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1. Introduction1)

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 sp2 carbons and amorphous carbons, 
which are decorated with various oxygen functional 
groups either at the edge or on the basal plane (Fig. 

1)[2]. Because of its distinctive structural configuration, 
GO has unique material properties, including pH-sensi-
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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요   약: 그래핀옥사이드는 우수한 물리적 특성 및 가공성으로 멤브레인 소재로 각광받고 있다. 특히, 이론적 예측과 실험
적인 접근을 통해 그래핀옥사이드의 원자 수준의 얇은 두께, 뛰어난 기계적 강도, 높은 수준의 내화학성, 기공 생성이 가능한
2차원 구조 또는 기체 확산 유로 생성이 가능한 적층구조 등 멤브레인 소재로서 매우 유리한 특성들을 보유하고 있음이 밝혀
졌다. 또한 그래핀옥사이드에서의 분자 투과 거동은 적층된 그래핀옥사이드 사이의 채널 크기에 따라 영향을 받는다는 것이
발견되었다. 그 후, 이러한 특성을 응용하여 그래핀옥사이드를 멤브레인 소재로 활용하기 위해 많은 연구가 집중적으로 진행
되고 있다. 본 총설에서는 그래핀옥사이드의 고유 특성을 기반으로 멤브레인 분야로의 응용 가능성에 대하여 논하고자 한다.

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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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-

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 H2, CO2, 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-

Fig. 1. Illustration of GO chemical structure. 

Fig. 2. Major points on graphene oxide research.
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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 sp3 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 

Fig. 3. Summary of several older structural models of GO. Reproduced from [29] with permission of ACS.
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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 13C[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 CO2, 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 

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-
site GO layers on substrates through various meth-
ods[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-

Fig. 4. Simplified GO membrane structure to be consid-
ered for molecular separation Reproduced from [58] with 
permission of Willey.
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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 H2-selective character with reason-
able separation factors (H2/CO2) (Fig. 5)[57]. 

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

Fig. 5. 50:50 H2/CO2 and H2/N2 gas mixture separations and comparison with literature data. (A) and (B) show separation re-
sults for a 1.8-nm-thick GO membrane, (C) and (D) for 9-nm membrane, and (E) and (F) for an 18-nm membrane. 
Reproduced from [57] with permission of AAA Science.

Fig. 6. Gas transport behavior through ultrathin GO membranes. (A) Gas permeances of GO membranes as a function of mo-
lecular weight (method one; dashed line represents the ideal Knudsen selectivity) under dry and humidified conditions. amu, 
atomic mass unit. (B) H2 and CO2 permeances and H2/CO2 selectivity of method one GOmembranes as a function of per-
meation time. (C) Gas permeances of GO membranes as a function of kinetic diameter (method two) under dry and humidi-
fied conditions. Reproduced from [11] with permission of AAA Science.
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transport behaviors (Fig. 6)[11]. The few-layered 
GO-coated porous polymeric membranes exhibit totally 
different CO2 transport behavior[11]. In other words, 
the few-layered GO membranes exhibit facilitated or 
retarded CO2 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-
porous membranes[11]. The selectivity shows the 
Knudsen selectivity with increasing coating cycles, in-
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 CO2 selective transport be-
havior following the solution-diffusion model in poly-
mers with ultrahigh free-volume[61]. 

Furthermore, these GO membranes maintain out-
standing CO2 separation characteristics even under hu-
midified conditions[11,14]. This can be attributed to 
both the water- and CO2-philic features of GO, and the 
high CO2 solubility coefficient in water (Fig. 7)[14, 
16]. Thus, this synergistic effect can contribute to the 
achieving of stable CO2/N2 and CO2/CH4 selectivities 

under humidified conditions[14]. The hydrophilic GO 
can be the stable existing water vapors inside the GO 
layers. Such intercalated water molecules increase the 
CO2 solubility term, thus leading to a high CO2 per-
meation rate[14]. In general, when exposed to water 
vapor, the commercial polymeric membranes for sepa-
rating CO2 significantly lose their CO2 separation 
ability. This is because the condensation of water va-
por blocks the thermodynamic pores in the polymeric 
membranes[14]. Therefore, these outstanding CO2 sepa-
ration properties can envision the GO membranes as 
next-generation membrane materials for CO2 capture.

