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Two-dimensional graphene and its derivatives exhibiting distinct physiochemical properties are intriguing build-
ing blocks for researchers from a large variety of scientific fields. Assembling graphene-based materials into
membrane layers brings great potentials for high-efficiency membrane processes. Particularly, pervaporation
by graphene-based membranes has been intensively studied with respect to the membrane design and prepara-
tion. This review aims to provide an overview on the graphene-based membranes for pervaporation processes
ranged from fabrication to application. Physical or chemical decoration of graphene-basedmaterials is elaborated
regarding their effects on the microstructure and performance. The mass transport of pervaporation through
graphene-based membranes is introduced, and relevant mechanisms are described. Furthermore, performances
of state-of-the-art graphene-basedmembranes for different pervaporation applications are summarized. Finally,
the perspectives of current challenges and future directions are presented.
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1. Introduction

Separation of molecules, ions and other chemical species occupies an
important position in current industries. Further requirements in separa-
tion precision and efficiency have also been put forward due to the rapidly
evolving advances in science. Membrane-based separation technologies
are proved to be eco-friendly and cost-effective alternatives to traditional
separation processes [1]. Varied types of membrane processes are devel-
oped to raise their competitiveness among different techniques for sepa-
rating different mixtures. Pervaporation, one representative of
membrane separation processes, is aimed to separate liquid mixtures by
exploiting the solution and diffusion differences of components through
themembrane [2]. These components are vaporizedwithin themembrane
and vapor-phase permeate is collected at the permeate side. This tech-
nique is particularly favorable for the separation of azeotropic mixtures
since the transmembrane process is not determined by the relative volatil-
ity difference of the mixture's components. Therefore, it is expected to re-
place energy-intensive distillation processes in the future.

Membrane materials are keys to realize effective separation. Polymers
are most-frequently adopted materials to prepare pervaporation mem-
branes [3]. Functional groups from polymers endow the polymeric
g Society of China, and Chemical Ind
membranes with certain affinity and exclusion to molecules; hence
various types of feed liquid mixtures (e.g., organics mixture, organics/
water) can be matched for separation processes like solvent dehydration
and solvent recovery. The flexible free volume created by the mobility of
polymer chains is responsible for themolecular transport. Inorganicmate-
rials are also promising in constructing pervaporationmembranes [4] and
they usually possess strict size discrimination ofmolecules to separate due
to their rigid pore structures.While these fundamentalmaterials provide a
variety of possibilities for the construction of pervaporation membranes,
enhancing membrane performance is also required, which attracts re-
searchers' interests to develop newly designed materials, configurations
and processes to strengthen the pervaporation separation.

Like many other membrane processes, membrane permeability and
selectivity are two parameters to evaluate the separation performance.
For pervaporation,membraneflux (J, g·m−2·h−1) and separation factor
(α) are more commonly used to represent the performance and are ac-
cordingly defined as

J ¼ M
At

ð1Þ

αi= j ¼
yi=yj

xi=xj
ð2Þ
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where M (g) is the mass permeated through the membrane; A (m2) is
the effective membrane area in pervaporation test; t (h) is the testing
time; and x and y are the mass fraction of component i and j in feed
side and permeate side, respectively.

In this regard, reducing membrane layer thickness and constructing
effectivemembranemicrostructure are typical ways to correspondingly
acquire higher flux and separation factor. The emergence of two-
dimensional materials has rendered easier manipulation of the precise
assembly of thin membrane layer. These nanosheet-like materials with
high aspect ratio can serve as individual building blocks for any fancy
structure construction, which is not available by using bulk polymeric
or inorganic membrane precursors. Nowadays, many types of two-
dimensional materials [5] are continuously created and some of them
have already been proved to be prospective candidates for pervaporation
processes.

Graphene-based membranes [6] prevail in the researches of two-
dimensional materials for pervaporation, mostly because the graphene
derivative, graphene oxide (GO), is qualified with easy handling and
feasible chemical decoration [7]. These distinct properties are sourced
from the active oxygenated functional groups on the basal planes or
the edges of GO nanosheets. Employing GO rather than graphene as
the starting material is a preferred choice by researchers due to their
dispersibility difference in solvents [8]. Since membrane formation pro-
cess is usually involved in solution environment, GO ismuch better than
graphene at this point. Owning the solution-processable ability, GO ful-
fills the manufacturing requirements to fabricate membranes. Interest-
ingly, diminishing oxygenated functional groups of GO by chemical
reduction is also attainable to realize similar properties of graphene
[9]. Therefore, plenty of opportunities as well as challenges exist during
the development and application of graphene-based pervaporation
membranes.

