-
meric substrates are suboptimum [20, 33], thus there is a need for the design and fabri-
cation of a new generation of supporting layers; layers that meet all the mentioned
requirements to match nano-porous atomically thin membranes for pressure-driven
separations.

4.3 Fabrication of Nanopores on the Active Layer

Nano-porous graphene membranes as the active layer in the RO process can be
fabricated by creating pores in an initially non-porous atomically thin material,
or by synthesis of an intrinsically porous material. The former attains large area
nano-porous graphene sheets useful for scale-up in industry and the latter, gives
lab-scale nano-porous sheets. An active layer of RO membrane requires nanopores
large enough that enablewater passage and ion blockagewhen size-exclusion separa-
tion technique is employed. Although nanopores could be developed from localized
defective sites, precise control of the size and density distributions of the pores
involves specific perforation strategies [26, 164]. Most of Sect. 4.3 is reproduced
with permission from Ref. [26], Copyright 2019, Royal Society of Chemistry.
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The generation of pores across pristine graphene or other graphitic materials
can be achieved by various perforation routes usually classified into four cate-
gories: stochastic etching, guided-etching, guided growth techniques [165] and self-
assembly. Among them, irradiation etching, and guided growth are ideal for RO
membranes.

(i) Etching routes are conducted via removing a few carbon clusters from the
graphitic basal plane of graphene sheets by providing the minimum ablating
energy to break theC=C sp2 bonds and generate a pore behind in the graphene
structure [26]. This activation energy can be delivered by several excitation
sources, such as irradiation [166, 167], thermal [168] and chemical/plasma
[27, 31, 158, 169–171] processes. Irradiation itself can be via gamma [172],
electron [173, 174], ion [33, 166, 173, 175], electric pulses [176, 177] and
ultraviolet [27] routes. Etching based on irradiation techniques displayed a
pore size range of 0.5–1.2 nm and pore densities across graphitic structures
between 103 and 106 pore/cm2 based on treatment conditions [178, 179].
Control of power and time of oxygen plasma which also induces nanometre-
scale pores in suspended single-layer graphene; has resulted in 1–10 nm wide
pores at a high density [31, 158, 171, 180, 181]. Etching based on chem-
ical etchants and thermal activations were dependent on the development of
intrinsic defective sites at different etchant concentrations, operating pH and
temperatures [182–184]. These techniques exhibited a wide range of pore
sizes between 10–100 nm and a limited surface density <102, with kinetic
rates varying from a few minutes to several hours [27, 168]. While these
etching methods produce a distribution of pore sizes and possibly work better
in single-layer materials, Focused Ion Beams (FIB) can precisely machine a
large number of individual pores down to ~8 nm in diameter [29] and elec-
tron beams focused below 1 nm can generate precise sub-nanometer to few-
nanometer pores [185, 186].Oneof the earlyworks that showed that nanopores
can be introduced onto 2D suspended graphene was reported by Fischbein and
Drndic in 2008, who used focused electron to drill nanometer sized holes in
multilayer graphene [187]. However, machining using FIB is less scalable and
appropriate for smaller membranes, whereas electrochemical methods and
machining using atomic force microscopy (AFM) or tightly focused electron
beams are suitable for the creation of a few pores for microscale membranes
[170].

(ii) Guided-etching perforation routes involve a temporary porous template via
lithography [188] and pore mediators [189]. Several templates were used
that may include continuous porous structures in addition to nanospheres and
nanoparticles [189, 190] for localizing the oxidative energies during the perfo-
ration process. This method offered a pore size distribution of 20–200 nm and
pore density distribution between 104 and 101 pores/µm2. However, func-
tionalization of such pore mediators for patterning into ordered arrays via
linkers [191] may increase the porosity level and provide better distribution
and anchoring across graphitic surfaces.
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(iii) The guided-growth perforation method can produce pores either during or
after the nucleation process of graphitic nanostructures [26]. During the CVD
growth, the graphitic nucleation can be terminated for specific locations on the
substrate to control gaps between graphene islands and to define pores between
them [190, 192–194]. In this method, pores could potentially be created
by controlling the ratio of the growth precursor and etchant (for example,
CH4 and H2). It has been shown that guided-growth perforation routes can
generate pores with dimensions ranging from a few Å up to sub-nanometres
and densities of 103–105 pores/cm2 [26].

(iv) In contrast to the creation of pores in initially non-porous material, recent
advances in self-assembly techniques have the potential for creating a high
density of atomically precise pores, directly in covalently bonded single-layer
materials [41, 195–200]. For example, surface-assisted synthesis of nano-
porous graphene by aryl–aryl coupling of polyphenylene-based precursors or
cyclodehydrogenation has been proposed [195]. Furthermore, graphdiyne, a
new two-dimensional (2D) carbon allotrope, has been created at themillimeter
scale by cross-linking of hexaethynylbenzene on copper under nitrogen atmo-
sphere [201]. Nevertheless, these approaches face key challenges in the
synthesis of continuous layers over sufficiently large areas for membrane
applications [202].

4.4 Characterization Tools of Nano-Porous Graphene
Membranes

Once mono or few layer graphene is fabricated via the CVD method, transferred
onto an appropriate porous support layer and perforated through any of the methods
discussed in the previous part, and prior to RO measurements; it is necessary to
characterize the surface of the membranes and inspect various surface features and
properties.

For assessment of continuity of free-standing surface over large scales, optical
microscopy, scanning electron microscopy (SEM) and field emission scanning elec-
tron microscopy (FE-SEM) would be safe options. These methods allow large area
inspection, without damaging the membrane. FESEM is carried out on conductive
surfaces or on non-conductive surfaces coated with few nm of a metal. Although
pristine graphene is conductive, polymeric residues left from the transfer process
on CVD graphene are non-conductive and resolved images could not be captured
with the electron beam and often, a deposition of Au is necessary. AFM inspection
for continuity or number of layers is not recommended with contact mode, again
due to the numerous polymeric residues left on the surface but if careful enough
with tapping or non-contact mode, one may be lucky to scan across free-standing
membranes without having the tip ripping the surface. Yet, evaluating the number
of layers is highly recommended with Raman spectroscopy with 2D peak intensity
indications [31, 158, 203].
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Nanopore assessment is possible through several techniques. First, careful
imaging with high-resolution transmission electron microscopy (HRTEM) is the
most non-invasive method for this purpose. However, it requires a transfer of the
nano-porous graphene membrane over TEM grids which can be done following the
protocols in [158, 159]. In this method, not only the pore size and density can be
evaluated across the surface by multiple imaging, but the nanopore shape and form
can be assessed. Low temperature (LT) and ultra-high vacuum (UHV) scanning
tunneling microscopy (STM) allows for inspection of membrane flatness, defects,
nanopore size and terminations, topographically and electronically with atomic reso-
lution. However, for resolving the nanopores, it is recommended that the membrane
be transferred onto an atomically flat and clean conductor like Au surface. A more
precise technique for nanopore examinations at the atomic scale is advanced non-
contact (NC-) AFM operating in UHV and LT. This technique provides similar
topography information as STM but is superior to STM for two reasons: first, it
allows force spectroscopy on the surface providing mechanical information of the
membrane. Second, it does not require a conductive sample so the membrane can
be transferred onto any arbitrary atomically flat surface. If the nanopores are created
using oxygen plasma, investigating the evolution of Raman D peak and G peak of
graphene with plasma exposure time is very useful. Correlating the Raman results
with resolved topographic results on the nanopores obtained from HRTEM, STM
or NC-AFM gives insight into the distribution of the nanopores across large-area
graphene membranes [31, 158, 159].

If the nano-porous graphene membrane is functionalized with different functional
agents, a combination of X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR) and energy-dispersiveX-ray spectroscopy (EDX) gives
information on the percentage of these additives, defect interplay with the surface,
type of the agents and the bonds they have made with the carbonaceous membrane
in bulk. Again, investigating the evolution of Raman D peak and G peak of graphene
at different functionalization conditions gives insight into alterations induced on the
surface by functional groups [50, 51]. However, to demonstrate the termination of the
nanopores and what the electronic and mechanical impacts of the functional groups
are on the surface, atomic resolution imaging such as STM and NC-AFM in UHV
and LT are vital.

4.5 Realization of Nano-Porous Graphene Membranes
for Water Desalination

Early experimentally realized suspended atomically thin membranes were produced
by a combination of photolithography and mechanical exfoliation of graphene [27,
83]. The SiO2 support layer consisted array of circles with diameters of 5 mm and
7 mm defined by photolithography. Reactive ion etching (RIE) was then used to etch
the circles into cylindrical cavities with a depth of 250–500 nm, leaving a series
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of wells on the wafer. Mechanical exfoliation of graphite was then used to deposit
suspended graphene sheets over the wells and pores were introduced by ultraviolet-
induced oxidative etching in only 5 µm wide standing graphene membranes. The
membranes were tested up to 200 kPa and successfully used as molecular sieves
[27]. Later, O’Hern et al. [28] fabricated a millimeter-scale (25 mm2) monolayer
CVD graphene membrane with intrinsic pores instead of extrinsically generated
ones and transferred it onto a polycarbonate membrane (PCTE). Natural defects
were formed during the fabrication process with 1–15 nm in size. The rejection
percentage for potassium chloride (KCl), tetramethylammonium chloride, Allura
red, and thiuram disulfide were 46, 71, 23, and 17%, respectively. Two years later, the
same group reported ionic selectivity in macroscale monolayer graphene membranes
[166]. This time, they introduced sub-nanometre pores in graphene by ion bombard-
ment followed by chemical etching. Although there was significant leakage through
defects, the mem-branes displayed some K+/Cl− selectivity. Further etching caused
the membrane to permit selective transport of KCl over a larger organic molecule
(~1.0 nm size). In the same year, Celebi et al. [29] stacked two layers of micrometer-
sized graphene on silicon support and formed an almost impermeable layer. Ordered
arrays of pores were machined by FIB onto bilayer graphene with diameters of
8–1000 nm. Water transport measured across the membrane under pressures up to
200 kPa exhibited water flow rates five to seven folds greater than commercial ultra-
filtration mem-branes. It is noteworthy that there are no reports of creating aligned
sub-nanometre pores in multilayer materials [20]. In an attempt to overcome leakage
across large intrinsic tears generated in the transferred graphene sheets, O’Hern et al.
[33], plugged the gaps with inorganic materials in 2015. For this, they activated the
graphene sheet in a KOH solution and deposited a 3.5 nm layer of Hafnia (HfO2) on
the sheet to fill the intrinsic defects, followed by intrusion of nylon-6,6 plugs within
the pores by interfacial polymerization. Sub-nanometer pores with an average size
of 0.5 nm and density of 3.8 × 1013 pore/cm2 were then created by ion irradia-
tion and etch-ing on the graphene sheet. The designed membranes demonstrated
water permeance of ~1.41 L m−2 h−1 bar−1, in the same order as RO commercial
membranes. However, the membranes exhibited different rejections under osmoti-
cally driven flow at 70, 90 and 83% for MgSO4 (0.86 nm size), Allura red (~1 nm
size), dextran (~3.7 nm size), respectively. Additionally, the membrane exhibited
a negative rejection ratio toward NaCl (0.716 nm). Although the membrane this
team produced was comparatively large-sized (cm-scale), it was only tested using
an osmotic pressure-driven configuration. Higher pressures were avoided since the
sealed defects were still prone to failure in RO-driven configuration [204]. Later in
2017, Qin et al. [205] used an innovative liquid-casting method to transfer 63 cm2

graphene nano-porous membrane onto a porous polymer substrate with the minimal
defect. Nanopores were generated on the graphene surface using similar method by
O’Hern et al. [33]. The resulting membrane was not able to reject salt ions (0%NaCl
rejection) but showed flux a few times higher than typical polymeric membranes.

Back in 2015, Surwade et al. [31] demonstrated water/ion selectivity by nano-
porous monolayer CVD transferred graphene onto 5 µm apertures of SiN in gravity-
driven configuration up to a pressure of 17 kPa. Sub-nanometre pores were etched



Nano-Porous Graphene as Free-Standing Membranes 71

on the graphene membrane by O2 plasma treatment which led to a pore size of
0.5–1 nm and a density of around 1012 pore/cm2. Over 200 samples were fabricated
in this work, with 20% success, meaning 80% of the samples were ruptured with
either large or small tears and ruled out of the measurements. The tearless samples
gained 93–100% rejection of 6 mM KCl. Their study also provided a reproducible
protocol for pore generation by tuning the power and time of O2 plasma evidenced
in Raman spectroscopy spectra and analyses of D and G peaks intensities. Water
permeability in Surwade work was exceedingly high, several orders of magnitude
higher than current RO membranes, when gravity-driven configuration was used.
Extremely high permeability was later observed by Kazemi et al., in 2019 [158,
159] when a similar configuration was used. It is likely that the water transport
mechanism in the configuration of water-filled feed-empty permeate is significantly
different from the configuration of water-filled feed-filled permeate [204]. Another
explanation is the role of the SiN/graphene interface and the small aperture size of
the SiN contribution to achieving such high permeance [26, 158, 159]. Note that the
water flux from osmotic diffusion dropped to much lower values due to ions binding
with unsaturated edges around pores that preceded the nanopores blockage [31].

In contrast to previous studies, graphene exfoliated by ribonucleic acid was used
as a raw material by Park et al. [206]. Nanopores with a 5 nm nominal size was
formed with the assistance of Cu nanoparticles as a template during a guided HNO3

etching procedure. At a feed pressure of 83 kPa, 1.662 × 104 L m−2 h−1 bar−1 water
permeance was achieved. The salt rejection was measured at ~25% for Mn2+ and
~20% for Fe3+ ions by electron paramagnetic resonance. In 2017, FIB etching was
employed in a few layers of graphene to generate pores by Jang et al. [32]. This
was followed by O2 plasma treatment to modify the surface chemistry of the porous
structure and further extend the dimension of the pore which generated a wide range
of pore-size from 0.18 nm up to 15 nm with and density of 1.67 × 1013 pore/cm2

in 50 s of etching. Interfacial polymerization was used to mitigate large intrinsic
tears in the graphene layer surface. About 98% rejection was obtained for MgSO4

with water permeance comparable to other nanofiltration membranes. Faster water
transport rate was achieved for the membranes etched by the combination of ion
bombardment and plasma treatment.

On a different approach, Boutilier et al. [30] focused on designing an appropriate
porous support layer to minimize defects side effects. Using a resistance model, they
chose supports with similar resistance as the selective pores in graphene, which was
proved to be effective in isolating small defects and limiting leakages through large
defects [207]. They successfully fabricated a cm-scale membrane which was tested
up to 200 kPa. A year later, Yang et al. [208] employed the interwoven network of
single-walled carbon nanotubes (SWCNT) as a novel support layer to mechanically
reinforce nano-porous graphenemembranes. This method assisted in avoiding solute
leakage during water desalination. A SWCNT layer was transferred over graphene,
and then covered by SiO2, as a mesoporous template, prior to O2 plasma treat-
ment. The resulting hybrid membranes exhibited pore sizes of 0.32 nm, 0.55 nm
and 1.14 nm when treated for <5 s to 20 s of O2 plasma. Using crossflow nanofil-
tration, water desalination performance was assessed with these membranes. They
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showed salt rejections from 85.2 to 93.4% towards Na2SO4, MgCl2, NaCl and KCl
while experiencing a range of pressure. 2–4 MPa of pressure for non-supported
stainless-steel mesh (30 mm) and 8–10 MPa for supported polycarbonate track etch
membrane (0.2 mm) were sustained, respectively. Further advancements in applying
efficient support layers for nano-porous graphene membranes were conducted by
Kazemi et al., [158] in 2019, using various TEM grids as porous primary mechanical
supports to maintain the mechanical integrity of the membranes. 1.27 × 106 µm2 to
7.92× 105 µm2 spanned areamonolayer CVD graphene, were transferred onto hole-
throughNi TEMgrids with aperture sizes of 6.5–70µm.O2 plasma etching was used
to create nanopores with sizes from 1 nm to 8 nm in every 100 × 100 nm2 unit area.
TEM analysis showed that the distribution of 1 and 2 nm wide pores were several
times higher than 5–8 nm wide pores. The team used gravity driven configuration to
examine water desalination parameters at 10 kPa pressure. NaCl and KCl rejections
varied from 7 to 46% from the largest TEM aperture size to the lowest. To improve
the salt rejections and minimize the leakage from the defected graphene surface,
they used a secondary support provided by porous SiN wafer with an overall smaller
aperture than the entire TEMmesh above. This reduced the graphene effective area to
2.77 × 104 µm2 but increased the NaCl rejection to ~76% while maintaining a very
high water permeability. In a more in-depth study, the same team investigated large
area mobile superimposed nano-porous monolayer graphene membrane/grid on to
different SiN/Si holes with distinct size (6.5, 10.5, 30 and 75 µm) and spacing (21.4,
60, 200 and 238 µm), experimentally and by modeling [159]. Their studies showed
NaCl rejection of 58–100% in different configurations of graphene/grid/holes with
very high water permeation ~5 × 107 L m−2 h−1 bar−1.

By synthesizing bilayer graphene membranes containing pores with diameters
from ~6 to 1000 nm, Buchheim et al. [133] investigated liquid permeation over a
wide range of viscosities and pressures. With the goal of assessing the thickness—
permeation paradigm, they revealed that nano-porous membranes with thicknesses
up to 90 nm demonstrate dominance of the entrance resistance for aspect ratios up
to one. Furthermore, they showed that liquid permeation across these atomically
thin pores was limited by viscous dissipation at the pore entrance independent of
thickness and universal for porous materials.

There are some recent advances in the literature that report large area mono or
bilayer graphene transfer over porous supports with high mechanical durability.
Although they have not directly used these membranes for water desalination but
exploiting new ideas from these reports is recommended for more efficient fabri-
cation of RO membranes. Huang et al. [209] reported a novel nano-porous carbon-
assisted transfer technique, yielding the transfer of relatively large area (1 mm2)
monolayer CVD graphene onto macro-porous support (with 5 µm pores) with an
ultra-low density of the intrinsic defects (porosity of 0.025%) without generating
cracks.Wang et al. [210] directly investigated the ability of cm-scalemonolayer CVD
graphene withstanding high pressure when placed on porous polycarbonate track-
etched membranes with diameters in the range of 30 nm to 3 µm using electron
microscopy, AFM, and gas flow measurements. Surprisingly, non-wrinkled areas
withstood pressures exceeding 100 bar at which many kinds of membrane suffer
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from compaction [210]. They also showed that if wrinkles on single-layer graphene
membranes were isolated using supports with small pores, the sheet could sustain
ultrahigh pressure. Schmidt et al. [211] fabricated nanomesh by patterning large-
area monolayer graphene with nanometer-scale pores with 10 nm pitch and <4 nm
pore diameter by the direct helium ion beam milling requiring no post-patterning
process. Akbari et al. [25] fabricated ultra-clean single and bilayer CVD graphene
membranes with diameters up to 500 µm and 750 µm, respectively, using inverted
floating method (IFM) followed by thermal annealing in vacuum. By measuring the
dynamic mechanical properties of the membranes, they observed a reduction of the
effective intrinsic stress in the graphene membranes with annealing.

5 Research Gaps

Although a lot of research has been conducted on the physics and chemistry of nano-
porous graphene membranes in the last decade, the incorporation of these materials
into RO systems at an industrial scale is still far from reality. There are aspects that
have not been fully understood or limitations that have not been tackled and anal-
yses that are yet to be done both theoretically and experimentally to overcome all
the existing challenges in this field. Being part of a much larger family of 2D mate-
rials, any advancement in understanding the fundamental science at the atomic level
across the nano-porous graphene membranes or progress in fabrication techniques
will develop similar characteristics in other 2D materials. The research gaps in the
study of nano-porous graphene membranes can be categorized into two main parts:
Computational and experimental.

Computational gaps: In general, the computation suffers from limitations on
simulations due to computational cost, regarding both spatial cell size and time scales.
MD simulations as the main computational tool in capturing the overall essence of
water and ion dynamics across the membranes have the following constraints [137]:
uncertainties in the applied force fields, quasi-long range convergence of the bulk
to the pore, resistance to “normal” bulk flow and Newtonian mechanics that govern
dynamics of the species. While quantum mechanics needs to be incorporated in
the simulations to grasp a more legitimate picture of the interactions between atomic
features in these studies, larger spatial cell size and lower time scales are necessary to
allow an envision of the bulk of the system. Due to these limitations, many realistic
aspects of transport phenomena are ignored or simplified that hinders a genuine
understanding and envisage of these materials. Another important constraint due to
computational costs is considering the pristine form of the membranes as the basis
of computational studies, while a large area of free-standing CVD graphene with
all its intrinsic defects, cannot be simulated realistically. Even with a very small
cell size of pristine graphene and well-defined pore shape, the applied pressure and
salinity of the solution in the simulations are assumedmuch higher than conventional
RO systems to avoid additional computational costs. Fouling, as the major obstacle
for the operation of the current RO membranes, is almost ignored in computational
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studies. Only recently, Kohler et al. [212] employed MD simulations to explore the
flocculation as a prominent factor in desalination through nano-porous graphene
and MoS2 membranes. Although there are some insights now on the ideal size and
distribution of nanopores on the free-standing membranes regarding mechanical
robustness, there is no precise protocol with a clear definition of size and distribution
of the pores available to experimentalists.

Experimental gaps: Unlike simulations, experimental efforts towards realizing
nano-porous graphene membranes for RO technology, have confronted us with the
reality of this approach. With all the fascinating properties of 2D materials and
indeed graphene, there are some crucial experimental challenges we need to focus
on. Fabrication of industrial-scale continuous monolayer graphene without intrinsic
or extrinsic defects is at the forefront.With all the advances in perforation techniques,
we are still lacking a technology that creates well-defined pores ~1 nm in diameter.
Pore density is also an important factor for controlling the water permeability of
membranes based. Is the predicted pore density 1012 pores/cm2 an ideal number?
Likewise, the chemistry and geometry of pores can significantly impact the water
flux [26]. What about the support layer? There are few studies focused on the impact
of the support layer but there is no conclusion on the ideal type, thickness, porosity,
chemical and physical properties of this layer. No comprehensive experimental work
is yet reported on fouling challenges of nano-porous graphene membranes while
fouling mitigation is the most fundamental reason that motivates replacement of
the current RO membranes with nano-porous atomically thin membranes. Excessive
fouling deteriorates membrane performance and demands chemical cleaning which
results in short membrane life and increases energy consumption and consequently
the operating costs [63, 213]. Production at appropriate scale and cost, packaging into
modules that minimize concentration, and demonstration of long-term performance
under realistic conditions is essential [20]. These require further investigation to
achieve enhanced performance, toward a reduction of operating costs for desalination
plants.

6 Conclusions

Unique properties of pristine graphene such as atomic thickness, extreme flatness
and mechanical robustness, have motivated theoreticians and experimentalists to
exploit it for a new generation of membrane-based materials in water purification
and desalination technologies. Latest findings at the atomic level byMD simulations,
and experimental advancements in the fabrication of large-area free-standing nano-
porousmembranewas reviewed, the physical interplay of nanopores across graphene
membraneswith ion transportwas investigated and the challenges, prospects andgaps
were highlighted. Nano-porous graphenemembranes represent tremendous potential
for advancing membrane technology and are likely to endure into the future.
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Three-Dimensional and Lamellar
Graphene Oxide Membranes for Water
Purification

Mateus H. Köhler, Mayara B. Leão, José Rafael Bordin,
and Carolina F. de Matos

Abstract Grapheneoxide (GO) is one of themost prominent nanoscaledmembranes
for water purification. Thanks to a combination of massive theoretical and experi-
mental efforts, large-scale production of both three-dimensional (3D) and lamellar
GOmembranes is at hand. Countless methods to synthesize, functionalize, and char-
acterize GO membranes are available, which inspire tremendous excitement about
the possibilities of increasing the efficiency of current reverse osmosis (RO) desali-
nation plants. Here, we reveal some of themain physical–chemical insights as well as
manufacturing techniques of GO, reduced GO, and relatedmaterial-based separation
techniques.

Keywords Graphene oxide · Lamellar membrane · Solute separation · Water
purification

1 Introduction

Themisuse of freshwater supplies in the last century has led humanity to face consid-
erable challenges to prevent water scarcity. According to the United Nations World
Water Development Report [1], nearly half of the world population suffers from
water stress, a problem that affects people even in developed countries. The amount
of available clean water is vanishing at an unprecedented rate, leading to environ-
mental, health, geopolitical, and humanitarian issues. Sadly, the projections are not
optimistic—the freshwater crisiswill getworse in the next decades due to factors such
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as population growth, climate change, political decisions, and our current lifestyle
[2]. About 80% of current residuals’ water, from industry to city sewers, returns
to water bodies without the proper treatment [3]. A consequence is the increasing
contamination and degradation of aqueous environments. Not to mention that health
issues related to contaminated water tend to weigh even more on the low-income
population.

This is a humanitarian challenge that needs urgent technological solutions. In this
direction, scientists are making efforts to find cheaper, greener materials to be used
in water purification plants. A wide variety of methods have been employed, such as
screening, filtration, centrifugation, crystallization, sedimentation and separation by
gravity, flotation, precipitation, coagulation, oxidation, solvent extraction, evapora-
tion, distillation, reverse osmosis (RO), ion exchange, electrodialysis, electrolysis,
and adsorption. These distinct methods employ a large variety ofmaterials. However,
many of these materials cannot remove some pollutants, especially at natural water
pH or in high trace level concentration [4].

In this sense, one of the most significant tasks of modern material science is to
develop a material able to adsorb a broad spectrum of water pollutants. Among the
several materials proposed in recent years, graphene and other carbon-based nanos-
tructures arise as the most prominent for water purification [4, 5]. It all started in
the early 50s when Radushkevich obtained carbon nanotubes (CNTs) by decompo-
sition of carbon monoxide (CO) in iron [6]. Oberlinv and co-workers also produced
CNTs from benzene decomposition back in the 70s [7]. However, the scientific and
technological possibilities of carbon-based nanostructures only became notorious
after Ijima’s work on the fabrication of CNTs in the early 90s [8]. A decade after,
the hypothesis of a hierarchical self-assembly of carbon foams from nanostructured
graphite was first discussed by Umemoto and co-workers [9], giving rise to the
idea of two-dimensional (2D) carbon-based nanostructures. In 2004, a seminal work
by Novoselov et al. [10] revolutionized materials science. They were able to strip
graphene sheets out of graphite with a Scotch Tape, isolating this 1-carbon atom-
thick nanostructure. The technique was awarded the 2010 Nobel Prize in Physics and
represents one of the greatest revolutions in the chemical, physical, and engineering
sciences of our century. The extraordinary graphene properties, as mechanical flexi-
bility, chemical and thermal stability, and, especially, its high surface area [11], make
this material one of the most promising for new water purification technologies.

Pure graphene sheets, or pristine graphene, will interact with contaminantsmainly
by van der Waals (vdW) forces, since their carbon atoms are highly stabilized in an
sp2 configuration. This property is useful, for instance, to separate heavy metals
from water. These ions are naturally observed in aqueous environments. However,
we are facing an increase in this kind of pollutant in water supplies due to human-
made phenomena, as mining and mineral processing [12] and the excessive use of
pesticides [13]. Graphene can be very effective in separating ions from water, but
for some pollutants, the energetic penalty for leaving bulk solution and be absorbed
in graphene’s surface is too high. A solution to adsorb polar pollutants is to deco-
rate pristine graphene with specific functional groups. This increases the number of
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possible applications of graphene-based materials for water treatment and purifica-
tion, including the removal of dyes, organic solvents, pesticides, heavy metals, and
inorganic pollutants.

Another way to include polar groups is by using graphene oxide (GO). This
material differs from the standard pristine graphene once it has oxidized sites. A
GO compound can be obtained through chemical oxidation of carbon sources, such
as graphite, using oxidizing agents (e.g., KMnO4, H2SO4, etc.) to produce graphite
oxide. Then, distinct exfoliation methods can be used to yield GO nanosheets. The
possibility of large-scale production of GOmakes it inexpensive in comparison with
other materials [14]. GO sheets have hexagonal structure as pristine graphene with
oxygen-based functionalized sites. It showshigh electronicmobility, thermal conduc-
tivity, and remarkable mechanical strength, with the advantage of being highly stable
in water. As well, its surface can be easily functionalized by organic biomolecules,
strong π–π stacking, and vdW interactions.

Spontaneous self-assembly is one of the most prominent and efficient strategies
to build 2D or 3D macroscopic structures from nanosized chemical building blocks
[15]. It allows exploring the unique properties of nanomaterials, like GO, in macro-
scopic devices. One of the main quests in self-assembly is to control the resulting
morphology. In the case of GO, the control of the oxidation degree can be obtained
through reducing agents. This control over the polar-oxygenated functional sites
allows for GOmanipulation in water and distinct 2D or 3D structures’ self-assembly
[14]. Reduced GO (rGO) sheet with a controlled number of functional groups is itself
a strategy to explore the separation properties ofGO-basedmaterials.Aswell, distinct
reducing agents can be employed to reduce and create new and unique binding sites
for pollutants.

A huge variety of structures are obtained by the assembly of GO/rGO nanosheets.
In suspension, these layers can be manipulated to obtain either lamellar or 3D nanos-
tructures, as shown in Fig. 1. 2D lamellar multilayered structures of GO and rGO
have shown great potential for separation. These 2Dmaterials have nanochannels that
can be tuned in size by distinct reducing agents [16, 17] to allow the flow of specific
atoms and molecules, controlling both water permeability and pollutant removal. As
well, the lamellar structures can be functionalized by distinct materials to achieve
specific adsorption and filtration properties [18, 19]. On the other hand, 3D-GO-
based macrostructures have shown high adsorption capacity and recyclability due to
their unique superficial area and porosity [20, 21]. Briefly stated, 3D-GO multifunc-
tional structures are obtained by employing methods that prevent the GO/rGO sheets
to stack in the suspended solution. This 3D configuration keeps the GO/rGO sheet
properties, and increase applications based in characteristics that single sheets do
not have, as porosity. In this way, several studies have been dedicated to synthesize
3D-GO/rGO structures, as foam, sponges, and aerogels, with distinct morphology,
structure, and properties [20]. Both lamellar and 3D structures have physical–chem-
ical properties that diverge from their chemical building blocks (i.e., the GO/rGO
nanosheets and the functionalization molecules), making them interesting materials
for new water treatment technologies.
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Fig. 1 Distinct self-assembled morphologies can be obtained through different physical–chemical
routes to create lamellar or 3D GO/rGO structures

Experiments are not the only tool to propose new materials. Molecular modeling
at different levels—from quantum simulations to coarse-grained approaches—is a
powerful method to understand phenomena at the nanoscale. The power of compu-
tational modeling has helped not only to predict and understand the applications of
graphene-basedmembranes but also allowed the prediction of new carbon allotropes.
This is the case of the graphyne (GY) family [22]—carbon allotropes featuring
assembled sp- and sp2-hybridized layers. It was predicted in 1987 [23] as a lattice
of benzene rings (sp2 hybridized) linked together with acetylenic bonds (−C≡C− ,
sp hybridized). This particular geometry is known as γ-graphyne. Since this seminal
work, a large number of GY nanostructures were proposed [24]. Countless members
of the GY family can be obtained by controlling the number n of acetylenic linkages
within the material. As computer simulations have indicated, GY-based membranes
stand a great potential for water desalination [22, 24]. However, to date, only one
case was experimentally synthesized: the n = 2 case or graphdiyne (GDY) [25].
So far, the experiments have corroborated the computational findings, showing that
GDY-based membranes can effectively remove pollutants (e.g., oil [26] and heavy
metals [27]) from water, even though the most prominent member is expected to be
the γ-graphyne-3—not yet experimentally synthesized.

In this chapter, we review recent advances in 2D lamellar and 3D porous GO/rGO
membranes for water purification. First, we present in Sect. 2 the primary methods
used to produce GO and rGO sheets. Next, in Sect. 3, we discuss the experimental
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works on lamellar and 3D membranes, while the computational studies are shown
in Sect. 4. Current research gaps, perspectives, and conclusions end the chapter in
Sect. 5.

2 Preparation Methods of Graphene Oxide and Reduced
Graphene Oxide

Graphene is a 2Dmaterial formed by sp2-hybridized carbon atoms densely packed in
a regular atomic-scale chickenwire or honeycomb (hexagonal) pattern. Thanks to this
structure, graphene shows a significant number of desirable properties such as high
electrical and thermal conductivities, mechanical strength, molecular barrier capa-
bility, high specific surface area, and many others. Due to all these amazing features,
it is natural to think of graphene as an excellent candidate for water purification
membranes. However, the use of crystalline graphene in aqueous environments has
been challenging because of its low solubility and the vdW interactions that lead to
aggregation. The problematic scheduling of bottom-up synthesis methods does not
help either. Alternatively, compounds structurally similar to graphene can be chem-
ically obtained from graphite or even other carbon sources. These graphene-based
species present many of the advantages of pure graphene, while also having other
properties thanks to the presence of oxygen groups functionalizing their surfaces.

The chemical oxidation of graphite leads to the formation of graphite oxide, which
consists of several stacked layers of GO. In the current literature, most of themethods
used in the oxidation of graphite are based on the first preparation by Brodie in 1859
and the subsequently developed Staudenmaier and Hummers methods, all of which
depending on the homogeneous reaction of graphite with strong mixed oxidants [28,
29]. For example, routes based on the Hummers method—undoubtedly the most
employed—usually involve a combination of oxidizing agents such as KMnO4 and
H2SO4, leading to the formation of a super oxidizing agent Mn2O7:

KMnO4(s) + 6H+
(aq) + 3SO2−

4(aq) → K+
(aq) + MnO+

3(aq) + H3O
+ + 3HSO−

4(aq)

MnO+
3(aq) + MnO−

4(aq) → Mn2O7(aq)

New approaches to obtain GO involve different methods, many of them seeking
to decrease the use of strong oxidizers, the risk of explosion, environmental pollution
(due to synthesis-generated residues), and shorten the long reaction time. Recently,
a group from the Chinese Academy of Sciences at Shenyang described a scalable,
green synthesis of GO from graphite in a timescale of seconds [30]. They used a
water electrolytic oxidation method, where the oxidation degree of GO sheets can
be modulated by the concentration of H2SO4 in solution, and the number of sheets
and lateral size can be controlled by the sonication time.

TheGO can be isolated through exfoliation (e.g., bymechanical stirring or sonica-
tion) of graphite oxide. It exhibits a hexagonal carbon structure similar to graphene.
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Still, it also contains functional groups such as hydroxyl (−OH), alkoxy (C−O−C),
carbonyl (C−O), the carboxylic acid (−COOH), and others with oxygen-based func-
tions. At the basal level, GO is essentially hydrophobic, formed by a network of
unoxidized aromatic polycyclic benzene ring islands. Given these characteristics,
GO is seen as an amphiphilic molecule with a basal plane mostly hydrophobic and
hydrophilic edges [31].

The maximum dispersibility of GO varies from 1 to 4 mg per mL of water, an
essential factor for processing and subsequent application. This value depends on
both the solvent and the degree of surface functionalization during oxidation. Due
to these amphiphilic characteristics, GO has also been applied as an alternative to
surfactant materials.

The presence of oxygenated groups also allowsGO to act as a platform for various
chemical reactions. From the functionalization—with the most different organic,
inorganic, and biomolecule groups—to the reduction ofGO, the particular conditions
result in graphene materials with modified properties. Some of these properties are
fundamental in the construction ofmembranes for water purification, increasing their
permeability and selectivity.

2.1 Reduced Graphene Oxide

The reduction of GO, that is, the removal of oxygenated groups, results in the forma-
tion of rGO. GO reduction can be accomplished through chemical (with reducing
agents such as hydrazine, metal hydrides, NaOH, hydroiodic and ascorbic acids),
thermal, or electrochemical processes [32].All of them lead to products that resemble,
in different degrees, the pristine graphene obtained by peeling the graphite, particu-
larly in terms of electrical, thermal, and mechanical properties as well as its surface
morphology.

An important characteristic of graphene obtained by graphite oxidation methods
is the presence of a high number of structural defects. These defects consist mainly of
(i) the organization of carbon atoms in the form of pentagons and heptagons, known
as stone-walled structures, forming perfect graphene “islands” (carbons hexagonally
linked to other sp2-hybridized carbons) surrounded by defective regions (carbons
linked to other carbons with hybridizations other than sp2) and (ii) in the remaining
oxygenated groups after reduction.

Topological defects, as well as vacancies, impurities, and functionalization, can
introduce important changes in the properties of the material. This, in turn, can
influence the membrane’s behavior [33, 34].

The form of the reduction is also essential to define the material’s structure.
For example, some thermochemical reductions lead to the formation of porous
three-dimensionalmacrostructureswith fascinating characteristics for environmental
applications in the purification of water and gas separation [35]. These materials are
discussed further in Sect. 3.2.2.
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The low cost and the massive scalability are some of the advantages associ-
ated with graphene’s reduction. Furthermore, the starting material is pure graphite,
and the technique can easily be adapted for the production of “chemically modi-
fied graphenes”. An additional advantage is that chemical oxidation of graphite is
currently considered the only viable method of synthesis for obtaining industrial-
scale membranes for water purification based on graphene [36].

3 Experimental Works

3.1 GO/rGO Lamellar Membranes

The last decade witnessed significant advances in the experimental synthesis and
characterization of GO and rGO. There are different stacking possibilities for these
structures according to the preparation method we choose to use. In order to get their
maximum potential, a smart approach could be to organize them in a lamellar archi-
tecture. Lamellar GO and rGO are used as building blocks in advanced membrane
devices. Compared with others, these structures come up with many advantages such
as high energy efficiency and price-performance ratio, reduced dimensions, and easy
operation [37].