4. Ion 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-

Fig. 7. Gas permeances of ultrathin GO membranes as a function of gas diffusivity coefficient (a) and gas solubility (b) in 
water at 25 oC. Gas permeance order of such GO membranes strongly depends on the RH levels of feed pressure. 
Reproduced from [14] with permission of RSC.
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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 Å, to calcu-
late based on the hydrated size of the penetrated ions 
(i.e., K+ (3.3 Å) and Mg2+ (4.4 Å) 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 

Fig. 8. Ion 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 5-mm-thick membranes. Reproduced from [15] with permission of AAA 
Science.
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of 3.0 × 10-7 to 1.0 × 10-6 cm2/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-2·h-1 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-2·h-1[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.

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.

Fig. 9. (A) The effect of GO flake size on the water permeability of GO membranes. (B) The effect of interlayer spacing on 
the salt permeabilities of GO layers. The channel size was simply calculated by subtracting GO thickness (0.34 nm) from the 
interlayer spacing. Reproduced from [60] with permission of Elsevier.



Intrinsic Permeation Properties of Graphene Oxide Membranes for Gas and Ion Separations

Membr. J. Vol. 32, No. 1, 2022

9

Acknowledgments

This work was supported by the Basic Science 
Research Program through the National Research 
Foundation of Korea (NRF) funded by the Ministry of 
Education (no.2020R1I1A2073243). This sturdy was al-
so supported by 2020 Research Grant from Kangwon 
National University. 

Reference

1. D. A. Dikin, S. Stankovich, E. J. Zimney, R. D. 
Piner, G. H. B. Dommett, G. Evmenenko, S. T. 
Nguyen, and R. S. Ruoff, “Preparation and charac-
terization of graphene oxide paper”, Nature, 448, 
457-460 (2007).

2. W. Gao, “The chemistry of graphene oxide”, in 
Graphene oxide, pp. 61-95, Springer (2015).

3. B. M. Yoo, H. J. Shin, H. W. Yoon, and H. B. 
Park, “Graphene and graphene oxide and their uses 
in barrier polymers”, J. Appl. Polym. Sci., 131 (2014).

4. J. Kim, L. J. Cote, F. Kim, W. Yuan, K. S. Shull, 
and J. Huang, “Graphene oxide sheets at inter-
faces”, J. Am. Chem. Soc., 132, 8180-8186 (2010).

5. J. E. Kim, T. H. Han, S. H. Lee, J. Y. Kim, C. 
W. Ahn, J. M. Yun, and Kim, S. O., “Graphene 
oxide liquid crystals”, Angew. Chem., 123, 3099- 
3103 (2011).

6. M. R. Karim, K. Hatakeyama, T. Matsui, H. 
Takehira, T. Taniguchi, M. Koinuma, Y. Matsumoto, 
T. Akutagawa, T. Nakamura, S., Noro, T. Yamada, 
H. Kitagawa, and S. Hayami, “Graphene oxide 
nanosheet with high proton conductivity”, J. Am. 
Chem. Soc., 135, 8097-8100 (2013).

7. S. Prezioso, F. Perrozzi, L. Giancaterini, C. Cantalini, 
E. Treossi, V. Palermo, M. Nardone, S. Santucci, 
and L. Ottaviano, “Graphene oxide as a practical 
solution to high sensitivity gas sensing”, J. Phys. 
Chem. C, 117, 10683-10690 (2013).

8. Y. H. Yang, L. Bolling, M. A. Priolo, and J. C. 
Grunlan, “Super gas barrier and selectivity of gra-
phene oxide polymer multilayer thin films”, Adv. 

Mater., 25, 503-508 (2013).
9. S. Eigler and A. Hirsch, “Chemistry with graphene 

and graphene oxide—challenges for synthetic chemists”, 
Angew. Chem. Int. Ed., 53, 7720- 7738 (2014).

10. R. R. Amirov, J. Shayimova, Z. Nasirova, and A. 
M. Dimiev, “Chemistry of graphene oxide. Reactions 
with transition metal cations”, Carbon, 116, 356- 
365 (2017).

11. H. W. Kim, H. W. Yoon, S.-M. Yoon, B. M. 
Yoo, B. K. Ahn, Y. H. Cho, H. J. Shin, H. Yang, 
U. Paik, S. Kwon, J.-Y. Choi, and H. B. Park, 
“Selective gas transport through few-layered gra-
phene and graphene oxide membranes”, Science, 
342, 91-95 (2013).

