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Abstract: Graphene oxide (GO) has been considered as a promising membrane material, because of its easy process-
ability and distinct properties, including controllable pore size distribution and diffusion channels. Particularly, the feasibility
has been proposed a number of simulation results and proof-of-concept experimental approaches towards GO membranes.
That is, GO already shows many outstanding intrinsic properties suitable for promising membrane platforms, such as the
minimum membrane thickness and the ability to generate nanopores in the two-dimensional lattices or to create slit-like
nanochannels between adjacent sheets. This review will be addressed the important experimental development in GO-based
membranes for gas and ion separations, emphasizing on intrinsic transport phenomena, and critical issues for practical
applications.
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1. Introduction D)[2]. Because of its distinctive structural configuration,

GO has unique material properties, including pH-sensi-

Since the research on graphene oxide (GO) con-
ducted by R. S. Ruoff et al. in 2007[1], studies on GO
have significantly increased in scientific communities,
including materials science, physics, and chemistry.
Generally, GO has an amphiphilic structure with iso-
lated graphitic sp® carbons and amorphous carbons,
which are decorated with various oxygen functional
groups either at the edge or on the basal plane (Fig.

tive amphiphilicity, a mesomorphic ordered state in an
aqueous solution, fast proton conductivity under hu-
midified conditions, high affinity for certain gases and
vapors, and gas barrier behaviors in polymer composite
systems[3-8].

However, there are various controversial topics on
GO. For instance, the chemical properties of GO are

the most complex; therefore, it is difficult to identify
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Fig. 1. Ilustration of GO chemical structure.

its original chemical and physical structures[2].
Therefore, a clear understanding and an exact reaction
mechanism for chemical modifications are elusive[2].
Although the exact chemical structure is elusive, owing
to the intensive studies on the chemistry of GO, vari-
ous guidelines for incorporating the desired heter-
oatoms including nitrogen, boron, metals, and metal
oxides as well as to functionalize useful species such
as polymers and organic groups have been suggested|2,
9,10]. However, owing to the heterogeneous nature of
GO, controlling reactions involving specific types of
functional groups precisely while preserving others is a
challenge.

Another unique characteristic of the GO-related sci-
entific field that is the center of debate is the differ-
ence between bulk and ultrathin (i.e., under 5 layers)
properties[11,12]. Additionally, this characteristic has
fascinated those who consider the engineering of mate-
rial features using the physical and chemical changes
such as structural tuning and surface modification. For
instance, the freestanding GO film (which has bulk

properties) blocks the penetration of small-sized mole-

2n generation
: Development of
synthetic ways

1855 1900

cules[13], whereas the few-layered GO composite sys-
tem (which has ultrathin properties) exhibits permeable
and selective transport behaviors to allow the diffusion
of specific molecules such as H,, CO,, and water[11,
14,15]. These disjunctions originate from the different
physicochemical properties such as diffusion path
length and sorption ability[11,15,16]. Therefore, discov-
ering a way to control the intrinsic features suitable for
desired applications selectively would be the best route
for the GO-based nanotechnologies[17-20].

The aim of this review presents the aspects of
GO-related studies, which are important for under-
standing the characteristics of GO involving the dis-
connection between bulk and few-layered properties for
environmental applications such as purification of air
and liquids. Here, we discuss only the selective liter-
ature that directly contributes to the topics. These top-
ics include configurations of GO depending on syn-
thetic routes, molecular transport behaviors through mi-
cron and nanometric thick GO films[2,11,12,15].
Generally, this review is based on our experimental
studies.

2. Synthetic Methods and Diverse Structures

GO synthesis has a long history[21], and oxidation
is an essential step for the synthesis of GO. Thus, oxi-
dants are key reagents for the formation of GO, that
is, they determine the chemical configuration of GO[2,
9,22,23]. Therefore, oxidants are used for the develop-
ment of GO synthesis. Based on the research trends, it
comprises four generations around important aspects
(Fig. 2).