In addition, lamellar GO/rGO membranes present a highly active chemical
surface—favoring adsorptive processes and selectivity—and very stable porous
structures—with internal spaces of high permeability and the possibility of multi-
functionality. Nevertheless, to obtain all these advantages, it is necessary to guarantee
an efficient, low-cost assembly methodology.

Themost common preparationmethods of graphene-based separationmembranes
includevacuum-assisted/pressure-assisted, self-assembly, casting/coating, and layer-
by-layer (LBL). The vacuum filtration method is a straightforward process based
on the filtration of GO/rGO dispersions. It allows for almost parallel deposition of
GO/rGO sheets on top of each other over a porous base membrane (e.g., filtration or
ultrafiltration membranes), as depicted in Fig. 2a. In this process, the membrane’s
thickness can be easily controlled by parameters such as the dispersion concentration
and volume, and the degree of functionalization of the graphene species [38]. After
drying, the deposited GO/rGO lamellar membrane can be peeled off using tweezers
or, in exceptional cases, immersing the base membrane containing the GO/rGO
in a bath where the two membranes have different affinities with the solvent, in
such a way that they separate from each other (in a process called phase inver-
sion). The organization of the sheets along the membrane depends on the filtration
process: while the pressure-assisted approach results in a highly ordered membrane,
only a partially organized membrane can be produced by vacuum-assisted filtration.
The self-assembly method, with solvent evaporation, leads to a very heterogeneous
membrane [39].
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Fig. 2 Preparation of GO/rGO-based membranes by different methods: a vacuum-
assisted/pressure-assisted, b casting/coating, and c LBL self-assembly methods

The casting/coating is also a widespread method to obtain lamellar GO/rGO
membranes, including dip-coating, drop-casting, spin-coating, and spray-coating
[40]. It usually consists of dripping off GO/rGO nanosheet dispersions onto a
substrate or immersing the substrate in the dispersion, repeatedly. Then, the sample
can be heated to remove the solvent or rotated in a high-speed spin coating system,
where a centrifugal force will be responsible for the formation of a thin layer.
Another deposition approach involves shaping a glass plate using a casting knife,
Fig. 2b. Then, the GO/rGO membrane can be peeled off from the sample at the base
membrane, similar to the vacuumfiltration. Themembranes formed by this technique
generally are created by a relatively heterogeneous GO/rGO deposition caused by
electrostatic repulsion between nanosheet edges [41].

The LBL self-assembly method is an ideal method for mounting GO/rGO
membranes [42]. Conventional approaches to assemble LBL membranes involve
polycations and polyanions. They can be deposited on the substrate (with a previ-
ously charged surface), producing thin films that aremolecularly charged by the auto-
assembly of oppositely charged electrolytes, Fig. 2c. These polyions are uniformly
inserted to functionalize or intercalate GO/rGO membranes, being the main respon-
sible for the distance between layers. GO derivatives present laminar structure and
oxygenated functional groups, such characteristics make these species suitable for
LBL self-assembly technology [43]. New methodologies have been sought, where
themain challenge is to obtainmembranes that are simultaneously scalable, selective,
and cost-effective.

GO/rGO lamellar membrane assembling methods, properties, and applications
have been extensively investigated in recent years. Most of these studies look for
materials that are both ecologically and economically sustainable, with multifunc-
tional structures for aquatic environmental pollution remediation. In this scenario,
the membrane must stand at the same time high rates of permeability and selectivity.
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Although the difference between permeability and separation performance remains a
challenge, there have been some huge advancements. For instance, a recent work by
Thebo et al. [44] evaluated a class of rGOmembranes, where the distance between the
lamellae was controlled using the amino acid theanine and tannic acid as a reducing
and cross-linking agent. They found a water permeability above 10,000 L · m−2 · h−1

· bar−1, which is up to three orders of magnitude times higher than the rates described
for similar materials and commercial membranes. The material also showed high
selectivity, retaining 100% of some dyes, such as rhodamine B and methylene blue,
with no sign of damage or delamination in water, acid, and basic media, even after
several months. It strikes that we can make use of small organic molecules in order
to design enhanced 2D nanofluidic channels based on GO lamellar membranes.

Adjusting GO’s degree of reduction can also be a viable strategy to improve
permeability. Membranes that are prepared using different types of GO, with varying
degrees of reduction or originating from different graphite sources, have very
different purification performances. These differences are related to the oxygenated
functional groups—hydroxyl (−OH), epoxy (−COC−), and carboxyl (−COOH).
However, the role of these different functional groups is not yet fully understood.

Yu et al. [45] prepared and systematically studied three types of GO membranes.
It included dominant oxygenated functional groups: dominant carboxyl, dominant
hydroxyl GO, and dominant epoxy GO. They noted that the functional groups
containing oxygenwith different hydrophilicity and electricity controlled the spacing
betweenmembrane layers, resulting in different water permeability and ion retention
rates. A combination of hydrophilic and electrostatic interactions was then appointed
as the main ingredient affecting those properties.

The ionic permeability rate can be controlled by adapting the nanochannel size
within a sub-nanometer range. This can be achieved by controlling the reduction
degree of the GO nanosheets exposing them to hydroiodic acid vapor, based on time
variation. As reduction increases, the size of the nanometric channels decreases,
enhancing ionic retention in the GO membrane [46].

GOprocessing alsoplays a crucial role in themembrane’smain characteristics. For
example, the sonication time during preparation affects the size of the GO nanosheet,
the amount and distribution of defects, the surface morphology, the degree of oxida-
tion, and consequently, the spacing between lamellae. These characteristics directly
influence the permeability and the ability of the membrane to retain molecules and
ions of interest [47].

The path length that water must travel along the membrane, specifically through
nanosheet junctions, is currently one of the main challenges in GO membranes.
Shortening this distance is one of the most effective ways to improve membrane’s
permeability. To this end, some treatments (e.g., thermal treatments) can be used
to open pores in GO membranes in a controlled manner. These holey-GO (hGO)
membranes have been shown to undergo up to 3.8 times higher water permeability
relative to regular GO membranes, despite being up to 4 times thicker [48]. The
water path can also be facilitated by an interlayer spacing control, such as the one
presented by Dong et al. [49]. They prepared a new kind of stimuli-responsive GO-
based membrane with reversible, gas-tunable water permeability: water flux remains
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higher than that of pure GO under CO2 stimulation and, upon removal of CO2 by
Ar bubbling, a high rejection rate of dye molecules and MgCl2 is achieved—without
noticeable degradation of the water permeability.

Stability is another critical factor for GO/rGO lamellar membranes. Most of the
studies focus on creating covalent or non-covalent bonds between adjacent GO/rGO
sheets. Different cross-linking molecules and ions, such as polyions, multivalent
cations, dopamine, glutaraldehyde, and diamine can borrow structural stability to
the membrane. Functionalization by Janus particles has also been used to rein-
force these structures. The incorporation of asymmetrically functionalized Janus
GO (JGO) sheets in GO films exhibited extraordinary stability in the water at broad
pH values even under agitation [50]. These structures present dual interfaces (i.e.,
hydrophilic and hydrophobic) that interact with the extended π-systems on adjacent
nanosheets. The approach also allows for high molecular retention of charged and
uncharged dye molecules, rhodamine B, and brilliant blue G compounds, while
maintaining water permeability comparable with previously reported GO-based
membranes under osmotic pressure.

In addition to the approaches described above, a new trend to better control the
properties of GO-based membranes is the combination with other materials forming
hybrid structures, aiming to increase both permeability and selectivity. Other 2D
materials such as graphitic carbon nitrides (g-C3N4) andMXenes can ideally engage
with GO membranes to produce enhanced nanofiltration devices.

The combination of GO membranes with g-C3N4 aims to improve their anti-
pressure ability and, with the addition of other materials (e.g., metal nanoparti-
cles), add catalytic properties. This approach solves a limitation of the pure GO
membrane, enabling the degradation of molecules of environmental interest. It also
brings forward additional benefits, such as increasing the number of permeable
nanochannels, which allows for a twofold water permeability compared with tradi-
tional GO membranes [51]. GO/g-C3N4 hybrid membranes also feature enhanced
stability and rigidity.

Wu et al. [52] developed different GO hybrid membranes with g-C3N4 for
nanofiltration using glycine as a molecular binder. Contrary to expectations, the
carbon nitride group reduced nanochannel dimensions while the glycine led to
expanded channels. The hybridmembranes resulted in faster water transport, without
compromising the retention of dye molecules.

MXenes are a family of 2D materials based on transition metal carbides and
nitrides. Their structure and hydrophilicity allow for fast and selective transport of
water [53]. However, the retention of various molecules, such as dyes, is quite poor,
for the addition of GO/rGO layers can borrow a significant improvement.

A recent study described the preparation of a hybrid GO/MXene (Ti3C2Tx)
membrane through vacuum filtration [54]. The resultant membrane presents a typical
lamellar structure with increased interlayer spacing comparedwith pristineGO. Both
hydrophilicity and increased space provide these membranes with excellent surface
wettability to water and organic solvents. For instance, high flow for pure solvents,
with emphasis onwater (~21L ·m−2 · h−1), and excellent performance in the retention
of dyes (above 90%) were found for aqueous and organic solutions.
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Another work on composite membranes based on GO and MXene found an even
greater water flux of ~72 L · m−2 · h−1 · bar−1, while the reference GO membrane
achieved 6.5 L · m−2 · h−1 · bar−1 under the same experimental conditions [55].
To this end, the authors used a GO/MXene mass ratio of 1/4. Different proportions
of GO and MXene led to varied permeabilities and rejection rates. Nevertheless,
the rejection of conventional organic dyes of small molecules was found to exceed
99.5%, highlighting their excellent removal efficiency. The overall good performance
is a consequence of the increased interlayer spacing and an electrostatic effect due
to a decrease in the oxygen-containing functional groups.

As described throughout this section, GO species are materials with many advan-
tages that enable lamellar GO/rGO membranes with excellent properties for water
purification. Fully understanding their structure–property relationship is fundamental
to improve performance, stability, selectivity, and anti-fouling effectively.

3.2 GO/rGO 3D Membranes

3D assembly of GO/rGO monolayers is one of the most promising strategies for
nanofiltration technologies [56]. Similar to the lamellar case, the morphology of 3D
membranes can be controlled during their synthesis. The hierarchical structures can
be divided into two families: the hollow and the 3D porous structures. The former
includes nanoshells, nanospheres, nanococoons, and nanocapsules, while the latter
is composed of aerogels, hydrogels, sponges, and foams.

3D-GO networks were first obtained by Xu and co-authors [57]. The foam struc-
ture obtained by a hydrothermal method showed high capacity and conductance,
substantial surface area, and high mechanical and thermal stability. Controlling
the amount of oxygen in the reduction process and employing distinct treatment
methods are both effective to tune the membrane’s adsorptive properties. In
fact, these structures have been widely employed in adsorption experiments with
promising results [58].

There are countless functionalization options for 3D GO/rGO materials. For
instance, the irradiation by ion beams generates wrinkles, folds, and defects in the
structure that are a perfect fit for adsorption of naphthalene [59], a carcinogenic agent
whose eradication from water is a current challenge. Ji et al. [60] explored the use
of three distinct carbohydrates as reducing and spacing agents in 3D-rGO aerogels.
They found distinct structural characteristics for each carbohydrate, which can be
further tailored for specific pollutant adsorption.

Polydopamine (PDA) can be easily employed as both reducing and function-
alization agents. This is possible due to a spontaneous process of polymerization
by dopamine and the self-assembly of graphene to form a hydrogel during the
hydrothermal process. A high density of PDA functional groups in the graphene
surface leads to a high adsorption capacity of a large number of pollutants such as
heavy metals, synthetic dyes, and aromatic pollutants [61]. Other functional groups
have been added to GO hydrogels in order to enhance their adsorptive properties. For
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instance, glutaraldehyde accelerates the cross-linking process between PDA-coated
GO sheets and polyethyleneimine, resulting in a 3D hydrogel that is formed within
only 3 min. This membrane can efficiently adsorb anionic dyes and organic solvents
from water [62]. Also, the addition of 1H, 1H, 2H, 2H-perfluorodecanethiol to the
PDA-rGO structure can create a sponge for water–oil separation [63].

GO/rGO hydro and aerogels containing bacterial cellulose (BC-GO/rGO) have
also been investigated. They can effectively adsorb distinct heavy metals fromwater,
exhibiting high structural stability [64]. Desorption/readsorption experiments with
BC/GO demonstrated their excellent recyclability [65]. Additionally, these struc-
tures have shown underwater superoleophobicity and underoil superhydrophobicity
[66, 67], which is a desirable characteristic for the removal of oils and organic
solvents from water. Cellulose acetate nanofibers can be employed to prevent
GO nanosheets from self-assembly after reduction. This increases the connectivity
between nanopores, creating aerogels able to retain oils and organic dyes [68].

The combination of different reducing agents can lead to unique properties. For
instance, a specific adsorbent agent is able to remove either cationic or anionic dyes.
However, combiningGOwith polyvinyl alcohol and using L-cysteine as the reducing
agent makes an ultralight aerogel that is able to absorb both species [69], increasing
the membrane’s scope.

Chitosan is a biopolymer extensively employed to functionalize 3D-GO/rGO
hydro and aerogels, leading to materials with high adsorption of heavy metals,
neutral and charged dyes, and oils [70–72]. Additionally, GO, chitosan, and cellu-
lose composites can be combined to create porous nanospheres. These structures
have been used as an alternative for removing heavy metals from water solutions and
even directly from the soil, which broadens their use in environmental treatments
[73, 74]. Also, chitosan and activated carbon-functionalized GO flakes have demon-
strated promising removal of pharmaceuticals and personal care products fromwater
[75].

The combination of GO/rGO with other biopolymers also leads to interesting
adsorption properties. GO/silk fibroin hybrid aerogel has been designed for dye and
heavy metal adsorption [76], while carbon nanofiber/GO composite aerogels were
used in highly efficient oil absorption prototypes [77].

The hydrothermal polymerization of lignin and sodium alginate (SA) in the pres-
ence of GO in an aqueous system was used to create a hydrogel with high adsorp-
tion of heavy metals [78]. On the other hand, SA/rGO composite hydrogel cross-
linked by Fe3+ exhibited an improved dye adsorption performance [79], especially
for cationic dyes. The efficient removal is achieved due to a synergetic interaction
between GO/rGO and SA. Another advantage of SA is to create 3D printable and
mechanically robust hydrogels, as recently obtained fromaGOand amino-GO (aGO)
non-covalently functionalized with SA [80].

The functionalization is not restricted to carbon-based molecules. Many other
materials can be used to get improved properties. Cadmium sulfide (CdS)-
functionalized aerogels showed an enhanced absorption of ionic dyes [81], while
adding iron nanoparticles to GO hydrogels make it highly efficient to remove organic
pollutants [82]. N-doped rGO aerogels showed excellent catalytic degradation of
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antibiotic contaminants in water [83]. Silver phosphate/GO aerogel microspheres
that can photodegrade pharmaceuticals and pesticides were recently obtained [84].
Nd2O3 nanoparticles [85] and rGO/rare-earth-metal-oxide [86] aerogels are also
promising functionalizations for dye removal.

Polyvinyl alcohol, a biocompatible polymer, bonded with iron oxide can be
used as a precursor to prepare an Fe3O4@Fe/GO aerogel. This membrane achieved
higher antibiotic activity in comparison with other 3D-GO/rGO materials and total
organic carbon removal from water [87]. Also, Fe3O4@Fe/GO nanocomposites can
be employed in the immobilization of pharmaceutical drugs, such as phenazopy-
ridine [88], and heavy metals [89]. It is also possible to create a modified rGO
aerogel by exchanging the biopolymer for a polyethyleneimine (PEI). The resulting
Fe3O4@PEI/rGO aerogel has been shown to effectively remove a polar non-steroidal
anti-inflammatory drug from water [90]. An alternative membrane to adsorb similar
drugs was obtained through cobalt-based ferrite (CoFe2O4) functionalization of
GO-based nanocomposites [91].

The possibilities of creating GO/rGO-based 3D structures for water purification
are numerous, as nanofillermembranes, foams, and sponges forwater-pollutant sepa-
ration. However, it is important to address some concerns about almost all current
synthesis routines. A significant issue is the reducing agents. Most of the chemicals
employed to reduce the disperse GO/rGO sheets into a 3D structure are toxic. For
instance, one of the most used reducing agents is hydrazine (N2H4), which exhibits
excellent reducing capacity, but it is also a carcinogenic agent related to lung and
colon cancer [92] as well as basal cell carcinomas [93]. Another reducing agent
widely applied in 3D-GO synthesis is the sodium borohydride (NaBH4), a highly
toxic compound that, in contact with water, starts a reaction that releases gases with
potential spontaneous ignition. The time required for the synthesis is also a challenge.
There are too many steps in current methods, taking several days—or weeks—to get
a sample. Besides that, inmany cases, templates have to be employed. It is still neces-
sary to create new chemical routines to obtain these membranes, using non-pollutant
reducing agents and speeding the process up to achieve large industrial production.

4 Computational Studies

Whether predicting new materials or exploring physical phenomena unlikely to
be explained through experiments, computer simulations have decisively advanced
materials science. The contribution becomes more evident when we scale down to
nanomaterials. They are expected to perform differently from bulk. For instance,
graphene exhibits extraordinary electronic and mechanical properties and extremely
high thermal conductivity. The latter was observed to even increase with the sample’s
length. Non-equilibrium molecular dynamics (NEMD) simulations showed that this
behavior is a consequence of the 2D nature of phonons in graphene, and to the
change of the phonon population at stationary non-equilibrium conditions [94],
providing a fundamental understanding of thermal transport in 2D materials. Theory
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and simulations have also been coupled with experiments to developmore robust and
stiffer nanomaterials. This is the case of a recent finite element analysis combined
with a two-photon lithography used to produce carbon nanostructures stronger than
diamonds [95].

Possible computational approaches for nanofluidics and nanomaterials include
quantum mechanics (QM) calculations, molecular dynamics (MD) simulations, and
hybrid methods such as QM/MM—a link between quantum and classical world
providing relevant chemical and physical insights. At the QM level, electronic inter-
actions are described by solving the Schrödinger wave equation either directly or by
employing functionals with approximations at various levels, such as in the Density
Functional Theory (DFT). For instance, these methods are used in calculations of the
energy barrier of individual molecules permeating nanopores. Unfortunately, a high
computational cost associated with the many-body problem makes it unsuitable for
systems with more than a few hundred atoms.

MD simulations are computationally cheaper, allowing for direct observation of
kinetic processes of much larger systems—including a 64 million atoms HIV capsid
[96]—during widely representative timescales up to μs. A typical MD framework is
based on a predetermined distribution of atomic positions and partial charges. While
the latter does not change during the simulation, the former evolves in time following
Newton’s equations of motion. MD simulations on 2Dmembrane separation usually
start from two gas or water reservoirs separated by a nanoporous structure. Then,
a pressure gradient is applied, so that the solute/solvent flux can be monitored and
further analyzed. Intermolecular interactions are described through empirical force
fields based on simple potential functions, which means that chemical interactions
involving electronic degrees of freedom are neglected.

The best of both worlds would be a combination where atomic motion is deter-
mined by Newton’s law and interatomic forces calculated using quantummechanics.
Although further theoretical advancements are needed to make QM/MM suitable
for membrane separation simulations, QM and MD approaches are regularly used
together to predict mechanical properties. While QM calculations based on first
principles have long been considered for elastic evaluation of nanomaterials, reac-
tive force fields implemented in MD simulations can also be used to predict failure
mechanisms and deformation. Currently, the adaptive intermolecular reactive empir-
ical bond order (AIREBO) [97], a Tersoff-type potential, is one of the most popular
reactive force fields used to compute mechanical properties of graphene and various
carbon allotropes. The salient feature of this potential is that the bond order term
only depends on the local coordination without the need to consider explicit charges
and long-range Coulombic interactions, allowing for excellent computational perfor-
mance as fast Fourier transforms (FFT) calculations are not needed [98]. However,
the cutoffs of the switching functions in AIREBO terms must be carefully selected.
ReaxFF [99] is another reactive force field used for hydrocarbon systems, where
atomic charges are dynamically optimized during the simulations. It makes ReaxFF
more transferable and suitable for complex chemical reactions, such as interactions
between graphyne and other molecules in various environments.
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Other computational approaches, such as those based on finite element methods,
have also been employed to study mechanical properties of nanostructures. For
instance, numerical simulations based on finite element methods were used together
with Raman spectroscopy to determine Young’s modulus of single- and bilayer
graphene [100]. Interestingly, electronic structure calculations, Monte Carlo, and
MD simulations have shown that the oxidation process significantly decreases the
in-plane Young’s modulus and fracture strength of GO [101]. Especially nanoporous
GO has shown stress/strain slope about one-half that of ideal graphene, with a frac-
ture strength of about one-third of ideal graphene. This is particularly interesting
because high-resolution TEM observations have shown that reduced GO platelets
present quite large holes [102].

Computer simulations have been at the forefront of nanofluidics, contributing
to the establishment of measurement protocols and the manufacture of new mate-
rials—currently two of the most challenging experimental endeavors. Notably, MD
simulations were used over the past decades to predict and explain high water flux
rates and ionic selectivities of few-atom-layered materials. For instance, theoretical
works anticipated the continuous flow of water through graphene with pore diame-
ters smaller than 1 nm [103]. The same computational framework was used to show
that a single-layer graphene with defect pores was able to reject salt and still perform
a water flux two to three orders of magnitude higher than that of traditional RO
membranes [104]. Enhanced water flow in GO and rGO has also been reported in
computational and experimental works [105].

Additionally, the structure of GO membranes has been modified to enhance both
water flux and rejection of salt ions and dye molecules. Further theoretical analysis
revealed that the fast water transport found in GO membranes can be attributed to
the presence of oxidized and pristine parts in GO sheets [106]. The oxidized region
causes adjacent microcrystals to separate and inhibits their reunion, allowing water
to flow between the GO layers, while the non-oxidized region provides a capillary
network that creates high capillary pressure. The smooth surface of the pristine region
enables water to flow under this pressure without friction—previous simulations
already showed the high slip length of graphene nanochannels to largely increase
water molecules’ speed [107]. The underlying mechanism can then be understood
as a capillary-like pressure due to a combination of pristine regions (where water
molecules can move faster) and oxidized regions where hydrogen bond formation
is a driving force for water to move through the membrane. Other structural factors,
such as different kinds of defects, valleys, folds, cavitations, and voids, also subsidize
the reported high water flux through GO films [108].

4.1 Graphyne-Based Membranes

An emblematic contribution of computer simulations to membrane science is the
prediction of graphyne by Baughman et al. [23]. They described a lattice of
benzene rings (sp2 hybridized) linked together with acetylenic bonds (−C≡C−,
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Fig. 3 The graphyne puzzle: building blocks inside the green region are assembled to form
graphynes (gray region) with different nanopore structures (yellow region). Adapted with
permission from Qiu et al. [109]

sp hybridized)—smallest green sector region of Fig. 3. This architecture is now
referred to as γ-graphyne. It has a hexagonal symmetry similar to that of graphene.
The length of the acetylenic linkages can be different, leading to the graphyne-n
structures, in which n indicates the number of acetylenic bonds (highlighted in red
in Fig. 3). Special attention is devoted to n = 2, also known as graphdiyne, the first
successfully synthesized graphyne [25]. Further addition of alkyne units leads to
graphyne-3, an up-and-coming candidate for water desalination. In summary, it is
possible to adjust the nanopore size (yellow region in Fig. 3) just by adding more
acetylenic bonds to the structure.

Different arrangements of sp- and sp2-hybridized carbon atoms lead to the
remaining symmetries shown in Fig. 3, namely, α- and β-graphynes. For desalina-
tion purposes, the interest is on the intrinsic nanopores resulting from these symme-
tries—the blue hollow spheres in Fig. 3. MD simulations have exhaustively shown
that water permeability increases as the number of acetylenic linkages in graphyne
increases. This is expected since geometric factors, most of the time, dictate perme-
ation rates in 2D nanoporous membranes [110]. The γ-graphyne-3 membrane has
the smallest pores allowing for water permeation [111, 112]. This structure showed
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Fig. 4 a Prototypical graphyne-based RO membrane and b performance comparison between
graphynes and conventional commercial ROmembranes, such as polymeric seawater RO (SWRO),
brackish water RO (BWRO), high-flux RO (HFRO), and nanofiltration (NF). Adapted with
permission from Qiu et al. [109] and Xue et al. [113]

two folds increase in the net water flux compared with CNTs with similar diam-
eters, 27.5 and 13.5 ns−1 [111], respectively. Similar flow rates were found in β-
graphynemembranes,whereas someα-graphynes exhibited reducedwater flux [113].
In the case of γ-graphyne-3, water can form a small single file hydrogen-bonded
chain reducing the free energy barrier at the pore entrance—only 2.3 kBT compared
with 3.5 kBT in CNT membranes. Simulations also revealed size-dependent quan-
tized transportation of water across graphyne membranes, where discrete water flow
transitioned into continuous flow in γ-graphyne-7 [114].

Current commercial RO plants are typically based on spiral-wound membranes,
as depicted in Fig. 4a, where graphyne can be sandwiched between functional layers.
The combination of an excellent mechanical strength with well-defined open pores
makes graphyne very selective. Precisely, γ-graphyne-3 is predicted to reject 100%
of contaminants, such as CuSO4, CCl4, C6H6, and a wide variety of ions, such as
Na+, K+, Mg2+, Ca2+ and Cl−. The same applies to α- and β-graphyne membranes
with similar pore diameters. Figure 4b (water permeance versus salt rejection) shows
why these structures are so promising as water purification membranes.

The unique architecture grants graphyne robust mechanical stability, with high
strength and stiffness. MD-based biaxial mechanical tensile tests [112] on a series of
γ-graphyne-nmembranes revealed ultimate stress and strain falling between 16.7 and
32.3 GPa and 1.2 and 2.7%, respectively, much higher than conventional polymer-
based membranes and comparable to those of CNTs. In particular, γ-graphyne-3 has
exhibited very promising mechanical properties, which further stresses its role as an
ideal candidate for desalination membranes. Even when mechanical deformations
are imposed on γ-graphyne-3 membranes, water permeability is enhanced and ionic
rejection is kept unchanged [109].

All desalination results regarding graphyne come from computational simula-
tions because only graphdiyne (γ-graphyne-2) films have been produced so far. The
success of graphyne-based desalination membrane depends on the fabrication of
large-area graphyne materials—first in the laboratory and eventually in a scalable
way. Top-down approaches (e.g., chemical or mechanical exfoliation) are off the
table since no bulk phase is experimentally available for graphynes. The alternative
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is to build up from the molecular scale, using suitable precursor molecules. In 2010,
Li and co-workers [25] implemented this bottom-upmethod to synthesize for the first
time graphdiyne films with 1 μm thick. They used a cross-coupling reaction on Cu
foil surfaces and hexaethynylbenzene (HEB) as precursors to produce uniformmulti-
layer films. Since then, a tremendous effort has been made to improve graphdiyne
synthesis. Even a β-graphdiyne-containing thin film with a thickness of about 25 nm
was fabricated [115]. However, experimental efforts have failed to produce struc-
tures other than graphdiynes. This is of particular concern because the best theo-
retical desalination results have been obtained for γ-graphyne-3, while graphdiyne
is impermeable. Improved surface engineering of substrates, rational design, and
synthesis of new precursors as well as the development of fundamentally new prepa-
ration technologies are needed to realize γ-graphyne-3 and others experimentally.
Theoretical works can also contribute to guiding microscopic processes, clarifying
mechanisms involved in the growth of large-area graphynes.

5 Conclusions, Challenges, and Perspectives

The reduction of GO is a delicate process, which can produce environmentally unde-
sirable residues. Conventional strategies include thermal, chemical, and solvothermal
reduction. Despite thermal annealing being highly effective, it produces a large
amount of CO and CO2 as a result of the elimination of oxygen (from the oxygen-
containing functional groups) and carbon (from the pristine graphene regions inGO).
Thermalmethods are usually very energy-consuming because of the elevated temper-
atures involved. On the other hand, chemical reducing agents can be more efficient,
but many chemical reagents are toxic and non-environmentally friendly. The search
for green chemical reagents (e.g., ascorbic acid (vitamin C), sugars, green tea) is a
current challenge that is bringing together large theoretical and experimental groups.
Hydrothermal reduction is also an emerging, green route that can produce stable rGO
suspensions in graphene hydrogels.

It is the transition from bulk to a nanoconfined fluid that makes possible
every membrane-based separation plant. Thus, separation efficiency in GO/rGO
membranes is closely related to their nano or sub-nanometer channels. If the
membrane is not stable enough, the channels do not hold and the entire process
is compromised. For instance, the interlayer channels can become wider when
converting from dry to hydrated states, in a process called swelling—which is
more prominent in GO rather than rGO. On the other hand, external pressure often
compacts the membrane, especially lamellar membranes. In this scenario, the path-
ways available for water molecules to cross the membrane are diminished and there
goes the membrane’s permeability. One alternative is the use of guest materials such
as nanotubes, molecules, or ions. These cross-linkers tend to amplify attractive forces
between host nanosheets, which significantly contribute to their structural stability.
The host material can even be another 2D nanosheet. For example, pristine graphene
and rGO with GO nanosheets can be blended to reduce intersheet repulsion and
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strengthen the π–π attraction, yielding exceptional stability [116]. The search for
new host materials is, therefore, a current area of research that demands further
investigation.

From design to the experimental realization of large-scale GO/rGO membranes,
computational studies are helping to understand and improve protocols, methods,
and applications. If the production of such membranes is still a challenge, it would
be impracticable without the guidance of atomic-scale simulations. Only at this
level, we can understand some of the factors driving water permeance and pollu-
tant rejection rates. Simulations have also been used as predictive tools for new and
improved materials, determining their structural resistance and selectivity proper-
ties even before experiments—saving both scientists’ money and time. However,
these simulations can be quite expensive, using substantial computational resources.
Data mining algorithms, such as machine learning (ML) and deep learning (DL),
can also extract useful knowledge on new materials, geometries, and functionaliza-
tions, creating structure–property maps that play a key role in accelerated materials
discovery [117, 118]. Some of its advantages are (i) the huge database with several
properties of countless materials and (ii) the speed with which this huge amount of
data can be processed to find the best candidates. Inverse design, where data-driven
materials with pre-defined target properties are proposed, has emerged as an impor-
tant numerical tool in recent years by shading some light in hidden information of
materials [119]. GO/rGO-based membranes can certainly take advantage of these
powerful tools to find a more efficient and safe path.

Despite the extraordinary advancements in the last few years, there is one final
barrier to overcome: the industrial scale production. As we have shown, this horizon
is not so far for GO/rGO membranes. However, there are still some obstacles. For
lamellar GO/rGO, the construction is often by self-stacking nanosheets. Ideally,
this method allows for a simple assembly and facilitates the scaling up both by the
thickness and surface area. But the cost associated with building up uniform, well-
defined layered structures can be disadvantageous in large-scale scenarios. In this
way, 3D GO/rGO can stand as a cheaper option. The problem is the scaling, which
is still far from industrial needs. One possible solution is to find a material that can
combine the low cost of 3D GO/rGO and the self-assembly control from lamellar
structures, the last great challenge.
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Graphene Oxide and Reduced Graphene
Oxide as Nanofillers in Membrane
Separation

Siamak Pakdel, Sima Majidi, Jafar Azamat, and Hamid Erfan-Niya

Abstract Due to the excellent physiochemical properties of graphene oxide (GO)
and its familymembers, thesematerials have been extensively used forwater purifica-
tion. This chapter presents and discusses the recent development of GO and reduced
graphene oxide (rGO) composites for membrane filtration. At first, we highlight
the current synthesis methods of polymer–GO/rGO nanocomposites such as solvent
processing, in situ polymerization, and melt processing. Also, some novel prepara-
tion methods of nanocomposites are discussed. Then, we compare the recent exper-
imental works on the fabrication and testing of these nanocomposite membranes
with classical membranes. Finally, Characterization techniques of nanocomposite
membranes including spectral characterization, analysis of the membrane surface
roughness, morphological study, and measurement of contact angle, as well as the
thermal andmechanical properties of the nanocompositemembranes are investigated.

Keywords Nanofiller · Graphene oxide · Reduced graphene oxide ·
Nanocomposite ·Membrane

1 Introduction

An ideal membrane material should be capable of being modified to get the desired
performance. Recently, some ideal nanomaterials, such as titanium dioxide [1],
nanosilver [2], aquaporins [3], nanosilica [4, 5], graphene oxide (GO), and carbon
nanotubes (CNTs) [6–8] have been used to develop membranes with ideal perfor-
mance and structure [9–11]. Among them, GO is the new class of membranematerial
that was discovered in 2012 [12], offers superior properties in comparison with
ceramic and polymeric membranes in terms of high hydrophilicity, outstanding
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colloidal stability inwater, nanopores’ generation, and excellentmechanical behavior
[13, 14]. GO is an oxidized form of graphene that is considered to be the thinnest
and strongest material with an extended one-atom sheet of sp2-bonded carbon atoms
[15–17]. Moreover, reduced GO (rGO) is another important derivative of graphene,
with similar properties as GO that has been used in membrane separation technology
[18]. The structure of the GO is supposed to be a network of sp2-hybridized –C–C–
atoms, with approximately 55% of sp3 C–O bonds in the form of carboxyl, hydroxyl,
or epoxy groups [19]. These polar oxygen units facilitated aqueous dispersion and
also brought positive consequences in terms of declining sheet conductivity. Hence,
an effective removal of these oxygen species from GO for production of rGO is
important in many applications, such as linear and non-linear conductive polymer
nanocomposite fabrication [20–23].

Alternatively, GO is a better candidate for constructing free-standing and
polymer–GO hybrid membranes for water separation processes because of the wide
availability of reactive surface sites and the layered structure. GO nanosheets display
great antifouling capacity that is a significant desired property in the field of water
desalination processes [24, 25]. GO-based thin membranes display promising qual-
ities in the field of water-permeable membrane to be employed in the desalination
procedure [26, 27]. GO has also revealed to be effective in allowing the permeation of
water, while subsequently blocking penetration of other liquids, vapors, or gases [28].

Ideally, themembranes should bemechanically and chemically stable against high
pressures over a long period of operation, while maintaining their desired water flux
and ion rejection characteristics. Themanufacturing processes of thin-film composite
(TFC) membranes, which consist of a substrate and an interfacial polymerized skin
layer, have been developed for water purification [29–31]. In these membranes, GO
can be used as nanofillers to improve the membrane permselectivity [32].

The nanofillers such as graphene, GO, and rGO have strong interaction with the
polymer chain as well as monotonic good dispersion in the polymer matrix. This
results in increasing the mechanical strength and thermal stability of the membrane.
Moreover, the hydrophilic functional groups bound onto GO improve the wetting
properties of the hydrophobic polymer membrane [33]. The GO sheets as two-
dimensional (2D) nanofillers can effectively modify the physicochemical properties
of the polymer matrix due to their large surface area and functional groups as well as
their intrinsic mechanical and thermal stability [34, 35]. However, pristine graphene
is not compatible with organic polymers, GO sheets containing epoxide, hydroxyl,
diol, carboxyl, and ketone functional groups are known to modify the interactions
of GO sheets and polymer matrix and consequently make them compatible [36]. In
the past 5 years, numerous studies have been carried out to fabricate polymer–GO
nanocomposite membranes [37–40]. Alternatively, several approaches to preparing
stacked graphene-based nanosheets or graphene-based polymer nanocomposites
have been discovered for their potential applications in the water treatment area.
One of these methods is to coat ultrathin, a few-layered graphene/GO/rGO sheets
on polymeric substrates [24, 41–43]. The manufactured composite membranes all
displayed upgraded filtration performance. For instance, Han et al. [41] synthesized
ultrathin graphene nanofiltration (NF) membrane using vacuum filtration of rGO
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suspension. Likewise, Xu et al. fabricated a loaded GO–TiO2 membrane through
vacuum filtration of GO–TiO2 composite nanosheets [40, 43]. A variety of polymer–
GO composites, such as poly (vinyl acetate)–GO, polyurethane–GO, Nafion–GO,
poly (vinyl alcohol)–GO, polybenzimidazole–GO, and poly(allylamine)/GO have
been thoroughly investigated [44–47].

In summary, according to literature reports, it is expected that the polymer–
GO/rGO nanocomposite membranes could be an outstanding technology for water
purification. Some of these interesting works are reviewed in this chapter as a reflec-
tion for future works. This chapter will also present the fabrication methods and
characterization techniques of polymer–GO/rGO composite membranes.

2 Preparation Methods of Polymer–GO/rGO
Nanocomposite

GO surface functional groups, such as epoxide, hydroxyl, carbonyl, and carboxyl
groups, make it as a potential candidate for preparing nanocomposites [48, 49]. Most
of polymer–GO/rGO composites have been prepared by three common procedures
of solvent processing, in situ polymerization, and melt processing [50] and, also,
other new preparation methods, such as Pickering emulsions and spin coating which
are investigated in the next sections.

2.1 Solvent Processing

Among the reported methods for synthesizing polymer–GO/rGO nanocomposites,
solvent processing is one of the most current procedures, because of the well disper-
sion of GO in many solvents [51]. This method is based on a solvent system in which
the polymer is solubilized and graphene or modified graphene layers are allowed
to swell [52]. GO is directly dispersed in water or various organic solvents such
as chloroform, acetone, toluene, dimethylformamide (DMF), and tetrahydrofuran
(THF). The sp2 carbon network of GO sheets can be recovered during the dispersion
by reducing the GO sheets using specific solvent [53–55]. After mixing GO and
polymer with solvent, the polymer–rGO composites are prepared through reducing
GO either at the same time as solvent mixing or after the blending of polymer and
GO. Up to now, a variety of polymer–rGO composites have been prepared through
this approach [51, 56–59].

