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ABSTRACT: Graphene oxide (GO) is a type of two-
dimensional nanomaterial with a single-atom thickness. GO
sheets contain pristine regions, oxidized regions, and a small
fraction of holes. By stacking GO sheets together, a GO
membrane can be fabricated with sufficient mechanical
strength. The interlayer nanocapillary network formed from
connected interlayer spaces, together with the gaps between
the edges of noninterlocked neighboring GO sheets and cracks
or holes of the GO sheet, provides passage for molecules or
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ions to permeate through the GO membrane in an aqueous solution. The characteristics of molecules or ions (e.g., their size,
charge, and the interaction with the GO membrane) affect the separation performance of the GO membrane. The contribution
of gaps between neighboring GO sheets for separation can be adjusted by changing the GO sheet size and the GO membrane
thickness. The interlayer space of the GO membrane can be adjusted by changing the water pH and modifying or reducing the
GO sheets to obtain the desired separation performance. The production of the GO membrane is easily scalable and relatively
inexpensive, indicating that the GO membrane has promising potential for applications such as water treatment, desalination,

anticorrosion, chemical resistance, and controlled release coatings.

1. INTRODUCTION

Because of the scarcity of clean water and the increasingly
serious water pollution, water treatment with membrane
separation has attracted great attention. The extensive source
and diverse species of molecules and ions in polluted water
challenge the effective purification and separation of water by
membranes. Recently, two-dimensional carbon-based materials
such as graphene and, in particular, its derivative graphene
oxide (GO), have brought new opportunities for membrane-
based water treatment. Graphene is a single atomic sheet of sp
hybridized C atoms that is arranged in a honeycomb lattice and
presents excellent mechanical strength,' high electrical
conductivity,” superior thermal conductivity” and other
fantastic properties, thus attracting considerable attention in
various fields of research. The s-orbitals of graphene form a
dense and delocalized electron cloud that blocks the voids
within its aromatic rings.4’5 Even the smallest molecule, He (its
molecular radius is 1.3 A), cannot permeate through a single
graphene sheet.’

GO can be considered to be the oxidized form of graphene
and was first prepared by Brodie” in 1859. The preparation
method was then improved by Staudenmaier® and Hummers.”
The conventional method for preparing GO is that natural
graphite flakes are oxidized by using strong oxidants such as
KMnO,, KCIOj3, or NaNO, in the presence of a strong acid,
such as concentrated sulfuric acid or nitric acid. The individual
GO sheets are exfoliated using ultrasonication. There are large
amounts of oxygen-containing functional groups, including
carboxyl, hg'droxyl, epoxy, and carbonyl, on GO sheets due to
oxidation,'’™"* as shown in Figure 1. The C/O ratio in GO,
which indicates the degree of oxidation, can be quantified by
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Figure 1. Structure of GO sheet. (Reproduced with permission from
ref 12. Copyright 2015, Royal Society of Chemistry, London.)

elemental analysis or X-ray photoelectron spectroscopy (XPS),
and the typical C/O ratio reported in the literature is 2—
4.2 When GO sheets are dispersed in water, the carboxyl
and hydroxyl groups on the sheet are ionized and the GO
sheets are highly negatively charged.'” As a result, the
electrostatic repulsion allows GO sheets to be easily dispersed
in water (at concentrations up to 3 mg/mL),lG'17 forming
stable, brown aqueous colloids. By vacuum filtrating, spin or
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spray coating of GO aqueous colloids, sheets stack together
layer by layer. The strong interlayer hydrogen bonds between
GO sheets hold them together to form a freestanding GO
membrane with sufficient mechanical strength,18 as shown in
Figure 2.

section. (Reproduced with
permission from ref 18. Copyright 2007, Macmillan Publishers, Ltd.,
New York.)

Figure 2. GO membrane and its cross

With the impermeability of GO sheets, small amounts of
exfoliated sheets were dispersed into various types of polymers
to fabricate the GO/polymer nanocomposites and thereby
improve the barrier property of polymeric membranes in the
gas phase.'”™*” With a novel separation mechanism, the GO
membrane formed from stacked GO sheets exhibits excellent
separation performance for different molecules and ions in an
aqueous solution. Because GO membranes can be produced
inexpensively on a large scale, they have great potential in
applications of water treatment, desalination, anticorrosion,
chemical resistance, and controlled release coatings. In this
paper, recent progress concerning the separation performance
of GO membranes in an aqueous solution was reviewed.