Recently published reviews [10–19] have paid close attention to
two-dimensional-material membranes and graphene-based mem-
branes regarding their prospects in environmental applications. Gas
separation andwater treatment are twomain aspects thatmost reviews
focus on or cover. However, they rarely specify the pervaporation appli-
cations of graphene-based membranes. Here this article attempts to re-
view recently published researches on graphene-based pervaporation
membranes (laminated and hybrid membrane layer) with respect to
the fabricationmethod,microstructure control,mass transport behavior
and pervaporation applications (Fig. 1).

2. Fabrication of Graphene-based Membranes

Although graphene-based membranes can be fabricated via some
traditional membrane casting methods, the graphene-based nano-
sheets engaged in this formation process exhibit distinct assembly be-
havior on the microscopic level. Regarding the membrane fabrication,
Fig. 1. Schematic outli
the assembly of GO nanosheets at the liquid-air and liquid–solid inter-
faces is frequently involved [20].

The nanosheet assembly at the liquid–air interface often occurs
during solvent evaporation. Amphiphilic GO nanosheets in the
suspension tend tomove to this interface when the solvent is contin-
uously evaporated. Hence, thin GO membrane is finally obtained after
the evaporation. Following this assembly behavior, Chen et al. [21] fab-
ricated free-standing GO membranes with different thickness and size
by adjusting the GO content and evaporation area, respectively. Most
membrane formation methods comprise membrane drying process to
remove the solvent, so the assembly behavior of GO nanosheets at the
liquid-air interface is worth studying.

In most cases, substrate supported thin graphene-based membrane
is more promising for further applications. Therefore, the integration
of the substrate and graphene-based layer is vital. During the mem-
brane construction, GO suspension will get in touch with the solid sub-
strate and the assembly of GO nanosheets at the liquid–solid interface is
carried out. Varied substrates possessing different physical and chemi-
cal properties can interact with the nanosheets to achieve interesting
assembly behavior. Yeh et al. [22] found that when employing alumi-
num oxide substrate, acidic GO suspension would make it release cer-
tain amount of Al3+, which actually had cross-linking effect for the
stabilized GO assembly. As to construct durable and functional
graphene-based membrane, the attachment of GO nanosheets to the
substrate requires researchers to consider more on the liquid–solid in-
terface assembly behavior.

Generally, methods to produce graphene-based membranes are re-
lated to certain types of manufacturing techniques. Coating methods
are universal techniques to prepare membrane layers on the substrates,
which include spin-coating [23], spray-coating [24], dip-coating [25]
and membrane casting [26] (Fig. 2a). Due to the distinct two-
dimensional structure of GO, nanosheet alignment possibly takes
place during the coating process. Layer-by-layer (LbL) assemblymethod
(Fig. 2b), which is typically applied in the fabrication of polyelectrolyte
membranes, is also suitable for the multilayer stacking of GO nano-
sheets [27]. Deprotonated carboxyl groups of GO in aqueous solutions
realize the electrostatic LbL assembly with other cationic polyelectro-
lytes. One special membrane fabrication method for GO and other
two-dimensional materials is the filtration-directed assembly [28]
(Fig. 2c). Facile filtration of GO suspension through a porous filter sub-
strate can direct the nanosheet stacking for the formation of thin
graphene-based membrane layer. This filtration method makes GO as-
sembly distinct from the fabrication of other polymeric or inorganic
membranes.

Through these applicable fabrication methods, the configurations of
the membrane layer are controllable in two main types: the graphene-
based laminates and the hybrids. Some researches on the assembly of
graphene-based films or membranes may be not determined for the
ne of this review.



Fig. 2. Typical fabrication methods of graphene-based membranes: (a) coating-assisted assembly; (b) layer-by-layer assembly; (c) filtration-directed assembly.
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pervaporation application, but they are of notably referential values for
the optimization of graphene-based pervaporation membranes.
2.1. Graphene-based laminates

The laminated graphene-based membranes ultilize GO nanosheets
as fundamental building blocks to make them orderly stacked. To
acquire the laminated membranes with less defects and higher perfor-
mance, researches on the optimization of fabrication methods have
been conducted. GO membrane with several-layer nanosheets was re-
ported by Kim et al. [23] that the membrane permeating properties
were affected by applying different operations of spin-coating, indicat-
ing themicrostrucutre of GO laminates is dependent on the precise con-
trol of fabrication process. Chi et al. [29] also employed the spin-coating
method but theymade the process under relatively high temperature to
accelerate the solvent evaopration during spinning. The resulted GO
laminated membrane is ultrathin and ordered, which is promising for
the separation process. Alternatively, we applied synergistic external
forces [30] in the spin-coating of graphene-based membrane and
achieved ordered alignment of the nanosheets. Similar alignment be-
havior is also realizable by a membrane casting process. Akbari et al.
[26] reported that high-concentration GO suspension with discotic ne-
matic phase could be shear aligned to form ordered GO laminates by
blade-casting. This method was also scalable to fabricate GOmembrane
with an area of more than 100 cm2.