Uniform dispersion of graphene/GO/rGO in the solvent solution is important
before mixing them with the polymer matrix. For instance, Zhang et al. [60] homo-
geneously dispersed the rGO in organic media without the addition of complex
dispersing agents or the requirement of functionalized GO. In this experiment, the
aqueous colloids of rGO sheets were prepared in an alkaline solution. The produced
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rGO aggregates could be easily redispersed in suitable organic media as individual
nanosheets by using NaCl salts as flocculants with the help of sonication, which is an
economical and facile technique for the large-scale production of graphene/GO/rGO.
The homogeneous dispersion of graphene/GO/rGO in organic solvents facilitates
solution-processingmethod for new composites’ development. The covalent [61–63]
and non-covalent [64–67] modifications are the strategies that have been incorpo-
rated toward the homogeneous dispersion of graphene in various solvents. However,
the reaction condition for the grafting modification is usually complex, while for the
non-covalent methods, the stabilizing agents are difficult to be removed completely
[60]. It should be considered that the organic solvents are generally adsorbed between
the graphene layers that adversely impact the performance of the prepared nanocom-
posites [68]. Solution blending of polymer and GO is often carried out in laboratory
preparation [69], because large amounts of organic solvents are required to be used
in the preparation especially when the nanocomposite is used for industrial produc-
tion [68]. Also, it is difficult to completly remove the large quantities of the utilized
solvent that makes it not eco-friendly [70].

2.2 In Situ Polymerization

In situ polymerization method is often used to prepare graphene-filled polymer
composites, such as those with epoxy [71–75]. In this method, graphene/GO/rGO is
mixed with pre-polymers or monomers [50]. First, graphene or modified graphene
is swollen inside the liquid monomer. Then an appropriate initiator is diffused, and
polymerization is begun either by radiation or heat [74, 76]. In epoxy–graphene
composite, at first, the graphene-based filler is mixed with epoxy resins by applying
high-shear forces and then a curing agent is added to initiate the polymerization [53,
77, 78]. In situ polymerization of monomer in the presence of GO fillers can effi-
ciently improve the interfacial bonding strength between GO and polymers. Besides,
it improves the dispersion status of GO nanosheets in the polymer matrix [79], but
this technique could be carried out only on the laboratory scale [69].

Wang and coworkers [80] introduced an efficient approach of in situ polymer-
ization in order to fabricate GO/polyimide (PI) composites with greater perfor-
mances. NH2-functionalized GO (ODA-GO) was a versatile starting platform for
the in situ preparation of composite films via the embedding of polyamic acid onto
the GO surface. The graphene sheets, bearing grafted polymer layers, exhibit great
dispersibility and compatibility with the polymer matrix and also create strong bonds
with the PI polymer chains. The functionalized graphene nanosheets strengthen the PI
composites greatly by incorporating the ultrahigh contact area and strong interfacial
interactions of the PI matrix. The PI–ODA-GOfilms, prepared by in situ polymeriza-
tion, exhibit around a 6.4-times increase in tensile modulus, and 240% improvement
in tensile strength, for a very lowGOcontent (0.3wt%). Furthermore, the bulk dielec-
tric constant is decreased from3.3, for the neat PI film, to just 2.0 for the PI–ODA-GO
composite film. Consequently, in situ polymerization to produce PI–ODA-GO films
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provides an effective method to develop freestanding, lightweight, and strong poly-
imide–GO composite materials with low dielectric constants and shows promise for
a wide range of applications.

Researchers have reported an in situ polymerization step that was combined
with chemical grafting modification for fabricating poly(vinyl alcohol)-grafted
GO/poly(vinyl alcohol) nanocomposites [81]. The poly(vinyl alcohol)-g-GO sheets
displayed great dispersion and compatibility with the poly(vinyl alcohol) matrix and
also created strong interfacial interactions with the poly(vinyl alcohol) chains of the
matrix [68].

2.3 Melt Processing

Melt processing is the most eco-friendly and economical method [53] and is appro-
priate for mass production of GO composites for industrial applications [82], but
the high viscosity of polymer melts and the high temperature used in this process
always leads to GO flocculation [83]. Besides, the high shear forces used in melt
compounding can often cause the breakage of the filler materials such as the
graphene-based nanosheets and CNTs [84]. However, these preparation methods
are less or more restricted in applications, they demonstrate their sole advantages to
fabricate polymer–GO composite materials [69].

In melt processing, no solvent is needed due to utilizing both high-temperature
melting and high-shear forces to mix the filler and matrix materials and combining
the graphene or modified graphene with the polymer matrix is done in the molten
state [36]. In this procedure, the polymer and graphene/GO/rGO are directly mixed
in a twin-screw extruder, and then the parameters of the extruder screw, such as the
screw speed, blending time, and temperature are regulated [68].

In general, most of the polymer–GO nanocomposites are prepared by using
polypropylene (PP), polyurethane, poly (ethylene terephthalate), poly (ether ketone),
Polystyrene (PS), styrene–ethylene/butylene–styrene triblock copolymers [45, 85–
87]. Melt blending is a promising method for the preparation of commercial
nanocomposite products because of its processing without using organic solvents
[68].

2.4 Pickering Emulsions

Pickering emulsion is the preparation of polymer nanocomposites via the self-
assembly of nanoparticles at liquid–liquid interface [88]. It is a promising approach
for the design and preparation of well-defined nanostructured materials [89–91].
Self-assembly of the materials at the liquid–liquid interface is thermodynamically
promising because of the decrease in the interfacial energy of the system upon the
formation of a new interface between the liquid and particle phases instead of the
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liquid–liquid interface [92, 93]. Pickering emulsions generally have less toxicity,
less susceptibility to foaming, and lower cost in comparison with common emul-
sions stabilized by surfactants [94]. The properties of Pickering emulsions are deter-
mined by the size of the solid particles and their amphiphilicity. The amphiphilicity
of GO makes it perform like a colloidal surfactant. Xie et al. [95] produced PS/GO
composite particles by Pickering emulsion stabilized by GO. The results demon-
strated that the pH and the size of the GO particles affect the stability of Pickering
emulsions and the final morphology of the particles, respectively. Small GO particles
were appropriate for Pickering emulsion polymerization to synthesize the composite
particles. The prepared composite particles could have a wide range of potential
applications such as in environmental remediation, catalysts, sensors, and energy
storage. Gudarzi et al. [93] reported a novel method based on Pickering emulsion
polymerization that promises well dispersion and increases loading. The main idea
of this method is to use a high affinity of GO for assembly at the liquid–liquid inter-
face. A guideline for confirming stable hybrid colloids of polymer–GOwith a proper
polymer particle size has been presented. Then, a system of polymethyl methacry-
late (PMMA)–GO has been selected, and the nanocomposites have been produced
by Pickering emulsion polymerization to examine the theory. The PMMAmonomer
was employed to test the feasibility of the process and up to 5 wt% of GO has been
loaded successfully. This high loading of GO paves the way for the industrial-scale
production of graphene-based masterbatches that can be used in downstream indus-
tries via melt mixing. Solvent- and soap-free characteristics increase the quality of
the nanocomposite and make the method environmentally friendly.

2.5 Spin Coating

The homogeneous thin composite films can be synthesized by spin-coating technique
in the range of micrometer to nanometer thickness. This method includes numerous
stages such as fluid dispense, spin up, stable fluid outflow, spin-off, and evaporation.
First, the material is deposited on the turntable and then spin up and spin-off are
carried out in sequence while the evaporation is occurred during the process. The
solution is dispersed on the turntable via centrifugal force, at a high velocity in a range
of 1000–8000 rpm [96, 97], which results in leaving a uniform and thin layer. After
this stage, drying of the applied layer occurs in which high volatile components
are removed from the substrate because of the evaporation or simply drying. The
thickness of the synthesized composite film is controlled by the speed of rotation
and the viscosity of the coating solution [98]. Lue et al. [99] fabricated Nafion/GO
composite membranes for direct liquid fuel cell applications with the purpose of
reducing fuel permeability and extra-improving cell performance.Nafion 212 (N212)
composites consist of various GO contents that were fabricated using spin coating
methods. The GO filling in the prepared composites had a positive relationship with
the water uptake, ionic conductivity, and ion exchange capacity. The spin-coated
composite membranes had a higher width to thickness ratio, which is the effective



Graphene Oxide and Reduced Graphene Oxide as Nanofillers … 119

aspect, leading to the higher permeability. The prepared composite with 0.067%
loaded GO showed double peak power densities compared to the pristine N212 in
direct formic acid, ethanol, and methanol fuel cells. The exact mass fraction of the
GO on the composite membranes was obtained to be 2.53 wt%. The well-aligned
thin top layer of GO contributed to the ideal fuel cell performance.

3 Characterization of Nanocomposite Membranes

The prepared nanocomposite membranes are characterized by various instrumental
methods to study the change in physiochemical properties and structure of the
membranes, which is caused by embedding GO or rGO into them. The Scan-
ning ElectronMicroscope (SEM), Transmission ElectronMicroscope (TEM), X-ray
Diffractometer (XRD), and Atomic Force Microscope (AFM) are typically used for
the morphology characterization, whereas X-ray Photoelectron Spectroscope (XPS)
and Fourier transform infrared (FTIR) spectroscope are commonly applied for func-
tional group detection. Consequently, in order to study the effect of the surface
charge of the nanocompositemembrane, Zeta potential analyses are used. The contact
angle studies are employed to evaluate the surface hydrophilicity of the nanocom-
posite membranes. Thermogravimetric analysis (TGA) can also be used to measure
the weight loss and to detect the possible functionalized state of nanocomposite
membrane. At last, the mechanical stability of the membranes is measured by tensile
tests.

3.1 Membrane Morphology Analysis

(a) SEM Analysis

The cross-section morphologies and structure of the prepared nanocomposite
membranes are examined through SEM analyses. To make the membranes elec-
trically conducting, the membrane samples are cut into small pieces and then
submerged in liquid nitrogen. Then sputtering of conductive metals (e.g. gold, plat-
inum, cadmium, etc.) is used to coat on the cross-sectional layer. The acquisition
of cross-sectional images of the membranes is done in very high vacuum condi-
tions [100–103]. Ganesh et al. [38] recorded the cross-sectional SEM images of the
prepared membranes that are shown in Fig. 1. Herein, polysulfone (PSF) membrane
demonstrated the characteristic asymmetric structure of dense top layer followed by
macro-voids. The loading of GO into the PSF polymer matrix has caused significant
changes in macro-void structure. Indeed, the hydrophilic basis of the GO is led to
extended porosity as well as changes in the macro-voids. As a result, the GO has
played an important role in modification of membrane morphology.
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Fig. 1 Cross-sectional SEM images of pristine PSF and PSF–GO mixed matrix membranes. The
figure is adapted with permission from Elsevier [38]

(b) TEM Analysis

One of the other techniques to examine the morphology of the synthesized nanocom-
posite and study the distribution of nanofiller in mixed matrix membrane is to use
TEM. To prepare the TEM samples, the membranes are cut into very low thickness
sections by the microtome method [40, 104]. Then, the images are taken to obtain
the TEM cross-section. Wan et al. [104] incorporated GO into the four polymer
matrix (poly( -lactic acid) (PLLA), poly(ε-caprolactone) (PCL), polystyrene (PS),
and high-density polyethylene (HDPE)) to study the reinforcement behavior of the
prepared nanocomposite membranes. TEM images obtained from GO and the four
polymers’ dispersion are presented in Fig. 2, which indicates flexible and well
dispersed of GO in PLLA, PCL, PS, and HDPE polymers.

(c) XRD Analysis

XRD analysis, as a non-destructive test method, is one of the microstructural anal-
ysis methods used for the identification of crystallinity of polymers. In reality,
textural features of synthesized membranes are characterized by XRD analysis on
XRD devices. The emission current and accelerating voltage are set. Consequently,
data with Cu-Kα radiation are collected in a certain range of 2θ [103, 105, 106].
Strankowski et al. [106] fabricated a new polyurethane (PU) nanocomposite by
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Fig. 2 TEM images of various polymers–GO nanocomposites with 1.0 wt% GO concentration:
a PLLA–GO, b PCL–GO, c PS–GO, and, with 0.5 wt% GO concentration: d HDPE–GO. The
figure is adapted with permission from the Royal Society of Chemistry [104]

embedding a thermally rGO to modify the matrix of PU elastomers. Investigation of
nanocomposites by applying XRDmethod indicated notable improvement in sample
properties.XRDspectra for neat PUandPU–rGOare shown inFig. 3,which indicates
a maximum peak around 21°. For PU nanocomposites, XRD pattern demonstrates
a similar pattern comparing with PU composite due to the predominant amount
of polymer materials versus the quantity of loaded rGO. By increasing the rGO
content, the intensity reduces from 850 to 650 a.u., which is concluded that interac-
tions between rigid segments are being more disrupted with increasing rGO loading
and leads to more amorphous and disordered nanocomposite structure. It should also
be noted that the intensity discrepancy between 2 wt% of rGO loading and higher
content is because of the overloading of composite with the rGO as nanofiller.
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Fig. 3 XRD spectra of PU nanocomposites. The figure is adapted with permission from Hindawi
Publishing Corporation[106]

(d) AFM Analysis

Surface topographies of the composite membranes were analyzed using AFM instru-
ment. Quantitative information could be extracted from the AFM three-dimensional
topographies as taken in the semi-contact mode, and the root mean square (RMS)
roughness was recorded [39, 40, 107]. Yin et al. [40] used AFM measurements to
study the surface roughness of the prepared mixed matrix membranes as shown in
Fig. 4. The obtained results showed that the incorporation of GO into the TFC during
the phase inversion process has an impact on the membrane surface roughness. The
RSM values decreased at first with an increase in GO loading, due to the interrup-
tion of GO nanosheets on the growth of leaf-like structure during the nanocomposite
fabrication process, while the observed increment of roughness at GO concentra-
tion of 0.02 wt% may be caused by the surface-located clusters form due to the
aggregation of GO.
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Fig. 4 AFM analysis of membrane surface with a scan area of 9 × 9 μm. The figure is adapted
with permission from Elsevier [40]
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3.2 Functional Groups of Membrane Analyses

(a) FTIR Analysis

Fourier transform infrared (FTIR) spectroscopy is used to identify the presence of
GO or rGO and their interaction with polymer membrane matrix. In other words, the
attenuated total reflectance (ATR) FTIR spectra are applied to study the membrane
matrix surface morphology changes due to characteristic nanofiller content [100,
102, 106]. Bano et al. [108] used ATR FTIR spectra to confirm the interaction of GO
with the polyamide (PA) membrane and the developing of thin-film nanocomposite
(TFN).The FTIR spectra of PA and PA–GO TFN 2 are presented in Fig. 5. As
seen in Fig. 5, the characteristic absorption bands in PA–GO composite membrane
demonstrate the fact that incorporation of GO into the PA membrane does not affect
the structural feature of the base membrane. Additionally, compared with the bare
PA membrane, the modified PA–GO composite membrane depicted an intense and
wider absorption band at 3367 cm−1, which attributes to the improvement of surface
hydrophilicity.

(b) XPS Analysis

XPS spectra measurement is conducted to investigate the surface chemistry informa-
tion of materials. In other words, oxidation of the nanocomposites can be confirmed
by XPS spectrum. The spectrum is collected as the intensity (number of counts per
second) versus binding energy [107, 109]. Österholm et al. [110] developed one-
step electrochemical polymerization method for incorporation of GO into polypyr-
role (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) without any additional
dopants. To study the effect of GO loading into the polymers, reference films without
GO were prepared using the same monomer concentration in 0.1 M KCl (PPy–Cl)

Fig. 5 FTIR spectra of PA
TFC and PA–GO TFN 2
membranes. The figure is
adapted with permission
from Royal Society of
Chemistry [108]
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Fig. 6 C 1s XPS spectra of a PPy–Cl, b PPy–GO, c PEDOT–PSS, and d PEDOT–GO. The figure
is adapted with permission from Elsevier [110]

and in 0.1 M NaPSS (PEDOT–PSS). They applied XPS to verify the embedding of
GO into the polymers. The C 1s core-level spectra of the nanocomposite films and
their respective reference films are depicted in Fig. 6. An additional strong peak is
observed in XPS spectra of PPy–GO and PEDOT–GO compared with that of PPy–Cl
and PEDOT–PSS, which is a clear evidence to the successful incorporation of GO
into the polymer films.

3.3 Evaluation of Membrane Surface Charge

(a) Zeta Potential Analysis

The surface charge of the nanocomposite membranes is studied using zeta potential
analysis. The zeta potential of the membrane surface is determined using an elec-
trokinetic analyzer [102, 108]. Bano et al. [108] indicated that the incorporation of
GO into the PA polymer induces a negative charge on the surface of the nanocom-
posite membranes (Fig. 7). This was justified using zeta potential investigation. The
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Fig. 7 Surface charge of the
membranes at different GO
content over pH range. The
figure is adapted with
permission from Royal
Society of Chemistry [108]

GO was incorporated into PA in 0.1, 0.2, and 0.3 wt% concentration to arrange TFN
1, TFN 2, and TFN 3, respectively. Besides, at higher pH, the membrane with high
GO content demonstrated a more negative surface charge.

3.4 Measurement of Contact Angle to Evaluate the Surface
Hydrophilic Behavior

The contact angle measurement on the skin surfaces of the composite membranes
was carried out with contact angle measuring instrument to assess the surface
hydrophilicity, which plays an important role in the performance of the membranes.
In general, membranes with hydrophilic surface generate high water flux in compar-
ison with hydrophobic membranes. The sessile drop method to determine the water
contact angles was applied in some researches [40, 105, 107], while contact angle
goniometer could also be used [39, 101].

3.5 Thermal Stability Investigation of the Membranes

(a) TGA Analysis

To evaluate the thermal stability of the membranes, TGA was employed by some
researchers [93, 103, 107, 111]. In this analysis, the thermal degradation process is
monitored through the change ofmass as a function of temperature. Strankowski et al.
[111] showed that the doping of rGO into microporous PU (MPU) matrix leads to
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Fig. 8 TGA thermograms and % mass versus temperature for MPU matrix and MPU–rGO
nanocomposites. The figure is adapted with permission from Royal Society of Chemistry [111]

Table 1 Temperatures corresponding to 2, 5, and 10% weight loss and maximum degradation rate
(Tmax) (±1˚C) obtained from the first derivative of TGA signal [111]

Samples/%wt T2%/˚C T5%/˚C T10%/˚C Tmax/˚C

MPU 273 294 319 373

MPU0.25% 278 296 320 398

MPU0.50% 284 299 320 399

MPU0.75% 287 301 320 419

MPU1.0% 284 302 323 424

MPU1.25% 290 304 326 424

enhancement of the MPU–rGO nanocomposite thermal stability in comparison with
the bare MPU. TGA of the MPU matrix and MPU–rGO nanocomposites are shown
in Fig. 8, and the results acquired from the evaluation of TGA curves are presented
in Table 1. The rGO is a stable material, which is stiffer than polyurethane matrix. In
reality, limited chain mobility can be achieved by employing this nanofiller, which
affects on thermal stability of nanocomposite [112].

3.6 Mechanical Property Evaluation of the Membranes

Measurement of mechanical stability of the membranes is performed using universal
tensile tests [93, 105, 111]. Gudarzi and Sharif [93] carried out tensile tests of the
preparedmembranes to investigate the influence of GO incorporation on themechan-
ical properties of the PMMA–GO nanocomposite membranes, which were prepared
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Fig. 9 Comparison between the stress–strain plot of neat PMMA and PMMA–GO mixed matrix.
The figure is adapted with permission from Royal Society of Chemistry [93]

by melt mixing. As seen in Fig. 9, a considerable difference in tensile properties is
observed by loading a very low concentration of GO.

4 GO- and rGO-Based Nanocomposite Membranes
for Water Purification

The amazing characteristics of graphene derivatives like GO and rGO have presented
a promising role in developing of nanocomposite membranes [18, 52, 113, 114]. On
the other hand, modifying conventional membranes by incorporating GO- and rGO-
based materials is a novel approach for water purification. Recently, considerable
efforts have been done in the incorporation of GO and rGO into polymer matrix
membranes as nanofillers, in order to improve water permeability and salt rejec-
tion. GO and rGO have proven to be effective fillers in polymer nanocomposite
membrane because of their ideal properties and dispersibility in polymer matrixes
[115, 116]. Ganesh et al. [38] preparedGOby oxidation of graphite applyingKMnO4

as an oxidizing agent. Then prepared GO was incorporated into PSF-based matrix to
prepare PSF–GO mixed matrix membrane. They used wet-phase inversion method
to prepare the PSF–GO membrane. To study the effect of the GO nanofiller, 1000
and 2000 ppm of GO were loaded in the fabrication of nanocomposite membrane.
The prepared GO and PSF–GOwere characterized using some instrumental methods
such as SEM,AFM,FTIR, etc. The results revealed that the impregnatedGO into PSF
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Fig. 10 Water contact angle
of different membranes. The
figure is adapted with
permission from Elsevier
[38]

matrix could improve mechanical strength and physical properties of the host PSF
polymer. To understand the hydrophilicity of the membrane surface, water contact
angle and also water uptake of the membrane were measured. Figure 10 shows the
water contact angle of membranes. As shown in Fig. 10, decreasing trend of contact
angle is seen by increasing the doped GO in the polymer matrix, which demonstrates
enhancement of the hydrophilic property of the membrane. This can be explained
by the behavior of GO during the formation of membrane that in the hydrophilic
GO moves toward the top surface of the mixed matrix membrane. Moreover, water
uptake results indicated that by increasing the loaded GO loading in the membrane,
the liquid uptake increases, which verify the enhancement in hydrophilic sites in the
mixed matrix.

Pure water flux and salt rejection of the fabricated membrane were also studied.
As is seen in Fig. 11, water flux of themembrane increases with increasing the loaded

Fig. 11 Pure water flux of
the membrane at different
applied pressures. The figure
is adapted with permission
from Elsevier [38]
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Table 2 Contact angle of
PVDF and PVDF/GO
membranes [100]

Membrane Contact angle (deg)

PVDF 72.6 ± 1.5

PVDF/GO-0.5 70.5 ± 1.1

PVDF/GO-1 64.2 ± 0.8

PVDF/GO-2 60.5 ± 1.8

GO in the membrane at different applied pressures. Indeed, impregnation of GO into
the polymer matrix led to more hydrophilic sites, which facilities the sorption of
water into the membrane [117]. Salt rejection test was conducted by evaluating the
rejection of 1000 ppm of Na2SO4 and NaCl solutions. The rejection results showed
an increasing trend with increasing GO content in the polymer matrix. Membrane
with 2000 ppm of GO doping demonstrated a maximum of 72% Na2SO4 rejection
at 4 bar applied pressure.

The effect of the GO impregnation into the polyvinylidene fluoride (PVDF)
membranes was reported by Zhao et al. [100]. In this study, GO was obtained
from natural graphite powder using modified Hummers’ method [118]. Then, PVDF
applied as the bulk material, N,N-dimethylacetamide (DMAc) as the solvent, GO as
the nanofiller and deionized water as the non-solvent coagulation bath to prepare the
PVDF/GO membranes via immersion precipitation phase inversion technique. The
GO nanosheets in the concentration range from 0 to 2 wt% were incorporated into
PVDF membranes, and the nanocomposites were defined as PVDF (as reference),
PVDF/GO-0.5, PVDF/GO-1, and PVDF/GO-2. The contact angle of the membranes
was measured as presented in Table 2. By increasing the impregnated GO from 0 to
2 wt%, the contact angle reduced from 72.6 ± 1.5˚ to 60.5 ± 1.8˚, which resulted
in the improvement of surface hydrophilicity. The ultrafiltration system was applied
to study the water permeation flux of the membranes. The pure water flux (Jw1)
and permeation flux (Jp) through the membranes are shown in Fig. 12, which in

Fig. 12 Effect of GO
content on water permeation
flux. The figure is adapted
with permission from
Elsevier [100]
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Fig. 13 Effect of GO
content on adsorbed BSA.
The figure is adapted with
permission from Elsevier
[100]

both terms increase with an increase in the GO concentration. The results depend on
the hydrophilicity enhancement of the membranes with increasing the GO content,
which led to more water molecules penetrate through the membranes [119]. More-
over, this hydrophilic property increasing can make the membranes more fouling
resistant. To examine the fouling characteristics of the membranes, bovine serum
albumin (BSA) was applied as the model protein. As can be seen from Fig. 13, the
adsorbed protein by the membranes decreases with incorporation of GO into the
PVDF, which indicates the fouling resistance potential of the added GO.

Zinadini et al. [39] reported that the doped GO improves the properties of bare
polyethersulfone (PES), on the other hand, the novel mixed matrix possesses excel-
lent fouling resistance and hydrophilic ability. The GO was prepared from natural
graphite powder usingHummers’method [120]. The phase inversionmethod induced
by the immersion precipitation technique was applied to prepare the asymmetric
PES–GOmixed matrix. The GO nanoplates were blended in PES in 0.1, 0.5, and 1.0
wt% concentration to fabricate M1, M2, and M3, respectively. The measurement of
water contact anglewas conducted to study the hydrophilic property of themembrane
surface. From Fig. 14, the contact angle reduced remarkably with incorporation of
GO into the membranes. The decrease in contact angle could be responsible for the
hydrophilicity improvement of the blending membrane. As shown in Fig. 14, the
trend of pure water flux is in accordance with the improvement of hydrophilic prop-
erty. Furthermore, the best practice of mixed matrix membranes was found in GO
concentration of 0.5 wt%. They examined the membrane dye rejection by evaluating
direct red 16 retention. The results revealed that the rejection potential of the GO
blended membranes is higher than that of the bare PES membrane (Fig. 15). Indeed,
the negative surface charge of the membranes can be induced by acidic functional
groups of the GO [121], which caused retention with negative dye. Reduction in dye
retention in M2 membrane can be ascribed to the membrane pore radius enhance-
ment. To investigate the fouling resistance of the membranes, the membranes were
fouled by 8000 ppm of powder milk solution, and the flux recovery ratio (FRR) of
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Fig. 14 Contact angle and pure water flux (after 60 min) of the prepared membranes. The figure
is adapted with permission from Elsevier [39]

Fig. 15 Dye retention performance of the PES/GO nanofiltration membranes (0.4 MPa, pH = 6.0
± 0.1, after 60 min filtration).The figure is adapted with permission from Elsevier [39]

the membranes was determined, which is presented in Fig. 16. The impregnation of
GO into the PES membrane can considerably enhance the antifouling property of
the modified PES membranes compared with the unfilled one.

Bano et al. [108] demonstrated that impregnation of GO into a TFC-PA can effec-
tively increase its hydrophilicity, which resulted in its flux and antifouling property
improvement [118, 120]. GO was incorporated into PA polymer using interfacial
polymerization to develop TFN-PA/GO matrix membrane. The GO was loaded into
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Fig. 16 Water flux recovery ratio of the reported membranes after protein fouling. The figure is
adapted with permission from Elsevier [39]

Table 3 Contact angle values
of the TFC and TFN
membranes [108]

Sample GO (wt%) Contact angle (˚)

TFC 0 88 ± 3

TFN 1 0.1 66 ± 2

TFN 2 0.2 65 ± 3

TFN 3 0.3 60 ± 1

PA in 0.1, 0.2, and 0.3 wt% concentration to arrange TFN 1, TFN 2, and TFN 3,
respectively. The results of the contact angle are presented in Table 3. Polyamide
TFC membranes are relatively hydrophobic [122] with a higher contact angle, but
reducing the trend of contact angle with increasing GO content indicated enhance-
ment in the hydrophilicity. The effect of GO on the performance of the membranes
was also studied. As is seen in Fig. 17, there is an optimum point for membrane water
flux. In other words, the water flux enhances with increasing concentration of GO
up to 0.2 wt% and then begins reducing. Three different salt solutions (2000 ppm of
NaCl, MgSO4, and Na2SO4) were used to examine the salt rejection, which only a
negligible change was observed in the rejection term of the membrane. The modified
matrix membrane also indicated excellent anti-fouling properties against BSA and
humic acid (HA), which may be attributed to the hydrophilic properties increasing
[123].

Pal et al. [105] developed polysulfone-nanostructured rGO (PS/nRGO)-based
nanocomposite UF membranes using the in-house-synthesized nRGO as reinforcing
material with the variation of nRGO from 1 to 8w/w%.Asymmetric flat sheet type of
PS/nRGO composite membrane with a very thin and dense skin layer was prepared
via non-solvent-induced phase inversionmethod and characterized by various instru-
mental techniques. The membranes made under similar conditions named as PS-
nRGO UF-1, PS-nRGO UF-2, PS-nRGO UF-3, and PS-nRGO UF-4 for using 1, 2,
4, and 8 w/w% of nRGO, respectively. The hydrophilic property of the membranes,
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Fig. 17 Flux and salt rejection of PA membranes with different GO contents. The figure is adapted
with permission from Royal Society of Chemistry [108]

as represented by the water contact angle values obtained on each of the membrane
surface, is shown in Fig. 18. As is seen in Fig. 18, nRGO-incorporated Ps membranes
demonstrate more hydrophilic surface compared with PS ultrafiltration membrane.
In reality, the presence of oxygenated functionalities in nRGO supports the increase
of hydrophilic behavior of the skin surface of PS/nRGO composite membranes [38].
They also investigated the performance of the membranes in terms of pure water

Fig. 18 Variation in contact angles (water) of Ps ultrafiltration andPs-nRGOcompositemembranes.
The figure is adapted with permission from Royal Society of Chemistry [105]
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Table 4 Thermal features and tensile properties of Ps UF and Ps–nRGO composite UFmembranes
[105]

Thermal features Mechanical features

Membrane code Td (˚C) Mass loss (%) TS (MPa) EB (%)

Ps UF 507.8 57.61 2.94 ± 0.16 36.83

Ps-nRGO UF-1 513.5 51.56 3.33 ± 0.11 32.41

Ps-nRGO UF-2 512.9 53.61 3.42 ± 0.07 30.04

Ps-nRGO UF-3 509.7 54.01 3.12 ± 0.19 34.01

Ps-nRGO UF-4 510.4 52.55 2.84 ± 0.24 38.18

permeability and solute rejection. Measurements were carried out using polyethy-
lene glycol (PEG) with an average molecular weight of 35 kDa and polyethylene
oxide (PEO) with average molecular weight of 100 kDa. The studies showed that an
optimum loading of nRGO (2 w/w%) into the PS matrix leads to membranes with
high solute rejection without comprising the flux reduction as compared with the
PS ultrafiltration membrane. Moreover, the optimum loading of nRGO resulted in a
membranewith better thermal andmechanical stability, which is presented in Table 4.

In another study, TFN membrane was developed by Yin et al. [40]. In this work,
GO was prepared applying a modified Hummers’ method [120] from graphite flakes
and used as nanofiller to produce the TFN membrane. Then, GO nanosheets were
embedded into the ployamide (PA) layer using the in situ interfacial polymerization
process at 0–0.02 wt% of GO. Results indicated that by GO content enhancement,
the contact angle of TFN membranes slightly reduced from 60.4 ± 2.5˚ to 55.4 ±
1.7˚, which led to increasing hydrophilicity of the membrane. The water flux and salt
rejection of the membrane were also investigated. The membrane water permeance
was improved under optimal loaded GO concentration as demonstrated in Fig. 19.
To evaluate the salt rejection of the membrane, 2000 mg/L of Na2SO4 and NaCl
were tested. From Fig. 19, the rejection of Na2SO4 and NaCl reduced slightly, which
shows the negligible effect of incorporated GO into the membrane on salt rejection.
In addition, in order to study the influence of the employed nanofiller, they compared
their results with other studies as shown in Table 5, which indicated relatively good
effect of the added GO. Furthermore, the stability of the synthesized membrane
was investigated by testing selective samples for 72 h filtration time, which showed
acceptable stability under examining conditions.

Fryczkowska et al. [101] reported an innovative technique to incorporate rGO
into the polyacrylonitrile (PAN) membranes. In this work, GO was prepared from
graphite powder by the modified Hummers’ method [120]. Then, GO thermal reduc-
tion method was performed to prepare rGO. The phase inversion method was applied
to fabricate the PAN/rGO membranes from the dispersion of rGO in a solution of
PAN dissolved in DMF. Structural studies confirmed the good dispersion of rGO into
PAN membranes. To investigate the effect of rGO concentration on the performance
of fabricated nanocomposite, a wide range of rGO concentrations (from 0.11% to
29.4%w/w) were examined (Table 6). The comparison of the contact angle (Table 6)
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Fig. 19 Water flux and salt rejection of TFNmembranes at different CO concentrations. The figure
is adapted with permission from Elsevier [40]

Table 5 Performance of TFN membranes [40]

Nanofiller Loading (wt%) Water permeability
(L/m2 h psi)

NaCl rejection Reference

Zeolite 0.4% in hexane 0.0943 93.9 ± 0.3% Jeong et al. [124]

Silica 0.6% in water 0.06 95.1% Javad and Singh [125]

MCM-41 0.05% in hexane 0.155 97.9 ± 0.3% Yin et al. [126]

MWNTs 0.1% in water 0.121 ~ 90% Zhao et al. [127]

GO 0.015% in hexane 0.198 93.8 ± 0.6% This study [40]

Table 6 The composition of the prepared membranes [101]

Type of
membrane

Amount of
rGO (g)

Amount of
PAN (g)

Concentration
of rGO (% w/w)

Concentration
of PAN (%
w/w)

Contact angle
(deg)

0 0 12.0 0 100/0 52.0 ± 2.8

A 0.0135 12.0 0.11 99.89 49.5 ± 2.7

B 0.027 12.0 0.22 99.78 47.3 ± 4.1

C 0.054 12.0 0.45 99.55 48.2 ± 2.7

D 0.1 12.0 0.83 99.27 45.2 ± 2.6

E 0.5 12.0 4.0 96.0 40.7 ± 3.3

F 1.0 12.0 7.7 92.3 42.9 ± 4.3

G 2.0 12.0 14.3 85.7 45.8 ± 4.0

H 5.0 12.0 29.4 70.6 47.3 ± 4.6
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Fig. 20 Values of volumetric permeate flux for the prepared membranes. The figure is adapted
with permission from MDPI, Basel, Switzerland [101]

of bare PANmembrane with the impregnatedmembranes indicated that the introduc-
tion of rGO into the PAN membranes decreases the values of contact angle, which
resulted in the improvement of membrane hydrophilicity. To clarify, the addition of
small portions of rGO (up to 4%w/w) into polymermatrix led to the decrement in the
contact angle. The volumetric permeate flux was determined under operating pres-
sures of 0.1, 0.15, and 0.2 MPa to study the transport properties of the membranes
as shown in Fig. 20. The highest value of this term was obtained in membrane E,
which contained 4.0% w/w of rGO. This result is consistent with their finding about
hydrophilic property based on contact angle.

Evaluation of the fouling properties of the membranes by the solution of BSA at a
concentration of 0.1 g/L was also carried out. A reduction in the volumetric permeate
flux under the effect of BSA was seen for all the membranes. The largest decrease
was 84%, which was recorded for bare PAN membrane, while the smallest decrease
was 25% for membrane; Table 6(E). Indeed, the results demonstrated that a small
incorporation of rGO into the PAN polymer leads to an effective antifouling property
of the PAN/RGO membranes. Furthermore, Fryczkowska et al. [101] studied the
biostatic properties of the membranes by exposing the samples to bacteria and fungi,
i.e., theGram-positive S. aureus andGram-negativeE. coli andC. albicans, which are
capable of causing infections in humans. The obtained results verified the biostatic
properties of PAN/RGO membranes by preventing the development of bacteria and
fungi on their surface.

The oxidation process can introduce oxygen-containing functional groups into the
basic plane of GO [128], which led to GO and rGO, which suggest eminent potential
as nanofillers to synthesize nanocompositematerials with superior chemical stability,
strong hydrophilicity, and excellent antifouling properties in comparison with the
base polymer [33, 113, 129]. As a result, by modifying the polymeric matrix with
even a small amount of GO or rGO, we can acquire nanocomposites with distinctive
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mechanical and physical properties and outstanding membrane performance [102,
130, 131]. Furthermore, the rGO is characterized by a low number of oxygen func-
tional groups, which signifies that rGO possesses a better compatibilization influ-
ence on the mixed matrix membrane compared with pure graphene and can be easily
dispersed in the composite [132, 133].

5 Research Gaps

According to several researches, GO nanocomposite membranes have displayed
good separation performance in several applications such as water treatment, gas
separation, and fuel cell. However, the stability of GO composite membrane has
not been tested at a wide scale and future study is necessary for ensuring whether
GO/rGO would not be leached from the membrane during operation. Adding cross-
linker to bind the GO inter-sheets and polymer matrix could increase the stability of
the membrane. Another important factor is to consider the optimization of the GO
loading into the polymer matrix [122]. Despite the several preparation methods for
fabricating the graphene-based nanocomposite membrane, new avant-grademethods
are expected to be developed for decreasing the preparation cost and also be friendly
to the ecosystem [102]. The design and fabrication of new polymer–GO nanocom-
posite membrane should be encouraged to further leveraging the nanocomposite
membrane performance for effective water purification. It would replace our depen-
dency on traditional hydrophobic membranes, which have low water permeability,
selectivity, and lifetime.