2. STRUCTURE OF THE GO MEMBRANE

A single GO sheet contains pristine regions, oxidized regions,
and a small fraction of holes. The pristine region has the same
structure as graphene, in which atoms are bonded in sp’
hybridization. The oxidized region has a large amount of
oxygen-containing functional groups, including carboxyl,
hydroxyl, epoxy, and carbonyl, and the atoms are bonded in
sp> hybridization.'"*>** XPS analysis can identify different
types of carbon—oxygen bonds; the typical epoxy:hydrox-
yl:carbonyl:carboxyl ratio is 3—8:0.4—5:1—4:1.>>""" During the
aggressive oxidation and exfoliation of graphite, the partial
carbon—carbon bonds of oxygen-containing functional groups
linked on the GO sheets break. This releases CO and CO,,*
and holes on the order of 1—15 nm are formed.”" The pristine
and oxidized regions cover the majority of the GO sheet, with
the discrete pristine regions being surrounded by the
continuous oxidized regions. Erickson et al.”* observed the
structure of GO sheets by high-resolution transmission electron
microscopy and found that the oxidized regions, pristine
regions, and holes occurred at approximate percentages of 82%,
16%, and 2%, respectively, as shown in Figure 3.

Because of the existence of oxygen-containing functional
groups on the GO sheets, the interlayer space of the GO
membrane composed of stacked sheets is ~6—7 A under dry
conditions, which is larger than the interlayer space of graphite
of 3.4 A. As the humidity increases, more water molecules
diffuse into the interlayer between GO sheets, and the
interlayer space of the GO membrane increases accordingly.
When the GO membrane are immersed in water and fully
wetted, the interlayer space increases to 12—13 A.’>%
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Figure 3. Aberration-corrected TEM images of GO sheet.
(Reproduced with permission from ref 24. Copyright 2010, Wiley,
New York.)

Considering that the water molecules are ~3 A in size, the
interlayer spacing between the GO sheets being <7, 10, and 13
A indicates that the layered structures of the water molecules
should be in the form of a monolayer, bilayers, and trilayers,
respectively.””*> Molecules and ions diffuse into the interlayer
of the GO membrane from the edge of the GO sheets. The
space between the GO sheets that form between two pristine
regions face to face is large, thus allowing a fast diffusion rate
for molecules and ions. In contrast, the space between the GO
sheets that form between pristine and oxidized regions face to
face is narrower. The narrower space and the interactions from
hydrogen bonding and electrostatic interactions caused by
oxidized regions that are randomly covered with, e.g, epoxy
and hydroxyl groups, result in molecules and ions that are less
mobile.***” The space between the GO sheets with oxidized
regions face to face is very narrow, thus blocking the diffusion
of molecules and ions,>** as shown in Figure 4. These
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Figure 4. Interlayer structure of stacked GO membrane. (Reproduced
with permission from ref 38. Copyright 2012, AAAS, Washington,
DC.)

interlayer spaces connect and form networks of nanocapillaries
between GO sheets, thereby providing passage for molecules
and ions to diffuse in the direction parallel with the GO
sheets.”®*” Therefore, the separation mechanism of molecules
and ions is primarily size exclusion from the interlayer space of
nanocapillaries within the GO membrane. The interlayer space
of the GO membrane can be adjusted for the requirements of
specific applications by modifying or reducing the GO sheets
utilizing the oxygen-containing functional groups.