Filtration-directed assembly method may be the most frequently
adopted method in fabricating graphene-based laminates. Tsou et al.
[31] studied the effect of different filtration assembly techniques on the
microstrucutre formation and pervaporation dehydration performance
of laminated GO membranes. They found the pressure-assisted filtration
assembly was more favorable than common vaccum filtration in
manufacturing dense and ordered structure. The controlmembrane fabri-
cated by simple evaporation-induced assemblywas also prepared for ref-
erence. GO membrane with loop structures and obviously worse
performance was obtained by the evaporation assembly, which is not a
suitable method to assemble GO nanosheets into separation membrane.
On the contrary, GOmembrane resulted from pressure-assisted filtration
sustained impressive performance with a permeation flux of
4340 g·m−2·h−1 and a permeate water content of 99.5 wt% during the
long-term operation.

2.2. Graphene- polymer hybrids

Hybrid membranes or mixed matrix membranes comprising poly-
mer matrix and incorporated fillers are attractive solutions to break
the permeability-selectivity trade-off restriction of polymeric mem-
branes. As a kind of nanomaterials with distinct structure and beneficial
properties, GO nanosheet fillers have naturally garnered particular at-
tention in strengthen polymeric membrane stability and performance.
The bulk of the hybrid membrane is polymer, meaning the fabrication
methods of graphene-polymer hybrid membranes are similar to that
of polymeric membranes. Therefore, the membrane fabrication proce-
dures are largely determined by the polymers. The key point is the
fine doping of GO nanosheets into the polymer solution. We have suc-
cessfully constructed GO-Pebax hybrid membranes by establishing hy-
drogen bonding networks between GO nanosheets and Pebax polymer
chains through physical blending [32]. Other polymers containing
abundant oxygenated functional groups are also capable to be well in-
corporated with GO nanosheets. Polyvinyl alcohol (PVA) is one popular
polymermatrix used in the hybrid membranes for pervaporation appli-
cations. Li et al. [33] prepared phenylboronic acid pillared GO nano-
sheets and added them into PVA solution to form hybrid membranes
by dip-coating with ceramic tube substrates. Various kinds of water/al-
cohol mixtures were tested for pervaporation dehydration and the re-
sults showed that molecular sieving effect with a cut-off diameter of
0.47 nm exhibited.

With respect to the nanosheet alignment behavior in the polymer
matrix, Zhang et al. [34] investigated dip-coating induced shear-
aligning mechanism of GO nanosheets in polymer environment.
They concluded that the withdraw speed and the coated liquid film
thickness were key factors. For different fabricationmethods of poly-
meric membranes, the alignment state of embedded GO nanosheets
in polymer can be variously affected, further altering the membrane
permeating behavior. Accordingly, we consider that although the
fabrication method of graphene-polymer hybrid membranes is
mostly determined by the polymer, the compatibility of GO-
polymer and the nanosheet aligning manner are two main concerns
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in optimizing the fabrication process so as to construct desired hy-
brid membranes.

3. Microstructure Regulation of Graphene-Based Membranes

The precise assembly of GO nanosheets is pivotal for the effective
membrane separation. Fabrication methods can vary the nanostructure
of graphene-based membranes to a certain extent, but more micro-
scopic regulations of the membrane structure are demanded to sur-
mount specific flaws. Three problems possibly exist in the membrane
construction process: (i) the interactions between GO nanosheets are
weak, which will impair the structural stability; (ii) the transport chan-
nels through the laminated graphene-based membrane are tortuous,
which will delay the mass transport; (iii) doping GO into polymer or
other materials should take their compatibility into account, otherwise
the interfacial defects will invalidate the membrane. With the purpose
to match varied feed mixtures and operation conditions in
pervaporation separation, microstructure regulations of graphene-
based membranes are pertinently studied.