6 Conclusions

GO and rGO have proven to be efficient nanofillers in polymer nanocomposite
membranes due to their idealmaterial properties and dispersibility in polymermatrix.
Being a low-cost material and their availability for mass production, GO/rGO has
been widely used in water purification system. They improved the mechanical, elec-
trical, and thermal properties of nanocomposites, which are better than many types
of traditional filler materials. These advantages of GO/rGO fillers originate from
their large surface area for efficient heat/electrical conduction and load transfer as
well as the 2D functionable surfaces for the strong matrix/filler interactions. Among
the various nanocomposite preparation methods, in situ polymerization and melt
processing are the popularmethods of the polymer–GO/rGOnanocomposite prepara-
tion. A significant number of polymer–GO/rGO nanocomposites have been success-
fully fabricated using thesemethods. The results of experimentalworks reveal that the
dispersion of the nanofiller in the membrane matrix and process conditions can posi-
tively influence the final properties of nanocomposites. The appropriate incorporation
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of GO and rGO into a polymer matrix can remarkably improve the physical, mechan-
ical, and hydrophilic properties of the host polymer at extremely low concentrations.
Also, polymer–GO/rGO nanocomposite membranes have been found to improve the
water permeability of the studied systems, which reduces energy consumption and
operating costs of the system. In addition, these nanofillers improve the antifouling
performance of somemembranes that leads to decrease the membrane cleaning costs
during recycling. In reality, these improvements of the membrane could be attributed
to powerful interfacial interactions between graphene/GO/rGO and polymer matrix.
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Porous Graphene Membranes for Solute
Separation via Reverse Osmosis
and Electrodialysis

Chengzhen Sun, Mei Liu, Hassan, and Bofeng Bai

Abstract Graphene, the thinnest material known to science, is a very promising
candidate for separation membranes with ultra-high molecular permeance. It has
been widely demonstrated that nanoporous graphene membranes have a great poten-
tial for solute separation. In this chapter, the recent advances on the nanoporous
graphene membranes for the application in water purification via reverse osmosis
and electrodialysis are both reviewed. The separation mechanisms and fabrication
methods of this atomically thick membrane are especially discussed by highlighting
the representative theoretical and experimental works. Currently, the studies on the
porous graphene membranes via electrodialysis are relatively limited comparing to
those of reverse osmosis. It is expected that more and more researchers are attracted
to this frontier research field to make the two-dimensional membranes for water
purification a reality by overcoming the challenges faced currently.

Keywords Porous graphene · Membrane · Water purification · Reverse osmosis ·
Electrodialysis

1 Introduction

Porous graphene has been proved by researchers among the most suitable and effi-
cient water purification membranes in different desalination and water treatment
technologies due to its encouraging results [1–3]. It has a two-dimensional (2D)
hexagonal structure [4], stable chemical structure [5], high mechanical strength [6],
high water flux and high selectivity with suitable pore size and specific pore chemical
properties [4, 7, 8]. Pristine graphene sheets are impermeable to the smallest atoms
like helium, but they allow protons to pass through [9]. By removing certain carbon
atoms, the formation of selective nanopore makes graphene a promising molecular
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Fig. 1 Schematic diagram for RO (left) and electrodialysis (right) water purification technologies

sieve in separation science [10, 11]. With its wide application in various fields [12–
17], it has entered a new era of research with excellent separation performances
including reverse osmosis (RO) and electrodialysis [18].

RO has been the most popular technology for both water desalination and treat-
ment so far [19, 20]. It is a pressure-driven technology, in which a semi-permeable
membrane separates a dilute solution from a concentrated solution under the applied
pressure on the concentrated side (see Fig. 1). As the solvent of the concentrated solu-
tion flows through the membrane, the concentrated solution becomes more concen-
trated, which requires a higher driving pressure to resist the higher osmotic pressure
π (N/m2), which is defined by the Van’s Hoff equation:

π = CsRT (1)

where Cs is the sum of molalities of total solute ions (mol/m3), R is the ideal gas
constant and T is the absolute temperature of the system. The osmotic pressure
magnitude is very large even in a very dilute solution [21]. The applied pressure
must be larger than the osmotic pressure of the concentrated solution to prevent the
freshwater from reverting to the feedwater.A semi-permeablemembrane should have
a significant selectivity to allow the passage of solvents (e.g. water molecules) and to
reject solutes (e.g. salt ions). A goodROmembrane should possess high permeability,
high selectivity and highermechanical strengthwithminimum thickness. Thus, these
requirements make nanoporous graphene (NPG) membrane an ideal candidate for
desalination and a strong alternative to the conventional RO membranes [22].

Electrodialysis with ion-exchange membranes is considered to be one of the most
cost-effective desalination techniques. It is the procedure in which ions are trans-
ported selectively through ion exchange membranes using an external electric field
or electrostatic effect of anions and cations (Fig. 1). Electrodialysis and its corre-
sponding processes are all based on electrochemical potential and ion exchange
membranes. In electrodialysis, feed concentrated solution is entered in the multi
membrane cells with applied pressure and an external electric field is provided
through the anode and cathode. Electrodes attract ions with opposite charge and
repel ions with the same charge to the other electrode, which likewise attracts
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them, and ion exchange membranes selectively allow anions or cations to pass
through. Electrodialysis, on the other hand, has some advantages and some limi-
tations compared with conventional water desalination techniques (e.g. RO). For
example, it requires minimum water pretreatment. However, electrodialysis with
conventional membranes can only be operated for brackish/lower salt concentrated
water due to their higher thickness and lower permeability. Owing to the high water
permeability of the NPG membrane and its remarkable ion selectivity, it has a great
potential to overcome these limitations of conventional membranes [3, 23].

The selective ion transport through functionalized graphene nanopores was
detected in 2008 by Sint et al. [24], and they proposed that functionalized graphene
nanopores with certain size, charge, and chemical property possessed high selectivity
for different ions in aqueous solution. In 2010, Suk and Aluru [25] performedmolec-
ular dynamics (MD) simulations and showed that the NPG membrane possessed
a high water flux rate compared to the conventional RO membranes. The NPG
membrane was proposed as a promising candidate for water desalination by Cohen-
Tanugi and Grossman [1] in 2012 based on the MD simulation results, and later on,
they continued the work on graphene-based water desalination membranes in which
they reported that graphene exhibited a high salt rejection rate along with higher
water permeability compared to the conventional RO membranes [26]. Afterward in
2014, O’Hern et al. [2] conducted experiments in this novel study and measured the
transport rates of various ions across a single-layer NPG. In 2015, Surwade et al.
[27] presented the promising salt rejection rate of nearly 100% using single-layer
NPG with high water flux. In 2016, Rollings et al. [28] experimentally measured the
ion selectivity of graphene nanopore using electrodialysis technique and especially
the cation–anion selectivity at different voltage levels with different pore sizes. They
indicated that a comparatively large porous graphenemembrane can exhibit phenom-
enal ion selectivity. Zhang et al. [29] also demonstrated that graphene can reject salt
ions effectively with energy conservation under low applied electric potential and
lower driving pressure.

In this chapter, we review the theoretical and experimental works regarding
NPG membranes for water purification using RO and electrodialysis techniques.
We summary the research achievements and discussions in these representative
works for the NPG membranes in the area of water purification. This chapter shows
that the NPG membrane has tremendous potential for water purification with a
good selective ionic transportability and high water flux. We anticipate that this
chapter will not only provide an exposure to the researchers in the research field of
solute separation but also navigate and lead toward the new applications of NPG
membranes in related areas like heavy metal removing [30], reverse electrodialysis
[31], gas separation [32].

2 Porous Graphene as Reverse Osmosis Membranes

(a) Experimental works
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Following the first theoretical demonstration of NPG water purification membranes
by Cohen-Tanugi et al. [1] in 2012, several experimental works were successively
conducted bydifferent groups. Surwade et al. [27]measured thewater permeation and
ion rejection rate through a NPG membrane with tunable nanopores created via the
oxygen plasma etching process on the ambient-pressure CVDgraphene and achieved
a nearly 100% salt rejection rate for the dissolved ions (e.g. K+, Na+, Li+ andCl−) and
a high water permeation rate. O’Hern et al. [33] investigated the salt rejection rates of
a defect-free NPG membrane and observed a high rejection rate of multivalent ions
and small molecules; and this membrane can achieve a high water permeation flux.
Subsequently, they [2] measured the transport rates of different ions through NPG
membranes fabricated by ion bombardment and oxidative etching; the pore diameter
was on the order of 0.40 nm and the pore density exceeded 1012 cm−2 (Fig. 2). Prior
to these two studies, the effect of intrinsic defects on the permeation of ions through
the CVD graphene was evaluated by O’Hern et al. [34] and they found that different
ions presented a size-selective transport through the graphene with intrinsic defects
of sizes 1–15 nm.Kim et al. [35] evaluated the effects of oxidation degree of graphene
on the water purification efficiency, and the results showed that the water permeation
rate through the NPG membranes increased proportionally with the increase of the
driving pressure. They also found that the permeated concentration ofNa+ through the
NPG membranes decreased by 67.7% and 64.5% for the oxidation degree of 28.1%
and 53.9%, respectively, compared to a commercial polyamide membrane. Rollings
et al. [28] proved that the NPGmembranes exhibited a high selectivity (about 100) of
K+ cations over Cl− anions and that the transport rates of monovalent cations were 5
times higher than those of divalent cations. Surprisingly, they observed that the large
poreswith diameters of about 20nmstill presented a highK+/Cl− selectivity,meaning
that the requirement on the precise control of the pore sizes to selectively transport
ions was not high. Kafiah et al. [36] fabricated themicroscale NPGmembranes based

Fig. 2 Experimental transport measurements through NPG membranes. This figure is directly
reproduced with permission from the literature [2]
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on monolayer CVD graphene and the measurement results showed that the rejection
rates ofKCl ionswere 57 and 40% for two differentmembrane samples. However, the
rejection rates can be increased up to 84%by sealing the intrinsic defects on graphene
through interfacial polymerization. Li et al. [37] prepared the NPG membranes with
the carboxyl groups functionalized pores by using the irradiation with swift heavy
ions and investigated their ionic sieving performance; they found that the permeation
rate of ions had a great dependence on the temperature and H+ concentration in the
solutions and that the external electric fields can enhance the permeation flux of
ions through the NPG membranes. A four-layer NPG membrane with nanopores
generated by using metal oxide nanoparticles at high temperature was fabricated by
Wei et al. [38] and they indicated that the water flux can be up to 4600 L · m−2

· h−1 for the pores of sizes 50 nm and of density 1.0 × 107 cm−2 at the driving
pressure of 0.2 bar. In short, the macroscopic NPG sheets have been synthesized and
demonstrated to be competent to the ionic separations [2, 27, 39], which is a big
step toward the industrial applications of graphene-based membranes. Moreover, the
pore sizes of the NPG sheets can be precisely controlled and the high ion rejection
and water permeation flux can be achieved [40].

The group of Prof. Karnik at the Massachusetts Institute of Technology made a
significant contribution to the development of NPG water purification membranes
[41–46]. They fabricated large-scale atomically thick NPG membranes and demon-
strated their potentials for purifying kinds of ions and solutes. Meanwhile, they
concluded that the single-layer graphenemembranes can withstand ultrahigh applied
pressure by monitoring the failure of centimeter-scale NPG membranes on porous
supports. Although the graphene-based membranes work very well in laboratory,
many challenges remain tomake the cutting-edgemembranes practicable in industry.
The main challenges for the industrial-scale graphene-based membranes include the
fabrication of large-scale graphene-based membranes with high mechanical stability
and free of intricate defects and artificial damages, the generation of high-density
pores in the graphene sheets with precisely controlled sizes and compositions, and
other general challenges, such as supporting, blocking, fouling and concentration
polarization. Most recently, the group of Prof. Quan Yuan at Wuhan University and
the group of Prof. Xiangfeng Duan at the University of California Los Angeles coop-
eratively demonstrated a large-area hybrid membrane with graphene-nanomesh and
single-walled carbon nanotubes [47]. Their research indicated that such membranes
exhibited a high transport rate of water and a high rejection of ions owing to the high-
density selective nanopores in the graphene nanomesh.Meanwhile, thesemembranes
could well maintain the structural integrity and had a high mechanical strength under
the support of microscopic single-walled carbon nanotubes. Excitingly, the hybrid
membranes demonstrated in this work exhibited the advantages of both NPG and
graphene oxide membranes, namely high molecular and ionic permeance owing
to the permeable pores in the graphene nanomesh and they are easy to scale-up
with the help of macroscopic single-walled carbon nanotube networks. Addition-
ally, these novel membranes overcame the key challenges faced currently for the
graphene-based membranes—fabrication of large-area graphene sheets with high-
density selectively permeable pores and high mechanical strength. This work further
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demonstrates that the graphene-based membranes are really practicable by gradually
overcoming the challenges toward the industrial applications. All of these state-of-
the-art works offered a proof that the NPG membranes can serve as a novel and
high-efficient membrane for water purification, along with a high water permeance
and high ionic rejection rate thanks to its atomic thickness and excellent ionic sieving
effects. We hope that the ongoing efforts on the graphene-based membranes can not
only make the 2D separation membranes feasible but also facilitate the applications
of graphene sheets in energy harvesting and storage, bioprocessing and so on.

(b) Simulation works

The simulation works were conducted relatively considerably comparing to the
experimental works, especially by using the MD method. The first simulation work
was conducted by Cohen-Tanugi and Grossman [1] in 2012, who first demonstrated
the concept of NPG membranes for water purification. They demonstrated that the
saltwater can be effectively purified by the single-layer NPG sheet and the desali-
nation performance was dependent on the pore size, pore functionalization and
driving pressure. Meanwhile, the NPG membranes presented water permeability
of several orders of magnitude higher than those of conventional RO water desali-
nation membranes. For the salt rejection rate, the small pores usually exhibited a
higher rate, but it presented a decreasing trend at high pressures; the rejection rate
of hydrogenated pores can be higher comparing to the hydroxylated pores. Subse-
quently, Konatham et al. [48] found that the NPGs with pores of diameter ≈7.5
Å can effectively reject ions and that the ion rejection rates can be enhanced by
the carboxyl groups on the pore rims (Fig. 3). Guerrero-Avilésa and Orellana [49]
identified a water permeation flux through the hydroxylated pores agreeing with the
experimental measurements and showed that the O-passivation on the hydroxylated
pores can enhance the water transport rate owing to the formed hydrogen bonds with
the water molecules. Kommu et al. [50] showed a higher salt rejection rate and inter-
mediate water permeance of the NPGmembranes with N-functionalized pores while
a lower salt rejection rate and a higher water permeance of the NPGmembranes with
OH-functionalized pores.

After the demonstration ofNPGwater purificationmembranes by these pioneering
MD simulation works, many simulation studies were performed for more detailed
investigations. The effects of chemical functionalization, pore size and other factors
on the desalination performancewere revealed. Ebrahimi [51] revealed that the curva-
ture of graphene sheets and the shape of iso-surfaces of density affected the rejection
rates of ions. Wang et al. [52] displayed that the chemical functionalization on the
pore rim can greatly affect the ion rejection rate and that the potential of mean
forces can well explain the hierarchy of water permeation rates through the NPG
membranes. Chen and Yang [53] indicated that the NPG membranes with pores
partially functionalized by hydroxyl groups showed a high salt rejection rate. The
desalination performance of NPG membranes was studied by Chogani et al. [54] by
considering themembrane flexibility and the result showed that the water permeation
flux increased while the salt rejection rate decreased with the increase of the applied



Porous Graphene Membranes for Solute Separation … 151

Fig. 3 MD simulations on the NPG membranes. a Schematic illustration of the water desalination
process, b density distribution of water molecules in the graphene nanopores, c molecular density
and potential of mean force distributions along the direction of vertical to graphene surfaces. Figures
are reproduced with permission from [48]

pressure and the pore diameter. In addition, the effects of other liquids on the perme-
ation of water through NPGmembranes were studied. Hou et al. [55] concluded that
the selective permeation of water and ethanol molecules through NPGs was mainly
dependent on the molecular adsorption on hydrophobic surfaces and the molecular
trapping on pores. Gravelle et al. [56] showed that the NPG membranes exhib-
ited a counter-intuitive “self-semi-permeability” to water in the presence of ethanol
because the adsorption of ethanol in nanopores prevented the water molecules from
entering the pores. Shi et al. [57] found that the pore size was very critical for the
ethanol/water separation and that the water permeation rates can be enhanced by
the hydrophilic functionalization on the pore rims, because of reducing the energy
barriers. Darvishi and Foroutan [58] found that theNPGs can be employed to separate
water from a gaseous mixture via the preferential adsorption of water molecules on
the graphene surfaces. Owing to the ultrahigh permeability of NPG membranes, the
pressure requirement and energy consumption for water purification can be reduced.
Cohen-Tanugi et al. [59] demonstrated that a tripling in the water permeability can
result in a 44% lower pressure requirement or 15% less energy consumption for a
seawater RO plant. Furthermore, Cohen-Tanugi and Grossman [26] showed that the
NPGmembranes still presented a high water permeability at low pressures in the real
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RO systems, being comparable with the predicted water permeability at very high
pressures.

The desalination performance of multilayer NPG membranes was also investi-
gated by MD simulations. The two-layer NPG membranes with a lower surface
tension were shown by Garnier et al. [60] to exhibit a lower water permeation flux
compared to the monolayer NPG membranes. Shahbabaei et al. [61] observed that
the multilayer NPG membranes with hourglass-shaped pores presented a high water
permeation flux with a dependence on the length of water flow path inside the pores
and especially that the hydrophilic graphene surfaces could double the water perme-
ation flux owing to the strong hydrogen bond interactions. They [62] also indicated
that thewater occupancy across the asymmetric pore increased and thus ahigherwater
permeation flux was yielded compared to the symmetric pore owing to the enhanced
hydrogen bond interactions. The effects of channel morphology on the water perme-
ation through the bilayer graphene membranes were studied by Liu et al. [63] and
the results showed that the water permeation rate greatly depended on the curva-
ture of graphene sheets. The same authors [64] found that the layered water structure
inside the bilayer graphene nanochannels was significantly important for the channel
size-dependent water transport rate. Based on the understanding of the mechanisms
of water transport through multilayer NPG membranes, Jiang et al. [65] established
an equivalent one-dimensional (1D) nanochannel model to describe the multilayer
graphene membranes. By using MD simulations and continuum fracture mechanics,
Cohen-Tanugi and Grossman [66] demonstrated that the NPGmembranes can main-
tain the mechanical integrities under the high pressures in the RO systems with the
water flowing through the NPG membranes. The NPG membranes can endure a
pressure higher than 57 MPa on a porous substrate with pores of a diameter smaller
than 1 µm. They [67] further showed that the desalination performance of multi-
layer NPGs was as good as the monolayer NPGmembranes and that the desalination
performance can be regulated by the configurational parameters.

The permeation of ions and water through graphene nanopores are very essen-
tial for the understanding of the mechanisms of NPG water purification membranes.
Here, the studies on the permeation of water and ions are summarized, although
some works have been conducted before the demonstration of NPG water purifi-
cation membranes. Sint et al. [24] showed from MD simulations that the diverse
ions can selectively transport through the graphene nanopores with a high selec-
tivity and a very high ion transport rate (see Fig. 4). Hu et al. [68] investigated the
transport of Na+ and Cl− ions through graphene nanopores and studied the effects
of the hydrodynamic transport, thermal fluctuations as well as electric pressure.
Zhao et al. [69] demonstrated that the selectivity of K+ and Cl− ions was greatly
dependent on the pore size and the partial charges on pore rim. Kang et al. [70]
showed that the selectivity of Na+ and K+ ions through graphene nanopores was
affected by the ionic size and the distance between the functional groups. Suk and
Aluru [71] concluded that the concentration and mobility of ions in the graphene
nanopores decreased as the pore radius was smaller than 0.9 nm because the layered
liquids appeared in the pores. They [25] also found that the graphene nanopores
with a bigger diameter can provide a higher water permeation flux comparing to
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Fig. 4 Ion transport through the graphene nanopores. Time-dependent distance between ions and
pore centers. This figure is reproduced with permission from [24]

the carbon nanotubes, and vice versa. Zhu et al. [72] indicated that the graphene
nanopores with a diameter smaller than 15 Å showed a water permeation flux with
a nonlinear dependence on the pore radius. Muscatello et al. [73] found that the
entrance effects and the pathway of water molecules dominated the water perme-
ation through graphene nanopores. These investigations on the transport of water
and ions through graphene nanopores can definitely deepen the mechanisms of water
purification through NPG-based membranes.

The above-mentioned investigations on the transport of water and ions through
graphene nanopores can help building the theoretical models to predict the perme-
ation rates of water and ions through the NPGs. Generally, the water permeation
rate through the graphene nanopores can be predicted based on the modified Hagen–
Poiseuille equation by considering the entrance/exit effects and the velocity slip etc.
The original Hagen–Poiseuille equation is:

Q = πR4�P

8μL
(2)

where�P is the pressure drop,Q is the volumetric flow rate,μ is the water viscosity,
R is the pore radius, L is the membrane thickness. Suk and Aluru [74] developed
a semi-empirical model by modifying the Hagen–Poiseuille equation with the slip
length and considering the entrance/exit effects. Walther et al. [75] also developed a
model by considering both the friction pressure loss and entrance/exit pressure loss.
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The theoretical model for predicting the transport rates of ions can be developed by
considering the diffusion effect and the convective effect. The basic formula should
be as follows:

Qi = Di
�ci
L

Ap + ciQ (3)

where Qi is the molar flow rate of ions, �ci is the concentration difference between
the two sides of NPG membranes, Di is the diffusion coefficient of ions, ci is the
ionic concentration of the bulk solutions, Ap is the pore area. To our best knowledge,
currently suchmodel was not yet established to predict the ion transport rates through
graphene nanopores.

3 Porous Graphene as Electrodialysis Membranes

(a) Experimental works

Few comprehensive experiments have been conducted so far in this promising field.
Rollings et al. [28] studied the ion selectivity of graphene nanopores in the elec-
trodialysis process, focusing on the relationship between ion selectivity and pore
size. They created graphene nanopores by using the electrical pulse method. Their
study gave some surprising results that graphene nanopores showed K+/Cl− selec-
tivity ratios over 100 and monovalent/divalent cation selectivity up to 5, even when
the pores were as large as about 20 nm in diameter. They also showed that the
potential of graphene for ion selectivity was underestimated so far due to inappro-
priate mechanisms, because high throughput, highly selective graphene electrodial-
ysis membranes had no necessity to precisely control the size of the pores (Fig. 5).
The promising ion selectivity of graphene for both monovalent and divalent cations
and anions even for large pores under high electric field intensity shows that the
porous graphene can be effectively used not only as electrodialysis membrane but
also for other selective ions transportation fields, especially in reverse electrodial-
ysis. The low requirement on the precise control of pore size makes the membrane
synthesiswould bemore reliable, simple and cost-effective. Unfortunately, the exper-
imental works on the water and ion transport through porous graphene membranes
under the electrical fields are very limited currently, and we hope that more and more
outstanding experimental measurements can be performed in the near future.
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Fig. 5 Ion selectivity of graphene nanopores in electrodialysis process. a Schematic of the exper-
imental setup, b K+/Cl− and inter-cation selectivity ratio as a function of pore size. Figures are
reproduced with permission from [28]

(b) Simulation works

Due to the novelty of the NPG membranes, there also have been a limited number
of theoretical and simulation works on NPG as electrodialysis membranes so far.
Functionalized and charge-modified graphene membranes were used as selective
ion transport membranes for the first time by Sint et al. [24]. They used the MD
method to simulate the transport of various ions through the graphene membranes
with different nitrogen and fluorine modified pores. When the driving electric field
was as large as 0.1 V/nm, only Li+, K+, Na+ were allowed to pass through the F–N
pore, with a passing ratio of 9:14:33. While H pore only allowed Cl−, and Br− ions
to pass through. The results showed that ion transport largely depended on ion sizes.
Small-sized ions had a high rejection rate due to their small radii and high bonding
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to the water molecules in their hydration shells while the large radii ions were free
from their hydration shells due to their large size without much bonding to the water
molecules. Zhao et al. [69] carried out a promising and comprehensive theoretical
study on charge-modified NPG as the ion exchange membranes for desalination
based on energy conservation. MD simulations were performed to investigate the
ion selectivity of graphene using an electric field as a driving force for the KCl solu-
tions. Azamat [76] performed MD simulations for water desalination using bilayer
NPG membranes under an electric field. They used a 30 × 30 × 90 Å3 amorphous
cell containing 1600 water molecules including 0.5 M salt and 2 modified NPG
membranes with a pore diameter of 6 Å and an area of 30 × 30 Å2. An external
electric field from 0 to 35 V was applied (Fig. 6a). It was found that under the
action of electric field, the F-pore and the H-pore of the membrane were preferential
selective to Na+ and Cl−, respectively. Meanwhile, the higher the electric field, the
faster the ions moved from the brine. The sodium ions and the chloride ions met an
energy barrier, thus the cations and anions could not pass through the H-pore and
F-pore of the membrane, respectively. Zhang et al. [29] also performed MD simu-
lations for desalination using a bilayer NPG membrane nanochannel. The graphene
nanochannels of different heights of 7–20 Å have been used under the driving pres-
sure of 0–300 MPa with and without vertical electric fields of different intensities.
MD simulations were performed tomeasure the water flux and salt rejection rate with

Fig. 6 MDsimulationmodels of electrodialysismembranes. a Schematic diagramof the simulation
models using bilayer NPG membranes under an electric field. Figure is reproduced with permis-
sion from [76], b schematic diagram of the simulation models using a bilayer NPG membrane
nanochannel. Figure is reproduced with permission from [29]
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different pressure, channel height and electric field intensity (Fig. 6b). The results
showed that the behaviors of salt ions and water molecules were diverse, namely, the
number of water molecules in the nanoscale channel was not affected by the driving
pressure, whereas the number of ions was sensitive to the pressure when the channel
thickness was small. The salt rejection decreased with the increase of the driving
pressure and channel height and it increased with the increase of the vertical electric
field. Lohrasebi et al. [3] also used multilayer graphene membranes as selective ion
transport membranes under the action of the applied external electric field. They
performed MD simulations and measured the ion selectivity, salt rejection rate and
water permeability. They used 3 box, 2 bilayer membrane with a rigid piston (for
applying pressure), plus 2 external electric fields in the opposite direction applied to
the porous graphene membranes. Four levels of external electric fields from 0.1 to
100 mV/Å were applied along with a pore radius of 4 Å and different width levels
between bilayer membranes. The pore size was designed according to the hydrated
ions so that no ion could pass through the membrane without applying the electric
field. The results indicated that the increase of the applied electric field improved ion
selectivity and the salt rejection rate was found to be more than 94% under 10 mV/Å.

4 Research Gaps

Graphene and its derivatives are naturally supposed to be a very promising candidate
for the separation membranes owing to their thinnest thickness so far, because the
membrane permeance, quantifying the permeation abilities of molecules and ions, is
generally accepted to be inversely proportional to the thickness of membranes. Such
high-efficiency membranes are very crucial for the energy-saving membrane sepa-
ration technology, which is widely applied in the separation industries such as water
purification. Currently, two kinds of graphene-basedmembranes are proposed for the
separation technology; the first is NPGmembranewhile the second is graphene oxide
membrane. The mechanism of NPG membranes is basically the size-sieving effects
of the selective nanopores, while that of graphene oxide membranes is the selective
molecular and ionic transport through the interlayer channels among the laminated
graphene oxide sheets and the defects in the graphene oxide sheets. The molec-
ular permeance of NPG membranes is very high comparing to the graphene oxide
membranes with a relatively thick thickness of layered structures. The fabrication
process of NPG membranes is very complex although the top-down and bottom-up
methods both seem to be effective; while that of graphene oxide membranes is rela-
tively simple. In short, the advantage of NPG-based membranes is their ultra-high
molecular permeance and that of graphene oxide membranes is easy of fabrication.
People are trying to make the graphene-based membranes have the advantages of
both NPG and graphene oxide membranes, namely high molecular permeance and
ease of fabrication.
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Although the NPGmembranes work very well in the laboratory, many challenges
are still faced to make these membranes practicable in the industry. The main chal-
lenges for the realization of industrial-scale NPG membranes include fabrication of
large-scale NPG sheets with a high mechanical stability and free of intricate defects
and artificial damages, transfer of graphene sheets to a supporting substrate with no
damage, and generation of high-density pores in the graphene sheets with precisely
controlled sizes.All of these challenges should be themain concerns of future studies,
which are expected to fill the gaps between laboratory study and industrial application
of graphene-based membranes. We hope that the continuous efforts on the graphene-
based membranes can not only make such separation membranes practicable but
also stimulate the applications of graphene sheets in energy harvesting and storage,
bioengineering and so on [77], because graphene sheets have a great application
prospect in the above fields apart from the separation science and technology. For
example, graphene is a good hydrogen production material for its excellent proton
conductance and electron transport efficiency; graphene-related materials can be
employed in hydrogen storage for their low gravimetric density and strong hydrogen
affinity; graphene can be used in supercapacitors for its large specific area and high
electrical conductivity; NPG is also very promising as DNA sequencing tools for its
intrinsic solid-state nanopores. In summary, graphene-based membranes have shed
a bright light, but many efforts must be devoted to solve these challenges faced
currently.

5 Conclusions

Graphene has shed light on the two-dimensional high-permeability separation
membranes in the fields of water purification due to its atomic thickness. NPG as one
of the graphene-based membranes has demonstrated to be very promising for water
purificationbasedon themechanismsofROand electrodialysis.Recently,many theo-
retical and experimental works were conducted on the NPG-based membranes for
water purification. The separation performances, underlyingmechanisms,membrane
fabrication methods of these membranes were discussed in detail. In this chapter,
we summary the representative experimental and simulation works on the NPG
membranes both on the RO and electrodialysis. Apart from the solution separation,
the NPG-based membranes are expected to have a great application prospect in other
ion-related applications, such as energy harvesting from the selective ion transport
throughmembranes, energy storagebasedon the supercapacitorswith nanostructured
materials, etc. For example, theNPG-relatedmaterials have shownpromises in power
generation from the salinity gradient based on the reverse electrodialysis with selec-
tive ion transport. It is hoped that the researches on the NPG-based membranes can
not onlymake the two-dimensional separationmembranes more andmore promising
but also promote the developments of other ion-related applications.
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Hexagonal Boron Nitride (h-BN)
in Solutes Separation

Sima Majidi, Siamak Pakdel, Jafar Azamat, and Hamid Erfan-Niya

Abstract Thanks to rapid progress in the investigation of two-dimensional (2D)
substances, hexagonal boron nitride (h-BN) has shown outstanding properties as
filtrationmembrane and adsorbent for water purification applications. In this chapter,
we explain the synthesis methods of h-BN including exfoliation and chemical vapor
deposition. And then, the computer simulations in the field of h-BN nanosheets are
described, and several recent studies of the membrane filtration of h-BN and pollu-
tant adsorption of h-BN are reviewed frommolecular dynamics insights. All findings
suggest the promising potential of h-BN for water purification. We further reveal a
brief experimental works which investigated the performance of h-BN for sepa-
ration of solutes. The h-BN not only shows considerable adsorption potential for
a wide range of oils, model dyes, and various metallic ions but also reveals high
recoverability. To this end, several other new fabrication techniques are described.
Despite several researches in this field, there are still research gaps which have been
mentioned in the last section of this chapter.

Keywords Hexagonal boron nitride · Membrane · Adsorption · Molecular
dynamics · Water purification

1 Introduction

Bulk hexagonal boron nitride (h-BN) is a graphite type structure, in which flat
networks of BN hexagons are regularly set [1]. Two-dimensional (2D) h-BN
nanosheets are sp2-hybridized 2D insulators [2, 3] with sub-lattices being inhab-
ited with the same numbers of nitrogen (N) and boron (B) atoms alternately in a
honeycomb arrangement [4]. The loading design of interlayer in the h-BN presents
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its B atoms in each successive BN layer sitting under or above the N atoms in the
contiguous layers. These obtained properties demonstrate the B–N bonds polarity,
especially the partial ionic character of the covalent B–N bonds. Actually, the N and
B atoms inside a 2D layer, are connected together by strong B–N covalent bonds,
while the 2D layers are linked with each other through the weak van der Waals
(vdW) forces [5, 6]. The hexagonal crystal structure of h-BN with the interlayer
spacing of 0.33 nm and crystallographic variables of a = 0.25 nm and c = 0.666 nm
empowers admirable interactionwith graphene,which indicates its excellent capacity
for numerous industrial applications.

Regarding the ultra-flat atomic surface, which is free of dangling bonds and with
negligible defects, a small lattice constant mismatch of about 1.7% was obtained
[7]. The 2D h-BN has been considered as a supreme outlook for future graphene
electronics with greater stability and efficiency [8]. Unlike graphene, the h-BN sheet
has a wide gap insulator of 5–6 eV which can be altered by edge passivation with
different types of atoms, higher chemical inertness and thermal stability, resistance to
oxidation, and good optical properties [9–13]. These make it an interesting material
for optoelectronic technologies [14, 15], tunnel devices, and field-effect transistors
[16, 17].

2 h-BN Synthesis Methods

Synthesis and processing of h-BN can affect the structure, crystallinity, and charac-
teristics of 2D h-BN nanosheets. However, developing the attractive 2D h-BN with
desired structure and functional features for particular applications is still a challenge
[18, 19]. Several producing methods have been developed to synthesis mono- and
multi-layer h-BN, especially with the aim of producing a high efficiency of consid-
erable lateral size and great quality [4]. The process of 2D h-BN production can
be classified into bottom-up and top-down methods. In the bottom-up methods, a
film is grown on the surface; and in top-down methods, bulk h-BN crystal is exfo-
liated to obtain the purpose structure. Generally, taking bulk h-BN, then break the
vdW forces between the layers of h-BN and separate the resulting 2D nanosheets is
the main idea of top-down methods. These methods mainly involve mechanical and
chemical exfoliationmethods [20].Mechanical and liquid-phase exfoliations are two
common techniques used to separate single sheets from stacked 2D layered crystals
by breaking the weak vdW bonds between the layers. Mechanical exfoliation can
lead to sheets with perfectly crystalline structures [15], which the sheets synthesizes
via this technique are employed to investigate the inherent properties of substances
[21].
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2.1 Mechanical Exfoliation

Mechanical exfoliation was the first effort in synthesizing atomic h-BN sheets, in
which the BN layer is mechanically cleaved or peeled [22]. The mechanical exfo-
liation method is low cost, which presents h-BN samples with great quality and
even can be performed in most physics or material science laboratories. Indeed, this
method has prepared a simple but potent technique to manufacture 2D materials
[23–27] which was initially applied to separate graphene in 2004 [25]. Then it has
been used for other substrate materials, like h-BN andmolybdenum disulfide (MoS2)
exfoliation [23]. The usage of arranged sticky tape to peel off 2D nanosheets is one
of the popular mechanical exfoliation procedures [23, 28]. This procedure results in
about ten layers or 3.5-nm-thick h-BN nanosheets that could be owing to the strong
lip-to-lip interactions of h-BN basal planes [29]. The major disadvantage of mechan-
ical exfoliation procedures is less yield of h-BN nanosheets [21], and the size of the
fabricated structures is typically restricted [20]. Other limitations include the lack of
control on atomically thin flakes production followed by transferred them at random
locations on the substrate. Additionally, thick flakes are transmitted along with thin
flakes which are necessary for further characterizations to identify mono- and few-
layer flakes [30–32]. Moreover, in the case of transparent 2D substances, like single
layer h-BN, the recognition of such thin flakes on the substrate is a challenge and
long-term due to its low optical absorption [33].

2.2 Chemical Exfoliation

The liquid solvents, like dichloromethane [34] and dimethylformamide [35] are used
to perform the chemical exfoliation techniques. The procedure of these techniques
is totally simple, which offers a great yield in comparison to the previous method,
mechanical exfoliation [21]. The process of exfoliation follows the below steps:

(I) Self-curling of the sheets is obtained by adsorption of cations at the edges of
h-BN surface.

(II) Consecutive curling of BN layer is achieved by entering of anions and cations
into the interlayer region.

(III) The surface reaction with hydroxides produces layers with thickness ranging
from 2 to 4 nm, which is resulted in direct peeling off from the bulk material.

This technique offers considerable potential advantages including being facile
and low cost as well as simply transmittable to usual solvents, like ethanol and
water [36]. Du et al. [37] investigated a simple method for chemical exfoliation
of h-BN, which was derived from Hummers’ method of oxidation and exfoliation
of graphite to graphene [38]. The combination of h-BN powder with KMnO4 and
H2SO4 under heating and then H2O2 addition resulted in the exfoliation of h-BN
to a small number of single-layer boron nitride nanosheets (BNNSs). Atomic force
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microscopywas used tomeasure the thickness,which presented about 1.44 nm for the
thinnest obtained BNNS, relating to two layers of h-BN. In addition to the mentioned
advantages of this method, the procedure indicated that not only high temperatures,
vacuum, or high pressures are not essential but also simple scale up of the method is
possible via wet chemical processing [22].

2.3 Liquid Exfoliation

The exfoliation of layered compounds in liquids is another possible solution to obtain
a great amount of dispersed nanosheets, which involves oxidation, ion intercala-
tion/exchange, or surface passivation by solvents. This allows the methods to give a
substantial amount of 2D materials which can be processed by available industrial
procedures.

Liquid exfoliation results in the synthesis of thin composites with scalable poten-
tial and facile processes using standard technologies. Fabrication of mono- and few-
atomic-layer nanosheets from polycrystalline h-BN through liquid exfoliation was
firstly reported by Han et al. [39], where 0.2 mg of h-BN was put into 5 mL of 1,2-
dicloroethane solution of poly (m-phenyl-enevinylene-co-2,5-dictoxy-p phenylene
vinylene) in a 1.2 mg/10 mL ratio and then to breaking up and dispersing the h-
BN powder into few layered h-BN upon sonication for an hour. Subsequently, many
other solvents have been verified to extend the nanosheet formation.One of the highly
polar solvents is N, N-dimethylformamide (DMF), which was used to interact with
the surface of h-BN and produced only milligram levels of pure nanosheets with
thicknesses at the ranging of 2–10 nm [34]. The solvent selection can be also more
optimized so that the energy of surface shall match with that of h-BN to overcome
the vdW forces between layers [4].

