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Abstract

A recently rising question of the applicability of two-dimensional (2D) materials to membranes of enhanced performance
in water technology is drawing attention increasingly. At the center of the attention lies graphene, an atom-thick 2D mate-
rial, for its readiness and manufacturability. This review presents an overview of recent research activities focused on the
fundamental mass transport phenomena of two feasible membrane architectures from graphene. If one could perforate pores
in a pristine impermeable graphene sheet with dimensional accuracy, the perforated 2D orifice would show unrivaled per-
meation of gases and liquids due to the OD atomic barrier. If possibly endowed with selectivity, the porous graphene orifice
would avail potentially for membrane separation processes. For example, it is noteworthy that results of molecular dynamics
simulations and several early experiments have exhibited the potential use of the ultrathin permeable graphene layer having
sub-nanometer-sized pores for a water desalination membrane. The other membrane design is obtainable by random stack-
ing of moderately oxidized graphene platelets. This lamellar architecture suggests the possibility of water treatment and
desalination membranes because of subnanometric interlayer spacing between two adjacent graphene sheets. The unique
structure and mass transport phenomena could enlist these graphene membrane architectures as extraordinary membrane
material effective to various applications of membrane technology including water treatment.
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1 Introduction

The rise of atomically thin graphene is allowing a new study
of the material and exploration of new device designs of
membrane technology. Because of the two-dimensional (2D)
nature of the sp>-hybridized hexagonal carbon crystal [1],
graphene exhibits outstanding material strength, such as
incomparable stiffness and high fracture strength [2], leading
to widespan studies from solid-state physics to fluid mechan-
ics, mass transfer and membrane technology. In particular,
the ultra thinness of the material represents its potential in
separation technology. Also, a layer-by-layer stacking design
of graphene and graphene oxide finds its use in selectivity
control.

2 Graphene as a mass transport barrier

One of the most important features of graphene is a strong
diffusion barrier. Intact single-crystalline graphene lattice
has been found impermeable to most gas species including
H, and He, at ambient conditions [2—4]. Considering the
magnitude of the energy barrier (~1.3 eV <3.2eV<4.2eV
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3 Membrane permeation theory

In view of membrane technology, the molecular imperme-
ability lends atomically thin graphene conceptual eligibility
for a selective membrane. Mass transport across the gra-
phene layer will occur mainly through defects or artificial
perforations in the graphene crystal. The transport resist-
ance of a conventional manifold filter with thickness, [, is
determined by the wall friction associated with viscosity
inside the channel, and the relationship between flow resist-
ance and mass transport rate, Q, is modeled as the classical
Hagen—Poiseuille flow, i.e., solution of Navier—Stokes equa-
tion from continuum mechanics: Q & I~!. However, when
the friction mechanisms of channel walls disappear, the
flow resistance involved in mass transport would be mini-
mized. As a fluid with a dynamic viscosity, u, crosses an
extremely thin orifice with radius, r, driven by a differential
pressure Ap, the dominant resistance to the flow would be
an entrance effect. Sampson found a theoretical solution of
Stokes flow through a single orifice [14], and later Tio and
coworkers extended this solution by introducing porosity,
k, and constants (S;=9.03362, §5=5.09026, S;=4.42312,
So=4.19127) for an array of perforations in an infinitely
thin disk [15].
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<5.5 eV) predicted by density functional theory, selective
atomic permeation is likely to occur between B, N, H, and
O, and the potential for B to pass through pristine graphene
could be made through a complex process of coupling con-
version caused by heat treatment, for example [5]. Therefore,
at room temperatures, the lattice structure of two-dimen-
sional carbon crystals would not allow any gas passage,
thereby functioning as an effective mass transfer barrier [6].
However, molecular dynamics and experiments are indicat-
ing that particles as small as proton or order-of-magnitude
more energetic than the room-temperature thermal energy
may possibly penetrate the graphene lattice without causing
considerable damage [7, 8].

Due to its excellent properties, graphene is used for cor-
rosion protection coatings. Indeed, several research studies
have demonstrated that the monocrystalline graphene layer
can effectively prevent corrosion of the coated substrate [9,
10]. For large area and polycrystalline graphene coating, on
the other hand, corrosion occurs owing to grain boundaries
and lattice defects that can facilitate penetration of water
and gases [11, 12]. Local corrosion damage [13] at the grain
boundaries can be prevented by patching them with atomic
layer deposition [10] or by coating graphene in multiple
layers.
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Entrance resistance is always effective at any perfora-
tion and yet is often neglected if the flow resistance caused
by viscous interactions inside the channel is dominant,
e.g., where the membrane’s internal pores are channels of
finite length. However, for atomically thin membranes, the
entrance resistance should be considered.