The first phase is the discovery and synthesis of oxi-

4t generation
: GO chemistry
for practical uses

1970 2000

15t generation
: GO discovery
“Brodie method”

Fig. 2. Major points on graphene oxide research.
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Hofmann
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Fig. 3. Summary of several older structural models of GO. Reproduced from [29] with permission of ACS.

dative graphitic carbon[21]. In 1855, Brodie wrote a
short note that described the oxidation of graphite[24].
Afterwards, Brodie method was introduced, it involved
the formation of GO with a detailed explanation of its
composition and chemical properties[21]. B. C. Brodie
first introduced a method for the oxidation of graph-
ite[21,24]. However, he did not recognize his first
finding of a new carbon allotrope because his research
objective was not to prepare a new carbon analog. His
discovery received significant attention in 1870 when
Bertheot proclaimed Brodie’s method for preparing GO
as a method for distinguishing between different forms
of graphitic carbon[25,26].

Subsequently, various scientists have tried to develop
new synthetic recipes under relatively mild conditions
[27-29] and identify the chemical structures of the syn-
thetic GO[30-34]. In particular, in 1898, Staudenmaier
proposed a convenient and less dangerous preparation
protocol for complementing the various existing methods
[35]. This is known the “Staudenmaier method,” which
is used in the mixing of concentrated nitric acid and
sulfuric acid instead of the strong oxidants (i.e., fuming
nitric acid, concentrated sulfuric acid, and potassium
chlorate) in the Brodie method. Finally, Hummers and
Offeman established the most mild method for in-
troducing permanganate as an oxidant and conducting a
low reaction temperature between 20 to 35 °C for the
formation of GO[29]; however, their method (Hummers

method) contains various impurities, including sulfur.

Therefore, a purification step is necessary in the Hummers
method. As different reagents are used for the for-
mation of GO, the individual chemical composition
is observed in various synthesized materials[2,33].
Generally, the degree of oxidation in GO followed the
order Brodie > Staudenmaier > Hummers.

The second phase involved the construction and pro-
posal of the chemical structures of GO by adopting
spectroscopy methods, including powder X-ray dif-
fraction (XRD)[36]. During this phase, Hofmann and
Ruess proposed several chemical structures (Fig. 3)
[33], and most structural models are based on regular
lattices consisting of discrete repeated units[37]. For in-
stance, Hofmann suggested a GO composition com-
posed of epoxy groups either in the basal plane or at
the edge[38]. Ruess suggested the GO structure to re-
place epoxy groups with hydroxyl groups on the basal
plane and to alter the basal plane structure to a sp® hy-
bridized system in comparison with the Hofmann mod-
el[39]. In 1969, Scholz and Boehm suggested a differ-
ent model that eliminates the epoxide and ether groups
and incorporates a regular quinoidal form[40]. Nakajima
and Matsuo reported the most distinctive structure
forming a double graphite intercalation compound in
decoration with various oxygen groups[30]. This is be-
cause the chemical structure was obtained through a
target study (i.e., a stepwise mechanism for its for-
mation via three of the more common oxidation proto-

cols). Therefore, we believe that this approach began

Membr. J. Vol. 32, No. 1, 2022
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the third phase in the study of GO.

The third phase focused on the identification of de-
tailed GO structures along with cutting edge techni-
ques, including magic angle spinning nuclear magnetic
resonance on “C[41]. Mermoux, who led this study,
tried to find the best fitting model based on his da-
ta[41]. However, solving the chemical identity of GO
is still a challenge. This is because the GO structures
are strongly dependent on the type of synthetic proto-
col used[2,10]. Therefore, various studies are conduct-
ing investigations to solve this challenge.