2.4 Chemical Vapor Deposition (CVD)

The methods based on epitaxy could synthesis monolayer h-BN with high crys-
tallinity structure, but they were highly sensitive to the substrates so that most of
them with special orientations required very limited pretreatments, which resulted
in long-term and complicated procedures. Consequently, the development of new
simple processes seems necessary to produce 2D materials, especially h-BN, on
the usual substrates with a large area and high quality. The process should adapt to
silicon-based procedures and must meet the common demands. The chemical vapor
deposition (CVD) method is a bottom-up process applied to fabricate high-quality
nanoscale films. In reality, a substrate that acts as a catalyst or new catalysts could be
deposited on a silica wafer for synthesizing h-BN film on top of it during the CVD
method. The CVD of h-BN nanosheets is possible through several substrates and
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precursors. It should be noted that the reaction is mostly accompanied by toxic by-
products. The deposition of thin h-BN on transition metals was formerly conducted
by ultrahigh vacuum CVD (UHVCVD) [40], but CVD of the h-BN on metallic
surfaces at high pressures has recently been prosperous [41]. Malcolm Basche [42]
was carried out the thermal decomposition of ammonia (NH3) with boron trichlo-
ride (BCl3) at high temperatures to deposit the BN films on the surface. In the other
work, ammonia and diborane (B2H6) as precursors were applied to deposit the BN
coatings less than 600 nm thick on the surface of metals such as Mo, Si, Ge, and
Ta at a temperature ranging from 600 to 1000 °C [43]. Furthermore, working with
other precursors, like H3B3Cl3N3, BH3, BF3–NH3, BCl3–NH3, and B2H6–NH3 for
getting uniform thin films has been also reported [44–47]. Some common CVD
procedures for h-BN nanosheet growth were also performed, which used borazine
and ammonia borane with substrates including Cu [48–50], Ni [51], and Pt [41,
52, 53]. Thermal CVD method was extended by heating B, MgO, FeO powders
up to 1300 °C in a tube furnace under ammonia stream [54, 55]. Consequently,
depending on synthesis temperature, vertically standing h-BNs were produced on
Si/SiO2 substrates with various morphologies and sizes. The nanosheets increased
in lateral size by increasing temperature from 1000 to 1200 °C, so that nanosheets
branching was done on the main nanosheet surface at temperature of 1300 °C. The
produced h-BN nanosheets have regularly covered the surface of SiO2 with less
than 5 nm thickness. The microwave plasma CVD (MPCVD) based on catalyst-free
method was carried out by Yu et al. [56] to grow h-BN nanosheets on Si substrates.
The results indicated that triangular h-BN nanosheets were obtainedwith a size range
of 0.8–2.5 mm and varied tilting angles to substrates. To this end, the growth of a
few-layer h-BN with a wide area has been accomplished and even many works are
currently in the planning steps. However, the production of wafer-scale h-BN with
controlled layers and high crystalline quality remains a challenge.

3 Computer Simulation for Understanding the h-BN-Based
Membrane Filtration and Adsorption

Simulation technique is one of the most potent tools available to decision-makers
responsible for the design and evaluation of complex systems, which is defined as
the operation of a model of the system. Usually, it is costly or impractical to carry out
a range of experiments in the system. In other words, simulation makes possible the
investigation, analysis, and evaluation of conditions which would not be otherwise
practicable [57, 58]. The computer simulation methods are extended from macro
[59] to nanoscale [60, 61]. In this regard, the approach for complicated nanoscale
modeling at the molecular level has been provided by molecular simulations [62].
They have played a significant role in the past decades in our knowledge advance of
the association between microscopic and macroscopic features of 2D nanomaterials.
There are two types of molecular simulation, molecular dynamics (MD) simulation,
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and Monte Carlo (MC) simulation. In the MD simulation as a deterministic method,
Newton equations of motion are solved for a system containing N particles, which
interact through a force field, to explain the time evolution of the system. The macro-
scopic properties of the system can be calculated from its microscopic actions using
the statistical mechanics and considering the trajectories of particles provided by the
MD simulation at molecular level [63]. In the MC simulation, particles are moved
randomly to represent a target probability distribution conforming to the desired state
of the system. Therefore, MC calculates statistical thermodynamic probabilities of
acceptance/rejection of moves [64].

Recently, MD simulations have been widely conducted to investigate the
membrane separation processes [65]. This could play a considerable role in the
prediction of 2D nanoporous materials capability in water desalination and adsorp-
tion performance of materials at the molecular level [66, 67]. Furthermore, due to
the quantities computing connected to the system dynamics such as time-dependent
fluctuations and transport coefficients, the MD method has benefits compared to
other computational techniques [68].

3.1 Simulation of h-BN Membrane Filtration for Water
Purification

Fnding of new ways to modify the performance of water desalination methods
and diminish the capital and operating expenditures is a major issue in scientific
researches [69]. The molecular simulations can prepare a novel insight, not available
from experiments, which presents keys to the extension of new separation methods
[70]. Garnier et al. [71] attempted to connect interfacial properties to water transfer
across the BN and graphene membranes. They studied the surface tension of water
on the graphene and BN surfaces using MD simulations. The local surface tension
of water on the membranes was determined, which can be seen in Fig. 1. The results
showed smaller surface tension on BN (7 mN.m−1) in comparison with graphene (40
mN.m−1), which leads to superior wetting of water on BN. They found that more
desirable interactions between water molecules and atoms on BN membrane (B and
N atoms) resulted in smaller surface tension on BN surface compared to graphene
surface.

The pressure-driven MD simulations were carried out to comprise the pure
water transfer across the nanoporous BN and graphene membranes. A nanopore
with a diameter of 7 Å and a surface area of 67.2 Å2 was carved in BN and
graphenemembranes. The results revealed that under the same condition, nanoporous
BN possesses higher water permeability than graphene as shown in Fig. 2. The
obvious gap in the surface tension influenced directly the water permeability across
nanoporous membranes due to superior wetting, which enhances water molecule
passage through the nanopore of BN membrane.
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Fig. 1 Local surface tension
of water on nanoporous
graphene and BN
membranes. The figure is
adapted with permission
from the American Chemical
Society [71]

Fig. 2 The number of
transferred water molecules
through the nanoporous
graphene and BN
membranes. The figure is
adapted with permission
from the American Chemical
Society [71]

In the other work, MD simulations were used by Gao et al. [72] to study the water
desalination through the BNNS membrane. They created six equilaterals triangular
nanopores on the membrane with two types of pore edges, as indicated in Fig. 3. The
pore areas of the membranes are in the range of 42.1–97.7 Å2 and have the sequence
N3 ≈ B3 < N4 ≈ B4 < N5 ≈ B5. The external pressure as a driving force was
employed on the system for water transport. The simulation box, containing 2170
water molecules and 18 Na+ and 18 Cl−, is also illustrated in Fig. 3, where the water
and ionswere uniformly placed onboth sides of themembrane. The salt concentration
was 27 g/L, whereas the salinity of seawater is about ~35 g/L. To study the efficiency
of a membrane in water desalination, a well tradeoff between water permeability
and salt rejection is an important criterion. Actually, flux passes membrane scales
inversely related to the membrane thickness, and 2D nanoporous materials are very
promising in this issue owing to their atomic thickness. Gromacs 4.5.5 software
was used to carry out MD simulations and the TIP3P potential was employed for
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Fig. 3 Schematics and diameters of the a N3, b N4, c N5, d B3, e B4, and f B5 pores of the h-BN
membranes. g Illustration of a simulation box for the N4 membrane, where the blue shade shows
the water molecules. The figure is adapted with permission from the American Chemical Society
[72]

water modeling. Excellent permeability, selectivity, and controllability were seen
due to the rationally h-BN membrane’s design. Indeed, the results demonstrated that
the water flux and salt rejection can be regulated by pore size, edge chemistry, and
applied pressure. Figure 4 exhibits that the net passed water molecules increases by
increasing external pressure and the pore size. And thewater permeability was higher
for the system including only N atoms at the pore edge compared to the boron-edged
system.
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Fig. 4 The number of water
molecules transferring across
the a N3 and B3, b N4 and
B4, and c N5 and B5
membranes at applied
pressure ranging from 10 to
200 MPa. The figure is
adapted with permission
from the American Chemical
Society [72]
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Gu et al. [2] using MD simulation demonstrated rapid water permeability and
effective salt rejection of nanoporous BN. Two types of systems including the trian-
gular nanopores with N–H edges and those with B–H edges were investigated. Addi-
tionally, three different pore sizes were selected for each of the pore types as X–H–n
(X = N, B; and n = 4, 5, 6). The X–H–n pore has n X–H pairs at each side of
the triangular nanopore. The areas of N–H–4, B–H–4, N–H–5, B–H–5, N–H–6, and
B–H–6 poreswere calculated about 0.231, 0.234, 0.397, 0.401, 0.607, and 0.611 nm2,
respectively.

The system containing a total of 8300 water molecules and 0.599 M NaCl in
saltwater was set and MD simulation was conducted by GROMACS software. Peri-
odic boundary conditions were employed in all directions. The number of permeated
water molecules through the nanoporous BN membrane was monitored during the
simulation time. The external pressures at the range of 50–250 MPa were applied by
the piston. Results revealed that the water flux enhances by increasing the applied
pressure. Furthermore, the number of water molecules transferring across the B–H
pores is higher than that of N–H pores at the same pressure, which is in accordance
with pores area. Also, the results showed that when the pore size narrowed to N–H–4
pore, the permeability of water molecules starts to shut off. Besides, the salt rejec-
tion performance of pores was studied and results exhibited that B–H–4 pore has
the highest salt rejection, which reaches 100%. They concluded that the orientation
of water molecules close to the pores plays a prominent role, which affects water
permeability and salt rejection.

In the other study by Davoy et al. [1], MD simulations were used to prepare a
microscopic vision of the ions effect on water permeability across sub-nanometer
boron nitride (sN-BN) monolayers. By elimination of few atoms at the center of BN
monolayer, four sN-BN membranes with different geometries and pore sizes were
made as shown in Fig. 5. NonequilibriumMD (NEMD) simulations were performed
using two rigid pistons (graphene walls), on which a given pressure was applied.
The membrane was placed at the middle of the system, which was surrounded by

Fig. 5 View of the four sN-BN membranes (the pore area is presented for each membrane). sN-
BN@1 and sN-BN@3 are hydrogenated pores, whereas sN-BN@2 and sN-BN@4 are dehydro-
genated pores. B, N, and hydrogen atoms are shown in pink, blue and, white colors, respectively.
The figure is adapted with permission from the American Chemical Society [1]
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two water sections including 1800 water molecules. Additionally, 20 Na+ and 20
Cl− ions were initially set down on one side. Figure 6 demonstrates the illustration
of the simulated system. All simulations were performed by DIPOLE package and
periodic boundary conditions were used in three directions.

As can be seen in Fig. 7, sN-BN@4 as the thinnest pore was found to be more
permeable compared to the wider sN-BN@3 pore. It revealed the difference among
the water permeability of various sN-BN membranes cannot be described only by
the varied pore size. Water flow through 2D materials is affected by the interfacial
interactions and frictions between membrane and water molecules [73]. The results
showed that the salt rejection rates by sN-BN@3 and sN-BN@4 are near to 100%.

Fig. 6 Schematic of a
simulated system. Cyan and
blue colors correspond to the
Cl− and Na+ ions. The figure
is adapted with permission
from the American Chemical
Society [1, 2]

Fig. 7 Rejection rate of
NaCl solution by various
membranes versus water
permeability. The figure is
adapted with permission
from the American Chemical
Society [1, 2]
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Therefore, the best efficiencywas achieved by sN-BN@4membrane.Water transport
across sN-BN membranes was also found very high in comparison with that of
common reverse osmosis (RO) polyamide membranes.

The water desalination performance of functionalized nanoporous BNNS
membrane was evaluated using the MD simulation method [74]. The membrane
was built in 30 × 30 Å2 and a pore was developed in the BNNS membrane. Four
chemically functionalized BNNS membranes were considered as shown in Fig. 8.
The developed pores surface area was in the range of 6.2–15.8 Å2. Functionalized
membranewas located in the center of the system in an aqueous ionic solution consists
of 26 Na+ and 26 Cl− ions to obtain the seawater salinity. An applied pressure was

Fig. 8 Chemically functionalized BNNSmembrane by a hydrogen (–H), b fluorine (–F) with small
pore size, c fluorine (–F) with large pore size, and d both hydrogen (–H) and hydroxyl (–OH) group
at the pore edge. (silver, blue, white, red, and green colors represent boron, nitrogen, hydrogen,
oxygen, and fluorine atoms, respectively). The figure is adapted with permission from Elsevier [74]
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Table 1 The permeability of
the BNNS membranes [74]

Pore System Pore area (Å2) Permeability
(L/m2.h.bar)

a System 1 14 663.16

b System 2 6.2 224.78

c System 3 15.8 3283.16

d System 4 15.2 1219.53

exerted to the system for salt rejection in the range of 10–100 MPa. All MD simu-
lations were carried out by NAMD 2.11 package with applying periodic boundary
conditions in all directions. As illustrated in Table 1, the pore size showed a notable
influence on the water permeability, which revealed that the chemical function types
at the pore edge is a key factor.

The results revealed that the functionalities such as –OH and –F groups can
enhance water permeability. Moreover, the salt rejection for studied systems at
different applied pressures was indicated in Fig. 9, in which the fluorine modified
BNNS membrane demonstrated the best performance for salt rejection. However,
because of its small pore area (Table 1), the water permeability is also low. Further-
more, the large fluorine pore (pore c) with the highest water permeability is not
proper for water desalination. The results demonstrated that pore d (hydrogen and
hydroxyl pore) is more effective in the separation of salt from water compared with

Fig. 9 The salt rejection percent at different applied pressure. The figure is adaptedwith permission
from Elsevier [74]
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other pore types at the applied pressures ranging up to 50 MPa. Actually, partial
charges of membrane atoms as well as hydrophobicity/hydrophilicity properties of
the membranes can affect the water permeability and salt rejection factors.

All of the above studies exhibited that water can permeate through the porous
BNNSs, while ion transport can be blocked due to the larger size of the ion hydration
shell compared to the molecular size of membrane pore.

3.2 Simulation of h-BN in Pollutants Adsorption Applications

Srivastava et al. [75] represented that the BNNSs are a promising material for
removing arsenic ions from water. They performed MD simulations to study the
adsorption capacity of As3+ on BN and graphene nanosheets. The simulation system
was assumed as an aqueous solution of As(NO3)3 ionic salts, which comprising 3000
water molecules and the number of As3+ ions varying from 3 to 38 depending on ion
concentration. All the MD simulations were performed by the LAMMPS package
and the periodic boundary conditions were used in the three directions.

They found that the adsorption of arsenic ions follows the Langmuir isotherm. The
results exhibited that the adsorption capacity ofAs3+ increaseswith rising ion concen-
tration, which is greater on the BNNSs compared to graphene nanosheets. Addition-
ally, the lower value of diffusion coefficient of As3+ ions on BNNSs compared to
graphene indicated strong adsorption behavior of As3+ ions on BNNSs. The potential
of mean force (PMF) calculations was also conducted, which depicted two distinct
minima, the first one close the nanosheet is called the contact minima of ion and
nanosheet, and the next one is called the solvent layer separated minima. The h-
BN nanosheet showed lower contact minima for arsenic ion in comparison with
graphene nanosheet, which demonstrated sturdy interaction between arsenic ion and
BNNSs. These results disclosed BNNS is a preferable adsorbent relating to graphene
nanosheet in the field of arsenic ions removing from water.

4 Experimental Work

4.1 Application of h-BN as Membrane Filtration in Water
Treatment

Recently, considerable efforts have been given to investigate the improvement of
water permeability by developing the new nanomaterial [76, 77]. This section high-
lights the performance of h-BNmembrane in the field of water treatment and investi-
gates the regeneration of h-BN for reusing. The composite membrane with extremely
high separation performance based on porous BNNSs was developed by Liu et al.
[78]. They examined Polyvinylidene fluoride/BNNS (PVDF/BNNS) composite on
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the treatment of synthetic wastewater contaminated with either oil, pharmaceuticals,
or a dye. The morphology of the composite was evaluated by SEM and TEM in order
to characterize the influence of porous BNNSs on the PVDF membrane. Oil/water
emulsions with droplet size as feed were entered into a small system set-up with the
composite membrane as indicated in Fig. 10. The droplets were not observed in the
filtrate, which exhibited the high efficiency of the prepared composite membrane in
de-emulsifying. The results showed the permeance value of oil/water through the
composite membrane as high as 2 × 104 L.µm.m−2.h−1.bar−1 with about 100%
of separation performance (Fig. 11). The composite also demonstrated excellent
recoverability as can be seen in Fig. 11.

The permeation of water solutions contaminated with an organic dye, methylene
blue (MB), and pharmaceuticals through the composite membrane was also studied.
The composite membrane demonstrated high permeability in comparison to PVDF

Fig. 10 The pressure-driven
filtration system for
separation of an oil/water
emulsion, which only water
passes through the
PVDF/BNNSs composite
membrane. The figure is
adapted with permission
from John Wiley & Sons,
Inc. [78]
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Fig. 11 Plots of the membrane permeability and oil removal of the filtrate. The figure is adapted
with permission from John Wiley & Sons, Inc. [78]

Fig. 12 Comparison of
organic solvents
permeability between PVDF
and PVDF/BNNSs
composite membranes. The
figure is adapted with
permission from John Wiley
& Sons, Inc. [78]

membrane as shown in Fig. 12. Actually, the electrostatic attractions of the BN
surface and dye/pharmaceuticals are the reason for excellent filter performance. The
results indicated that the porous PVDF/BNNSs composite membrane has not only
great potential in effective separation of oil, pharmaceuticals, and dyes but also has
high recyclability.

4.2 Application of h-BN in Adsorption

A highly porous BNNS by a thermal treatment process without using of any catalyst
was synthesized by Lei et al. [3], which showed high surface area (1,427 m2.g−1).
Results indicated that both porous and non-porous BNNSs have a much higher
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absorbent performance for oils compared to other commercial bulk BN and activated
carbon, which exhibits that the nanosheet structure influences the absorption capa-
bility and increases it. Due to the synergy of swelling and porosity features, the porous
BNNSs showed a higher adsorption capacity compared with non-porous BNNSs.
The porous BNNSs exhibited excellent adsorption of varied types of solvents, oils,
and dyes, with mass uptakes values ranging from 2000 to 3300 wt%, which can be
promising in the treatment of contaminatedwater. Furthermore, the saturated BNNSs
can be reused several cycles for environmental restoration via regeneration. Consid-
ering the intense resistance of the BNNSs, the adsorbed materials can be simply
eliminated from the collected BNNSs by heating in the furnace and directly burning
in air. The BN adsorbents are very sturdy and can be reused many times without
loss of activity. The simple recycling of BNNSs suggests the eminent potential it in
wastewater treatment applications.

Li et al. [79] synthesized microporous and mesoporous BN materials through
a simple two-step method, which exhibited ultrahigh specific surface area
(1687 m2.g−1) and a large pore volume (0.99 cm3.g−1). The morphology and struc-
tural properties of the BN samples were checked applying XRD, SEM, FTIR, and
SEM.They studied porousBNperformance inwater treatment by introducing100mg
porous BN material into 250 ml of model dye solution with the initial concentration
of 40 mg.l−1. Results revealed that ~88 wt% of model dye is prominently eliminated
from the solution after 5min, and ~99wt% ofmodel dye is adsorbed after 2 h at room
temperature. The obtained data were also fitted to the Langmuir isotherms, which has
been extensively applied to characterize the adsorption of pollutants from solutions.
The correlation coefficient and the maximum adsorption capacity of porous BN for
model dye were calculated to be 0.991 and 298.3 mg.g−1, respectively.

Moreover, the porous BN was used to remove copper ions from solutions. They
investigated the adsorption capacity of copper ions by mixing 250-ml solution with
copper ion concentration of 1.86 mg.g−1 and 1 g porous BN, which results indi-
cated 373 mg.g−1 maximum removing capacity of copper ions. The BN exhibited
outstanding potential for adsorption of model dye and copper ions, attributing to
pore volume, superior surface area, and structural defects of porous BN. Addition-
ally, regeneration of collected porous BN was easily performed after the treatment
process by calcining at 350 °C for 2 h in air.

In the otherwork, an activated oxygen-rich porousBNNSs (OBNNSs)was synthe-
sized by Li et al. [80] for improving the adsorption performance of BNNSs in water
purification. They tested the morphology and structural properties of the samples
using XRD, SEM, and TEM. In order to compare, the adsorption performances of
commercial granular activated carbon (GAC) aswell as bulk BNwere alsomeasured.
In order to reach the contaminated water solution, each of Pb(NO3)2, HgCl2, CrCl3,
andCuCl2 was dissolved inwater and then diluted to obtain the needed concentration.
They performed adsorption kinetic tests to approximate the metallic ions adsorption
rates in the OBNNSs, GAC, and bulk BN. As depicted in Fig. 13, the elimination of
Pb(II) by the OBNNSs enhanced quickly by rising contact time.

GAC and bulk BN showed very low adsorption efficiency in contrast to the
OBNNSs during the same time. Furthermore, the adsorption performance of various
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Fig. 13 Adsorption rates of
Pb(II) on the OBNNSs, GAC
and bulk BN (C0 and C
render the initial PB(II)
concentration and those at
various time distances during
the adsorption, respectively).
The figure is adapted with
permission from Elsevier
[80]

metallic ions (Pb2+, Cr3+, Hg2+, and Cu2+) was studied. The OBNNSs exhibited the
same high efficiency as that of Pb(II) which can be seen in Fig. 14. The pivotal
reason for the high removing capacity of the OBNNSs can be mainly considered by
its illustrious polarity of B–O bonds and boron atoms positions.

As we know, to achieve the practical application of adsorbents, the possibility of
several cycles’ usage of the adsorbent is significant. In this regard, the regeneration
of the Pb2+-containing OBNNSs was also examined by simple acid elution. The
results showed the removing efficiency of about 67% even after 10 cycles as shown
in Fig. 15. This is due to its corrosion resistance, super anti-oxidation, and structural
strength of OBNNSs. Therefore, this supreme recyclability indicates that OBNNSs
are a promising nanomaterial for the elimination of the metallic ions from polluted
water.

Fig. 14 Comparison of
adsorption ability of
OBNNSs for Pb2+, Cr3+,
Hg2+, and Cu2+. The figure
is adapted with permission
from Elsevier [80]
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Fig. 15 Recyclable of the
OBNNSs regenerated by
simple acid elution. The
figure is adapted with
permission from Elsevier
[80]

5 Comparative Study of Graphene Oxide and h-BN
in Membrane Filtration

Recently, 2D nanomaterials, such as graphene oxide (GO) [81–83], boron nitride
(BN) [84, 85], and transition metal dichalcogenide [86, 87] have been reported in
membrane technology because of their particular chemical and physical properties.
For instance, GO is suitable for synthesis filter membranes due to its atomic thin
thickness, lamellar structure, and consequent particular features, such as high specific
surface and chemical stability, its porous and rich oxygen-containing functional sites
[88, 89]. In addition, GO-based membranes are most capable to separate ions and
contaminants from water by regulation of interlayer space [90–92].

With advances in the development of 2D materials, chiefly graphene-based mate-
rials, 2D h-BN has been extremely attended as a type of various and outstanding
2D materials, because of its attractive features, which are distinct from bulk h-BN.
BN, like graphene, has a hexagonal atomic structure, which is designed with intense
covalent sp2 bonds. On the contrary, BN shows a naturally inorganic character, while
graphene exhibits a moderately organic one; hence, BN is commonly treated as
chemically more inert in comparison to graphene [93].

Class 1 membranes, such as GO have demonstrated the efficient potency in the
elimination of solutes from an aqueous solution at high fluxes and separation of the
gas molecules with different kinetic diameters. This proposes that the external micro
porosity covers ranging from ultra-micropore to supermicropore (0.7–2.0 nm) [94]
based on different nanosheets and stacking modes. Nair et al. [95] investigated the
passage ofwatermolecules across theGOmembraneswith submicron thickness. The
non-oxidized section of the GO laminate can cause a nanoscale capillary network for
increasingwater transfer throughGOsheets, while the oxide region suppliesmechan-
ical support to maintain the laminate structure with particular interlayer spacing [93].
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Regarding the exclusive and attractive features of the h-BN, such as high strength
and chemically inert, conductivity, and thermal stability, it is a promising 2D nano-
material in membrane technology [96–98]. The performance of BN laminates for
adsorptive separation of oils, organic solvents, and water was studied by Lei et al.
[3]. They performed a dynamic templating method to obtain the layered structure
of BN. The obtained BN with a remarkable total surface area (1427 m2/g) and pore
volume demonstrated the possibility of the BN nanosheet in membrane-based appli-
cations. Very recently, nanostructural h-BN with the excellent surface area has been
confirmed to be an original and appealing sorbent material for efficient elimination
of organic pollutants from water [99, 100]. Actually, this is generally due to the
eminent polarity of B–N bonds, lightweight, thermal stability, exceptional chemical,
and ultrahigh surface area of h-BN, which suggests great adsorption performance
for varied organic pollutants [101, 102].

On the other hand, GO has a surface area of around 2630 m2/g [103], which is
higher than that of h-BN, and the hydrophobicity of the un-oxidized region of the GO
carbon basal plane may offer high adsorption capability towards organic foulants.
In addition to the high surface area, the GO membrane surface has a water contact
angle of less than 20° [104] and thus is much more hydrophilic than h-BN whose
contact angle values reported in experiments are in the range of 40z–55z [105]. Such
great hydrophilicity of the GO membrane causes reduced interactions between the
membrane surface and foulants, which results in the decrement of the membrane
fouling tendency [104, 106].

Besides the nanostructural similarity of h-BN to the graphene-based materials,
the functionalization of h-BN materials can be discovered. Unlike the functional-
ization of graphene-based materials, which can refer to many organic chemicals,
the functionalization of h-BN is not curreent with chemically active sites in organic
chemistry [107]. Functionalization of h-BN nanosheets is essential to avoid them
from the robust propensity to aggregation and to modify their interfacial properties
and dispersity in solvents and polymer composites [108].

6 New Fabrication Methods

6.1 Physical Vapor Deposition

In addition to synthesis methods mentioned above, 2D substances have also been
exhibited to nucleate and rise crystalline, highly consecutive films through physical
vapor deposition (PVD) methods. In this method, the plasma produced inside a high
vacuum chamber can display ion and electron energies in the order of 1–100 eV.
The metastable and complicated structures, like 2D substance planes, were created
by these processes with controlling the rate and concentration of species inside the
plasma [109]. In sputtering, a thin film on a wafer facing the target is prepared by
bombarding the solid target of the chosen film material with energetic particles. To
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achieve high-quality and few-layer films, Ar ion beams are employed to sputter the
h-BN on Cu foils. Moreover, magnetron sputtering of B in N2/Ar is used to produce
high-quality h-BN on Ru. This procedure leads to two atomic film layers thick,
which thicker films can be grown by adjustment of ambient temperature deposition
and annealing cycles [110, 111].

High area coverage, compatibility in device manufacturing, and decrease in a
required temperature for h-BN formation are some advantages of the high-energy
plasmas usage compared to conventional CVD techniques [112]. Radio-frequency
(RF)magnetron sputtering of a B target is used by Sutter et al. [113] to commitmono-
and few-layer h-BN in an ultrahigh-vacuum N2/Ar atmosphere. Applying Ru(0001)
substance causes N and B species orientation to take into an ordered h-BN layered
film. Undoubtedly, PVD method offers a distinct way to obtain the high-quality and
wafer-scale manufacturing of 2D layered h-BN. However, it is needed to optimize
the crystallinity of the obtained nanosheets and the type of substrates.

6.2 Surface Segregation-Based Method

Surface segregation is well known as a practicable method in manufacturing high
surface area 2D layered substances, which was first planned to fabricate 2D h-BN
[114]. Using heat treatment in a high-vacuum condition, few-layer h-BN nanosheets
were grown by suppling the electropolished Fe–Cl–Ni alloy doped with N and
B. Triangular h-BN fields were seen on the surface of alloy with a layered form,
which offers the controllability of grain morphologies, structural orientations and
number of layers. The structure of Ni(C)/(B, N)/Ni squeezed growth material and
the annealing temperature are the two key controlling parameters in this method. The
diffusing amount of N and B atoms to the metal surface enhances with increasing
the temperature, which uses to control the h-BN thickness.

Surface segregation of the different layers, while the manufacturing of in-plane
heterostructures requires newly developed synthesis methods. Several methods
including direct chemical conversion, templated growth, and patterned regrowth have
been studied for the synthesis of in-plane Gr-h-BN heterostructures. Considering the
segregation growth of individual h-BN and graphene thin films, direct growth of
h-BN/Gr vertical heterostructures by a co-segregation technique was reported [115].

6.3 Pulsed Laser Deposition

The pulsed laser deposition (PLD) is a substituted method for PVD procedure to
reactive sputtering and molecular beam epitaxial. In the present method, fast heating
on the targeted surface is obtainedby a focused laser beampulsewith high energy.The
ionized and neutral components, in the form of a normal plasma plume, accelerate to
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the target surface. The plasma plume spread through the substrate and, regarding the
pressure and distance from target to surface, can be thermalized by collisions with
the background gas [112].

Glavin et al. [116] carried out the PLD method to synthesize very thin and crys-
talline h-BN from an amorphous BN target. The study was conducted with the
aim of the growth temperature decreasing and well-stoichiometric h-BN nanosheets
achievement. They deposited the thin h-BN films on the sapphire substances and
highly ordered pyrolytic graphite (HOPG). Then, the high area film was covered
without the separation of the micro-sized domains or any pinholes.

Alternatively, Velazquez et al. [117] fabricated mono and few-layer h-BN by
Ag films, which performed as a layer on SiTiO3(001) with the laser parameters
including 266 nm, 100 mJ per pulse, and 5 ns. The neutrally weak interaction of the
Ag substrates and few-layer h-BN led to the exfoliation of the as-grown h-BN layers
by a sticky tape. Although the h-BN sheets synthesized by the PLD method could
carry out the large-area production without grain boundaries or deformations, the
obtained crystallinity from this method is fairly low compared to that derived from
liquid exfoliation or CVD.

7 Research Gap

Notwithstanding the excellent developments up to date, there are also notable ambi-
guities to be explored in the field of using h-BN for water purification. For instance,
h-BN as a foundational substance plays an important role in the heterostructures
investigation, however, the ideal quality and size of the h-BNfilmare still not achieved
and the greatest single-crystal domain size is only less than 1 mm. Hence, extending
the size of h-BN domain is strongly required, especially for freestanding nanoporous
h-BN membrane fabrication; but has remained as a great challenge.

The quality and scale-up possibility of 2D h-BN membranes are also serious
requisitions for industrial applications. Furthermore, another important issue about
this type of membranes is the suffering of CVD-grown substances from inherent
deficiencies, wrinkles, and grain boundaries. Therefore, more studies are needed on
this subject [83].

The 2Dmembranes like GO and graphene have indicated successful performance
in the separation of various liquid and gas mixtures. In this regard, there is a quick
development of data organization available for such materials, which helps to guide
new 2Dmaterials fabrication e.g., h-BN. In fact, most of these 2Dmaterials have not
yet been investigated in several separation fields so that further study information is
required in this field.



Hexagonal Boron Nitride (h-BN) in Solutes Separation 185

8 Conclusions

The 2D h-BN nanosheets have been a topic of remarkable awareness to consider
the typical 2D materials and investigate the practical usage, because of their exclu-
sive structure and characteristics including low density, high mechanical strength,
great thermal conductivity, low friction coefficient, electrical insulation, and excellent
chemical inertness. The structural and functional features of h-BN can well be oper-
ated by merging or embedding carbon and graphene due to their atomic similarities.
Thus, various classes of 2D heterostructures and incorporating based on graphene
and h-BN nanosheets have been created with adjustable permeation, chemical, and
mechanical characteristics.

Recently, considerable molecular simulations were carried out to investigate the
water purification performance of h-BN membrane. Using molecular simulations as
an ideal experimental system, allows us to access the microstructure of a system and
to provide a microscopic picture of the water permeation through the membrane. A
tradeoff between water permeability and salt rejection is an important key to assess
the membrane performance in water purification applications. All performed simu-
lations demonstrated that BNNS possesses outstanding water desalination capacity
with efficient water permeability and high salt rejection. Adsorption of arsenic ions
on the h-BN membrane has been also studied using molecular simulations, which
revealed that the arsenic ions adsorption is more favorable on the BNNSs, due to
their strong interaction. The results suggested that h-BNmembrane has overall better
desalination performance in comparison to existing commercial techniques, which
make it a promising candidate for future desalination membrane filters and also,
removing arsenic ions from aqueous media. The thorough review represented that
the types of 2D h-BNmade by different fabrication methods, which the conventional
ones comprise exfoliation, CVD, and gas-phase epitaxy, with numerous other new
approaches, have been prosperously extended over the past years. Until now, both in-
plane and vertical stacked h-BN have been successfully synthesized by exfoliation
transfer processes based on top-down methods or bottom-up strategies associated
with CVD approaches. Several other procedures, like mechanical and liquid exfoli-
ation, PVD, surface segregation, and PLD, have been developed to produce various
quality and configurations of 2D h-BN.

Moreover, some experimental works were successfully developed to investigate
the adsorption capacity of h-BN inwater treatment. The h-BN indicated great adsorp-
tion potential for a wide range of oils, model dyes, and various metallic ions. As we
know, the regeneration of adsorbent is a key factor, which was also examined by
simple methods. The results exhibited that the porous BNNSs membrane possesses
not only excellent potential in the effective adsorption of oils, metallic ions, and
dyes, but also has high recoverability. Actually, these adsorbed materials can be
easily removed from the BNNSs. It demonstrated that h-BN can be used as hopeful
material in water treatment.