In the case of a gas of which mean free path (/ypp) is
greater than the perforation diameter (Knudsen number,
Kn=Ilyp/2r> 1), the molecular transport can be described
by the free molecular flow theory. The Knudsen diffusion
model known for a representative equation of the free
molecular flow theory, one the other hand, is not consistent
with the atomically thin porous graphene. This is because
the flow impedance is determined not by diffusion inside
the pores [16] but by the probability of the particles enter-
ing them. From the basic gas kinetic theory, the number of
molecules hitting the exposed pore area depends on both
the molecular number density, 7, and their average thermal
speed in one direction, or u/4. Molecules on both sides of
the orifice pore hit the pore area, and the net molecular flux
across the membrane in thermal equilibrium is determined
by the difference in n that can be related to a cross-mem-
brane pressure difference, Ap. As the result, the molecular
flow rate follows a formula of effusion:
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where V,,, M and R are the molar volume and molar mass
of the transporting species and the universal gas constant,
respectively.

The above equations indicate the flow rate (Qespysion)
across the infinitely thin filter is proportional to 7%, which
means the gas flux (flow per unit pore area) is independent
of the pore size in the free molecular flow region, whereas
the flux in the viscous transport regime (QSampson/nrz) takes
linear dependence on r. A well-controlled experimental
characterization of nitrogen gas permeation across graphene
orifices of various prescribed perforations has verified this
prediction (Fig. 1).

Qeffusion
\%4

m

4 Mass transfer across atomically thin
orifices

4.1 Perforation on a 2D layer

The idea that an atomically thin membrane platform enables
non-Fickian transport across a 2D orifice has led to endeav-
ors to create pores in graphene on a large scale. In the early
stage, high-energy electron irradiation from the transmission
electron microscope (TEM) has provided means to perfo-
rate in graphene. In this way, the researchers were able to
drill several holes with diameters of 3 A to 20 nm [18, 19].
Because the number of pores introduced was rather finite,
this format has largely enabled characterization of DNA
translocation through 2D solid-state nanopores [20, 21]. For
general applications of membrane technology, it is necessary
to impart more porosity to the graphene membrane.
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Fig. 1 Nitrogen gas permeance across atomically thin porous gra-
phene with different pore diameters, manifesting a great asymptotic
agreement with the free molecular effusion theory (horizontal dashed
line) and the modified Sampson’s model (dashed curve) [17]

One widespread method of obtaining a porous graphene
membrane is to synthesize graphene by chemical vapor
deposition (CVD). For inherent technical issues of CVD,
though, as-produced polycrystalline graphene is prone to
bearing defects along the grain boundaries of the crystal or
sparsely distributed on the grain surface. Using such inher-
ency, graphene can be synthesized to pose nanometer-sized
pinholes ranging from 1 to 15 nm in diameter to serve as
mass transport pathways across the graphene membrane
[11]. These pinholes are known to be generated, if there is
fine roughness, scratches or surface contamination on the
catalyst, e.g., Ni or Cu, but the detailed mechanism has not
been sufficiently elucidated yet.

Formation of subnanometric defects in graphene is also
possible by ultraviolet-induced oxidation [22] or ozone
etching [23]. Another method of creating perforations with
molecular dimensions into graphene lattice is to inflict
nucleation of defects through low-intensity bombardment,
e.g., 8 kV, of Gallium ion followed by oxidation enlargement
using acids like KMnO, and H,SO,.[24] Focused ion beam
(FIB) can open pores from a few nanometers and to microm-
eter scales by striking high-energy ions (Ga* or He*) on
the graphene lattice [17]. In parallel, a promising top-down
process for a large-scale pore generation is nanolithography,
based on, for example, self-assembly of block copolymers,
which can produce a mesoporous (defined by “2- to 50-nm-
pored”) membrane [25]. Spontaneous closure of subna-
nometer pores of graphene has been observed, [26] which
could raise long-term stability issues of the membrane. One
applicable solution has been reported in that Si atoms could
block the movement of carbon atoms in graphene crystals,
inhibiting the self-healing process from occurring [27]. Gra-
phene regrowth is a notable research topic in view of both
activation and protection of graphene pore edges.