Within the network of interlayer nanocapillaries, molecules
and ions diffuse in the direction parallel to the GO sheets. At
the gap between the edges of noninterlocked neighboring GO
sheets™ and at the cracks and holes on the sheet, molecules and
ions diffuse in the direction vertical to the GO sheets and
eventually permeate through the GO membrane. Therefore, in
addition to the interlayer nanocapillaries, the gaps between
noninterlocked neighboring GO sheets and the cracks and
holes on the sheet affect the separation performance of the GO
membrane. In addition, carboxyl and hydroxyl groups on GO
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sheets are ionized in water, which makes the GO sheets
negatively charged. This affects the mobility of ions with
different electric charges. The structure characteristics of the
GO membrane result in effective separation for different
molecules and ions. The selectivity is achieved by size exclusion
from the interlayer space of the GO membrane, electrostatic
interaction between different ions and negatively charged GO
sheets, and ion adsorption including cation-z interaction and
metal coordination to GO sheets, as shown in Figure 5."”
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Figure S. Separation of molecules and ions by GO membrane.
(Reproduced with permission from ref 12. Copyright 2015, Royal
Society of Chemistry, London.)

3. SEPARATION MECHANISM OF GO MEMBRANE

In the aqueous phase, water molecules can permeate through
the GO membrane freely. Nair et al.** used a 0.5-um-thick GO
membrane to seal the open aperture of a metal container filled
with water and detected the weight loss of the container due to
water evaporation. It was found that the evaporation rate was
almost the same as that without the GO membrane. This
indicated that the GO membrane with 0.5 ym thickness did not
significantly block the diffusion of water molecules. When the
GO membrane was fully wetted, the interlayer space was
measured to be a = 13 A, from X-ray diffraction (XRD)
analysis. Considering that the electronic clouds around
graphene sheets extend over a distance of b = 3.4 A, the
interlayer space can be considered an empty space of width § =
a — b (or 9—10 A), which is sufficient for water molecules to
pass within the GO membrane. Nair et al.*® calculated the
moving velocity of water molecules through hydrophobic
pristine region capillaries within the GO membrane by using
molecular dynamics simulations and obtained a very high
velocity of ~20 m/s. It was reasoned that the ultrafast diffusion
rate of water molecules resulted from the high capillary pressure
formed from the network of GO interlayer nanocapillaries and
low-friction contact with the hydrophobic pristine region of
GO sheets. The oxidized regions were considered spacers that
could separate GO sheets by a certain distance. However, Wei
et al.*>*” reasoned that the oxidized regions not only take the
role as spacers but also impede ultrafast water moving within
GO membrane capillaries, because of the hydrogen bonds
between water molecules and oxygen-containing groups. The
fast permeation of water through the GO membrane was
attributed mainly to its porous microstructures, such as the
open space between the edges of neighboring GO sheets, the
wide channels formed at wrinkles,"” and holes on the GO
sheets.

Because of size exclusion from the interlayer space within the
GO membrane, molecules and ions can be separated according
to their hydrated radius. Hung et al.*’ used the GO membrane
to separate isopropyl alcohol from its aqueous solution with
water containing 30 wt % by pervaporation. Isopropyl alcohol is
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blocked by the GO membrane, because its diameter is larger
than the interlayer space. Because the GO membrane are
permeable to water, the separation performance reached high
efficiency, with the concentration of water obtained being
~99.5 wt %. The water flux changed little as the GO membrane
thickness increased from 250 nm to 1 pum, indicating that the
increase of GO membrane thickness had little effect on
diffusion rate of water for relatively thin GO membranes. Joshi
et al.*' studied the penetration properties of molecules and ions
at different sizes using a S-ym-thick GO membrane. Because
the interlayer space in the GO membrane in an aqueous phase
was 9—10 A,**™ the ions with a hydrated radius of >4.5 A, e.g,,
Ru(bipy);** (Ru(C,;oHsN,);**), were sieved out by the GO
membrane. However, species with a hydrated radius of <4.5 A
(e.g, K" and Mg*") can permeate through the GO membrane,
as shown in Figure 6. The results from molecular dynamics
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Figure 6. Permeation rates of molecules and ions with different sizes
through the GO membrane. (Reproduced with permission from ref
41. Copyright 2014, AAAS, Washington, DC.)

simulations indicated that molecules and ions with smaller sizes
were sucked inside the GO interlayer space, driven by the large
capillary-like pressure formed from networks of GO interlayer
nanocapillaries. As a result, the molecules and ions reached a
high concentration (close to the saturation) inside the
capillaries of the GO membrane. Therefore, smaller molecules
and ions perform an ultrafast permeation through the GO
membrane. Smaller ions such as Na" can permeate through the
GO membrane and were measured to have diffusion rates
thousands of times faster than what is expected for conven-
tional diffusion.*"