186 S. Majidi et al.

References and Future Readings

1. Davoy X, Gellé A, Lebreton J-C, Tabuteau H, Soldera A, Szymczyk A, Ghoufi A (2018) High
water flux with ions sieving in a desalination 2D sub-nanoporous boron nitride material. ACS
Omega 3:6305–6310

2. Gu Z, Liu S, Dai X, Chen S, Yang Z, Zhou R (2018) Nanoporous Boron nitride for high
efficient water desalination, bioRxiv 500876

3. Lei W, Portehault D, Liu D, Qin S, Chen Y (2013) Porous boron nitride nanosheets for
effective water cleaning. Nature Commun 4:1777

4. Zhang K, Feng Y, Wang F, Yang Z, Wang J (2017) Two dimensional hexagonal boron nitride
(2D-hBN): synthesis, properties and applications. J Mater Chem C 5:11992–12022

5. Li X, Wu X, Zeng XC, Yang J (2012) Band-gap engineering via tailored line defects in
boron-nitride nanoribbons, sheets, and nanotubes. ACS Nano 6:4104–4112

6. Azamat J, Sattary BS, Khataee A, Joo SW (2015) Removal of a hazardous heavy metal from
aqueous solution using functionalized graphene and boron nitride nanosheets: Insights from
simulations. J Mol Graph Model 61:13–20

7. GiovannettiG,KhomyakovPA,BrocksG,KellyPJ,VanDenBrink J (2007)Substrate-induced
band gap in graphene on hexagonal boron nitride: Ab initio density functional calculations.
Phys Rev B 76:

8. Meric I, Dean CR, Petrone N, Wang L, Hone J, Kim P, Shepard KL (2013) Graphene field-
effect transistors based on boron–nitride dielectrics. Proc IEEE 101:1609–1619

9. Gao R, Yin L, Wang C, Qi Y, Lun N, Zhang L, Liu Y-X, Kang L, Wang X (2009) High-yield
synthesis of boron nitride nanosheets with strong ultraviolet cathodoluminescence emission.
J Phys Chem C 113:15160–15165

10. Zhi C, Bando Y, Tang C, Huang Q, Golberg D (2008) Boron nitride nanotubes: functional-
ization and composites. J Mater Chem 18:3900–3908

11. Wang Y, Shi Z, Yin J (2011) Boron nitride nanosheets: large-scale exfoliation in methanesul-
fonic acid and their composites with polybenzimidazole. J Mater Chem 21:11371–11377

12. Tang C, Bando Y, Liu C, Fan S, Zhang J, Ding X, Golberg D (2006) Thermal conductivity of
nanostructured boron nitride materials. J Phys Chem B 110:10354–10357

13. Azamat J, Khataee A, Sadikoglu F (2016) Separation of carbon dioxide and nitrogen gases
through modified boron nitride nanosheets as a membrane: insights frommolecular dynamics
simulations. RSC Advances 6:94911–94920

14. Watanabe K, Taniguchi T, Kanda H (2004) Direct-bandgap properties and evidence for
ultraviolet lasing of hexagonal boron nitride single crystal. Nat Mater 3:404

15. Pacile D, Meyer J, Girit Ç, Zettl A (2008) The two-dimensional phase of boron nitride:
few-atomic-layer sheets and suspended membranes. Appl Phys Lett 92:

16. Britnell L, Gorbachev RV, Jalil R, Belle BD, Schedin F, KatsnelsonMI, Eaves L,Morozov SV,
Mayorov AS, Peres NM (2012) Electron tunneling through ultrathin boron nitride crystalline
barriers. Nano Lett 12:1707–1710

17. Neek-AmalM,Beheshtian J, Sadeghi A,Michel K, Peeters F (2013) Boron nitridemonolayer:
a strain-tunable nanosensor. J Phys Chem C 117:13261–13267

18. Pakdel A, BandoY, GolbergD (2014) Nano boron nitride flatland. ChemSoc Rev 43:934–959
19. Yin J, Li J, Hang Y, Yu J, Tai G, Li X, Zhang Z, Guo W (2016) Boron nitride nanostructures:

fabrication, functionalization and applications. Small 12:2942–2968
20. Wang H, Zhao Y, Xie Y, Ma X, Zhang X (2017) Recent progress in synthesis of

two-dimensional hexagonal boron nitride. J Semicond 38:
21. Xu M, Liang T, Shi M, Chen H (2013) Graphene-like two-dimensional materials. Chem Rev

113:3766–3798
22. Sperber JL (2016) Investigations of hexagonal boron nitride: bulk crystals and atomically-thin

two dimensional layers, Kansas State University
23. Novoselov KS, Jiang D, Schedin F, Booth T, Khotkevich V, Morozov S, Geim AK (2005)

Two-dimensional atomic crystals. Proc Natl Acad Sci 102:10451–10453



Hexagonal Boron Nitride (h-BN) in Solutes Separation 187

24. Zhang Y, Small JP, Pontius WV, Kim P (2005) Fabrication and electric-field-dependent
transport measurements of mesoscopic graphite devices. Appl Phys Lett 86:

25. Bunch JS, Yaish Y, Brink M, Bolotin K, McEuen PL (2005) Coulomb oscillations and Hall
effect in quasi-2D graphite quantum dots. Nano Lett 5:287–290

26. Berger C, Song Z, Li T, Li X, Ogbazghi AY, Feng R, Dai Z, Marchenkov AN, Conrad EH,
First PN (2004) Ultrathin epitaxial graphite: 2D electron gas properties and a route toward
graphene-based nanoelectronics. J Phys Chem B 108:19912–19916

27. Island JO, Steele GA, der Zant HS, Castellanos-Gomez A (2015) Mechanical manipulation
and exfoliation of boron nitride flakes by micro-plowing with an AFM tip, arXiv preprint
arXiv:1501.06437

28. Novoselov KS, GeimAK,Morozov SV, Jiang D, Zhang Y, Dubonos SV, Grigorieva IV, Firsov
AA (2004) Electric field effect in atomically thin carbon films. Science 306:666–669

29. Pakdel A, Zhi C, Bando Y, Golberg D (2012) Low-dimensional boron nitride nanomaterials.
Mater Today 15:256–265

30. Castellanos-Gomez A, Agraït N, Rubio-Bollinger G (2010) Optical identification of atomi-
cally thin dichalcogenide crystals. Appl Phys Lett 96:213116

31. Wang YY, Gao RX, Ni ZH, He H, Guo SP, Yang HP, Cong CX, Yu T (2012) Thickness
identification of two-dimensional materials by optical imaging. Nanotechnology 23:495713

32. Venkatachalam DK, Parkinson P, Ruffell S, Elliman RG (2011) Rapid, substrate-independent
thickness determination of large area graphene layers. Appl Phys Lett 99:

33. Gorbachev RV, Riaz I, Nair RR, Jalil R, Britnell L, Belle BD, Hill EW, Novoselov KS,
Watanabe K, Taniguchi T (2011) Hunting for monolayer boron nitride: optical and Raman
signatures. Small 7:465–468

34. Warner JH, Rummeli MH, Bachmatiuk A, Büchner B (2010) Atomic resolution imaging and
topography of boron nitride sheets produced by chemical exfoliation. ACSNano 4:1299–1304

35. Zhi C, Bando Y, Tang C, Kuwahara H, Golberg D (2009) Large-scale fabrication of boron
nitride nanosheets and their utilization in polymeric composites with improved thermal and
mechanical properties. Adv Mater 21:2889–2893

36. Li X, Hao X, Zhao M, Wu Y, Yang J, Tian Y, Qian G (2013) Exfoliation of hexagonal boron
nitride by molten hydroxides. Adv Mater 25:2200–2204

37. Du M, Wu Y, Hao X (2013) A facile chemical exfoliation method to obtain large size boron
nitride nanosheets. CrystEngComm 15:1782–1786

38. HummersWS Jr, Offeman RE (1958) Preparation of graphitic oxide. J AmChemSoc 80:1339
39. Han W-Q, Wu L, Zhu Y, Watanabe K, Taniguchi T (2008) Structure of chemically derived

mono-and few-atomic-layer boron nitride sheets. Appl Phys Lett 93:
40. Nagashima A, Tejima N, Gamou Y, Kawai T, Oshima C (1995) Electronic structure of

monolayer hexagonal boron nitride physisorbed on metal surfaces. Phys Rev Lett 75:3918
41. Kim G, Jang A-R, Jeong HY, Lee Z, Kang DJ, Shin HS (2013) Growth of high-crystalline,

single-layer hexagonal boron nitride on recyclable platinum foil. Nano Lett 13:1834–1839
42. Basche M, Schiff D (1964) New pyrolytic boron nitride. Mater Design Eng 59:78–81
43. Rand MJ, Roberts JF (1968) Preparation and properties of thin film boron nitride. J

Electrochem Soc 115:423–429
44. Pierson HO (1975) Boron nitride composites by chemical vapor deposition. J Compos Mater

9:228–240
45. RozenbergA, SinenkoYA, ChukanovN (1993) Regularities of pyrolytic boron nitride coating

formation on a graphite matrix. J Mate Sci 28:5528–5533
46. AuwärterW, Suter HU, SachdevH, Greber T (2004) Synthesis of onemonolayer of hexagonal

boron nitride on Ni (111) from B-trichloroborazine (ClBNH) 3. Chem Mater 16:343–345
47. Müller F, Stöwe K, Sachdev H (2005) Symmetry versus commensurability: epitaxial growth

of hexagonal boron nitride on Pt (111) from B-trichloroborazine (ClBNH) 3. Chem Mater
17:3464–3467

48. Lee KH, Shin H-J, Lee J, Lee I-Y, KimG-H, Choi J-Y, Kim S-W (2012) Large-scale synthesis
of high-quality hexagonal boron nitride nanosheets for large-area graphene electronics. Nano
Lett 12:714–718

http://arxiv.org/abs/1501.06437


188 S. Majidi et al.

49. Tay RY, Park HJ, Ryu GH, Tan D, Tsang SH, Li H, Liu W, Teo EHT, Lee Z, Lifshitz Y
(2016) Synthesis of aligned symmetrical multifaceted monolayer hexagonal boron nitride
single crystals on resolidified copper. Nanoscale 8:2434–2444

50. Song X, Gao J, Nie Y, Gao T, Sun J, Ma D, Li Q, Chen Y, Jin C, Bachmatiuk A (2015)
Chemical vapor deposition growth of large-scale hexagonal boron nitride with controllable
orientation. Nano Research 8:3164–3176

51. Shi Y, Hamsen C, Jia X, Kim KK, Reina A, Hofmann M, Hsu AL, Zhang K, Li H, Juang Z-Y
(2010) Synthesis of few-layer hexagonal boron nitride thin film by chemical vapor deposition.
Nano Lett 10:4134–4139

52. Gao Y, RenW, Ma T, Liu Z, Zhang Y, Liu W-B, Ma L-P, Ma X, Cheng H-M (2013) Repeated
and controlled growth of monolayer, bilayer and few-layer hexagonal boron nitride on Pt
foils. ACS Nano 7:5199–5206

53. Park J-H, Park JC, Yun SJ, Kim H, Luong DH, Kim SM, Choi SH, Yang W, Kong J, Kim KK
(2014) Large-area monolayer hexagonal boron nitride on Pt foil. ACS Nano 8:8520–8528

54. Pakdel A, Bando Y, Golberg D (2013) Morphology-driven nonwettability of nanostructured
BN surfaces. Langmuir 29:7529–7533

55. Pakdel A, Zhi C, Bando Y, Nakayama T, Golberg D (2011) Boron nitride nanosheet coatings
with controllable water repellency. ACS Nano 5:6507–6515

56. Yu J, Qin L, Hao Y, Kuang S, Bai X, Chong Y-M, Zhang W, Wang E (2010) Vertically
aligned boron nitride nanosheets: chemical vapor synthesis, ultraviolet light emission, and
superhydrophobicity. ACS Nano 4:414–422

57. Shannon RE (1998) Introduction to the art and science of simulation. In: 1998 winter
simulation conference. Proceedings (Cat. No. 98CH36274), IEEE, pp 7–14

58. Maria A (1997) Introduction to modeling and simulation, Winter simulation conference, pp
7–13

59. Saghatchi R, Ghazanfarian J, Gorji-Bandpy M (2014) Numerical simulation of water-entry
and sedimentation of an elliptic cylinder using smoothed-particle hydrodynamics method. J
Offshore Mech Arct Eng 136:

60. Zen A, Luo Y, Mazzola G, Guidoni L, Sorella S (2015) Ab initio molecular dynamics
simulation of liquid water by quantum Monte Carlo. J Chem Phys 142:

61. HasanzadehA, Pakdel S, Azamat J, Erfan-NiyaH,KhataeeA (2020) Atomistic understanding
of gas separation through nanoporous DDR-type zeolite membrane. Chem Phys, 110985

62. Rapaport DC, Rapaport DCR (2004) The art of molecular dynamics simulation. Cambridge
University Press

63. Ebro H, KimYM, Kim JH (2013) Molecular dynamics simulations in membrane-based water
treatment processes: a systematic overview. J Membr Sci 438:112–125

64. Metropolis N, Rosenbluth AW, Rosenbluth MN, Teller AH, Teller E (1953) Equation of state
calculations by fast computing machines. J Chem Phys 21:1087–1092

65. HasanzadehA,Azamat J, Pakdel S, Erfan-NiyaH,KhataeeA (2020) Separation of noble gases
using CHA-type zeolite membrane: insights from molecular dynamics simulation. Chemical
Papers, pp 1–9

66. Azamat J, Khataee A, Sadikoglu F (2018) Computational study on the efficiency of MoS2
membrane for removing arsenic from contaminated water. J Mol Liq 249:110–116

67. Jafarzadeh R, Azamat J, Erfan-Niya H (2018) Fluorine-functionalized nanoporous graphene
as an effective membrane for water desalination. Struct Chem 29:1845–1852

68. AndersenHC(1980)Molecular dynamics simulations at constant pressure and/or temperature.
J Chem Phys 72:2384–2393

69. Werber JR, Osuji CO, Elimelech M (2016) Materials for next-generation desalination and
water purification membranes. Nature Reviews Materials 1:16018

70. Azamat J, Khataee A, Joo SW (2014) Functionalized graphene as a nanostructured membrane
for removal of copper and mercury from aqueous solution: a molecular dynamics simulation
study. J Mol Graph Model 53:112–117

71. Garnier L, Szymczyk A, Malfreyt P, Ghoufi A (2016) Physics behind water transport through
nanoporous boron nitride and graphene. J Phys Chem Lett 7:3371–3376



Hexagonal Boron Nitride (h-BN) in Solutes Separation 189

72. GaoH, Shi Q, RaoD, ZhangY, Su J, Liu Y,WangY, DengK, Lu R (2017) Rational design and
strain engineering of nanoporous boron nitride nanosheet membranes for water desalination.
J Phys Chem C 121:22105–22113

73. Michaelides A (2016) Nanoscience: slippery when narrow. Nature 537:171
74. Jafarzadeh R, Azamat J, Erfan-Niya H, Hosseini M (2019) Molecular insights into effective

water desalination through functionalized nanoporous boron nitride nanosheet membranes.
Appl Surf Sci 471:921–928

75. Srivastava R, Kommu A, Sinha N, Singh J (2017) Removal of arsenic ions using hexagonal
boron nitride and graphene nanosheets: a molecular dynamics study. Mol Simul 43:985–996

76. Das R, Vecitis CD, Schulze A, Cao B, Ismail AF, Lu X, Chen J, Ramakrishna S (2017) Recent
advances in nanomaterials for water protection andmonitoring. Chem Soc Rev 46:6946–7020

77. Xu G-R, Xu J-M, Su H-C, Liu X-Y, Zhao H-L, Feng H-J, Das R (2019) Two-dimensional
(2D) nanoporous membranes with sub-nanopores in reverse osmosis desalination: Latest
developments and future directions. Desalination 451:18–34

78. LiuD, He L, LeiW,KlikaKD,Kong L, ChenY (2015)Multifunctional polymer/porous boron
nitride nanosheetmembranes for superior trapping emulsified oils and organicmolecules. Adv
Mater Interf 2:1500228

79. Li J, Lin J,XuX,ZhangX,XueY,Mi J,MoZ, FanY,HuL,YangX (2013) Porous boron nitride
with a high surface area: hydrogen storage and water treatment. Nanotechnology 24:155603

80. Li J, Jin P, Dai W, Wang C, Li R, Wu T, Tang C (2017) Excellent performance for
water purification achieved by activated porous boron nitride nanosheets. Mater Chem Phys
196:186–193

81. HuangK,LiuG,LouY,DongZ, Shen J, JinW(2014)Agraphene oxidemembranewith highly
selective molecular separation of aqueous organic solution. Angew Chem Int Ed 53:6929–
6932

82. Huang L, Huang S, Venna SR, Lin H (2018) Rightsizing Nanochannels in reduced graphene
oxide membranes by solvating for dye desalination. Environ Sci Technol 52:12649–12655

83. Mohammad A, Asiri AM (2017) Inorganic pollutants in wastewater: methods of analysis,
removal and treatment. Mater Res Forum LLC

84. Fan Y, Yang Z, HuaW, Liu D, Tao T, RahmanMM, LeiW, Huang S, Chen Y (2017) Function-
alized Boron Nitride Nanosheets/Graphene Interlayer for Fast and Long-Life Lithium-Sulfur
Batteries. Adv Energy Mater 7:1602380

85. Falin A, Cai Q, Santos EJ, Scullion D, Qian D, Zhang R, Yang Z, Huang S, Watanabe K,
Taniguchi T (2017) Mechanical properties of atomically thin boron nitride and the role of
interlayer interactions. Nature Commun 8:15815

86. HirunpinyopasW,Prestat E,Worrall SD,HaighSJ,DryfeRA,BissettMA (2017)Desalination
and nanofiltration through functionalized laminar MoS2 membranes. ACS Nano 11:11082–
11090

87. PanL, LiuYT,XieXM,YeXY (2016) Facile andGreen Production of Impurity-FreeAqueous
Solutions of WS2 Nanosheets by Direct Exfoliation in Water. Small 12:6703–6713

88. FathizadehM, XuWL, Zhou F, Yoon Y, YuM (2017) Graphene oxide: a novel 2-dimensional
material in membrane separation for water purification. Adv Mater Interf 4:1600918

89. Hosseini M, Azamat J, Erfan-Niya H (2019) Water desalination through fluorine-
functionalized nanoporous graphene oxide membranes. Mater Chem Phys 223:277–286

90. Mi B (2014) Graphene oxide membranes for ionic and molecular sieving. Science 343:740–
742

91. Jiao S, Xu Z (2017) Non-continuum intercalated water diffusion explains fast permeation
through graphene oxide membranes. ACS Nano 11:11152–11161

92. Cheng C, Jiang G, Garvey CJ, Wang Y, Simon GP, Liu JZ, Li D (2016) Ion transport in
complex layered graphene-based membranes with tuneable interlayer spacing. Sci Adv 2:

93. Hyun T, Jeong J, Chae A, Kim YK, Koh D-Y (2019) 2D-enabled membranes: materials and
beyond. BMC Chem Eng 1:1–26

94. Thommes M, Kaneko K, Neimark AV, Olivier JP, Rodriguez-Reinoso F, Rouquerol J, Sing
KS (2015) Physisorption of gases, with special reference to the evaluation of surface area and
pore size distribution (IUPAC Technical Report). Pure Appl Chem 87:1051–1069



190 S. Majidi et al.

95. Nair R, Wu H, Jayaram P, Grigorieva I, Geim A (2012) Unimpeded permeation of water
through helium-leak–tight graphene-based membranes. Science 335:442–444

96. Qin S, Liu D, Chen Y, Chen C,Wang G,Wang J, Razal JM, LeiW (2018) Nanofluidic electric
generators constructed from boron nitride nanosheet membranes. Nano Energy 47:368–373

97. Li Z, Zhang Y, Chan C, Zhi C, Cheng X, Fan J (2018) Temperature-dependent lipid extraction
from membranes by boron nitride Nanosheets. ACS Nano 12:2764–2772

98. Weber M, Koonkaew B, Balme S, Utke I, Picaud F, Iatsunskyi I, Coy E, Miele P, Bechelany
M (2017) Boron nitride nanoporous membranes with high surface charge by atomic layer
deposition. ACS Appl Mater Interf 9:16669–16678

99. HanW-Q, Zettl A (2003) Functionalized boron nitride nanotubes with a stannic oxide coating:
a novel chemical route to full coverage. J Am Chem Soc 125:2062–2063

100. Yin J, Li X, Zhou J, Guo W (2013) Ultralight three-dimensional boron nitride foam with
ultralow permittivity and superelasticity. Nano Lett 13:3232–3236

101. Zhang X, Lian G, Zhang S, Cui D, Wang Q (2012) Boron nitride nanocarpets: controllable
synthesis and their adsorption performance to organic pollutants. CrystEngComm 14:4670–
4676

102. Portehault D, Giordano C, Gervais C, Senkovska I, Kaskel S, Sanchez C, Antonietti M (2010)
High-surface-area nanoporous boron carbon nitrides for hydrogen storage. Adv Func Mater
20:1827–1833

103. Lambert TN, Chavez CA, Hernandez-Sanchez B, Lu P, Bell NS, Ambrosini A, Friedman T,
Boyle TJ,Wheeler DR, Huber DL (2009) Synthesis and characterization of titania—graphene
nanocomposites. J Phys Chem C 113:19812–19823

104. Hu M, Zheng S, Mi B (2016) Organic fouling of graphene oxide membranes and its
implications for membrane fouling control in engineered osmosis. Environ Sci Technol
50:685–693

105. Essafri I, Le Breton J-C, Saint-Jalmes A, Soldera A, Szymczyk A, Malfreyt P, Ghoufi A
(2019) Contact angle and surface tension of water on a hexagonal boron nitride monolayer:
a methodological investigation. Mol Simul 45:454–461

106. Liu Q, Xu G-R, Das R (2019) Inorganic scaling in reverse osmosis (RO) desalination:
mechanisms, monitoring, and inhibition strategies. Desalination 468:

107. Weng Q, Wang X, Wang X, Bando Y, Golberg D (2016) Functionalized hexagonal boron
nitride nanomaterials: emerging properties and applications. Chem Soc Rev 45:3989–4012

108. Liu S, Ji J, Zeng H, Xie Z, Song X, Zhou S, Chen P (2018) Functionalization of hexagonal
boron nitride nanosheets and their copolymerized solid glasses. 2D Mater 5:035036

109. Muratore C, Varshney V, Gengler JJ, Hu J, Bultman JE, Roy AK, Farmer BL, Voevodin AA
(2014) Thermal anisotropy in nano-crystalline MoS 2 thin films. Phys Chemstr Chem Phys
16:1008–1014

110. Wang H, Zhang X, Meng J, Yin Z, Liu X, Zhao Y, Zhang L (2015) Controlled growth of few-
layer hexagonal boron nitride on copper foils using ion beam sputtering deposition. Small
11:1542–1547

111. Sutter P, Lahiri J, Zahl P, Wang B, Sutter E (2013) Scalable synthesis of uniform few-layer
hexagonal boron nitride dielectric films. Nano Lett 13:276–281

112. Glavin NR (2016) Ultra-thin boron nitride films by pulsed laser deposition: Plasma
diagnostics, synthesis, and device transport

113. Sutter P, Lahiri J, Zahl P, Wang B, Sutter E (2012) Scalable synthesis of uniform few-layer
hexagonal boron nitride dielectric films. Nano Lett 13:276–281

114. XuM, Fujita D, ChenH,HanagataN (2011) Formation ofmonolayer and few-layer hexagonal
boron nitride nanosheets via surface segregation. Nanoscale 3:2854–2858

115. Zhang C, Zhao S, Jin C, Koh AL, Zhou Y, XuW, Li Q, Xiong Q, Peng H, Liu Z (2015) Direct
growth of large-area graphene and boron nitride heterostructures by a co-segregation method.
Nature Commun 6:6519



Hexagonal Boron Nitride (h-BN) in Solutes Separation 191

116. Glavin NR, Jespersen ML, Check MH, Hu J, Hilton AM, Fisher TS, Voevodin AA (2014)
Synthesis of few-layer, large area hexagonal-boron nitride by pulsed laser deposition. Thin
Solid Films 572:245–250

117. VelázquezD, Seibert R,ManH, Spentzouris L, Terry J (2016) Pulsed laser deposition of single
layer, hexagonal boron nitride (white graphene, h-BN) on fiber-oriented Ag (111)/SrTiO3
(001). J Appl Phys 119:



Molybdenum Disulfide and Tungsten
Disulfide as Novel Two-Dimensional
Nanomaterials in Separation Science

Mateus H. Köhler, João P. K. Abal, Gabriel V. Soares,
and Marcia C. Barbosa

Abstract Beyondgraphene-basedmembranes, forwater desalination, a vast horizon
of newmaterials has been discovered for solutes separation fromwater. In this realm,
the transition-metal dichalcogenides (TMDs) molybdenum and tungsten disulfide
(MoS2 and WS2, respectively) stand as promising two-dimensional (2D) materials.
Their tailoring for nanofluidics as well as the emerging synthesis and production
methods unfold the possibility of applying MoS2 and WS2 in modern desalination
processes based on 2D membranes. We present here an overview from their theo-
retical conception to their state-of-the-art applications, highlighting the challenges
and opportunities associated with measuring water flow and ionic rejection rates at
nanoscale. In a world full of environmental concerns, both the theoretical gaps and
experimental perspectives point toward a promising use of MoS2 and WS2 as green
components in separation technologies, contributing to increase the availability of
clean, potable water.

Keywords Transition metal dichalcogenides · Molybdenum disulfide · Tungsten
disulfide · Desalination

1 Introduction

Since the very beginning of this century,we havewitnessed a race to shrink the dimen-
sions of fluidic devices to the nanometer scale. The use of nanotubes or nanopores
made new discoveries on fluid transport possible, putting even classical hydrody-
namics in check [1]. In fact, two-dimensional (2D) materials were not even consid-
ered beyond the desks of physicists and chemists until quite recently with the rise
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of graphene, a one-carbon-atom-thick structure. The discovery of this fascinating
material and its exceptional properties [2, 3] completely changed the game.

Whilemuch research is still focused on carbon nanotubes (CNTs) [4], zeolites [5],
polymers [6], or ceramics [7] to act as membranes for ion separation, the fact is that
graphene and graphene-related materials have taken over the news with promising
nanofiltration results. More recently, van der Waals (vdW) assembly of 2D mate-
rials has been used to create artificial channels with sub-nanometer-scale precision
[8]. Two of these vdW structures, molybdenum disulfide (MoS2) and tungsten disul-
fide (WS2), stand as prominent alternatives to graphene, exhibiting many similar
characteristics as atomic thickness, large surface area, mechanical strength, extreme
durability, and also the most important: an exotic love-hate relationship with water
that leads to high permeation rates. MoS2 is the most widely employed TMD in a
range of applications and has recently been investigated for its potential in separation
techniques. This prototypical TMD is made up of a middle layer of molybdenum
sandwiched between two sulfur layerswith a thickness of ~1 nm and a robust Young’s
modulus of ~300 GPa [9] (comparable to Young’s modulus of steel). TMDs, a family
of over 40materials, are represented by the generalized formulaMX2 and consist of a
transition metal (M), for example, Mo, W, or Ni packed between two chalcogens (X)
such as S, Se, or Te. The coordination of a transition metal by chalcogens in a TMD
structure opens up the possibility for multiple stacking sequences. As illustrated in
Fig. 1, a single-layered TMD generally presents either an octahedral or a trigonal

Fig. 1 Illustration of metal coordinations and stacking sequences of TMD structural unit cells
Adapted with permission from Toh et al. [10]
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prismatic coordination phase. In multi-layered TMDs, a large variety of polymor-
phic structures arise as each individual layer can possess any of the two coordination
phases. The three commonly found polymorphs are defined as 1T, 2H, and 3R, where
the digit is indicative of the number of layers in the crystallographic unit cell, and the
letter designates the symmetry: T for tetragonal (D3d group), H for hexagonal (D3h

group), andR for rhombohedral (C5
3V group). The 1T formdisplaysmetallic behavior,

while both 2H and 3R forms exhibit semiconducting behavior. EachTMDpolymorph
possesses unique structural and electronic properties, which can be further explored
to build efficient adsorbent devices and desalination membranes.

Recent works have reported high water permeability and selectivity of MoS2
nanosheets, both desired features in desalination membranes. A flexible laminar
separation membrane prepared from MoS2 sheets exhibited a water flux from 3 to 5
times higher than that reported for graphene oxide (GO) and rejected 89 and 98% of
Evans blue and cytochrome C molecules, respectively [11]. The possibility to craft
the pore edge with Mo, S, or both provides flexibility to design nanopores within the
membrane with the desired functionality. Another option for creating a desalination
membrane is to use stacking layers of MoS2 instead of crafting a pore. A few-layer
MoS2 membrane of only 7 nm thick, grown by Chemical Vapor Deposition (CVD)
technique, has allowed for an excellent combination of highwater permeability (>322
L·m−2·h−1·bar−1) and high ionic sieving capability (>99%) for various seawater
salts including Na+, K+, Ca2+, and Mg2+ with a range of concentrations [12]. Near
100% of salt ion rejection rates for actual seawater obtained from the Atlantic coast
was also reported, significantly outperforming the previously developed 2D MoS2
layer membranes of micrometer thickness as well as conventional reverse osmosis
(RO) membranes. These results confirmed previous theoretical and computational
predictions about desalination capacity and water permeation of 2D nanoporous
MoS2 [13, 14].

Advancing the search for high-performance lamellar separation membranes, Sun
et al. [15] investigated the potential of WS2, a semiconductor material similar to
MoS2, with a Young’s modulus of ~270 GPa [16]. The bulk structure was exfoliated
and a thin film was constructed via filtration. The lamellar WS2 membrane exhibited
water flux five times greater than GO membranes and two times greater than MoS2
laminar membranes, rejecting 90% of Evans blue molecules. This impressive water
permeance further increased from 450 to 930 L·m−2·h−1·bar−1 with the addition of
metal hydroxide nanostrands. They created additional channels between the WS2
layers allowing for increased water transport without degrading the membrane’s salt
rejection properties.

Understanding the mechanisms and peculiarities of 2D membrane-based desali-
nation is the ultimate frontier to reach industrial scale. So far, cutting-edge theoretical
work has been driving advances and pointing directions for experimental work with
some success. But we still need more. We need to merge theoretical advances with
new experimental approaches, such as the scalable method to controllably make
nanopores in single-layer TMDs or nanoscale water velocity profile mapping intro-
duced by Secchi and collaborators [17], always sharing the goal of making large-
scale application of MoS2 and WS2 membranes in water purification possible. It is
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important to note that in terms of using nanostructured membranes in desalination
technology, such as RO systems, these advances open the door to work with a new
paradigm of membrane permeability and selectivity.

2 Computer Simulations

Before computers took over every laboratory—and even our daily life—science was
based on the assumption that we could only model the natural world through the
lenses of experiments and purely theoretical works. Take the example of the Dutch:
they built the Netherlands as we know it today with the help of the Delta Works,
a set of megastructures that hold back the ocean. To put together this enormous
project they had to build the Waterloopkundig Laboratorium, a massive concrete-
based hydrological laboratory conceived afterWorldWar II, in the pre-computer age,
where water could be guided into and out of large-scale trial models. Contemporarily
it is almost impossible to think of a world where things, from a small pen to a huge
hydroelectric plant, are not designed on a computer.

During an experiment, a set of results can be obtained directly from measuring
the properties of a system. Alternatively, a mathematical description could be used
to create a model, which in turn can be validated by its ability to describe some
physical behavior. Today, we have another tool to probe a physical system: computer
simulations. A model is provided by theorists but the calculations can be carried by
machines following some recipe. In this way, computer simulations unlocked the
possibility to study more complex and realistic systems, becoming a bridge between
theoretical models and real-world experiments [18].

There is no doubt that computer simulations play an important role in contempo-
rary science development. Several different computational approaches can be used
to study physical systems. For example, when we aim to investigate nanoscaled
structures the interactions between atoms are the core of the simulation. Often,
empirical interatomic potentials (as Lennard-Jones potentials) are fitted to repro-
duce a given experimental property using van der Waals systems as a basis. Thereby,
molecular dynamics (MD) simulations are used to obtain the temporal evolution of
different systems. But if the interest resides on the electronic structure of a strongly
covalent material, electronic correlations are very important and we need to use
ab initio methods such as density functional theory (DFT). We can even merge both
approaches and useDFT to parameterizeLennard-Jones potentials thatwill be further
used in MD simulations. Method suitability will depend on which kind of proper-
ties we are interested in, from infrared spectra to dynamical and thermodynamical
information.

Just like a puzzle that fits piece by piece, MD simulations adapted perfectly to
the study of physical and chemical properties of nanofluidic systems. They have
allowed us to probe a wide range of microscopic behaviors that otherwise would be
tremendously difficult to access at nanoscale. Simulations within MDmachinery are
usually performed in a feasible timescale with high accuracy. In other words, theMD
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approach is the mechanism in which we can perform computational simulations that
take into account thermodynamic and dynamic behaviors of nanofluidic systems.
It means that this approach can be viewed as a bridge between the quantum realm
(hidden in atomic interactions and sizes) and classical hydrodynamics.

While there are clear benefits to using MD simulations, there are also major
challenges. Computational materials scientists have worked hard to design general,
accurate, and reliable molecular and atomistic models. For example: in the case of
water, the model chosen to represent atomic geometries and interaction parameters
is the seed in which the whole dynamic relies on so that the physics can emerge
following the classical equations of motion. The mainstream model in MD simula-
tions is based on the Lennard–Jones potential plus a Coulombic term. The task of
finding the right model—which is generally suitable only for a handful of specific
systems—has haunted theoretical physicists and chemists since the first computer
simulation of liquid water with the Bernal–Fowler model in 1969. Even with the
help of new experimental data and theories being developed, water is still notori-
ously hard to model and remains relatively poorly understood, with several anoma-
lous properties—behaviors which contradict general theories on the liquid state of
matter.

The interest in nanometric desalination systems has led us to question how the
key properties of saline solutions can be captured in a computer simulation (e.g.,
mixing different interaction parameters). One of themost widely usedmethodologies
to classically simulate saltwater desalination consists of creating a box with the
membrane located between two reservoirs, each one pressed by a piston—usually
graphene-made. This imposes a controlled pressure gradient in water as illustrated
in Fig. 2a. Here we can highlight that (i) as we apply different pressures in each
reservoir and (ii) the solutions are at different concentrations, the system is not under
thermodynamic equilibrium. In fact, these simulations aim to find water transport
and salt rejection rates acquired at a steady-state flow, which is only possible in non-
equilibrium states. Of course, that as the simulation runs the system will eventually
reach equilibrium. But to mimic an actual nanoscaled RO scenario the simulation
should be far from this point.

In order to filter water using 2D membranes, we can use either the interlayer
spacing, forcing water to flow through the structure gaps, or drill holes (nanopores)
in the membrane. In any case, it is important to ensure that the nanopore size allows
only for the flow of water molecules. Interestingly, nanopores in 2Dmaterials such as
TMDs will naturally appear during the growth process. Point defects, grain bound-
aries, and van der Waals (vdW) gaps, among other structural deformations, have
been observed in CVD grown ofMoS2 andWS2 monolayers [19–21]. At first glance,
this might seem like a disadvantage, but the truth is that these “flaws” lead to the
emergence of nanopores and nanogaps that can be used to desalinate water and
remove heavy metals, biomolecules, and other pollutants. In the case of MoS2, for
instance, these intrinsic defects appear in high concentrations (~1013 cm−2 for sulfur
vacancies [22]). However, these “natural” pores are randomly distributed with varied
sizes, which pose a challenge for scalability—a very important aspect in large-scale
production.
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Fig. 2 Archetypal systems used in computer simulations of water desalination with a nanoporous
and b lamellar MoS2 and WS2 membranes

MoS2 and WS2 nanoporous membranes were idealized by theoretical calcula-
tions based onMD simulations, which predicted superior desalination performances.
While simulations involving MoS2 interaction potentials have been more frequent,
results for WS2 are more scarce due to the lack of proper force fields. There are
frictional losses in these systems that dominate fluid transport, and this phenomenon
is mostly related to the nanopore’s entrance. MD simulations have shown that in this
region, water flux is intrinsically connected with a complex hydrogen bonding (HB)
network and the ability to enter the nanopore is governed by a combination of favor-
able geometric orientations and HB configurations [23]. Interestingly, water flux
scales linearly with pore area when there is a big enough pore size [24]. For smaller
pores, a nonlinear relationship between water transport and pore area appears, which
implies that the phenomenon cannot be explained based on classical hydrodynamics
(continuum fluid model). This happens when the water membrane terms acquire
higher importance than the HB network interaction, which is a result of a reasonable
fraction of total confined water interacting with the wall—something that does not
occur with bigger pores.

We could think of the desalination process through 2Dmembranes as a collection
of small events, all happening at the same time. We could thus highlight the main
mechanisms as size exclusion, steric exclusion of the hydration shell, charge repul-
sion (pore chemistry), nanopore morphology, complex solute-pore interactions, and
entropy gradients. The first is directly related to the ion/nanopore size ratio, and the
second comes from the fact that these ions in water are surrounded by a hydration
shell, which means that in order to enter the nanopore the ions need to bare them-
selves from the water shell at some energy penalty. Both the pore’s chemistry and
morphology are going to affect possible HB configurations, that results in an impact
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on salt permeation. The fifth mechanism can be viewed as the possibility of mixing
different ions and observing different salts rejection. At last, entropic differences
can be expressed as a mix of nanopore morphology, charge distribution, and so on
as a result of the possible configurational restrictions, which in turn affects the free
energy barrier through the membrane.

When it comes to cleaning aqueous solutions using membranes, we need to face
a range of ions with different valences. Fortunately, MD simulations on solutions of
water and three cations with different valences (Na+, Zn2+, and Fe3+) indicate that
the higher the valence, the greater the ion rejection through 2D nanoporous MoS2
and graphene [13]. The desalination rates were confirmed even under a wide range
of test conditions, including high pressures and different nanopore sizes.

The cation charge dependence leads to another question: what if we add more
cations with higher valence to the solution? It would seem very inappropriate at
first, but surprisingly, simulations have shown that this procedure can lead to higher
desalination rates [25]. The possible reason is that the whole membrane-mediated
desalination process is based on the assumption that size matters. Furthermore, the
combination of larger ions and smaller nanopores (large enough to let water pass)
is crucial for efficient selectivity. When high valence ions are added, they aggregate
with counterions to form clusters that in time will be rejected by the membrane.

There are physical and chemical aspects that can be decisive either to improve or
to hinder 2D membrane-based desalination. Unfortunately, very few experimental
studies of ionic conductance through MoS2 and WS2 nanoporous membranes with
diameters lower than 2.0 nm have been reported. Almost all of our knowledge is
based on computational simulations and theoretical models. For instance, one impor-
tant parameter to control the flow through the nanopore is ionic conductance. Perez
et al. [26] developed a continuum model of ionic conductivity for a KCl electrolyte
through a sub-5-nm single-layer MoS2 nanopore using all-atom MD simulations.
They showed that electrolyte behavior deviates by 50% from bulk properties for
diameters below 2.0 nm: ion pore conductivity is about half of the bulk value for
2.0 nm and only a third when the diameter approaches 1.0 nm. Their results corrob-
orate the idea that the nanopore’s size plays a fundamental role in the desalination
process.

Usually, layer-stacked membranes made of 2D MoS2 and WS2 are synthesized
with hundreds to thousands of nanosheets.But this thickness is unlikely to bemodeled
in a traditional MD simulation due to computational limitations. Alternatively, we
can take advantage of the fact that there is a relation between measured flux and
membrane thickness. Indeed, if we fit the water flux versus the membrane thickness,
we can get a parabolic dependence in a way that we can estimate the experimental
value. For instance, Wang et al. [27] noticed that the predicted flux decreases as
membrane thickness increases, consistent with their experimental data. They found
that as their model membrane thickness increased to ~500 nm, water flux would
decrease to around 50 L·m−2·h−1·bar−1, matching the experimental value.

Whether measuring mass transport properties or the membrane’s mechanical
strength, computer simulations have constantly contributed to the prediction and
confirmation of 2D membranes’ use for desalination. There are many aspects which
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can make a certain material a good candidate to be used in desalination membranes.
High structural strength when subjected to high pressures is certainly one of them.
Therefore, as important as the ability to retain ions is themembrane’s ability to remain
stable under strong external pressures. Unfortunately, an experimental work by Sun
et al. [15] showed that nanochannels created in lamellar thin films of WS2 with the
addition of metal hydroxide nanostrands can crack under high pressure. Although
first-principles calculations revealed Young’s modulus Y = 200 GPa for 2D WS2,
comparable to stainless steel, finite-element-basedmechanical simulations confirmed
the collapse of cylindrical channels at a critical pressure of ~ 1.6 GPa. All of these
structural fractures could pose a significant problem regarding themembrane’s desali-
nation capacity. Remarkably, the formation of nanocracks within theWS2 membrane
was found to increase water permeance as a consequence of increased porosity. In
other words, the crack produces new fluidic nanochannels that further results in water
flux four times higher than that of the as-preparedWS2 membrane, without rejection
performance degradation. According to Sun’s group, these membranes have separa-
tion performances 2 orders of magnitude higher than that of commercial membranes
with similar rejection rates.

3 MoS2 and WS2 Syntheses and New Fabrication Methods

Usually, 2D materials are the basic building blocks of bulk materials when they
are stacked together layer by layer. The possibility to obtain a single layer of carbon
(graphene) frombulk graphite has led to exciting newphysics andmaterial properties,
for instance: atomically thin electrical and thermal conductors, high transparency to
visible light, and high carrier mobility [28]. After the first works on graphene isola-
tion by micromechanical exfoliation, several other methods to obtain graphene were
investigated, such as molecular beam epitaxy [29], CVD on metal surfaces [30], and
graphene films on silicon carbide (SiC) single crystals formed by silicon evaporation
[31], among others. Yet, none of these growthmethods completely fulfills every basic
requirement for applications where suitable size and quality are mandatory, such as
in high-performance electronic devices. Still, some of these growth methods such as
CVD and silicon evaporation from SiC crystals can be used in applications with less
restricted requirements, namely: anti-corrosion coatings and paints [32], nanoporous
membranes for desalination [33], and pesticide biosensing [34]. Moreover, the elec-
tronic band structure of graphene has a linear dispersion near the K point, where the
bottom of the conduction band touches the top of the valence band, making it a zero-
gap semiconductor. This provides a great challenge to produce electronic devices for
many applications where high “on and off” electrical current ratios are required.