12. H. W. Kim, M. B. Ross, N. Kornienko, L. Zhang, 
J. Guo, P. Yang, and B. D. McCloskey, “Efficient 
hydrogen peroxide generation using reduced graphene 
oxide-based oxygen reduction electrocatalysts”, Nature 
Catalysis, 1, 282-290 (2018).

13. R. Nair, H. A. Wup, P. N. Jayatami, L. V. 
Grigorieva, and A. K. Geim, “Unimpeded permeation 
of water through helium-leak–tight graphene-based 
membranes”, Science, 335, 442-444 (2012).

14. H. W. Kim, H. W. Yoon, B. M. Yoo, J. S. Park, 
K. L. Gleason, B. D. Freeman, and H. B. Park, “High- 
performance CO2-philic graphene oxide membranes 
under wet-conditions”, Chem. Commun., 50, 13563- 
13566 (2014).

15. R. K. Joshi, P. Carbone, F. C. Wang, V. G. 
Kravets, Y. Su, I. V. Grigorieva, H. A. Wu, A. K. 
Geim, and R. R. Nair, “Precise and ultrafast mo-
lecular sieving through graphene oxide membranes”, 
Science, 343, 752-754 (2014).

16. H. W. Yoon, T. H. Lee, C. M. Doherty, T. H. Choi, 
J. S. Roh, H. W. Kim, Y. H. Cho, S-H. Do, B. D. 
Freeman, and H. B. Park, “Origin of CO2-philic 
sorption by graphene oxide layered nanosheets and 
their derivatives”, J. Phys. Chem. Lett., 11, 2356- 
2362 (2020).

17. K. M. Cho, H.-J. Lee, Y. T. Nam, Y-J. Kim, C. 
Kim, K. M. Kang, C. A. R. Torres, D. W. Kim, 
and H. T. Jung, “Ultrafast-selective nanofiltration 



Hyo Won Kim

멤브레인, 제 32 권 제 1 호, 2022

10

of an hybrid membrane comprising laminated re-
duced graphene oxide/graphene oxide nanoribbons”, 
ACS Applied Materials & Interfaces, 11, 27004- 
27010 (2019).

18. H. Kim, D. W. Kim, V. Vasagar, H. Ha, S. 
Nazarenko, and C. J. Ellison, “Polydopamine-graphene 
oxide flame retardant nanocoatings applied via an 
aqueous liquid crystalline scaffold”, Adv. Funct. Mater., 
28, 1803172 (2018).

19. J. H. Kim, Y. Choi, J. Kang, E. Choi, S. E. 
Choi, O. Kwon, and D. W. Kim, “Scalable fab-
rication of deoxydenated graphene oxide nano-
filtration membrane by continuous slot-die coating”, 
J. Membr. Sci., 612, 118454 (2020).

20. Y. Choi, S.-S. Kim, J. H. Kim, J. Kang, E. Choi, 
S. E. Choi, J. P. Kim, O. Kwon, and D. W. Kim, 
“Graphene oxide nanoribbon hydrogel: viscoelastic 
behavior and use as a molecular separation mem-
brane”, ACS Nano, 14, 12195-12202 (2020).

21. B. C. Brodie, “XIII. On the atomic weight of 
graphite”, Philosophical Transactions of the Royal 
Society of London, 149, 249-259 (1859).

22. D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. 
Sinitskii, Z. Sun, A. Slesarev, L. B. Alemany, W. 
Lu, and J. M. Tour, “Improved synthesis of gra-
phene oxide”, ACS nano, 4, 4806-4814 (2010).

23. J. Chen, B. Yao, C. Li, and G. Shi, “An improved 
Hummers method for eco-friendly synthesis of gra-
phene oxide”, Carbon, 64, 225-229 (2013).

24. B. Brodie, “Note sur un nouveau procédé pour la 
purification et la désagrégation du graphite”, Ann. 
Chim. Phys., 45, 351-353 (1855).

25. G. Bettendorf, “Zur geschichte der endokrinologie 
und reproduktionsmedizin: 256 biographien und be-
richte”, Springer-Verlag (2013).

26. M. Berthelot, “Recherches sur les états du carbone”, 
Ann. Chim. Phys. 4e série, 19, 392-426 (1870).

27. V. Kohlschütter and P. Haenni, “Zur kenntnis des 
graphitischen kohlenstoffs und der graphitsäure”, Z. 
Anorg. Allg. Chem., 105, 121-144 (1919).