In addition to the hydrated radius of ions, both the ion
charge and its interaction with GO sheets affect the separation
performance of the GO membrane. Different anions and
cations exhibit different permeation properties through the GO
membrane. Sun et al.** studied the penetration properties of
different anions through the GO membrane in different sodium
salt solutions. The measured permeation rates were in the order
of NaOH > NaHSO, > NaCl > NaHCO;. For the NaOH
solution, OH" in the solution reacts with carboxyl and hydroxyl
groups on GO sheets, which makes the sheets highly ionized.

The electrostatic repulsion forces between GO sheets becomes
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large, and the interlayer space increases, thereby enabling OH™
and Na* ions to permeate quickly within the GO membrane.
For the NaHSO, solution, because the H' cation in the
solution prohibits the ionization of carboxyl and hydroxyl
groups, the interlayer space of the GO membrane is relatively
narrow, leading to a slow permeation of the ions. For the
NaHCOj solution, the reaction between HCO;™ and carboxyl
groups on GO sheets leads to the generation of CO, gas, which
hinders the permeation of ions.

Sun et al."** also measured the penetration rate of different
transition-metal cations through the GO membrane, obtaining
the following order of cations (based on penetration rate):
Mn?* > Cd*" > Cu?*. This resulted from the different strengths
of coordination interactions between cations and GO sheets.
The transition-metal cations (e.g, Fe’, Cu®**, Cd*', Mn*")
coordinate to sp® clusters in oxidized regions of GO sheets.***’
Sun et al.*® used a GO membrane to filter the iron-based
electrolytes containing FeCl; and HCI by the difference in the
hydrated radius between Fe®* (the hydrated radius is 4.57 A)
and H" (the hydrated radius is 2.82 A) and the coordination
interactions of Fe** with GO sheets. The measured permeation
rate of H' was 2 orders of magnitude higher than that of Fe’*.
When the concentration of FeCl; in the electrolytes was <0.01
mol/L, the Fe** cation was blocked by GO membranes entirely,
from which high-purity acids can be produced by circular
penetration of electrolytes.

Alkali cations such as Na" and K" and alkaline-earth cations
such as Mg**, Ca®*, and Ba®" lack d-orbital electrons and have
no coordinated interactions with GO sheets. However, these
cations can interact with sp clusters in pristine regions of GO
sheets through cation—7z interactions, which are noncovalent
interactions between cations and the aromatic z-electron cloud.
The balance between cation—7 interactions and the desolvation
of the cations affect the permeation rate of cations through the
GO membrane. The higher the solvation energy of cations, the
weaker the cation-7 interactions, because of the stronger
screening effect of the hydration shell, resulting in permeation
rates of anions in the following order: Mg** > Na* > Ba**, Ca*",
K*.** Because of the interactions between cations and GO
sheets, small amounts of metal cations remained in the GO
membrane after permeation, which were detected experimen-
tally. However, as a result of repulsive forces between anions
and the negatively charged GO sheets, the anions were not
detected within the GO membrane after permeation.***

4. SEPARATION PERFORMANCE CONTROL OF GO
MEMBRANE

4.1. Adjustment of GO Sheet Size and GO Membrane
Thickness. Separation performance of GO membranes can be
adjusted by changing the GO sheet size in the membrane
preparation process. Sun et al.*** produced nanosize GO
sheets using wormlike graphite and microsize GO sheets using
natural graphite and used them to prepare two different types
of GO membranes. The permeation rate of molecules or ions
through the GO membrane made from nanosized sheets is
faster than that from microsized sheets, because more gaps exist
between the edges of noninterlocked neighboring GO sheets in
the GO membrane made from nanosized sheets than in the
membrane made from microsized sheets. A larger number of
gaps provide more passages for molecules and ions diffusing
through the GO membrane in the direction vertical to the GO
sheets. Therefore, the graphite type and size must be properly
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chosen in the preparation of GO membranes, with respect to
the separation demands for different molecules and ions.