In the past decade,many other 2Dmaterials have been isolated and studied, such as
hexagonal boron nitride (h-BN), silicene, phosphorene, and TMDs. TMDs are a class
of materials composed of a transition metal from groups IV to VI (such as Ti, Nb, W,
Mo, etc.) and a chalcogen (S, Se, or Te). Different from graphene, these 2Dmaterials
are composed of three layers of atoms, where a metal plane is bonded to a chalcogen
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plane on both sides. They usually present a hexagonal crystal structure, where the
wide range of possible compositions leads to several distinct optical, electrical, and
mechanical properties. For instance, TMDs can present metallic (NbTe2, TaTe2) and
superconducting [35] (NbS2, TaS2) or semiconducting [36] (MoS2, WS2) electronic
properties. Interestingly, TMD properties have some degree of reliance upon the
number of layers, where the chalcogen–metal–chalcogen structure is considered a
monolayer. One of the most common properties dependent on the number of layers
is the TMDs’ band structure. Many of them present a transition from an indirect
(bulk material) to a direct (monolayer) band gap, allowing for optoelectronic device
application [37]. One example is theMoS2 transition from bulk with a 1.3 eV indirect
band gap to a 1.8 eV direct band gap in monolayer form [38]. A similar effect is
also observed in graphene when it presents a band gap different from zero [39] or
superconductivity [40] in a bilayer structure.

The reproducible synthesis of 2D materials is mandatory for characterizing these
layer properties, aswell as providing a path for their integration into a variety of appli-
cations. It is possible to distinguish between the two most widely used methods to
synthesize single- and few-layer 2Dmaterials: the top-down and bottom-upmethods.
The first is based on the exfoliation of layered bulk van der Walls crystals, while
the latter is obtained by CVD growth on different substrates. The micromechanical
exfoliation has been used routinely to obtain 2D flakes, which may contain several
crystal layers to a single monolayer. Van der Walls crystalline solids are usually
employed as the base material for exfoliation. The crystal structure is composed of
atom layers strongly bonded covalently or ionically in-plane, and these planes are
stacked together by weak van der Walls forces. These van der Walls energies are in
the range of a few of meV, which enable the easy exfoliation of the atomic layers.
This was the approach used to obtain the first graphene layers [2] and it is still used
for a wide range of materials, predominantly using a tape as the (dry) exfoliation
method. 2D materials such as MoS2, black phosphorus [41], and h-BN [42] have
been obtained using this procedure. The obtained 2D monolayers present the same
crystal structure as their bulk counterparts and can remain thermodynamically stable
under ambient conditions up until weeks. This method of isolation of individual and
few layers still is one of the most widely used to study their properties and for the
fabrication of electronic devices, since it can produce monolayers with high quality.
Nevertheless, it is mostly limited to crystal sizes in the order of some µm, making it
unsuitable for large-area applications.

Conversely, CVD growth is able to produce high-quality 2D materials with
controlled size, number of layers, and superior electronic properties. Specifically,
this method has been used to produce large-area MoS2, WS2, graphene, and h-BN,
which can be integrated into the fabrication of nanoelectronic devices.

MoS2 growth can be obtained using two different precursors, one that containsMo
and another that contains sulfur. The process involves typicallyMoO3 and S powders,
where the substrate can be a dielectric (such as SiO2) or conductor (graphene), among
others. It consists of heating MoO3 to become volatile as some sub-oxide (MoOx)
and then reacts with the sulfur vapor to produce MoS2 of the desired substrate.
There are many variations of this process that can lead to MoS2 layers with sizes
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up to a few mm. In some cases, the MoO3 is first deposited on the substrate and
then it is submitted to the sulfur vapor annealing. Some works have reported on the
deposition of Mo films that were later sulfurized to produce MoS2 [43]. Modulating
the homogeneity and thickness of Mo and/or MoO3 film determines the quality and
thickness of the MoS2 film. In any case, this CVD approach has been shown to be
highly scalable.

In some cases, a single precursor which contains both elements has been used
[44]. (NH4)2MoS4 can be thermally decomposed on insulating substrates and, simi-
larly to the process described above, can also yield large-area MoS2 in the presence
of sulfur vapor. Moreover, transistors based on this CVD-prepared MoS2 showed
good electronic properties with large on/off ratios [45]. Nevertheless, these values
are lower than those obtained from the mechanically exfoliated MoS2 because
the crystal defects shown in the CVD-grown films can be deleterious to carrier
mobility [46]. Finally, recent works on a variation of CVD, the metal-organic
(MO)CVD using bis(tert-butylimido)-bis(dimenthylamido)molybdenum and dietyl
disulfide have produced MoS2 layers from 1 to 25 nm thick at short deposition times
(90 s) and with great uniformity on 50 mm SiO2/Si wafers [47], making it very
promising for large-scale applications.

WS2 posses similar electrical, mechanical, and optical properties as MoS2 and
can be synthesized in a similar fashion. For instance, the band structure of WS2 is
also dependent on the number of layers since bulk WS2 is a semiconductor with an
indirect band gap of 1.4 eV, while monolayer WS2 presents a direct band gap of
2.1 eV [48]. It is also possible to obtain WS2 through micromechanical exfoliation
and CVD. Dry exfoliation is very similar as in the case of graphene and MoS2: a
tape is applied to a bulk WS2 crystal removing from single to few layers of WS2
which can be transferred on the desirable substrate. Superior crystal and electronic
properties are obtained using this method, but it lacks scalability. Chemical (wet)
exfoliation has also been reported [49].

The W-based precursors for CVD growth of WS2 present higher melting points
than the ones used in the MoS2 growth. For instance, W has a melting point of
3422 zC and WO3 of 1473 zC [43]. This makes WS2 deposition more challenging
than MoS2 since the Mo-precursors present a lower melting point. Still, the basic
approach is similar for both materials: reaction of sulfur vapor with a W-precursor
at high temperatures, which is deposited on the substrate.

The most common precursors are WO3 and sulfur powder. They are heated inside
a reactor under an inert gas flow, such as argon. The reactor temperature is usually in
the 850–950 zC range. Among the challenges also observed in the growth of MoS2
(homogeneity, crystal quality, mechanical and electrical properties, layer number
control, etc.), one of the main issues for WS2 growth is the high temperatures
employed in its process. In this manner, there is a limitation on the type of substrate
that can be used to grow WS2. Some works have reported on the use of alternative
W-precursors in order to lower growth temperature, such as the use of WCl 6 [50]. A
great effort must bemade in order to growWS2 directly on several types of substrates
and materials.
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4 Feasibility of Free-Standing MoS2 and WS2 Membranes
in Filtration

Recently, free-standing membranes of 2D materials have attracted attention due to
their wide range of applications, including piezoelectricity in MoS2 [51], single-
molecule DNA sensing [52], high Young modulus [9], and water desalination [11,
53]. They can also be used to investigate fundamental properties of 2D materials
since free-standing membranes are not influenced by underlying substrates [54–56].

Free-standing WS2 membranes have also been produced using similar methods.
The most used approach to produce these membranes is to use a substrate containing
an array of circular or square holes, usually produced by chemical or e-beam lithog-
raphy. After that, the desirable 2D material (MoS2 or WS2) is transferred to this
substrate’s surface. Since the transference process of CVD 2D materials can be
difficult, the use of exfoliated materials is preferred.

Eda et al. [57] have prepared MoS2 nanosheets by chemical exfoliation using
organolithium intercalation and forced hydration. Li intercalates between MoS2
layers, and when it reacts with water, it increases the plane spacing with hydrogen
gas. The resulting MoS2 is then used to produce layer-stacked membranes. Using a
CVD approach, Waduge et al. [56] prepared micrometer-scale apertures in silicon
nitridemembranes, whichwere placed above a boat containingMoO2. A second boat
containing sulfur was heated and the carrier gas (Ar) transported the sulfur vapor to
the silicon nitride membranes. The growth process takes place at 750 zC leading to
selective MoS2 growth near the apertures.

4.1 MoS2 and WS2 Membranes Compared to Other 1D/2D
Materials

Figure 3 compares MoS2/WS2, graphene, and CNT membranes. One of the most
interesting discoveries of our time and hypothesized as fruitful for a large range
of future technological applications is the role of dimensionality in determining the
properties of amaterial. Ultrathin 2D nanosheets of layered TMDs are fundamentally
intriguing. Aside from presenting electronic properties diverse from the bulk, this
group ofmaterials exhibits versatile chemistry in contrastwith graphene’s chemically
inert behavior [35]. Furthermore, 1D materials have attracted a lot of attention once
theoretical and experimental observations led to the discovery of anomalous water
transport under certain conditions, enabling nanofluidic flow enhancement in CNTs
[58]. In this section, theMoS2 andWS2 membranes will be compared to other 1D/2D
materials from the computational and experimental perspective.

A general 2D material can be used to transform a very thick membrane into two
kinds of construction design: a nanoporous membrane or a layer-stacked membrane
[59]. In terms of desalination purposes, nanoporousmembranes ofMoS2 andWS2 are
very peculiar for they present a mix of hydrophobic and hydrophilic edges, which
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Fig. 3 Comparison between MoS2/WS2 [59], graphene [66–68] and CNT membranes [69–71]

in turn can be tuned to enhance water permeability and salt rejection. Heiranian
et al. [14] constructed nanoporous membranes with three pore edge types: the first
labeled as mixed (a combination of molybdenum and sulfur atoms), and the other
two labeled asMo only and S only (terminated only by molybdenum or sulfur atoms,
respectively). MD simulation analysis of water permeation through each membrane
allowed them to conclude that Mo only pores and mixed pores perform better than
S only pores regarding water flux. The reason is related to the fact that Mo-only
regions achieve higher local water density, hence attractingmorewater throughout all
possible MoS2 pore architectures. They applied the same methodology for different
force-field parameters to mimic different membrane compounds, such as MoSe2,
MoTe2, WS2, and WSe2, and reported that the transition metal atom plays a more
important role than the chalcogen atom when it comes to choosing the best TMD
material for desalination. Water permeability was found to be two to five orders of
magnitude greater than in current technology and 70%better than graphene nanopore
with similar sizes. These results demonstrate how thematerial’s chemistry (especially
in nanopores) leads to exotic relationships with water, which is attracted to the inner
pore, enhancing both water permeation and rejection of unwanted substances.

Taking advantage of MoS2 nanosheets imperfections, Li et al. [60] used MD
simulations to propose a desalination process regulated by “open” and “closed” states
induced by a mechanical strain. By applying lateral strain to the MoS2 membrane,
they observed a high water transport rate (355.3 L·m−2·h−1·bar−1) and excellent salt
rejection capability when the membrane reached the open state, which corresponds
to a strain of about 6% (~6% cross-sectional expansion in the membrane). The
membrane demonstrated high water transparency and strong salt filtering capability
even under a 12% strain. In this case, the mechanical strength associated with TMDs
is a critical parameter, paving the way for a large-scale industrial application.
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When it comes to the experimental realization of 2DMoS2 membranes, the layer-
stacked scheme is the current feasible option [12, 59, 61] due to the challenges
concerning scalability and fabrication of large areas ofMoS2 monolayers [59] and the
generation of nanoporeswith homogeneous size distribution. Nevertheless, 2D layer-
stacked MoS2 with few ~7 nm thick layers has been recently tested with promising
water permeability of up to 320 L·m−2·h−1·bar−1, and stable high ionic sieving capa-
bility (> 99%) [12]. This type of membrane allows for water flow in between their
grain boundaries and gaps. As for MoS2, a 300 nm layer-stacked membrane of WS2
exhibited an even higher water permeance of 730 L·m−2·h−1·bar−1 [15] at the cost of
rejecting 90% 3 nm Evans blue molecules—a typical solution procedure to evaluate
rejection rates. In terms of RO saltwater purposes, it is very important for amembrane
to be able to reject 99.5% of salt at standard test conditions [62, 63].

To emulate the natural hydrophilicity present in bothMoS2 andWS2 nanopores, it
is possible to add chemical functional groups in nanoporous graphene to then adjust
the pore’s chemistry. Using classical MD simulations Cohen-Tanugi and Grossman
[64] investigated water flux through hydrogenated (bonded with H) and hydroxy-
lated (bonded with H and OH) graphene nanopores. They reported permeabilities
two to three orders of magnitude higher than commercial RO membranes at the
same salt rejection rate for some nanopore sizes. By maintaining pore size and using
hydroxyl groups, they also discovered water flux enhancement when compared to the
hydrogenated case. In addition, Risplendi et al. [65] used quantum (DFT) and clas-
sical (MD) simulations to show that functionalized graphene nanopores can reject
even neutral solutes such as boric acid (H3BO3). In order to guide future membrane
designs, it is very important to understand the challenges involved in the commer-
cialization of ROmembranes such as chemical and thermal sensitivity, rapid fouling,
and cleaning.

An experimental work of Surwade et al. [72] demonstrated the possibility of
using this kind of nanoporous graphene monolayer as a desalination membrane. The
nanopores, produced through exposure to oxygen plasma, confirmed the indication of
previous theoretical studies and presented a permeability of ~252 L·m−2·h−1·bar−1—
assuming a nanopore density of 1012 cm−2 and sizes of 1 nm in diameter. Test
conditions have further confirmed that graphene oxide membranes remain with
excellent water permeance, separation efficiency, chemical and mechanical stability
in water, acid, and basic solutions even after months [73]. However, despite the
attractive potential improvements in the manufacturing process, a cost-effective
graphene-based desalination device and other 2Dmembranes are still uncertain [66].

The option of layer-stacked graphene membranes is attractive comparing the
industrial scale challenges related to the fabrication of large-areamonolayer graphene
with controlled pore density and size, a process which is intrinsically stochastic [67].
Although the water transport mechanism is a bit different in stacked GO nanosheets,
experimental works have demonstrated the possibility of controlling the interlayer
spacing in GO membranes and use it as a water transport channel with salt exclu-
sion up to 97% [74], a performance that is comparable to a typical forward osmosis
membrane. On the other hand, GO needs some stabilization strategy (embedded in
epoxy, for example) once it can disintegrate in aqueous solutions [68].
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Long before 2D membranes came to the spotlight of research on desalination,
membranes composed of CNTs were extensively studied as attractive materials [71].
The investigation of water transport through CNTs led to the discovery of new and
exciting properties, such as flow rate enhancement [1], which was seen as a very
useful feature for desalination purposes. In 2D materials, the high transport rate is
associated with their extremely low thickness of just a single atom.

Notwithstanding, the high water transport rate observed in CNTs is a conse-
quence of the smooth hydrophobic inner core, which allows for uninterrupted water
molecules passage with negligible adsorption and almost no friction [75]. Indeed,
the enhancement flow factor—defined as the ratio between measured flow and the
ideal no-slip Poiseuille flow—puts classical hydrodynamic theory in check, once the
condition of zero interfacial fluid velocity does not necessarily hold at nanoscopic
length scales [58]. This means that while water permeability goes down as we
increase the thickness of 2D membranes, it is almost independent of the nanotube
length, making CNTmembranes still commercially attractive. Secchi et al. [17] have
confirmed experimentally fast water transport behavior with nearly frictionless inter-
faces through carbon nanotubes. Besides these elevated speeds, high aspect ratio, and
easy functionalization—a prerequisite for desalination purposes, avoiding aggrega-
tion that harms ion selectivity and water flux—renders CNTs as a widely explored
nanomaterial in water purification research.

Among other categories, we could divide CNT-based membranes into two types
based on their configurations: freestanding and mixed with polymeric materials [69].
The former can be produced either with vertically aligned nanotubes—where water
is forced through inside them—or as buckypaper membranes—in short, a random
network of CNTs with the large specific surface area. This network is structurally
similar to the current commercial thin-film ROmembrane composite in which CNTs
are mixed with the top layer polymer. Buckypaper CNT membrane poses as an
excellent alternative for desalination in distillation technology [76]. In contrast, Baek
et al. [77] successfully synthesized a vertically aligned CNT membrane with pore
diameters of ~ 4.8 nm and a pore density of 6.8 × 1010 cm−2. They presented
improved performance (three times higher flux) compared to typical ultrafiltration
(UF) membranes. Additionally, vertically aligned CNT membranes can be obtained
from thermal and oxygen-plasma treatments of densified outer-wall CNTs [78]. The
advantage of the latter is that pore diameter can be readily varied (e.g., from 7 to
40 nm) through simple mechanical compression. CNT wall membranes obtained in
this fashion can deliver water permeability that approaches 30,000 L·m−2·h−1·bar−1

and still avoid bacterial adhesion and biofilm formation. As in every other nanoscaled
membrane, the experimental challenges here lie in the production of well-defined
specific nanotube diameters needed for selectivity purposes, pore size homogeneity,
alignment, and agglomeration control [62]. MD simulations have suggested that in
order to achieve desalination capacity comparable to that of ROmembranes the inner
diameter of nanotubes should be around 0.6 nm [79], and current state-of-the-art CNT
membrane synthesis is not able to meet these requirements. Also, there are concerns
about potential nanotoxicity in the aquatic environment [70, 80].
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CNTsmixedwith polymericmaterials arewell guided to be applied inROsystems.
High-performance RO CNT/Polyamide membranes can be achieved with CNTs
dispersion in typical polymeric matrices [81]. The technique of CNT incorpora-
tion into polymers is well known and represents an excellent strategy to conceive
membranes that are reasonable in terms of water flux (compared to vertically aligned
CNTs) but extraordinary in terms of salt permeation, which makes them ideal to
improve current RO technology.

Though promising, all of these membrane technologies are still far from reaching
the desired production and commercialization stage. The next generation of desali-
nation membranes is about to face the challenge of keeping the same (high) levels
of water permeability, salt rejection, and stability while also becoming industrially
scalable. In themeantime, there are several pitfalls to overcome such as chlorine toler-
ance, fouling/scaling, acid/base, and cleaning. The following section is focused on
the gaps and possibilities ofMoS2 andWS2 as viable alternatives for 2D desalination
membranes.

5 Research Gaps

(a)NanoporeOpening—Theavailable synthesis of large-scaleMoS2 andWS2 single
layers by CVDmakes them suitable to perform as water desalination 2Dmembranes.
However, nanoporous membranes (Fig. 2a) require well-defined and distributed
openings with pores of ≤ 1 nm radius. This is also true for layered membranes
(Fig. 2b), where superficial nanopores lead to improved filtration and selective ion
transport channels. From methods relying on plasma treatment or chemical etching
to irradiation with energetic particles, i.e., electrons or ions, there are different ways
to open nanopores in 2D membranes. Intrinsic defects in CVD-grown MoS2 and
WS2 membranes stand as a challenge regarding electron irradiation techniques.
While high-energy electrons are able to perforate freestandingMoS2 andWS2, single
or double vacancies are created during the process [82], limiting their application.
Exposing the membrane to a high flux of electrons can also result in uncontrollable
size distribution and pore density. Nevertheless, a combination of methods can be
used to achieve the desired scalability. A recent experiment combining focused elec-
tron beams with an in situ heating holder was able to drill nanopores inWS2 bilayers
(See Fig. 4) with precise control over spatial distributions with 5 nm accuracy of
patterning and the width of nanowells adjustable by dose-dependent parameters [83].
In contrast to electron beams, we can use ions (or heavy ions) to bombard MoS2 and
WS2 nanosheets, which involves a wider range of experimental parameters to be
explored during the defect creation mechanism. For example, swift heavy ions [84]
and highly charged ions [85] have been used tomanufacture well-defined openings in
freestanding MoS2. In this way, pores with radii ranging from 0.3 to 3 nm have been
created. Some groups have also exploited the electrochemical activity of MoS2 and
WS2. Debatably, electrochemical reaction (ECR) techniques were used to open well-
controlled nanopores in a scalable way [86]. But again, the high density of intrinsic
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Fig. 4 Schematic illustration of electron beam used to drill nanopores in bilayer WS2 Adapted
with permission from Chen et al. [83]

defects naturally occurring in TMDs can represent a drawback for upscaling the
method. The large-scale production of 2D MoS2 and WS2 to operate as nanoporous
membranes depends on the advancement toward improved synthesis and control of
nanopore fabrication.

(b) Vacancies—Due to the imperfect nature of CVD process optimization, intrinsic
structural variations such as atomic vacancies and grain boundaries are inherent to
CVD-grown 2D MoS2 and WS2. In this context, water permeability can be under-
stood in terms of the membrane’s intrinsic porosity. Sulfur vacancies of various sizes
can yield a large areal density of up to ~1013 cm−2 [22], rendering CVD-grown 2D
MoS2 layers sulfur-deficient in general [87]. Conversely, the areal density of large-
sized (~1 nm) intrinsic sulfur vacancies such as VMoS6 is much smaller than that of
small-sized vacancies, for example, VS of <0.3 nm. This competing situation makes
it difficult to experimentally quantify and identify the kind of specific vacancies
governing water permeability. Additionally, CVD-grown 2D MoS2 layers contain
a large density of intrinsic “nanopores” present along the grain boundaries formed
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by individually stitching 2D grains of distinct crystallographic orientation. The size
of these nanopores is larger than that of the atomic vacancies within basal planes
as they are generally composed of multiple uncoordinated atoms. Grain-boundary
nanopores play a very important role in the membrane’s permeability, governing
both water permeation and ion rejection. The uniformly spaced vdW gaps in the
CVD-grown 2D MoS2 also help the membrane to achieve high ionic sieving capa-
bility. In an experimental realization of few-layer 2D MoS2 membranes, Li et al.
[12] found the physical sizes of the hydrated ions to be larger than the interlayer
vdW MoS2 gap, which suggests that ion transportation is efficiently impeded. In
addition to this geometrical effect, the electrostatic interaction of atomic vacancies is
considered another major factor governing both water permeation and ionic sieving.
Theoretical works have suggested that salt ions encounter significantly high ener-
getic and steric barriers when approaching sulfur vacancies, while water molecules
are relatively unaffected [60]. In this case, cations such as Na+ will experience a
high Coulombic barrier due to the positively charged sulfur vacancies, which in
turn expose the hydrophilic Mo-rich sites to ignite a process of water attraction and
ion repulsion. Indeed, we have identified in our simulations that nanopores with
up to ~1 nm present strong ion rejection rates even at high pressures of ~100 MPa
[13]. Although experimentalists have shown good control of the naturally occurring
defects in CVD growth of TMDs, we still miss a systematic study on the vacancies
distribution where their effect, grain boundary, and vdW gaps would be properly
assessed.

(c) Imaging—Inorder to take advantage of all the prominent desalination and adsorp-
tion features ofMoS2 andWS2 membranes, it is very important to establish a precise,
reproducible, rapid, and nondestructive method to effectively image nanopores and
grain boundaries. This method should be also independent of the membrane compo-
sition, doping, and defect reconstruction. Although 2D nanoporousmembranes stand
as a new class of materials, the characterization of solid-state 2D nanostructures is
an old, always evolving area of research. Therefore, the long-term knowledge we
have built around this technology can be used to access atomic-scale information
about nanopore geometry and distribution along the membrane. For instance, we
have seen that transmission electron microscopy (TEM) directly resolves atomistic
details of defects but requires intensive anddisruptive sample preparation [19, 88, 89].
Alternatively, we can use photoluminescence or Raman spectroscopy that provides
rapid and nondestructive probes of the electronic and vibrational properties of defec-
tive regions. Both techniques often manifest as red- or blue-shifted emission with
enhanced or suppressed intensities when compared to the response from a pristine
crystal, but it depends on multiple factors that affect local electronic properties such
as material composition, doping level, defect passivation, grain boundary geometry,
or edge terminations [90, 91]. Nonlinear optical spectroscopy can be highly sensi-
tive to imaging imperfections, but their visualization can exhibit weak background
contrast [92] or require the use of chemical solvents [93]. We can alternatively boost
image contrast using dark-field (DF) microscopy. By comparing a bright-field linear
optical image of a TMD monolayer on quartz and a dark-field linear optical image
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one can clearly see the edges scattered in dark-field light. However, atomically thin
grain boundaries cannot be resolved by either imaging technique, because the in-
plane linear dielectric response of TMD monolayers is often isotropic, making the
scattered light intensity near grain boundaries indistinguishable. To circumvent this
limitation, Carvalho et al. [94] have proposed a dark-field nonlinear characterization
technique combining a second harmonic generation microscopy and a spatial filter
to further enhance the second harmonic contrast of 1D imperfections in 2D systems
(MoS2 orWS2), thus allowingdetailed large-area spatialmapping of grain boundaries
and edges regardless of their local atomic and electronic structures. There is still room
for technological innovations in 2D materials characterization. New and improved
nanometer-scale imaging techniques are going to rise in decades to come, enabling
advancements toward both applications and fundamental 2D materials discoveries.

(d) High Intensive Energy Use—Nanostructured membranes represent a break-
through in membrane technology because they allow to shift the trade-off between
permeability and salt rejection [62]. It also makes working with less membrane
surface than conventional technology possible. Still, energy consumption at equal
operating conditions is very similar to that of traditional saltwater RO (limited to
a reduction of almost 15% by theoretical calculations based on phenomenological
models [95]). In fact, the RO itself is just one stage among others. Because of that, a
15% reduction does not represent much in the overall cost saving. Improvements in
pressure bomb technology and pressure recovery systems allowed to reduce energy
demand associated with desalination plants over the last decades, but in the end,
the costs are ultimately limited by the osmotic pressure in the system. The bene-
fits of using an ultra-permeable membrane are more significant for brackish water
RO: a reduction of 46% in energy consumption could in principle be achieved [95].
Besides that, an ultra-permeable membrane opens the window of possibilities to
shift the operating conditions in order to optimize the desalination system. Another
breakthrough aimed at minimizing energy demand is challenging and necessary to
face both the world’s water scarcity and climate emergency [96].

(e) Simulations—Despite a large number of studies, there is still a long way to go
when it comes to fully understand the mechanisms behind 2D membrane desalina-
tion. Most of the difficulties are associated with the fact that in the vicinity of an
environment as complex as a nanoporous membrane, both water and especially ions
can assume completely unpredictable behaviors. For instance, Cohen-Tanugi and
Grossman [64] investigated the role of chemical functional groups bonded to the
edges of graphene pores to suggest that commonly occurring hydroxyl groups can
roughly double the water flux thanks to their hydrophilic character. It has been shown
that a nozzle-like structure of protein channels and other nanoscale membranes also
influences water transport [97]. TMDs such as MoS2 and WS2 offer the possibility
to craft the pore’s edge with Mo(W), S, or both, which allows for the design of func-
tional nanopores. Additionally, the fish-bone structure of these TMDs [14] makes it
promising as a nozzle-like sub-nanometer pore to be efficiently used in desalination
membranes. In their computational study, Heiranian et al. [14] revealed that pore
chemistry can significantly impact fluid transport, hence the ion rejection rate. It
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is important to note, though, that most of the computational results on desalination
membranes come from pure classical dynamics. Despite the widespread agreement
of these results with experiments, there is still much to advance in the chemical–
physical molecular understanding of the processes that lead to higher or lower water
fluxes, as well as the mechanisms and interactions between solution and membrane
that provide greater efficiency in solute rejection. This can be achieved by using
hybrid simulations that consider explicit charge transfer, for example.

(f) Toxicity—Along with the scalable use of MoS2 and WS2 nanomembranes, one
of the ultimate challenges is to understand more deeply how these structures are
going to affect the environment after release. For instance, nanomaterials may pose
a long-term threat if they are persistent and nondegradable [98]. In this regard, both
MoS2 and WS2 are considered chemically stable materials against environmental
stressors because of the absence of dangling bonds in the terminating S atoms [35].
Particularly the solubility of MoS2 is low under ambient conditions, which leads to
long-term persistence in the environment. On the other hand, this scenario can differ
for extreme conditions such as high temperature or strong oxidation, where TMD
nanomaterials can be oxidized to different oxides [99]. For instance, the oxidation of
MoS2 nanosheets has been shown to occur in aqueous solutions, leading to soluble,
low-toxic oxidation products [100]. The oxidation kinetics depend on factors such
as the pH and the crystallographic phase of the TMD.

Toxicity varies depending on preparation methods, but both MoS2 and WS2
nanosheets generally show high biocompatibility at concentrations up to ~100 ppm
and certain cytotoxicity at high concentrations (a few hundred ppm). For instance,
low toxicity of exfoliated, well-dispersedMoS2 nanosheets was observed, but aggre-
gated samples were found to induce acute lung inflammation in mice [101], raising
concerns about their size’s effects on the toxicity of these nanosheets. When it comes
to toxicity we have good reasons to believe that both MoS2 and WS2 nanosheets can
perform better than graphene-based nanomaterials [102], but there can be signifi-
cant differences between those TMDs. Polyethylene glycol (PEG)-coated 2H-MoS2
nanosheets have shown fast degradation and complete excretion within a month,
in marked contrast to WS2, which presented high levels of concentration in the
organs for months [103]. Further degradation experiments indicated that the distinc-
tive in vivo excretion behaviors of TMDs can be attributed to their different chemical
properties. Still, the peculiarities involved in the degradation and accumulation of
each material are yet to be clarified.

6 Conclusions and Perspectives

In this chapter, we analyzed the unusual 2D film properties of the TMDs MoS2
and WS2 with a specific focus on their application as adsorbents and membranes
for water purification. The study of 2D materials’ transport properties, even though
inspired by the enhancement flow observed in carbon nanotubes, has a very different
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origin. While fast flow in nanotubes is due to friction regardless of tube length,
in the case of 2D systems fast liquids transport is associated with their extremely
low thickness, and this phenomenon disappears as the layer grows beyond a certain
limit. Within single-layer surfaces, graphene is the material which not only has more
studies but is also more advanced in production. Nevertheless, TMDs exhibit water
permeability two to five orders of magnitude greater than the current technology
and 70% better than similar-sized graphene nanopores. These results demonstrate
how material chemistry (especially in nanopores) leads to exotic relationships with
water, which is attracted to the inner pore enhancing both water permeation and the
rejection of unwanted substances.

The actual nature of the TMD membranes’ higher permeability and ion rejection
is not clearly understood. In principle, the mix of hydrophobic and hydrophilic edges
are important ingredients, yet they do not explain why WS2 shows water flux two
times greater than MoS2 laminar membranes when both have a very similar charge
distribution.

TMDmembranes can be constructed either bymaking pores in the perfectmaterial
or by building up lamellar structures to employ filtration and adsorption qualities. In
both cases impact of defect, pore distribution, and thickness of the stacking layers
have to be explored together with the stability and toxicity of the material.

So far, what we have are prominent but diffuse experimental results. With the
help of theoretical and computational simulations—in addition to some creativity—
it is possible that in the near future both MoS2 and WS2 membranes can be used in
desalination plants, significantly improving their performance.
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Newly Emerging Metal–Organic
Frameworks (MOF), MXenes,
and Zeolite Nanosheets in Solutes
Removal from Water

Guo-Rong Xu

Abstract Freshwater crisis is an ever-increasing severe twenty-first-century
problem. Scientists, experts, and engineers are exploring various strategies to meet
the freshwater desire. Membranes with high ion rejections and adsorptive capability
are playing important roles in desalination and/or wastewater treatment. Many 2D
membranes have been demonstrated great potential in water purification, such as
metal–organic frameworks (MOF), MXenes, and zeolite nanosheets. In this chapter,
applications of these 2D nanosheets in desalting and heavy metal ions removal
are discussed from the point of computer simulations, synthesis procedures, and
experimental works.

Keywords Desalination · Pollutants · Two-dimensional nanosheets ·
Metal–organic frameworks · MXene · Zeolites

1 Introduction

Ever-increasing water shortage forces people all over the world to find effective
ways for water purification including disinfection, decontamination, reclamation,
and desalination. Desalination has developed into the most efficacious strategy and
has beenwidely used globally.Meanwhile, wastewater treatments, such asmunicipal
and industrial wastewater reclamation draw more and more attention in recent years
[1]. The specific character of desalination and wastewater treatment is that they do
not consume hydrological water resource. Accordingly, there is an important need
to develop efficient and sustainable technologies to realize freshwater augmentation
without consuming hydrological water cycle. Materials play vital roles in this aspect
of fabricating new technology for efficient water purification [2].

Given the fact that reverse osmosis (RO) desalination has become the most impor-
tant method in seawater desalination, RO membrane (mainly polyamide thin-film
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composite membranes, PA-TFC membrane) has gained extensive research in recent
years [3]. With the ongoing improvements and adjustments via various strategies,
such as surface modifications [4], nanoparticles incorporations [5], and sublayers
tuning [6], and interfacial synthesis controlling [7]; PA-TFC-based RO membranes
have obtained great advancements in both fundamental research and engineering
applications. Nevertheless, despite the comparatively excellent performance, RO
membranes are still limited by the low water permeability and membrane fouling
[8]. Currently, one of the great challenges for RO membranes is to further increase
their permeations in order to decrease the energy consumption, which is the main
cost component of RO engineering [9]. For example, Grossman et al. reported that
RO membranes with three times higher permeations could reduce the energy cost by
15–46% [8].

Not as that of salty water, wastewater is characterized by more complicated
components, sizes, charges, physical, and chemical properties [10]. Traditional
methods for the purification of wastewater are flocculation, coagulation, membrane,
advanced oxidation processes, filtration, biological processes, adsorption, chemical
precipitation, and so forth. Among these methods, because of complex instruments
and space-consuming facilities with high maintenance costs of other ones [11],
adsorption has always been the most versatile and facile way. Adsorbents are the
core of adsorption. Traditional adsorbents, such as ion-exchange resins [12], acti-
vated carbon [13], and functional clays [14], are always challenged by their limited
functional groups and not satisfied with adsorption ability. It is of great necessity to
explore more advanced adsorbents to meet the wastewater treatment desire.

In recent years, two-dimensional (2D) nanosheets and the corresponding assem-
bled layered nanomembranes (2D nanosheet materials) have shown great poten-
tial in both desalination and wastewater treatment, especially after the discovery of
graphene. Various 2D nanosheet materials such as graphene [15], graphene oxide
[16], molybdenum disulfide (MoS2) [17], boron nitride (BN) [18], silicon carbide
[19], MXene, and zeolite [20] have been widely used in desalination mainly theoret-
ically, accompanied by some experimental works. Meanwhile, unique physical and
chemical properties (e.g., unsaturated surface atoms, greater surface energy fractions,
etc.) enable 2D nanosheet materials to effectively adsorb heavy metal ions [21].

Together with zeolite nanosheets, MXene and MOF nanosheets have attracted
great attention in recent years in liquid separation area.Comparedwith other 2Dnano-
materials, these types demonstrate some unique characters. For example, although
possessing similar features like GO, MXene shows superiority in its hydrophilic
nature [22]. In this chapter, we focus on the applications of MOFs, zeolites, and
MXene nanosheets in wastewater treatment by adsorption and filtration (mainly RO).
Although some of these 2D nanomaterials also show great potential in removing
pollutants via other routes (e.g., organic pollutants removal by photocatalysis with
MOFs [23]), herein we do not include these issues because they are totally different
disciplines.
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2 Metal–Organic Framework, Zeolite and MXene
Nanosheets

2.1 MOF Nanosheets

High surface areas and well-ordered porous structures make crystalline porous mate-
rials (CPM) that show great potential in separation and adsorption [24]. Among them,
MOFs, which are typically constructed from metal ions/clusters and organic ligands
via coordination bonds, have attracted much attention [25, 26]. Both the metal ions
chemistry and ligand preparation versatility endow MOFs with great tunability and
distinguished interesting properties, such as chemical functionality, porosity, and
stability, compared with other porous materials. Thus, MOFs have been of partic-
ular interest and have been used in multidisciplinary areas since its first discovery in
1995 [27]. Thanks to their facile synthesis, large surface area, and chemical stability;
MOFs show great potential applications in purification and separation [28].

Tailorable pore structure and sizes, and porous structures with numerous active
sites make MOFs very promising in treating contaminants through adsorption [10].
Compared with other adsorbents, such as zeolites whose pores are limited by small
size formed through inorganic crosslinking anions, MOFs display advances owing
to their variable choices of metal ions and building blocks. The pore sizes of MOFs
could be tuned in the range of few angstroms to several nanometers.

Layered MOFs constitute 2D layers assembled in a vertical direction by stacking
via weak interactions, such as Van der Waals forces, hydrogen bonding, and π-π
stacking. These weak interactions can be easily disrupted. As a result, the stacked
MOFs would be exfoliated to 2D MOF nanosheets. For 2D MOF nanosheets, more
accessible active sites are exposed on surface, facilitating the interactions between
active sites and substrate molecules and improving the separation performance.

2.2 Zeolite Nanosheets

Zeolite, typically in forms of NaA, MFI, FAU, etc., is a kind of aluminosilicate
minerals with a microstructures composed of three-dimensionally (3D) connected
nanopores of 0.3–0.8 nm [29]. Considerable attention has been paid to layered
zeolites with a thickness varying from one to several unit cells [30]. Moreover,
232 distinct zeolite topologies have been identified and included in the International
Zeolite Associations (IZA) database to date, while 48 millions or more have been
theoretically predicted [31].
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2.3 MXene Nanosheets

MXene is a new family of 2D layered membranes based on transition metal carbides
and/or nitrides. The general chemical formula of MXene is Mn+1XnTz (n is in the
range of 1–3), M is transition metals, such as Ti, Zr, Hf, V, Nb, Ta, Cr, and Sc, X
is C and/or N, Tz is surface groups, such as O2−, OH−, F−, NH3, NH4

+. Presently,
fabrication of MXenes is mainly realized via exfoliation of A element such as Al of
its precursor of Mn+1AXn with weak combination by hydrofluoric acid solution or
mixed solution of hydrochloric acid and fluoride [32, 33]. MXene has emerged and
exhibited promising potential in electrochemical energy storage area via controlling
ions insertion between the atomically thin layers [34].