28. U. Hofmann and A. Frenzel, “Quellung von graphit 
und die bildung von graphitsäure”, Ber. Dtsch. Chem. 

Ges. (A and B Series), 63, 1248-1262 (1930).
29. W. S. Hummers Jr. and R. E. Offeman, “Preparation 

of graphitic oxide”, J. Am. Chem. Soc., 80, 1339- 
1339 (1958).

30. T. Nakajima, A. Mabuchi, and R. Hagiwara, “A 
new structure model of graphite oxide”, Carbon, 26, 
357-361 (1988).

31. T. Nakajima and Y. Matsuo, “Formation process and 
structure of graphite oxide”, Carbon, 32, 469-475 
(1994).

32. D. Hadži and A. Novak, “Infra-red spectra of 
graphitic oxide”, Trans. Faraday Soc., 51, 1614-1620 
(1955).

33. T. Szabó, O. Berkesi, P. Forgó, K. Josepovits, Y. 
Sanakis, D. Petridis, and I. Dékány, “Evolution of 
surface functional groups in a series of progressively 
oxidized graphite oxides”, Chem. Mater., 18, 2740- 
2749 (2006).

34. F. A. de La Cruz and J. Cowley, “Structure of 
graphitic oxide”, Nature, 196, 468-469 (1962).

35. L. Staudenmaier, “Verfahren zur darstellung der 
graphitsäure”, Berichte der deutschen chemischen 
Gesellschaft, 31, 1481-1487 (1898).

36. U. Hofmann, A. Frenzel, and E. Csalán, “Die kon-
stitution der graphitsäure und ihre reaktionen”, Justus 
Liebigs Annalen der Chemie, 510, 1-41 (1934).

37. G. Ruess, “Über das graphitoxyhydroxyd (graphitoxyd)”, 
Monatshefte für Chemie und verwandte Teile anderer 
Wissenschaften, 76, 381-417 (1947).

38. U. Hofmann and R. Holst, “Über die Säurenatur 
und die Methylierung von Graphitoxyd”, Ber. Dtsch. 
Chem. Ges. (A and B Series), 72, 754-771 (1939).

39. M. Mermoux, Y. Chabre, and A. Rousseau, “FTIR 
and 13C NMR study of graphite oxide”, Carbon, 
29, 469-474 (1991).

40. W. Scholz and H. Boehm, “Betrachtungen zur 
struktur des graphitoxids”, Z. Anorg. Allg. Chem., 
369, 327-340 (1969).

41. W. Cai, R. D. Piner, F. J. Stadermsn, S. J. Park, 
M. A. Shaibat, Y. Ishii, D. Yang, A. Velamakanni, 
S. J. An, M. Stollrt, J. An, D. Chen, and R. S. 
Ruoff, “Synthesis and solid-state NMR structural 



Intrinsic Permeation Properties of Graphene Oxide Membranes for Gas and Ion Separations

Membr. J. Vol. 32, No. 1, 2022

11

characterization of 13C-labeled graphite oxide”, Science, 
321, 1815-1817 (2008).

42. J. C. Meyer, A. K. Geim, M. I. Katsnelson, K. S. 
Novoselov, T. J. Booth, and S. Roth, “The structure 
of suspended graphene sheets”, Nature, 446, 60-63 
(2007).

43. K. S. Novoselov, V. I. Fal'ko, L. Colombo, P. R. 
Gellert, M. G. Schwab, and K. Kim, “A roadmap 
for graphene”, Nature, 490, 192-200 (2012).

44. H. B. Park, “Gas separation membranes”, Encyclopedia 
of Membrane Science and Technology, 1-32 (2013).

45. H. B. Park and Y. M. Lee, “Polymeric membrane 
materials and potential use in gas separation, in 
Advanced membrane technology and applications”, 
pp. 633-669, John Wiley & Sons, Inc. (2008).

46. R. W. Baker, “Future directions of membrane gas 
separation technology”, Ind. Eng. Chem. Res., 41, 
1393-1411 (2002).