5 Permeation of liquids and ions
across porous graphene

5.1 Computational study on the water permeation
across porous graphene

The computational results of the porous graphene-trans-
mitted liquid flow predict a remarkable permeability of the
graphene orifice to water. One molecular dynamics (MD)
simulation showed ultrahigh permeability of graphene ori-
fice [28], which can exceed that of carbon nanotubes or sili-
con orifices for ~2.7-nm pores. Only when the water passing
through carbon nanotubes constitutes a hydrogen bond in a
single row, its permeation is greater than that of graphene
orifice of the same size. According to the simulation results,
the pressure dropped near 1 nm away from graphene pore,
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which means that most of the flow resistance occurs at the
moment of incidence into pore [29].

As follows are the effects of pore size and edge that MD
simulation has so far revealed [29-31]. (Prior to entering
into details, note that the definitions of how to determine
the size of graphene pores vary slightly in each literature.
Some researchers determine the distance between ends of
functional groups that suspend on the pore edge as the pore
size, while others use the center of mass of carbon atoms at
the edge to determine the pore size.) For pores smaller than
4 nm, the water permeability is approximately proportional
to the 3.3 power of pore size, [29] which probably suggests
overlapping of Sampsonian mechanics and Poiseuillian
mechanics. Until present, most of the published MD simu-
lation results are known to follow Q o r*(x between 3 and
3.3) [28-31].

The chemical condition at graphene pore edges has an
important effect on the subnanometer-sized pore region
[30]. Depending on whether it is ended with hydrogen or
hydroxyl group, the water permeability can be different. For
sub-1-nm-wide orifice pores, it is predicted that hydrogen-
ended case shows slightly less water permeability than the
hydroxyl-ended case does [30]. The way to explain this
phenomenon is using a polarity of water, which increases
water permeability by expanding the effective pore cross
section by interacting with hydroxyl group at the pore end
of graphene. Researchers have extended this investigation
to carboxylic-, amine- and hydroxyl-ended graphene pores
to observe an intriguing configuration of water molecules
within graphene’s 0D confinement (Fig. 2) [33].

Another explanation is that finishing the edges of gra-
phene orifice with hydrogen atoms makes it hydrophobic. In
this way, water molecules can take a certain arranged config-
uration around the pore, thereby roughening the energy land-
scape, raising the flow resistance, and leading to decreased
water permeability. In contrast, hydroxyl-ended pores can
induce hydrogen bonding with water molecules and create
a smooth landscape, thereby increasing overall water perme-
ability. The research community needs more investigations
to elucidate this effect.
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The pore size and the edge finish can also affect the align-
ment of water molecules within the pore. From the spatial
probability distribution of the position of water molecules,
[30, 32] researchers have found out that water molecules
in graphene orifice pores form themselves different from
the three-dimensional counterparts do (Fig. 2). Similar to
the way water molecules configure themselves inside a nar-
row nanotube, water molecules seem to prefer a somewhat
ordered arrangement in this O-dimensional narrow environ-
ment [30, 32].

6 Water permeation characterizations

Celebi et al. have observed the flow of water across orifices
pore ranging 50 to 1000 nm made of a bilayer graphene
membrane, and found that the flow only started when both
sides of the orifice were pre-wetted with water [17]. If one
wall was wet solely, the liquid did not pass due to capil-
lary action, and the magnitude of capillary pressure was
approximately above 2 bar. The experimentally measured
water flow rate was slightly less than the Sampson flow rate
quantitatively, likely caused by the pore edge effect and
partly by pressurized bulging of graphene, but the function
of water flux with respect to pore size followed the trend of
the Sampson’s flow: Oy, = (/3 t51,0) Ap. Even when the
membrane is continuously clogging, the flow rate of water
measured for 50-nm pores is one magnitude greater than
that of conventional ultrafiltration membranes [17]. As the
pore aspect ratio increases, possible by thickening the gra-
phene layer via atomic layer deposition (ALD), the water
flux deviates from that of effusion to that of channel flows
(Fig. 3) [34].