Besides, it should be noted that excellent characters, such as high flexibility,
mechanical strength, and hydrophilicity, enable MXenes with controllable thickness
fromnanometers tomicrometers,which are very promising in separation science. The
most studied MXene is Ti3C2Tx. Ti3C2Tx displays comparable mechanical strength
withGO. For example, Ti3C2Tx filmwith thickness of 3μmexhibits a tensile strength
of 22 MPa [35], while GO membrane with thickness of 2.5 μm shows 55 MPa [36].
Moreover, hydroxyl groups on alkalization interacted MXenes make them suitable
for removing heavy metal ions from wastewater [37]. For instance, high surface area
and hydrophilic surface endow Ti3C2Tx great potential in removing various heavy
metal ions and organic pollutants [38–40].

3 Computer Simulation

3.1 MOF Nanosheets

Hg0 and HgCl2 adsorption on UiO-66 was investigated using computer simulation
[41]. A reliable force fields (FFs) stemmed from plane-wave-density functional
theory (DFT) calculations was introduced to describe interactions between Hg0,
HgCl2, and UiO-66. Grand Canonical Monte Carlo (GCMC) calculations were used
to indicate the single and/or multi adsorption of Hg0, HgCl2, and other compo-
nents into UiO-66. The interaction energies between mercury species and UiO-
66 were researched. HgCl2 has a stronger affinity than Hg0 for UiO-66 with a
heat of adsorption of ~ 60 kJ/mol. Considering that MOFs materials are always
limited by the low chemical stability compared with that of zeolites [42]. Tb with
higher chemical stability and facile functionality with abundant functional groups
was used to construct MOFs. Adsorption of Pb2+ onto Tb-MOFs was theoretically
studied recently (Fig. 1) [43]. Carboxylate-based ligands of H3TATAB (4,4′,4′′-
(1,3,5-triazine-2,4,6-triyltriimino) tris-benzoic acid, containing amino, imine, and
carboxylic acid groups and Tb3+ were assembled into Tb-MOFs with nanotubular
shapes via solvothermal method. N groups seem to be the most prospective ligands
to remove heavy metal ions, while they did not react with constitutive metal ions.
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Fig. 1 a The structure of H3TATAB, b SEM images for Tb-MOFs nanotubular struc-
tures, c the coordinated environments of Tb3+, d The optimized geometries for Pb2+ ion
adsorbed on Tb-MOFs: (d-1) the single ligand binding with Pb2+, (d-2) the single ligand
binding (N1 removed a proton) with Pb2+, (d-3) double ligands binding with Pb2+, (d-4)
double ligands binding (N3 removed a proton) with Pb2+, e double ligands binding (N1 and
N3 removed two protons) with Pb2+, and e The calculated binding energies (Eb) between
Pb2+ and Tb-MOFs by DFT calculations. Figures are reproduced with permissions from
(Ref. 43)

H3TATAB has good affinity for Pb2+ through complexation and electrostatic interac-
tions [44]. Tb-MOFs displayed 547 mg/g of adsorption capacity toward Pb. Besides
the evidence of Pb–N– and Pb–N = bonding was confirmed by X-ray photoelectron
spectroscopy (XPS). DFT calculations revealed that the formation of the inner-sphere
complex between the carbon/nitrogen and Pb2+ followed the primary adsorption
mechanism. Pb2+ can bind with N groups of Tb-MOFs through the formation of
Pb-N- and Pb-N = to form inner-sphere complexes. The binding energy Eb which
indicates the interaction between the heavy metal ions and the adsorbents was calcu-
lated. All the Eb values were higher than 1.0 eV, indicating the chemical adsorption
of Pb2+ on Tb-MOFs. The higher Eb indicates the more favorable state. Deprotona-
tion increased the Eb energy for both single- and double-Tb-MOFs…Pb complexes,
suggesting the improved adsorption.
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2D MOF nanosheets see little applications in solute separations. Zr-MOF
nanosheetswere used as photocatalysts because of their ultrathin thickness of ~1.5 nm
and high exposed active sites [45].

3.2 Zeolite Nanosheets

The potential of zeolitic imidazolate framework (ZIF) in desalination was firstly
reported by Jiang et al. [46]. They further extended the research to five ZIFs
including ZIF-25 (dimethyl imidazolate), ZIF-71 (dichloro imidazolate), ZIF-93
(aldehydemethyl imidazolate), ZIF-96 (cyanide imidazolate), and ZIF-97 (hydrox-
ymethyl imidazolate) with varied functionalization and diameters of 0.51, 0.54, 0.37,
0.55, and 0.35 nm [47]. Compared to ZIF-93 and 97, ZIF-25, 71, and 96 exhibited
higher water permeation because of larger aperture size (da). Meanwhile, water flux
difference for ZIF-25, 71, and 96 themselves was ascribed to functional groups
polarity rather than da. In spite of larger da, hydrophilic CH3 group of ZIF-25
enabled themwith higher water flux compared to ZIF-71 and 96. As for the salt rejec-
tions, ZIF-25 exhibited 97% and the others showed 100%. ZIF-25 was considered
comprehensively the most potential alternative.

In spite of great potential, desalination performance of zeolite nanosheets is still
currently limited in computer simulationswith little experimental study. For example,
the structures and desalination performance of zeolite nanosheets were researched
by MD simulation [20]. It was believed that ultrathin-film nature and the versatile
pore structures enabled zeolite nanosheets to have a great opportunity in desalina-
tion. Influence of pore density, free energy barrier, and cages inclusion was studied.
It is indicated that desalination performance of zeolite nanosheets was derived from
their one-atom-thin thickness and unique water channels including one-dimensional
(1D), multi-dimensional, and cage-containing channels. Moreover, appropriate pore
diameter of 0.4–0.75 nm was also important. MD simulation results indicated that
zeolite nanosheets could exhibit salt rejection of 100% and water permeability one
time higher than that of currently used PA-TFC membranes. Water permeability
of zeolite nanosheet with one layer was as high as 40 L/(cm2·day·MPa), similar
as that of other novel ultrathin membranes such as graphene. Even with thick-
ness of 100 nm, zeolite nanosheets still demonstrated water permeability of 1.3
L/(cm2·day·MPa), much higher compared to conventional membranes in the range
of 0.03–0.2 L/(cm2·day·MPa).

Generally, heavy metal ions are always removed by adsorption. But membrane
filtration using nanosheets could also be used to realize heavy metal ions removal.
Potential of nanomembranes in removing heavy metal ions was Initially studied by
DFT [48]. The graphene structure was optimized to obtain the highest Cu2+ and Hg2+

removal. Moreover, they also investigate the ability of BN and graphene sheets in
removing Zn2+ and indicated that pore structure played key roles [49]. Furthermore,
they found that only ions with energy barrier difference could be effectively sepa-
rated. Besides the nanosheets above, MoS2 nanosheets were also applied to separate
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Hg2+ [50] and As2+ [51] from wastewater. In spite of these achievements, great chal-
lenges still exist in large-scale purification and desalination for all the nanosheets
above because of deficiency in long-term stable, multifunctional, and cost-effective
fabrication procedures [15].

The perpendicular pores in MFI zeolite enable water transport in all directions
and thus endow them with great permeation in desalination. Besides, the appropriate
pore size provides highs salt rejection [52]. More importantly, MFI zeolites could be
derived frommineral resources, which is abundant in natural and the cost is very low
[53]. Actually, zeolite is considered to be more advantageous in liquid separation
[54]. Recently, molecular dynamics simulation was used to study the desalination
performance of MFI nanosheets [55]. Non-equilibrium MD in a constructed RO
system was applied to investigate the HgCl2 and CuCl2 removal by MFI nanosheets
under 10–200 MPa (Fig. 2a and b).

Figure 2c shows Cu2+, Hg2+, and Cl− rejection by MFI nanosheets under various
pressures. Time-dependent simulated separation process under pressure of 50 and
100 MPa is displayed in Fig. 2d. Cu2+and Hg2+ could be totally rejected under all
pressures, while the pressure was increased to 100 MPa some Cl− could permeate
because of the overcoming of electrostatic interactions and Van der Waals. Figure 2d
indicated that all the salt ions were totally rejected under 50 MPa even in 10 ns. But
when the pressure was increased to 100 MPa, permeation of some Cl− occurred. In
spite of the comparatively low salt rejections under high pressures, extremely high
water flux could make some compensation. For instance, water flux dramatically
increased from 25.6 ns−1 to 173.6 ns−1 from 10 to 200 MPa.

3.3 MXene Nanosheet

It was reported that the surrounding groups of MXene could significantly affect the
heavy metal ions adsorption. For example, F and H sites weakened the adsorption,
while the intercalation ofX+ (X=Li,Na,K) could strengthen the adsorption behavior
of Ti3C2(OH)2. And alkalization intercalation could act as an effective method to
accelerate the heavy metal ions adsorption [39]. Different transition metal ions of M
and X endow MXenes with different properties because of various electronic struc-
tures [56]. Taking this under consideration, based on their research on the lead adsorp-
tion on alkalization-intercalatedMXene (Ti3C2(OH)2) [40], Guo et al.systematically
studied the adsorption of Pb on various MXenes (M2X(OH)2, M = Sc, Ti, Cr, Zr,
Nb, Mo, Hf, Ta, and X = C or N) using DFT by first principle calculations [57].

The adopted M2X type MXene is the thinnest in MXene family. The alkalization
treatment after the exfoliating by HF always leads to the formation of terminated
OH groups at their outer layers [58]. It is composed of tri-layer sheets characterized
by a hexagonal-like unit in which the M is nearly closely packed, and X fills in
octahedral sites [59]. The OH groups are always added to enhance their stability.
Three kinds of M2X(OH)2 were adopted in the research (Fig. 3a–c). For Model A,
two OH groups sited on the top of M hollow site. For model B, one OH group was
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Fig. 2 a Schematic of the problem before ion separation at 50MPa, b Ion separation at 50MPa after
10 nsMD simulation, c Ion rejection versus pressure using ZeoliteMFI nanosheet, and d Separation
process at different times and pressures usingMFI zeolite. Figures are reproduced with permissions
from (Ref. 55)

located on top of X atom and the other was located on top of M. For model C, two
OH groups were on top of X atom. Three modes exhibited different stabilities with
varying transition metal ions and C/N compositions. Except Zr2C, Nb2N, Hf2C,
TaC, and Ta2N; model A was energetically most stable. For Zr2C and Hf2C, model
B is more suitable. For Nb2N, Ta2C, and Ta2N, model C was most stable. Pb could
be adsorbed onto MXenes by replacing H atoms [60]. In this research, Pb could also
bond with O atoms but was restrained by the adjacent OH groups (Fig. 3d and e).
Changing M sites induced small difference for the three modes. Types of M played
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Fig. 3 The sketch maps of three different modes of M2X(OH)2 MXene a Mode A-M2X(OH)2,
b Mode B-M2X(OH)2, c Mode C-M2X(OH)2; the side d and e top view of M2X(O2H2-2xPbx).
Figures are reproduced with permissions from (Ref. 57)

important roles in Pb adsorption. For all the M2C(OH)2 MXenes, only Sc2C(OH)2
and Zr2C(OH)2 could not be able to adsorb Pb due to their positive formation energy
values. M2N(OH)2 had stronger affinity to Pb thanM2C(OH)2, which was evidenced
by the lower formation energy of Ti2N(O2H2-2XPbX) than that of Ti2C(O2H2-2XPbX).
Overall, Ti2C(OH)2 is most ideal MXene nanosheets for heavy metal ions removal.

Another research has also confirmed the roles of surface groups in affecting the
heavy metal ions adsorption on MXenen nanosheets using MD simulations [38]. Pb
and Cu ions adsorption on Ti2C2, V2C1, and T2C1 was investigated. Various groups
including H, OH, and F were decorated on the surface of MXene. It was found
that both adsorption capacities and binding energies were sensitive to the surface
functional groups. All the MXenes exhibited excellent adsorption ability to Pb and
Cu. Especially, the Pb adsorption capability could be as high as 2560 mg/g.

4 Syntheses Methods

4.1 MOF Nanosheets

Top-down and bottom-up methods are currently mainly used methods to fabricate
MOF nanosheets. In top-down process, bulk MOFs are exfoliated into nanosheets
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via the weak interaction such as Van der Waals forces and hydrogen bonding [61,
62]. Sonication [62], mechanical [63], intercalation [64], and chemical exfoliations
[65] are all belong to top-down methods. Zamora et al. firstly reported the synthesis
of MOF nanosheets ([Cu2Br(IN)2]n) by exfoliation [66]. This kind of nanosheets is
composed of one Cu dimer with ligands of bromine and isonicotinato. The layers
isonicotinato aromatic rings were stacked via π-π interactions, which could be dete-
riorated by mechanical force, and nanosheets with thickness of ~0.5 nm were fabri-
cated. MOF-2 (ZnBDC, BDC = 1, 4-benzenedicarboxylate) nanosheet was synthe-
sized by the similar strategy. The thickness and lateral dimensions were 1.5–6.0 nm
and 100 μm, respectively. In this work, the effect of various solvents was paid a
special attention [67].

Zn2(bim)4 (bim = benzimidazole) was exfoliated by combination technique
of sonication and well ball-milling [62]. 2D layers with interlayer thickness of
0.988 nm were stacked with weak Van der Waals interactions. Exfoliation of
stacked crystals was realized with treatment by wet ball-milled and the conse-
quent sonication, and thus fabricated nanosheets exhibited thickness of 1.12 nm.
Recently, Ni8(5-BBDC)6(m-OH)4 (denoted asMAMS-1, BBDC= 5-tert-butyl- 1,3-
benzenedicarboxylic acid) nanosheets were fabricated by freeze–thaw process using
MAMS-1 as the raw materials [68]. Dispersion of MAMS-1 powder in hexane was
firstly carried out and then they were frozen in liquid nitrogen of 196 °C. Finally,
thawing in hot water of 80 °Cwas executed. At the solid/liquid interface, nanosheets
were formed by the shear force induced by volume change of hexane. Thus fabricated
nanosheets are with thickness and lateral size of ~4 nm and 10.7 mm, respectively.

A combined intercalation/chemical strategy to fabricate MOF nanosheets via
exfoliation using organic ligands as intercalants was reported by Zhou et al. [65].
Chemically labile dipyridyl ligand (i.e., 4,40- dipyridyl disulfide (DPDS)) was
inserted into layered MOF (Zn2(PdTCPP) (TCPP = tetrakis(4-carboxyphenyl)-
porphyrin)). The interactions among the MOFs interlayer could be weakened by
the coordination between DPDS and metal nodes. Single-layer MOF nanosheet with
yield of 57% was fabricated by exfoliation through the reduction of disulfide bonds
with trimethylphosphine.

Different from top-down method, in bottom-up process, MOFs nanosheets are
directly synthesized from organic precursors and metals. During bottom-up process,
lateral directional growth is not affected but the growth in vertical direction is
restricted. Interfacial synthesis [69], three-layer synthesis [70], surfactant-assisted
synthesis [71], modulated synthesis [72], and sonication synthesis [73] are all belong
to bottom-up fabrication methods.

Interfacial synthesis is the most widely used method among all the bottom-
up methods. The main interfacial synthesis methods include liquid/liquid,
liquid/air, and liquid/solid processes. Generally, two immiscible liquids such as
water/dichloromethane and water/ethyl acetate were used to dissolve organic ligands
and metal ions in liquid/liquid process [74, 75]. Synthesis of some MOF nanosheets
(e.g., Fe(py)2[Pt(CN)4] (py = pyridine)) is an example of interface synthesis [76].
Particularly, liquid/air synthesis is the most widely used interfacial synthesis. In
liquid/air process, to control MOF nucleation and growth was controlled by reaction
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occurs at solvent interface. The thickness could be controlled by organic ligands
dispersion. For example, Nano-a (nickel bis(dithiolene) nanosheets) nanosheet was
fabricated by coordination reaction that occurred at the interface of benzenehexathiol
(BHT) and nickel acetate [69]. Ethyl acetate thin layer containing BHT spread on the
surface of aqueous solution of Ni(OAc)2/NaBr. By this method, nano-1 nanosheet
with thickness of 0.6 nm was formed.

Although with the wide application, interfacial synthesis is faced with a challenge
in the low yield. In order to deal with this, a three-layer synthesis strategy was
explored [70]. In this process, DMF and acetonitrile were used as miscible solvents.
Because of the different densities, acetonitrile was on the top and DMF was at the
bottom, and middle layer composed of equal DMF and acetonitrile was formed.
Cu(NO3)2 was dissolved in the top layer and BDC ligand was in the bottom layer.
With the continuous diffusion of Cu2+ and BDC ligands into the middle layer, MOF
nanosheets are formed. MOF nanosheets synthesis by this strategy had a very high
yield. CuBDS nanosheets fabricated in this process are characterized by the thickness
of 4–25 nm and lateral side of 0.5–4.0 μm, respectively. This method also displayed
great practicability in synthesis of many other MOF nanosheets such as ZnBDC,
CoBDC, Cu(1,4-NDC), and Cu(2,6-NDC) (NDC = naphthalenedicarboxylate).

Surfactant-assisted method has been used to fabricate MOF nanosheets with a
thickness below 10 nm [77]. The MOF products formation difference in the process
with and without surfactant was compared. Without surfactant, only the bulk crys-
tals were formed. When the surfactant of (Polyvinylpyrrolidone, PVP) was intro-
duced into the synthesis system, nanosheets with a thickness of ~8 nmwere obtained
because of the restricted growth in the vertical direction. In addition to the surfactants,
many other small molecules (e.g., acetic acid and pyridine) could also play the same
role [78]. They can coordinate with specific planes of MOF crystals and induce the
anisotropic MOFs growth [79]. In addition to the methods mentioned above, many
other ones (e.g., chemical vapor deposition (CVD)) could also be used to synthesize
MOF nanosheets [80, 81].

Besides the intrinsic synthesis, functionalization of MOF nanosheets is also an
important aspect [82]. Recently, various functional materials such as noble metals
[83], metal sulfide [84], and carbon nanomaterials [85] were incorporated into MOF
nanosheets to obtain the maximized synergetic effect.

4.2 Zeolite Nanosheet

Zeolites nanosheets with various interlayer linkers have been synthesized [86–89]
with the purpose to tune various catalytic systems, for example, isomerization and
hydrocracking [90], selective formation of molecules [91], and epoxidation reac-
tion [92]. Moreover, high-aspect-ratio zeolite nanosheets could further assemble
into zeolite films, which shows great potential in molecular sieving. The currently
used method to synthesize zeolite nanosheets was exfoliation. Nevertheless, because
of morphological damage (aggregation, curling, and fragmentation) and structural
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deterioration, it is still faced a great challenge to synthesize well-dispersed zeolite
nanosheets with high-aspect ratio. Recently, Varoon et al. reported the synthesis of
highly crystallizedMWWandMFI nanosheets derived from ITQ-1 andmultilamellar
silicalite-1/polystyrene (PS) blending [93]. Thus fabricated nanosheets, which exhib-
ited a highly crystallized flake-like structure with a thickness of 2.6 ± 0.3–3.4 ±
0.3 nm, could be further deposited on the surface of the porous substrate to obtain
sieving membranes.

Zeolite nanosheets could be significantly affected by the thickness and wrinkling.
Taking this under consideration, a 3D mapping method was exploited to precisely
control the wrinkles and thickness of zeolite nanosheets [94]. Thus synthesized MFI
nanosheets exhibited a thickness of 3.0 nm and a surface roughness of 0.8 nm.

In order to decrease the production cost, many other strategies in addition to the
exfoliation with expensive cost and low yielding were explored to synthesize zeolite
nanosheets. For example, MFI, sodalite (SOD), and Linde Type A (LTA) zeolite
membranes have been fabricated by in-situ microwave synthesis and/or microwave-
assisted secondary growthmethods (SGM) considering its rapid yield [95]. Nonethe-
less, these methods always require multiple steps including lengthy hydrothermal
synthesis, drying, and calcination for template removal procedure such as drying and
calcination. Thus they are actually labor and energy intensive. Consequently, opti-
mization is needed to make these methods more acceptable. Just recently, tetrapropyl
ammonium cation (TPA) was used as a structure-directing agent (SDA) to fabricate
MFI nanosheets with high-aspect ratio by a bottom-up seeded growth method [96].
Thus fabricated nanosheets displayed thickness of 5 nm and the pores are highly
oriented. This method displayed obvious advantages compared to exfoliation. In
general, the fabrication methods of zeolite membranes include.

(a) lodging of zeolite onto matrices (e.g., silica and polymers).
(b) layering zeolite onto a support (e.g., ceramic, clay, and carbon).
(c) self-supporting film.

Mobil five (MFI) zeolite membrane has been widely prepared by direct in-situ
crystallization.

4.3 MXene Nanosheet

The most usual method to synthesis MXene is etching of A element layers (Al or Si)
fromMAX phase by HF (Fig. 4) [32]. In this process, MAX powders are dissolved in
HF aqueous solution, followed by the centrifugation and filtration to separate solid
from suspensions. The solids are then washed till the pH value of suspension reaches
4–6. Various types of MXenes, such as M2X, M3X2, M4X3 MXenes, have been
synthesized via this method [34]. Especially, Ti3AlC2 is the most commonly used
MAX phase for the preparation of Ti3C2Tx MXene.

MXenes obtained using etching method are always terminated with -F, -OH, and
-O- (Tx) with multilayer structures [97]. Multilayered MXenes can be treated by
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Fig. 4 MXene synthesis by etching A layers fromMAX phase using HF (a) processes. Figures are
reproduced with permissions from (Ref. 32)

intercalation of small molecules (DMSO) or ions (Li+) [98] to increase the interlayer
distance by weak Van der Waals forces. The intercalated MXenes could be further
delaminated by sonication (Fig. 5a) [99]. Direct use of HF always involves multiple
hazardousmaterials [100]. Thus, besidesHF, other etchants such as in-situHF formed
by the reaction of HCl and fluoride salt (e.g., LiF) are also used (Fig. 5b and c).

5 Experimental Work

5.1 MOF Nanosheets

Various heavy metal ions including arsenic (As), cadmium (Cd), mercury (Hg),
and Uranium (U) adsorption on diverse MOFs were removed by adsorption using
various MOFs. As exists in forms of As5+ or As3+. As adsorption on MOFs was
firstly studied byWang et al. using UiO-66. High surface area and numerous adsorp-
tion sites endowed UiO-66 with high adsorption capacity of 303 mg/g at pH of
2 [101]. High adsorption ability was ascribed to the hydroxyl group and benzene
dicarboxylate ligand. Strong Zr–O bonding and hydrolysis stability render arsenic
removal ability to MOF-808. Li et al. fabricated monodispersed MOF-808 octa-
hedral nanoparticles using microwave-assisted method and used them in removing
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Fig. 5 a and bMultilayered and delaminated MXenes obtained during the process of acid etching;
c various etching and delamination methods. Figures are reproduced with permissions from (Ref.
99)

arsenic from wastewater with an initial concentration of 5 mg/L [102]. The adsorp-
tion capacity was 24.8 mg/g, which was higher than other porous materials such as
silica and aluminum oxide. Audu et al. reported both As5+ and As3+ on UiO–MOFs
involving Zr6+ node with missing-linker sites and a thiolate organic ligand [103].
The binding ability of missing-linker Zr6+ node and capture capability of thiolate
linkers, UiO-66 could adsorb both As5+ and As3+. Ma et al. anchored –SO3H group
on Cu3(BTC)2 by post-modification and oxidation. The resulted Cu3(BTC)2–SO3H
displayed un adsorption capacity of 88.7 mg/g for Cd, which was higher than that of
benchmark adsorbents [104]. Hong et al. investigated the role of MOF cavity for Cd
adsorption [105]. They used FJI-H9 to adsorb Cd and found that the high adsorption
was attributed to the synergetic effect of suitable cavity and strong hydrogen bonding
interaction. Chromium exists in wastewater in the form of either CrO4 or Cr2O7. Due
to severe detrimental effect of Cr on both the environment and the human beings,
extensive researchhas focusedon theCr removal byvarious adsorbents, amongwhich
MOFswere a great alternative [106–108]. Zhang et al. used two cationicMOFs (FIR-
53 and FIR-54) fabricated through ion-exchange technique to adsorb Cr, and both
MOFs showed high capacity of over 100 mg/g [109]. Chen et al. modified MOF-
867 using methyl groups to obtain a cationic Zr-MOF (ZJU-101) and used them to
adsorb Cr. The uptake capacity was as high as 245 mg/g, higher than any known
porous solids [110]. Xu et al. reported Hg removal by various MOFs containing
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sulfur-containing ligands [111–113]. They fabricated a kind of Zr-DMBN by intro-
ducing thiol groups into MOFs. Zr–DMBN could lower Hg concentration to below
0.01 mg/L after 12 h adsorption. Chem et al. reported a kind of sulfur functionalized
MOF (FJI-H12) starting from SCN, Co2+, and 2,4,6-tri(1-imidazolyl)-1,3,5-trizaine
(Timt) [114]. Adsorption capability of FJI-H12 could be as high as 439.8 mg/g. Li
and co-workers synthesized isoreticular luminescent MOFs (LMOF-261, 262, and
263) by introducing fluorescent molecules and sulfone functionalized co-linkers into
the framework. The obtained LMOFs were highly water stable and sensitive to Hg,
and the detection limit was as low as 3.3 ppb. Wu et al. reported a kind of rod-like
MOF-5 nanomaterials for U removal. The maximum sorption capability could be
237 mg/g at pH = 5 and 298 K [115]. The dominant sorption mechanism between
U and rod-like MOF-5 was the synergy of surface complexation and electrostatic
interaction.

Besides heavy metal ions, organic pollutants remove by MOFs have also been
extensively investigated. In 2010, Jhung et al. executed the pioneering work on the
applications ofMOFs in dyes removal. They usedMIL-101,MIL-53, and somemodi-
fied MOFs for adsorbing MO [116]. High porosity and large pore sizes contribute
to the high adsorption capacity. Specific affinities, such as electrostatic interactions,
also play important roles. Afterward, adsorption of dyes on other MOFs such as
MIL-100(Fe, Cr) was also reported [117]. Apart from the central metals influence on
the adsorption ability of MOFs, Bibi et al. investigated the role of surface conditions
[118]. MOFs have also shown adsorption ability to agrochemicals, such as 2,4-D
[119], MCPP [120], and herbicides [121].

MOF nanosheets have also shown applications in heavy metal ions removal. A
facile operating method was adopted to exfoliate few-layered CoCNSP nanosheets
from the bulk MOFs (Fig. 6a) [122]. Periodically aligned sulfur species were
distributed on the nanosheets. The nanosheets exhibited lateral area of 0.5 μm
(Fig. 6b) and thickness of sub-4.0 nm (Fig. 6c). S···S distance of 0.9476 nm
verified that the obtained CoCNSP nanosheets constituted few layers. CoCNSP
nanosheets displayed excellent heavy metal ions removal in the sequence of Co(II),
Zn(II), Cd(II), Ni(II) � Cu(II) < Pb(II) < U(VI) < Hg(II) regardless of single-
component and/or multi-component adsorption backgrounds. The uptake capaci-
ties of the nanosheets toward Hg(II), U(VI), Pb(II), and Cu(II) were 716, 661,
534, and 325 mg/g, respectively. Even with the ionic strength up to 100 mM,
CoCNSP nanosheets could also maintain high adsorption efficiency in a wide pH
range with good recycling performance. Xu et al. sreported a kind of 2D zinc-based
MOF nanosheets of Zn(Bim)(OAc) with high heavy metals capture (Fig. 6d) [123].
Zn(Bim)(OAc) nanosheets showed an ultrathin 2D structure with lateral length of
more than 2 μm thickness of 7.05 nm (Fig. 6e and f) with highly exposed active
sites. The adsorption capacity for Pb(II) and Cu(II) was 253.8 and 335.57 mg/g,
respectively.
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Fig. 6 CoCNSP nanosheets: a synthesis routes, b TEM and c AFM images; and Zn(Bim)(OAc)
nanosheets: d complex with Pb and Cu, e SEM and f AFM images. (the inset in c and f shows the
corresponding height profiles). Figures are reproduced with permissions from (Refs. [122, 123])

5.2 Zeolite Nanosheets

Thanks to their sub-nanopores and high porosity (30–40%), zeolites have seen lots
of applications in adsorption and catalysis [123]. In RO desalination they have also
displayed great potential [124]. While bulk zeolite membranes could be directly
used as a membrane in desalination [125, 126], zeolite nanoparticles can be used
as functional materials in tuning the structures and performance of RO membranes
such as introduction into surface polyamide layer [127–129] and/or sublayers [130] to
fabricate nanocompositemembranes. In spite of the great potential, direct application
of zeolite nanosheets in desalination have not seen in experimental or computational
investigations [86] although with reports in liquid adsorption [131] and membranes
[132]. Nevertheless, the ultrathin-film nature and versatile pore structures of zeolite
nanosheet make them very promising and in future it is speculated to be seen more
advance.

5.3 MXene Nanosheets

Although their desalination applications have not been seen, MXenes displayed
some unique potential, such as ultrafast water flux and size-selectivity, which has
been studied by Ti3C2Tx MXene membranes [133]. Ti3C2Tx MXene membranes
were fabricated by combined exfoliation, delamination, and vacuum filtration. They
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displayed similar structures as that of GO. Ti3C2Tx MXene membranes with inter-
layer spacing of ~0.6 nm demonstrated ultrafast water flux of 37.4 L/(m2·h·bar)),
which was attributed to the hydrophilic nature and the presence of H2O between the
layers. Ti3C2Tx showed high selectivity toward single-, double-, and triple-charged
metal cations and dye cations of different sizes. For cationic dyes (MB) with large
size, the rejection was 100%. For double-charged Mg2+, interlayer space shrank and
the permeation was lowered. Inversely, single charged Na+ expanded the interlayer
spacing and enhance the permeation. Such character enablesTi3C2Tx to be effectively
used in separating higher charged cations.

Ag nanoparticles were used to modify MXene (Ti3C2Tx) to enhance the perme-
ations and improve the antifouling capability (Fig. 7a–c) [134]. Ag@MXene with
variable Ag nanoparticles loadings were fabricated by in-situ production of Ag via
the self-reduction of Ag(NO3)2 on MXene surface. The intriguing thing was that
MXene acted as both the membrane and reducing agent. The optimized Ag loading
of 21% enhanced the water flux of MXene significantly from 118 to 420 LMH under
the same experiment conditions while the organic molecules rejections were well
maintained (Fig. 7d and e). In addition, Ag@MXene displayed better water flux
recovery than pristine MXene (Fig. 7f). Moreover, Ag@MXenen exhibited promi-
nently increased antifouling ability toward Escherichia coli with more than 99% of
inhibition, while the MXene manifested only 60% of bacterial growth inhibition and
hydrophilic PVDF as a reference sample exhibited no bacterial inhibition. This kind
of membrane can be a good candidate for NF applications (Fig. 7g).

Recently, MXene was intercalated into GO to synthesize MXene/GO lamellar
membranes to be used in molecular separations (Fig. 8) [135]. Because GO lamellar
membranes are not permeable for organic solvents, MXene nanosheets were inter-
calated into the interlayers of GO membranes to reduce the spacing distance via
vacuum filtration method. The composite membranes showed excellent water and
organic solvent permeations. The flux of pure solvents of water, acetone, methanol,
ethanol, and IPAwas 21.02, 48.32, 25.03, 10.76, and 6.18 L·m−2·h−1 (LMH), respec-
tively, and the rejections for all the dyes were over 990% in aqueous and organic
solvents.

MXene-based 2D nanosheets have also shown usage in heavy metal ions removal
[136]. Considering that Ti3C2Tx MXene might be oxidized in aqueous media,
magnetic Fe2O3 nanoparticles were deposited onto the surface of MXene (MGMX)
by solvothermalmethod using Fe(CH3COO)2 as a precursor to enhance their stability
(Fig. 9) [137]. MGMX could adsorb 99.9% OF Hg2+ with capacity of 1128.41 mg/g
even in the existence of backgroundmetal ions. The high adsorption was attributed to
the presence of large amount of O- and OH- groups together with negatively charged
surfaces. Magnetic properties of MGMX made them easily separated from aqueous
solutions after the adsorption.

And recently, a kind of Ti3C2Tx MXene-based core–shell spheres (MX-SA)
containing MXene core and alginate (SA) shell were fabricated and used as adsor-
bents for Hg2+ (Fig. 10) [138]. The spheres were fabricated using varied concentra-
tions of Ti3C2Tx MXene and SA via CaCl2 as the crosslinking agent. The optimized
MX/SA ratio was 4:20. Under this condition, the spheres exhibited the inner core
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Fig. 7 Cross-sectional SEM for a MXene, and b 21% Ag@MXene, c photograph of 21%
Ag@MXene membrane, comparison of the filtration performance of MXene and 21 Ag@MXene
for RhB, MG, and BSA molecules d flux and e rejection. Figures are reproduced with permissions
from (Ref. 134)

with thickness of ~1.5 mm and outer shell wall of ~20 μm. Unique inside structures
including high porosities, large specific surface areas, and oxygenated functional
groups of MXenes enables MX-SA to effectively adsorb Hg2+. Especially, binding
group of [Ti–O]–H+ had strong metal–ligand interaction with Hg2+. Additionally,
MX-SA spheres could further provide cage-like spherical structures that can entrap
Hg2+. Adsorption capacity of Hg2+ was 932 mg/g with removal efficiency of 100%
and other five heavy metal ions removal were all >90%. The binding of Hg2+ with
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Fig. 8 Intercalation of MXene into GO to fabricated lamellar GO/MXene membrane for solvent
permeation and molecular separations. Figures are reproduced with permissions from (Ref. 135)

MX-SA spheres was so strong that only >8 M HCl could desorb the adsorbed Hg2+,
which was similar as that of MOFs [139]. It should be noted that with MX-SA
treatment, Hg2+ concentration could be reduced to be as low as 1.8 ppb.

6 Research Gaps

Bringing 2D nanosheets-based water purification technology from the lab-scale
experiments and simulations to the industrial and/or field-level applications have
remained as one of the major challenges. For MOFs, MXene and zeolite nanosheets,
although their separation performance has been successfully evidenced in lab scale,
even now it is still difficult to realize their practical usage. The first challenge is
the sophisticated synthesis procedures which always involve the usage of abundant
organic solvents. Besides, the large-scale synthesis of nanosheets is also challenging,
which hinders their widespread applications in adsorption. In addition, when being
used in desalination, the interlayer spacing distance is hard to maintain under the
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Fig. 9 Schematic illustration for the synthesis of MGMX, SEM images and the adsorption ability
for Hg. Figures are reproduced with permissions from (Ref. 137)

harsh ionic environment. The removal efficiency toward single valent ions, such as
Na+ is usually very low, seriously limiting their desalination performance. The harsh
surroundings also reduce the stability of the nanosheets.

7 Conclusions and Perspectives

(a) More advanced fabrication strategies
Despite the promising research advances, challenges still exist in the synthesis
of 2D nanosheets. For example, the fabrication of MOF nanosheet using top-
down method is limited by the low yielding. MOF nanosheets obtained by
exfoliation method face the problem of stabilization and that obtained via
interfacial synthesis are encountered by the low crystallinity. It is urgent to find
more effective and facile method for the synthesis of 2D MOF nanosheets. In
addition, how to improve the yield should be further investigated. Furthermore,
the green synthesis procedures using environmentally friendly solvents should
also be taken into considerations. For example, in the fabrication of MXene
via exfoliation method, abundant fluorine containing solvents are used, which
might bring severe environmental problems.
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Fig. 10 Optical microscopic images for MX–SA4:20: a hydrogel spheres (3 mm), b following
vacuum freeze-drying (~2 mm), c cross-sectional view, and d core of MX-SA4:20 spheres. SEM
images for e Ti3C2Tx MXene, f dried MX–SA4:20 sphere, and g internal structure of sphere
cross section. h Schematic illustration of Hg2+ ions uptake onto MX–SA4:20 sphere. Figures are
reproduced with permissions from (Ref. 138)

(b) Precise control and tuning of the interlayer spacing distances
When 2D nanosheets are used in desalination, the critical point is to find effec-
tive method to control the interlayer spacing more precisely. Meanwhile, their
stability should also be strengthened. Only by doing this it can be possible
to design the membranes constructed by 2D nanosheets with specific purpose
toward the unique ions removal.

(c) Available adsorption sites strengthen
For 2D nanosheets used as adsorbents, two aspects can be considered in the
future research. Firstly, explore an efficacious method to distribute the func-
tional groups on the surface as much as possible to enhance the interactions
between the adsorbents and the pollutants. Furthermore, from the point of
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the industrial application feasibility and the recycle utilization, perhaps it is
desirable to load the nanosheets onto the traditional supports, such as ceramic
membranes, polymeric hollow fiber membranes, and electrospun nanofibrous
membranes that has been successfully used in water separation,

(d) Propel the feasibility in industrial scale
The majority of 2D nanosheets in desalination are based on the theoretical
studies. There is still a long way to realize the realistic large-scale desalina-
tion and solutes separation using 2D nanosheets. Combined with the research
gap analysis, further works should be devoted to the large-scale synthesis of
stable membranes. Spacing distance between the 2D nanosheets in membranes
should be precisely controlled via greener and more environmentally friendly
synthesis routes.

Overall, MOFs, MXene and zeolite nanosheets exhibit great potential in water
remediation and desalination owing to their unique structures. With the ongoing
efforts, their practical applications and roles in water resource remediation could be
promisingly anticipated.
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