The separation performance of the GO membrane can also
be adjusted by changing the thickness of the membrane.
Coleman et al.*’ studied the penetration properties of
Ru(phen);** (Ru(C,HgN,);**) and Ru(bipy);*" through GO
membranes with different thicknesses. The two ions have
almost the same ion charge, molecular weight, and diftusivity in
water. Because Ru(phen)32+ contains six extra C atoms,
compared to Ru(bipy),**, the two ions had a subangstrom
size difference, which caused the sterically hindered diffusion to
differ. When the thickness of the GO membrane was <3 um,
the flow rate ratio of Ru(phen);** to Ru(bipy);** remained at a
constant value of ~0.65. However, when the thickness of the
GO membrane was >3.5 pm, the flow rate ratio of the two ions
decreased significantly to a value of 0.41. By constructing the
steric hindrance diffusion model, ion penetration through the
relatively thin GO membranes is mostly facilitated by the large
pores (>1.75 nm in diameter) created by vacancies, edges, and
cracks within individual GO sheets, whereas interlayer space
formed by stacked GO sheet is dominant only in thick
membranes. Because the GO membrane used by Joshi et al.*”!
was considerably thick (5 pm), the penetration of Ru(bipy);**
through the membrane was mainly controlled by the interlayer
space between GO sheets. As a result, the permeation of
Ru(bipy);** through the GO membrane was not detected.
Thus, the separation ratio of different molecules or ions during
preparation process can be adjusted readily by changing the
quantity of stacked GO sheets, i.e., the thickness of the GO
membrane.

4.2, Adjustment of Water pH. The ionization of the
carboxyl and hydroxyl groups on GO sheets causes the sheets
to become negatively charged. The degree of ionization can be
adjusted by controlling the pH of water, and the separation
performance of the GO membrane can be adjusted accordingly.
Huang et al.” adjusted the water pH by adding sodium
hydroxide and hydrochloric acid to adjust the water flux and
rejection rate of Evans Blue (C;,H,,N¢Na,0,,S,) through the
GO membrane. When the pH increased from 2 to 6, the zeta
potential of GO sheets decreased, because of the increased
degree of ionization of the carboxyl and hydroxyl groups, the
increased electrostatic repulsion forces between GO sheets and
the increased interlayer space between GO sheets, leading to an
increased water flux and decreased rejection rate. When the pH
was in the range of 6—8, the zeta potential of GO sheets
changed little, thus, the water flux and rejection rate had no
significant corresponding change. When the pH increased from
8 to 12, the zeta potential of GO sheets also changed slightly,
but the electrical double layer screening effect predominated as
the concentration of Na* increased in water, because of the
addition of sodium hydroxide. This shrank the interspace
distance of GO sheets, leading to a decrease in the water flux
and increase of the rejection rate, as shown in Figure 7.

4.3. Composite and Modification of GO Membrane.
The separation performance of the GO membrane can also be
adjusted by fabricating different GO membrane structures by
utilizing the oxygen-containing functional groups on GO
sheets. Huang et al.’' prepared a composite membrane by
filtering a mixture solution of negatively charged GO sheets and
positively charged Cu(OH), nanostrands. After the nano-
strands were dissolved using an acid solution, numerous
nanochannels with diameters of 3—5 nm were formed in the
membrane, which was larger than the interlayer space of the
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Figure 7. pH effects on the separation performance of Evans Blue
using GO membrane: (a) zeta potential of GO sheets and (b) water
flux and rejection rate of Evans Blue. (Reproduced with permission
from ref 50. Copyright 2013, Royal Society of Chemistry, London.)

original GO membrane. The water permeation rate in
nanochanneled GO membrane was 10 times higher than that
in the original one, without compromising the rejection rate of
dye molecules such as Rhodamine B (C,sHj; CIN,O;) and
Evans Blue. Wang et al.>” fabricated a GO membrane with
nanosized carbon dots embedded inside to adjust the interlayer
space of the membrane. By adding carbon dots with different
sizes controlled precisely, a 2- to 9-fold increase in the water
permeation rate was obtained, and the removal efliciency of
Rhodamine B, Methylene Blue (C;sH;sCIN;S), and Methyl
Orange (C14H14N3803Na) reached >99% and changed little.
Li et al.>® added the water-soluble material poly-