It can be challenging to measure the flow rate through
the graphene orifice owing to issues such as the graphene
pores clogging easily and the adhesion of graphene to porous
support [17]. About the situation that the graphene tears off
from the porous support, metal can be applied to the edges
where the graphene meets the support to prevent graphene
from being washed away by the shear stress of flow. The

Fig.2 Graphene pore functionalized with COO~ (left), NH;* (middle), and OH™ group (right) in a weak aqueous NaCl (0.025 M). Planar den-
sity distribution indicates the density maps for oxygen atoms of water. Unit of the color contour of the atomic density is A=.[33]
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Fig.3 Water permeation scaling of porous graphene membranes
of various openings and thicknesses as a function of aspect ratio.
Experimental result of water permeation is normalized by the cor-
responding Sampson’s formula. Dagan’s model (dash-dotted line)
and Hagen—Poiseuille flow model (dashed line) are also normalized
by Sampson’s formula. As the aspect ratio decreases below 1, trans-
port deviates from the inverse relationship of thickness—permeation
because entrance-dominated resistance becomes dominant [34]

water flow data currently being measured lies somewhere
between the classical Samson theory and the results of Suk
and Aluru’s MD simulation [29, 35]. According to Karnik
et al., if ALD and interfacial polymerization cover up the
defects inherent in graphene and the relatively large torn area
formed during a transfer process, respectively, the single-
layer substrate porous graphene can be converted into a good
osmosis membrane [35]. The 0.5-nm level sub-nano pores
required for this purpose were prepared with Ga™ ion bom-
bardment and subsequent chemical wet etching (1.875 mM
KMnO, in 6.25% H,SO,). Despite the fact that pores are
small enough to be able to filter ions out of water, the actual
experimental results show that NaCl of 0.76 nm size has
passed across the membrane without difficulty, and MgSO,
of 0.86 nm size, Allura Red of ~1 nm size, and Dextran dyes
~3.7 nm size were only partially filtered. In other words, it
was unavailable to prevent defects completely in the mem-
brane during the study, and difficult to detect such defects
thoroughly by STEM alone [35]. These results suggest how
difficult to make a defect-free membrane from single-layer
graphene. Moreover, this method is currently only applicable
to a single layer of graphene compared to a simple physical
drilling method.

Surwade et al. suggested another method of obtaining a
water-permeable membrane with a single layer of graphene
[36], which can produce pores by weakly treating O, plasma
on a single layer graphene covering a 5-um-wide opening of
a SiN, membrane. (Although it is not well explained.) In this
way, pores of 1 nm size finished with Si were produced with
an area density of 10'° cm™2-10'2 cm~2.[36] However, the

reported water permeation is contradictory to some degree.
For example, the permeation amount driven by osmotic pres-
sure is ~4.5 % 1072° m3/Pa/s per pore, which is very similar to
Sampson’s prediction of 6.4 x 1072° m3/Pa/s per pore. How-
ever, in the case of pervaporation driven by a difference in
thermal energy, a device of about 20% shows a value of one
digit greater than expected, for which the reason is not well
known. In this experiment, the ions with low evaporation
rate remain, and selectively transmit only water vapor, so
that the porous graphene layer shows the possibility of sea-
water desalination by membrane distillation [36].

7 lon transport through graphene
nanopores

Many MD simulations predict graphene can act as a mem-
brane that mediates selective ion transport. Simulations
show that C1~ and Br™ ion pass the hydroxyl-terminated
graphene pore with ~5 A with a mobility ratio of 17:33,
while F~ or cations are blocked [37]. In contrast, graphene
pore terminated by fluorine and nitrogen atoms is passed by
K*, Na* and Li* with a mobility difference of 33:14:9. Two
ion separation mechanisms are conceivable from the above
results: (1) electrostatic separation mechanism by a chemical
group at the pore edge; (2) steric screening, which makes it
easier to peel water molecules from weakly hydrated ions
and pass ions through them [37].