The last stage focused on the findings and mod-
ifications suitable for industrial applications. In partic-
ular, the discovery of graphene by Gein and Novoselov
enhanced the reduction chemistry of GO[42]. This is
because the reduction ability of GO was regarded as
an economical method for obtaining graphene layers[2,
10]. While implementing this concept, various re-
searchers have looked at GO as a promising alternative
to the current important commercial materials[43]. As
a result, many exciting applications have been envi-
sioned and demonstrated[43]. In particular, we will fo-
cus on GO in environmental applications such as ab-

sorption of CO,, separation of ions.

3. Gas Transport Features

Membrane-based gas separation is an active research
area in material science, along with its rapid growth in
significance within industrial fields[44-47]. Currently,
because of their distinctive features such as easy scal-
ability, processability, and feasibility in practical appli-
cations, polymers occupy 90% of the market for mem-
brane materials[44,45]. However, polymeric membranes
have a definite trade-off with respect to the desired
properties of permeability and selectivity for the re-
quired gas component[48]. To solve this problem, vari-
ous approaches such as molecular structure engineering
and addition of materials containing silica, zeolites, and
carbons into a polymer have been investigated[49-51].

Recent has been paid significant attention to ad-

vanced membrane materials specifically for carbon-based

wugel A 32 @ A1 E, 2022
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Fig. 4. Simplified GO membrane structure to be consid-
ered for molecular separation Reproduced from [58] with
permission of Willey.

nanomaterials, such as fullerenes[52], carbon nanotubes
(CNT)[53,54], graphene[55,56], and GO[13]. A sig-
nificant amount of effort has also focused on tailoring
nanocarbon-based membranes to obtain outstanding gas
separation performance[57]. In particular, GO has been
regarded the most promising candidate for gas separa-
tion membranes because of its distinct properties such
as single-atom thicknesses, potential for mass pro-
duction, ease of scalability, and processability in sol-
ution[58]. Good dispersion ability in various types of
solvents such as water and polar organic solvents facil-
itates the preparation of pristine GO films and compo-
sitte. GO layers on substrates through various meth-
0ds[59]. For gas separation, studies on preparation of a
thin film composite system have been mainly con-
centrated, because a short diffusion pathway is gen-
erally preferred to avoid barrier character of two-di-
mensional (2D) materials and improve gas diffusion
rate. Furthermore, the prepared GO films form lamellar
structures, and the interlayer spacing between the
stacked GO sheets is between 0.6 and 1.2 nm, which
can be controlled by the amount of intercalated water
and the degree of oxidation[60]. Owing to the complex
chemistry of the GO film, it is difficult to estimate or
calculate the intrinsic permeation properties of any gas-
es going through the GO membranes (Fig. 4). Notably,
it is a key to control the interlayer spacing as well as
the film thickness of the GO film for practical use as
a membrane material.

The ultrathin GO coated on a porous substrate ex-
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hibits outstanding selective gas transport behaviors[11,
14,57]. For example, an ultrathin GO (1.8 nm thick)
membrane on an anodized aluminum oxide (AAO)
supported and measured its gas permeability[57]. This
group experimentally demonstrated that gas permeation
through the GO film is dependent on the effective

thickness of the GO film[57]. Moreover, the GO film
that reduces the thickness at a nanometer level exhibits
an ultrapermeable H,-selective character with reason-
able separation factors (H./CO,) (Fig. 5)[57].

More interesting study on ultrathin GO composite
system has been reported to show the different gas

Membr. J. Vol. 32, No. 1, 2022
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transport behaviors (Fig. 6)[11].

GO-coated porous polymeric membranes exhibit totally

The few-layered

different CO, transport behavior[11]. In other words,
the few-layered GO membranes exhibit facilitated or
retarded CO, diffusion features, depending on the
stacking manners, which gives rise to different dif-
fusion path sizes[11]. To control the stacking manner,
the GO layers (<10 nm) were coated on the porous
polymeric membranes in two different ways: (1) static
spin coating and (2) dynamic spin casting[11]. The
thin GO membranes prepared via static spin coating
exhibits the Knudsen transport, which shows nano-
The

Knudsen selectivity with increasing coating cycles, in-

porous membranes[11]. selectivity shows the
dicating that the nanopores formed between the GO
sheets are difficult to form selective gas diffusion
channels by reapplying the coating method[11]. On the
other hand, the GO membranes prepared via dynamic
spin casting showed high CO, selective transport be-
havior following the solution-diffusion model in poly-
mers with ultrahigh free-volume[61].