(vinylpyrrolidone) in the interlayer of the GO membrane to
increase the interlayer space and increased the permeation rate
of Reactive Red X-3B (C19H10C12N6Na20 S,) through the GO
membrane. Jia et al.>* prepared covalently cross-linked GO
membranes using dicarboxylic acids with different chain lengths
using esterification reactions. Because of the cross-linking
between GO sheets, the elastic moduli of the GO membranes
increased significantly. The interlayer space generally increased
with the chain length, and the permeation rate of KCl and
K,Fe(CN)s through GO membranes increased correspond-
ingly. Thus, the interlayer space of the GO membrane can be
enlarged by fabricating the membrane utilizing the oxygen-
containing functional groups on GO sheets. The water flux was
increased significantly through the GO membrane without
compromising the rejection rate of large ions or molecules for
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high-efficiency applications involving water separation and
purification.

4.4. Reduction of GO Membrane. Reduction of the GO
membrane can eliminate the oxygen-containing functional
groups on GO sheets, thus reducing the interlayer space
between GO sheets and increasing the barrier properties of the
membrane. Many methods can be used to reduce the GO
membrane, e.g, usm§ strong reductants such as hydra—
zine,"**>°° vitamin C,””*® hydroxylamine,”” or HI ac1d6
well as treatment under hydrothermal conditions.”" XPS or
elemental analysis is commonly employed to analyze the
reduction degree. After reductlon, the C/O ratio of GO
increased to ~12 in most cases.””** Raman spectrometry is also
widely used to examine the reduction characteristics. The D-
band (peak at ~1320—1350 cm™') and G-band (peak at
~1570—1585 cm™) are the main characteristic bands in the
Raman spectra of GO and reduced GO. The increase of the
ratio of D- and G-band intensity (I/Ig) in reduced GO,
compared to that in GO, indicates that the reduction
occurs.”*®® Nair et al.*® reduced the GO membrane by
annealing at 250 °C in a hydrogen—argon atmosphere. The
interlayer space of the membrane decreased from 10 A to 4 A,
and no water vapor permeation through the reduced GO
membrane was detected. Su et al.°® reduced GO membranes by
thermal reduction, vitamin C solution, and HI acid vapor to
obtain T-RGO, VC-RGO, and HI-RGO membranes, respec-
tively. The interlayer spaces of T-RGO and VC-RGO decreased
to 4 A, and that of HI-RGO was ~3.6 A, which was close to the
interlayer space in graphite. Because of the decrease in
interlayer space, the T-RGO and VC-RGO membranes
exhibited water permeation rate decreases of 3 and S orders
of magnitude, respectively, compared with the original GO
membrane. The decrease in interlayer space provided a
stronger barrier in HI-lRGO membrane, through which water
permeation was not detected. Su et al.®® produced GO
membranes by drop casting on the surface of metals, e.g, Cu
and Ni. After reduction by vitamin C, subsequently,
concentrated nitric acid or hydrochloric acid was deposited
dropwise on the VC-RGO membrane, but no degradation of
the surface was observed after several days, indicating that RGO
membranes can be used as an anticorrosion and chemical-
resistant coatlng

Liu et al.” reduced the GO membrane using HI acid vapor.
After reduction, the hydrophobicity of the membrane increased,
and the water contact angle increased from 38° to 78°.
Compared to the original GO membrane, the NaCl rejection
rate of the reduced membrane was increased. Neither Cu** nor
Acid Orange 7 (CH;;N,NaO,S) was detected whlle passing
through the reduced GO membrane. Sun et al.%® intercalated
monolayer titania nanosheets, which were prepared by
delaminating layered titanates into single molecular sheets®””’
and into the GO sheets to form the hybrid membrane. GO
sheets then were reduced under ultraviolet irradiation by
utilizing photocatalytic properties of titania nanosheets. With a
gradual increase in both the titania nanosheet content within
the membrane and the irradiation time under UV light, the
reduction degree of GO sheets increased, and the sheets
became more flattened. The number of nanocapillaries for ions
diffusing within them decreased, and the permeation rate of
Na* through the membrane eventually decreased. Zhang et al.”*
mechanically coated GO membranes on KNO; fertilizer pellets
that were subsequently thermally reduced. The pellets were
immersed in water to measure the release property, and the
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release duration of the pellets was extended, compared with
uncoated fertilizer. This indicates that the reduced GO
membrane can be used as coating material for controlled-
release fertilizer.