MD simulation results from hydroxyl-terminated gra-
phene pore are similar to natural K* or Na* channels,
which indicate the usefulness of graphene as an ion separa-
tion membrane [38]. He et al. found that K*¥/Na* selectiv-
ity ratio of pores mimicking the structure of the KcsA K*
channel reaches 4. However, realization of Na*-selective
nanopore is more difficult. Although hydroxyl-terminated
graphene pore mimics the mechanism of binding Na* ions
to the pore edges and selectively passing ions through them,
the pore size is too large to separate other types of ions [38].
Equilibrium MD simulation provides an in-depth intuition
about the interaction between ions and graphene pores, for
example, concentration, hydrated state and mobility of K*
and CI” ions located in and around water-filled pores can be
calculated [39]. The concentration of both ions(K*, C17) in
the carbon-based graphene pores is less than in bulk solu-
tion (i.e., far away from graphene), which is expressed by
a low partition coefficient. ¢ = ¢, / ¢y, Where ¢, and ¢, are
ion concentrations in the graphene pore and the bulk reser-
voir, respectively. For pores smaller than 5 A, ¢, (thus @) is
substantially close to zero. Suk and Aluru pointed out that
low ion partitioning is due to the large free energy penalty
for dehydration [39], and is not consistent with the concept
of dielectric exclusion of existing nanofiltration membranes
[40]. In addition, it is known that the diffusion coefficient
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D, of ions in the graphene pore is lower than the diffusion
coefficient Dy, in solution. Correlation between D, Dy,
and pore radius r is expressed by the following equation:
(1/D, = 1/Dyyy) o 1/r. From this correlation, it was
shown ¢ can drop to ~50%. in the 5.2 A graphene pores [39].
Ion diffusion experiment with subnanometer-sized gra-
phene pores has confirmed the ion selectivity based on the
ion size [24]. As described above, when pores are formed
on a single layer of graphene by weak ion beam irradiation
followed by chemical etching, not only the pore size but also
the number of pores can be controlled to some extent. In
other words, pores made with very short etching time (i.e.,
very small pores) can result in higher permeability of cation
K™ than anion CI~ probably due to the electrostatic charge at
the pore edges. The slightly larger pores allow both K* and
CI™ ions to pass freely, but block dye molecules larger than
the ions (e.g. Allura Red). The dye molecules pass through
the pores only after sufficient etching for larger pores [24].
The study of ion permeation through subnanometer-sized
pores proceeds by measuring ion conductivity [23]. Even
a very weak ozone etching creates 3.8 A size pores in gra-
phene and allows to pass Nat and Cl~ ions electrodynami-
cally. Still, it is not yet known how electrodynamics over-
comes dehydration energy and passes ions, but according to
a recent report by Wyss and Tian et al., the applied electric
field interacts with the passing ions by adjusting the Cou-
lomb capacity of graphene [41]. These reports provide hints
on how difficult it is to fabricate nanometer-sized pores in
graphene, obtain sufficient information about its size, and
apply it to ion separation or selective ion permeation.

8 MD simulations to assess the applicability
of porous graphene to seawater
desalination

One of the promising applications for membranes with
good water permeability is seawater desalination. If there is
a membrane that can maintain relatively high water perme-
ability without passing salts, the membrane may be ideal as
the next generation’s desalination membrane.

MD simulation, which presses a high concentration of
NaCl aqueous solution to 100-225 MPa in graphene pores
with a size less than 5.5 A confirmed 100% removal of salt.
[30]

When the saline solution was pressurized to the graphene
pore having a size of about 9 A at the same magnitude, the
ion selectivity was reduced depending on pressurization to
80 and 40% at 100 and 225 MPa, respectively. This result
is in contrast to the phenomenon of existing reverse osmo-
sis desalination, [42] Cohen-Tanugi and Grossman pointed
out that the larger effective volume of hydrated ions, the
more sensitive it is to pressure increase [30]. In addition, the
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effect of pore edge chemistry was remarkable. For example,
pores terminated with OH-groups, which are polar moieties,
allow ions to pass easily (unfavorable for water desalina-
tion). Since the OH-group at the pore edge has a similar
aspect to interact with water molecules or hydrated ions,
the energy barrier required for the hydrated ions to transfer
into the other side can be low [30]. On the other hand, if
terminated with hydrogen atoms, pores of ~8 A show excel-
lent desalination ability to separate 80% of ions at 100 MPa
pressurization.

Equilibrium MD simulations [33] have provided informa-
tion on the potential mean force (PMF) acting on water and
ions around the graphene pore. Na* and CI™ ions experience
PMF barriers of ~0.61 and ~0.43 eV, respectively, for 7.5 A
graphene pore which have no chemical functional groups
at the pore edge, while water molecules need only exceed a
barrier of ~0.2 eV.[33] The simulation results predict that it
is difficult to separate ions with graphene pores larger than
the above. Furthermore, the size of PFM barrier is independ-
ent of salt concentration (0.025-0.25 M) for pores without
chemical functional groups, but is expected to change as
a function of concentration in the presence of a chemical
functional group. In the case of graphene pores with a car-
boxylic group, the PMF for CI™ is as high as ~0.824 eV at
low concentration, but as concentration increases, it falls to
~0.47 eV since Na™ obscures the Coulomb force from the
edge of the pore. When the NH? moiety, which has the oppo-
site effect of COOH moiety due to having a positive electro-
static charge, is continuously attached to the edge of pore,
making the ion separation effect of two moieties is canceled,
both cations and anions can penetrate the pores well [33].
Conversely, if consecutively connecting the OH™ group to
the pores that retain COOH group already, it strengthens the
same type of electrostatic charge, resulting in desalination
of even a high-salt concentration solution such as seawater
well [33].