Furthermore, these GO membranes maintain out-
standing CO, separation characteristics even under hu-
midified conditions[11,14]. This can be attributed to
both the water- and CO,-philic features of GO, and the
high CO, solubility coefficient in water (Fig. 7)[14,
16]. Thus, this synergistic effect can contribute to the
achieving of stable CO,/N, and CO,/CH4 selectivities

mugel A 32 @ A1 I, 2022

under humidified conditions[14]. The hydrophilic GO
can be the stable existing water vapors inside the GO
layers. Such intercalated water molecules increase the
CO, solubility term, thus leading to a high CO, per-
meation rate[14]. In general, when exposed to water
vapor, the commercial polymeric membranes for sepa-
rating CO, significantly lose their CO, separation
ability. This is because the condensation of water va-
por blocks the thermodynamic pores in the polymeric
membranes[14]. Therefore, these outstanding CO, sepa-
ration properties can envision the GO membranes as

next-generation membrane materials for CO, capture.

4. lon Separation Properties

Because of the hydrophilic nature of GO, an ion
transport through the GO-based films has been more
extensively studied than other applications, including
gas separation. Various researchers are actively inves-
tigating from fundamental studies to applied re-
search[13,15,62-64]. Several permeation systems such
as a simple two-chamber diffusion cell, a high-pressure
cell, and specially designed equipment were employed
to determine the intrinsic GO properties for ion separa-
tions[15]. As a result, it was revealed that GO mem-
branes have wide potential for water purification and
ion sieving, as compared with the commercial poly-

meric membranes[15]. Although the transport mecha-



Intrinsic Permeation Properties of Graphene Oxide Membranes for Gas and lon Separations 7

A C ot 3
§ 6”.6.@“.%’—'M92+
1 l
—~ 11 K* 3
2 1013 AsQOy 2
x 3 @——propanol
B £ ] i
[=] 3
E E :
3 103] 4
s FeCNE "I Rutipy)?”
e g s !
‘e @ g ] v v
8 10 ] i sucrose v
o B E E : T
& o ] 1
“ o, =3 3 glycerol—-', e
o % %% ® o 3 T T T T I E— T T T T
T . ® 3.0 35 40 45 5.0 55 6.0

hydrated radius (A)

Fig. 8. Ton permeation through GO laminates. (A) Photograph of a GO membrane covering a 1-cm opening in a copper foil.
(B) Schematic of the experimental setup. A U-shaped tube 2.5 cm in diameter is divided by the GO membrane into two
compartments referred to as feed and permeate. Each is filled to a typical level of ~20 cm. Magnetic stirring is used so as
to ensure no concentration gradients. (C) Sieving through the atomic-scale mesh. The shown permeation rates are normalized
per 1 M feed solution and measured by using S5-mm-thick membranes. Reproduced from [15] with permission of AAA

Science.

nism is still unknown, a promising performance is
mainly attributed to the distinctive structural properties
of the GO membranes such as atomic-level thickness,
controllable diffusion channel size, and abundant oxy-
gen group[58]. In this section, we briefly present the
overall research on ion transport through the lamellar
GO films.

A first report on ultrapermeable water vapor dif-
fusion demonstrated that the micron-thick GO films
can permeate water vapor while blocking others, in-
cluding various organic solvents and even small-sized
gas molecules like helium[15]. This discovery contra-
dicts the traditional concept that it is difficult to pass
through the lamellar structure in molecules such as he-
lium[13]. Thus, this initiated to extensively study the
transport phenomena of water and ion transport through
GO films, including thin composite membranes.