5. STABILITY OF GO MEMBRANE IN AQUEOUS
SOLUTION

As a type of nanomaterial, GO was reported to have potential
risks to environment and human health.”””* The cytotoxicity of
GO is dependent on its size,”* the degree of oxidation,” and
the dosages on cells or bacteria,”® etc. The disengagement of
GO sheets from the GO membrane in applications would cause
potential pollution to aqueous environment, so stability of the
GO membrane in aqueous solution is crucial.

However, because of the highly hydrophilic nature of the GO
sheet, the GO membrane soaked in water will disintegrate over
time’’~"” (e.g, the GO membrane prepared by Yeh et al.”®
using a vacuum filtration method was completely redispersed in
pure water after 1 day), while the GO membrane was very
stable in a high-concentration salt solution, even under
ultrasonic treatment.”” This is because the interactions between
water molecules and GO are weakened and the electrostatic
repulsion between GO sheets is decreased, because of the
existence of salt ions in aqueous solution. Taking advantage of
the oxygen-containing functional groups on GO sheets,
adjacent GO sheets could be chemical cross-linked by divalent
metal ions*””® or organic molecules such as dicarboxylic acids>*
and amines”*”*" etc,, thus improving the stability of GO
membrane. Yeh et al.”® prepared GO membranes via a vacuum
filtration method, using a porous anodized aluminum oxide
(AAO) filter disk, which is the most commonly used filter disk.
During the filtration of the acidic GO solution, the AAO filter
disk corroded to release a small amount of AI**, which cross-
linked the GO sheets, so the GO membrane becomes very
stable in stirred pure water. Huang et al.” selected poly-
(ethylenimine) as the cross-linker to prepare GO membranes;
the integrity of the membrane was maintained after oscillation
for 1 day in water and the water remained clear and clean,
which indicated the excellent stability. The reduced GO
membrane exhibits high stability for a long time in aqueous
solution, the stability is attributed to the enhancement of the
7— interactions between reduced GO sheets.'”** Although
the stability of GO membrane could be improved in different
approach, further research on long-term stability should be
pursued.

6. CONCLUSIONS

The graphene oxide (GO) membrane shows excellent
separation performance for different molecules and ions. The
interlayer nanocapillary networks formed due to the connected
interlayer spaces, together with the gaps between edges of
noninterlocked neighboring GO sheets and the cracks or holes
of the GO sheet, provide passage for molecules or ions to
permeate through the GO membrane in aqueous solutions,
achieving the effective separation of different molecules and
ions. Many factors, including the size of the molecules or ions,
the charge of the ions, and interactions such as electrostatic
interaction, metal coordination, and cation—x interaction
between ions and GO sheets affect the separation performance
of the GO membrane. The molecules or ions with smaller
hydrated radius, less charge, and weaker interaction with GO
sheets permeate through the GO membrane more easily.
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Driven by the high capillary-like pressure resulting from the
nanocapillary network in the GO membrane, molecules or ions
with smaller sizes undergo an ultrafast permeation through the
GO membrane, whereas those with larger size are blocked and
separated.

The GO membrane has promising potential in the
applications of water treatment, especially the removal of
toxic ions and organic molecules in polluted water. The desired
separation performance with high water flux and rejection rates
can be achieved by adjusting the GO sheet size, the thickness of
the GO membrane, water pH, and the GO membrane
structure. The GO membrane also have potential applications
in the fields of anticorrosion, chemical resistance, and
controlled release coating, because of the impermeability of
the reduced GO membrane. For environmental benign and
practical applications, further research focused on improving
long-term stability of GO membrane in aqueous solution is of
great importance. Thorough ecotoxicological assessments on
applying GO should be further studied, in order to effectively
utilize the unique properties of GO membrane and eliminate
the possible associated adverse health and environmental
effects.
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