An important property that cannot be missing in seawa-
ter desalination using perforation of graphene may be the
mechanical strength of graphene membrane [43]. The pres-
sure used in a typical reverse osmosis process is between
5 MPa (50 bar) and 10 MPa (100 bar). Because the theoreti-
cal Young’s modulus of single-crystal graphene is close to
1 TPa, if making a membrane with single-crystal graphene,
it will be able to withstand the mechanical pressure required
for the reverse osmosis process. However, it is not yet the
case and the large-scale fabrication of graphene is always
accompanied by crystallographic and chemical defects.
Nevertheless, according to the calculations, maintaining the
porous graphene with well-selected porous support has the
potential to allow the membrane endure pressures of up to
about 57 MPa (570 bar) (Fig. 4) [43].
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Fig.4 a Failure pressure of porous graphene membrane depending
on pore size. Porous graphene membranes with various pore radius
mostly withstand higher pressures than conventional seawater RO. At
the same pore radius, porous graphene with a small W (nanopore sep-

9 Mass transport properties in graphene
oxide lamellar membrane

9.1 Selective permeation of gases

While the perforation on impermeable 2D material can cre-
ate molecular transport pathways through nanometer-scale
pores, staggered stacking of platelets of 2D material can also
engender an interesting architecture for nanoscale transport
pathways. Graphene platelets produced in various methods
end up posing a mixed configuration of pristine and chemi-
cally modified graphene regions. Ideally, stacked lamellae
of pristine graphene by van der Waals interaction have an
interlayer spacing of ~3.4 A, unsuitable for a mass transfer
pathway. However, graphene oxide (GO) platelets, chemi-
cally derived from graphene, can construct molecular-scale
columns and spacers in their interlayer space during stacking
to create pathways for permeation. Although it might not
be easy, as long as the interlayer spacing of GO platelets
were controlled, innovations in various chemical separation
technologies would come true.

It has been reported that the permeation rate of water
vapor through thick GO lamellae (0.1-10 um) is comparable
to that of evaporation from an open-water surface under sim-
ilar conditions (Fig. 5a). In addition, GO membrane exhib-
ited high selectivity for water by preventing the permeation
of He molecules despite smaller molecular size than that of
water. From this observation, we realize that the nanochan-
nels formed in between the GO platelets can transfer water
selectively by their strong interaction with water molecules
(Fig. 5b) [44]. This report has sparked widespread interest
in the research and development of the GO membrane due
to its excellent selectivity for water and easy preparation of
samples. Perhaps the most important factor affecting the gas
permeability and selectivity of GO membrane is the stacking

Maximum pressure (MPa)

0.1 0.2 0.3
Porosity

aration length) is more resistant to pressure than a larger one. b Con-
tour plot of maximum pressure of nanoporous graphene membrane as
a function of pore radius and porosity [43]
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Fig.5 a Permeation rate of water vapor through open aperture (with-
out GO membrane) and GO membrane. As the relative humidity
increases, the water permeation rates of GO membrane approximate
that of the open aperture, and show little difference at 100% RH. b
Schematic illustration of nanochannels formed between two adjacent
GO nanosheets. Water can transport fast due to the interaction of the
oxidized region with water molecules, and the water path provided by
the pristine graphene channel [44]

method of 2D platelets and the strategy of interlocking lay-
ers. In particular, the selectivity of GO membrane for gas
species can be roughly explained by the kinetic diameter
(Fig. 6), which may lead to a molecular sieving mechanism.
However, the permeability of some gases deviates from the
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Fig.6 Gas permeabilities of graphene oxide membrane with differ-
ent kinetic diameters of gases. Gas permeabilities generally decrease
with increasing kinetic diameter. Changing the size of graphene oxide
sheets (300, 500, and 1000 nm) affects gas transport, and thus gas
permeabilities tend to increase as the size decreases [45]

kinetic diameter theory, calling for further elucidation [45,
46].