47. W. J. Koros, and G. Fleming, “Membrane-based 
gas separation”, J. Membr. Sci., 83, 1-80 (1993).

48. L. M. Robeson, “The upper bound revisited”, J. 
Membr. Sci., 320, 390-400 (2008).

49. D. Shekhawat, D. R. Luebke, and H. W. Pennline, 
“A review of carbon dioxide selective membranes: 
A topical report”, National Energy Technology 
Laboratory, Pittsburgh, PA, Morgantown (2003).

50. M. B. Shiflett and H. C. Foley, “Ultrasonic deposi-
tion of high-selectivity nanoporous carbon mem-
branes”, Science, 285, 1902-1905 (1999).

51. R. M. De Vos and H. Verweij, “High-selectivity, 
high-flux silica membranes for gas separation”, 
Science, 279, 1710-1711 (1998).

52. D. M. Sterescu, L. Bolhuis-Versteeg, N. F. A. van 
der Vegt, D. F. Stamatialis, and M. Wessling, 
“Novel gas separation membranes containing co-
valently bonded fullerenes”, Macromol. Rapid 
Commun., 25, 1674-1678 (2004).

53. B. J. Hinds, N. Chopra, T. Rantell, R. Andrews, 
V. Gavalas, and L. G. Bachas, “Aligned multi-
walled carbon nanotube membranes”, Science, 303, 
62-65 (2004).

54. J. K. Holt, H. G. Park, Y. Wang, M. Staderman, 

A. B. Artyukhin, C. P. Grigoropoulos, A. Noy, 
and O. Bakajin, “Fast mass transport through sub-
2-nanometer carbon nanotubes”, Science, 312, 1034- 
1037 (2006).

55. D.-e. Jiang, V. R. Cooper, and S. Dai, “Porous 
graphene as the ultimate membrane for gas separa-
tion”, Nano Lett., 9, 4019-4024 (2009).

56. S. P. Koenig, L. Wang, J. Pellegrino, and J. S. 
Bunch, “Selective molecular sieving through porous 
graphene”, Nat. Nanotechnol., 7, 728-732 (2012).

57. H. Li, Z. Song, X. Zhang, Y. Huang, S. Li, Y. 
Mao, H. J. Ploehn, B. Yu, and M. Yu, “Ultrathin, 
molecular-sieving graphene oxide membranes for 
selective hydrogen separation”, Science, 342, 95-98 
(2013).

58. H. B. Park, H. W. Yoon, and Y. H. Cho, “Graphene 
oxide membrane for molecular separation”, Graphene 
Oxide: Fundamentals and Applications, 296 (2016).

59. O. C. Compton and S. T. Nguyen, “Graphene ox-
ide, highly reduced graphene oxide, and graphene: 
versatile building blocks for carbon‐based materi-
als”, Small, 6, 711-723 (2010).

60. Y. H. Cho, H. W. Kim, H. D. Lee, J. E. Shin, B. 
M. Yoo, and H. B. Park, “Water and ion sorption, 
diffusion, and transport in graphene oxide mem-
branes revisited”, J. Membr. Sci., 544, 425-435 
(2017).

61. J. S. Roh, T. H. Choi, T. H. Lee, H. W. Yoon, J. 
Kim, H. W. Kim, and H. B. Park, “Understanding 
Gas Transport Behavior through Few-Layer Graphene 
Oxide Membranes Controlled by Tortuosity and 
Interlayer Spacing”, J. Phys. Chem. Lett., 10, 7725- 
7731 (2019).

62. K. Huang, G. Liu, Y. Lou, Z. Dong, J. Shen, and 
W. Jin, “A graphene oxide membrane with highly 
selective molecular separation of aqueous organic 
solution”, Angew. Chem., 126, 7049-7052 (2014).

63. Y. Han, Z. Xu, and C. Gao, “Ultrathin graphene 
nanofiltration membrane for water purification”, Adv. 
Funct. Mater., 23, 3693-3700 (2013).

64. D. W. Boukhvalov, M. I. Katsnelson, and Y.-W. Son, 
“Origin of anomalous water permeation through 



Hyo Won Kim

멤브레인, 제 32 권 제 1 호, 2022

12

graphene oxide membrane”, Nano Lett., 13(8), 3930- 
3935 (2013).

65. G. M. Geise, H. B. Park, A. C. Saglea, B. D. 

Freeman, and J. E. McGrath, “Water permeability 
and water/salt selectivity tradeoff in polymers for 
desalination”, J. Membr. Sci., 369, 130-138 (2011).