According to the abovementioned research, a per-
meation rate of various liquids including water and or-
ganic solvents through the freestanding GO films was
measured using a simple diffusion cell[15]. It was es-
tablished that liquid water diffused through the GO
films, whereas no permeation of other liquids was ob-

served via chemical analysis[15]. Furthermore, a con-
ductivity meter coupled with a total carbon analyzer
can characterize the permeability of hydrated ions with
different salts[15]. Ions with relatively small sizes,
such as potassium ions, can rapidly pass through the
GO films[60]. On the other hand, large-sized ions and
organic molecules could not penetrate the same films
(Fig. 8)[60]. These data support the fact that a liquid
water molecule and hydrated ions of small size pene-
trate the interlayer gaps created by the stacked GO
sheets[60]. In addition, the physical channel size be-
tween the GO sheets is approximately 4.5 A, to calcu-
late based on the hydrated size of the penetrated ions
(i.e., K (3.3 A) and Mg*" (4.4 A) can be diffused but
larger molecules do not.)[15].

These studies indicate that GO can be a promising
candidate as a new membrane material. However, the
size-sieving transport mechanism of the GO films is
still unclear. This is because the proposed mechanism
is too simplified to ignore the complicated structure of
the GO membranes (Fig. 4). The detailed transport
study of the GO films has established that the intrinsic

water permeability coefficient is measured in the range

Membr. J. Vol. 32, No. 1, 2022
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of 3.0 x 107 to 1.0 x 10° cm?/s, which strongly de-
pends on the physical and chemical properties of GO,
such as the flake size and oxidation level (Fig. 9)[60].
This permeability of the GO film is similar to that of
a commercial polyamide membrane for desalination
[65]. Moreover, the GO membrane exhibits a lower
diffusion coefficient than the common polyamide-based
membranes, whereas the water partition coefficient of
the GO films is higher than that of hydrophilic poly-
mers[60]. This indicates that the water transport mech-
anism of the GO films looks likely to follow the sol-
ution-diffusion mechanism rather than the size-sieving
mechanism.

Notably, it is true that the GO membrane exhibits
outstanding ion separation ability, which is suitable for
nanofiltration (NF) applications that allow the pene-
tration of small-sized ions and blocking unwanted large
molecules. The GO thin-film composite shows higher
water flux ranging from 8 to 27.61 L-m”h"' when
proper engineering size of the interlayer spaces and the
effective film thickness is reduced[60]. Considering
that the flux of the conventional NF membranes is ap-
proximately 2.0 L-m~h'[63], the GO membranes ex-
hibit higher water flux with reasonable rejections,
which can reduce the energy consumption for de-
salination process. Thus, the GO thin-film composite
system has been considered the most promising candi-

date for NF applications.

mugel A 32 @ A1 I, 2022

5. Conclusions

GO has several advantages over conventional materi-
als in industrial applications. However, new platforms
require further development owing to the need for pre-
cise criteria to compete with the conventional materials
such as polymers metal alloys for membrane.
Understanding the intrinsic properties of GO is suitable
for its applications. This is because GO shows entirely
different behaviors between bulk and ultrathin (i.e., un-
der 5 layers) properties. This unique feature provides
an opportunity for exploring GO-based engineering.
Notably, because of its 2D platform, ease of thin-film
formation, and scalability, GO is the most unique ma-
terial among various nanomaterials. However, various
important issues need to be addressed before the chem-
istry of GO and the modified GO become practical.
The first is the chemical and physical stability owing
to the metastable nature of GO and the modified GO.
Second, owing to their nanoscale structure, it is neces-
sary to discover a suitable substrate with good affinity
for GO and the modified GO. These questions range
from a complete systematic study of a GO-based struc-
ture to a more fundamental understanding of the struc-
ture and consequently a processing pathway. Therefore,
we need to establish a unique tunable structure of GO
and the modified GO that gives them an edge in vari-

ous application fields.
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