10 Selective permeation of water

A typical way of producing a GO lamellar membrane for
nanofiltration is to stack colloidal GO platelets with lateral
dimension ranging between tens of nanometer and several
micrometers on a filter support out of anodic aluminum
oxide (AAO). Although they reject merely <60% of rela-
tively small ions, such as NaCl, Na,SO,, MgCl, and MgSO,,
the inter-GO-layer nanochannels can filter out most of such
large molecules such as methyl blue and direct red 81 with-
out significant loss of water permeation rate that is often
higher than those of commercial polymeric nanofiltration

membranes (Table 1). These successful charged-dye reten-
tion results are attributed to both Gibbs—Donna equilibrium
theory (electrostatic interaction) [47] and hindrance trans-
port theory (size exclusion).

It is known that the GO lamella is vulnerable in an aque-
ous environment, for thermodynamics favors GO flakes to be
dispersed in water, which raises a concern on the long-term
stability of the GO membrane for water purification appli-
cations [48]. As one cure for the membrane disintegration,
polydopamine has been used to bridge GO flakes. Chemi-
cal bonding in between GO flakes could be formed using
1,3,5-benzenetricarbonyl trichloride, resulting in 8-27.6 L
m~2 h~! bar™!. The retention for large organic molecules
is higher (> ~93% for Rodamine-WT) than for small ions
(6-19% for NaCl), hinting adaptability of the GO membrane
to nanofiltration. It is interesting that both water flux and salt
rejection do not depend strongly on the number of GO layers
or thickness of the lamellar GO membrane (Fig. 7). Accord-
ing to this finding, even a very thin GO membrane could,
in principle, separate ions and organic matters in water. An
additional fact that the ion rejection lowers with ion con-
centration confirms the action of the charge-based exclusion
mechanism by way of Debye length shortening [49].

In contrast to previous reports, if GO is placed on alumina
filters during vacuum filtration, membranes maintained great
stability in water without any interlayer bonding agent. The
micrometer-thick GO membranes prepared in this way have
shown selective transport towards water only, a similar result
to water vapor transport across GO membranes of similar
thicknesses. Ions with large hydrated radii can be separated
via size exclusion. Charge of ions or molecules, however, did
not play a decisive role in the separation, which is supported
by an observation that permeation rate of AsO,>~ was almost
identical to that of Na* or CI” (Fig. 8) [50]. This observation
hints that electrostatic interaction may get much weakened
in the so-called charge-neutralized environment caused by
the insertion of aluminum cations in the interspace of GO
platelets.

Forward osmosis (FO) is another water technology appli-
cation of the stacked 2D membranes. For an FO process,

Table 1 Retention of organic dyes for ultrathin graphene nanofiltration membranes with different base-refluxing-reduced GO (brGO) loadings

and brGO layer thickness [47].

brGO loading Thickness Pure water flux Jo MB?) DR 813

mg m™] (nm] Lm~hbar'] Retention [%] J/lol%]? C/C)  Retention (%] J/J [%]%) /G
14.19 22 21.81 99.2 90.0 1.27 99.9 89.6 1.31
17.09 26 12.62 99.7 91.1 1.30 99.8 89.7 1.33
21.29 33 5.00 99.7 89.4 1.32 99.9 87.2 1.33
28.3¢) 44 4.37 99.6 90.4 1.33 99.9 95.8 1.34
34.0°) 53 3.26 99.8 95.0 1.36 99.9 95.6 1.35

&The concentration of feed dye solution G, was 0.02 mM. bIThe ratio of permeate flux of the dye solution J to the pure water flux Jo. 9 Concentration ratio of upper stream

(C) when the permeation volume was 10 mL to the original feeding solution (C, 35 mL). 9The applied pressure was 1 bar. 9 The applied pressure was 5 bar.
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Fig.8 Permeation rates of various ionic and molecular species
through 5-pm-thick graphene oxide membrane. Unlike species with
small hydrated radius (<4.5 A), the permeation rate of large species
(>4.5 A) is negligibly low (gray area), suggesting size-dependent
selectivity [50]

a freestanding reduced GO (rGO) membrane has shown a
promising result. Freestanding rGO membranes show high
permeance (57.0 L m~2h~! when DI water and NaCl (2.0 M)
were used as feed and draw solutions, respectively) than a
commercial FO membrane (CTA membrane, ~10 L m™>h™!

at the same conditions). This finding is particularly impor-
tant because freestanding rGO membranes could eliminate
the most problematic issue of an internal concentration
polarization of the FO process, leading to an increase in
the effective chemical potential difference. Importantly, the
reverse salt flux (from draw to feed) in g m~2h~!is lower for
this membrane, and so the salt rejection capability of rGO
membranes is greater than that of CTA [51].

11 Theoretical investigations

Through simulation, it is possible to explain the superior
performance of the layered graphene structure, which is dif-
ficult to identify by experiment alone, as well as to predict
an unseen phenomenon. Using first-principle simulation,
researchers have found out that the minimum resistance flow
between two adjacent graphene sheets is related to a unique
two-dimensional hydrogen bond structure formed between
water molecules. Unlike the one-dimensional narrow space
inside the CNT, the average number of hydrogen bonds per
water molecule does not change much in the two-dimen-
sional space, even if the narrow space size is about 10 A In
addition, since the perturbation of hydrogen bonds is mainly
limited to the symmetrical interface where graphene and
water molecules meet, the tendency of water molecules to
tilt toward graphene along with the dipole moment of water
molecules is weakened. As the result, water mobility can be
augmented, in theory, in the two-dimensional narrow space
[52].

On the other hand, the phenomenon that water appears to
transform the phase from liquid to solid in the narrow space
supports anomalous transport of water in a two-dimensional
space. In contrast to He, Ar, N,, H,, etc., only hydrogen-
bonded water can phase-transform in an extremely narrow
graphene channel. According to this theory, since ice having
a long-range order in a two-dimensional narrow space is
energetically preferred than the liquid phase, water would
configure the ice structure to instigate collective motion and
effectively reduced flow resistance. According to the simu-
lation results, when the two-dimensional channel between
graphene sheets gets slightly wider (7-10 A), bilayer of 2D
ice is formed, resulting in lower thermodynamic energy [53].

Molecular-level slip flow has been theoretically predicted
within the graphene channel. Due to the slippery and crys-
talline nature of graphene, molecules tend to slip over the
surface of graphene. Over the entire range of fluid flows,
the slip length of water on graphene is much longer than
the other chemical species such as Ar and CH,. The slip
lengths of liquid phase Ar, CH, and water are reported to
be 11+ 1 nm, 5.9+0.6 nm and 60 + 6 nm, respectively [54].

Layered graphene structure exhibits the minimum
resistance flow of water and its high degree of separation
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compared to other species is a collaboration of nanometer-
level tight stricture, physical properties of graphene, and
unique physical and transport properties of water formed in
the narrow space. Therefore, the lamellar architecture poses
excellent potential to use in basic scientific research and
engineering applications including membrane technology.

12 Conclusions

Achieving great permeance while maintaining high selectiv-
ity has been considered a must-solve goal in the separation
technology, despite being considered to overcome the chal-
lenging problem of selectivity—permeance trade-off limits.
Porous graphene, a membrane out of perforated freestanding
graphene, does not only exhibit excellent mechanical and
chemical stability but also shows the ultimate permeation.
Theoretically, porous graphene with subnanometer pore size
and high areal porosity is considered a material that will rev-
olutionize the separation industry, such as water purification
and seawater desalination. The unique edge chemistry of ori-
fices (or pores) in porous graphene contributes significantly
to improving selectivity and even affects water permeance.
Recently, in addition, lamellar membranes comprising two-
dimensional graphene or oxidized graphene sheets have been
produced through various methods, e.g., pressurized vacuum
filtering, layer-by-layer stacking, spin-coating, etc., with pro-
viding selectivity for partitioning target species from water.
The selectivity of the stacked-graphene oxide membrane is
largely reliant on electrostatic interaction and size exclusion,
thus separation performance can be changed by modulating
the structure and chemical properties of the membrane, e.g.,
interlayer spacing and surface charge.

The unique structure and properties of porous 2D sheets
and stacked platelets are expected to have the potential to
realize ultimate permeance with high selectivity. After
understanding the characteristics of these two structures in
depth, it is possible to design an optimal membrane struc-
ture that is practical in water treatment and other separation
research fields. Consequently, experiments and simulations
are needed to understand the properties and fundamental
mass transport mechanisms of nanomaterials that have not
yet been identified. In addition, research toward ingenious
engineering of membrane manufacturing that enables large-
scale, low-price and rapid production can increase the pos-
sibility of approaching practical applications.
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