3.1. Functionalization of graphene-based nanosheets

GO nanosheets are the fundamental composition in graphene-based
membranes, decorations on the GO nanosheets are direct ways to bring
modifications to membrane structure. The available regulating parame-
ters on the basal plane of GO are the lateral size [23,35] and the in-plane
hole of nanosheet [36,37] (Fig. 3). Both parameters will have impacts on
the transport behavior of the resulted membrane. Smaller-sized GO
nanosheets andmore in-plane holeswill createmore slit pores and pos-
sible transport channels, respectively. GO quantum dots with lateral di-
mension down to several nanometers have been employed by Wang
et al. [38] as nanofillers to create shorter and less tortuous transport
pathways inside polymer for water-permselective pervaporation.
Much higher permeation flux was obtained following this regulation
strategy.

Besides, diverse chemical decorations of GO nanosheets are also
promising approaches to regulate the membrane microstructure.
Chemical reduction is a commonway tomodify the oxygenated species
from GO nanosheets. While pristine graphene nanoplatelets possess
certain benefits as pervaporationmembrane nanomaterials [39], the ag-
gregation is easily resulted, which loses the unique properties of nano-
sheets and even crack the membrane structure. Comparatively,
chemically reduced GO (rGO) with controllable content of oxygenated
species is good alternative to pristine graphene. Researchers have
employed rGO as pervaporation membrane nanomaterials for the pur-
poses of structural stability [40], organophilicity [41] and altering inter-
actions [42]. In addition, Cao et al. [43] compared the pervaporation
performances using GO and rGO fillers in polymer membrane and
found that the smaller lateral size, more structural defects and less
Fig. 3. Transport channels rendered by GO sheets with different basal planes.
oxygenated functional groups could construct more transport channels
for water permselective pervaporation.

Graphene-polymer composites are promising to address some
membrane fabrication and performance issues. In order to achieve
the integrated structure of graphene-polymer hybrid membrane,
Wang et al. [44] added GO into one kind of monomer solution to si-
multaneously carried out modification and in-situ polymerization.
This one-pot synthesis of membrane precursor solution enhanced
the compatibility of GO nanosheets in polymer matrix. As another
option to construct the hybrid membranes, GO nanosheets function-
alized by different types of amine also provide reactive sites for the
following polymerization [45] or the amidation reactions with poly-
mer matrix [46]. Amine-functionalized GO was also capable to
strengthen organophilic pervaporation process [41]. In fact, amine
compounds with different molecular segments can easily introduce
desired properties to GO.

From another perspective, when low content of polymers is
employed, GO nanosheets can be modified by polymer chains so as to
assemble laminates instead of hybrids. Zhao et al. [47] prepared zwitter-
ionic GO nanosheets by radical polymerization of sulfobetaine methac-
rylate onto GO. The high-density of zwitterionic groups on GO led to
high water affinity in pervaporation. Similarly, Zhang et al. [48] grafted
polydopamine (PDA) on GO nanosheets tomodify the assembled nano-
structure, effectively optimizing the pervaporation performance com-
pared with pristine GO membranes.

Another availablemodification route is focused on the cationic inter-
actions with GO. We demonstrated that the lignin-based cations were
able to interact with GO nanosheets, providing more active sites for
laminar membrane construction [49] or acting as intermediates inside
hybrid membranes [50].

Two-dimensional structure of GO nanosheets is excellent platform
for the loading of nanoparticles. GO nanosheets loaded by silver nano-
particles [51–53] have been specially designed by researchers for the
pervaporation separation of some given feed mixtures. The existence
of silver nanoparticles in graphene-based membranes can facilitate
the transport of some organics like thiophene and benzene during
pervaporation processes.

3.2. Decoration of interlayer environment

It is deemed that one of the most noteworthy transport pathways in
laminated graphene-based membranes is the face-to-face interlayer
capillary pores formed by adjacent GO nanosheets. With this respect,
the decoration of the interlayer environment is a crucial factor in mod-
ulating the molecular transport in pervaporation. Using functionalized
GO nanosheets as building blocks is one way to construct decorated in-
terlayer channels. As discussed in the previous section, GO nanosheets
grafted with different loading amount of PDA [48] were able to adjust
the channel size in the interlayer, selectively allowing themass transfer
(Fig. 4a).

In consideration of the solvent environment in pervaporation, the
cross-linkingmodification of membranes is essential for the duration
of pervaporation performance. Traditional polymer membranes
without cross-linking will suffer from the membrane swelling due
to the affinity with the solvent molecules. Laminated GOmembranes
are also not resistant to the solvent environment. Excessive solvent
molecules will intercalate into the interlayer to crack the laminar
structure. Therefore, polymers chains from PVA [54] were employed
to establish cross-linking effects with GO laminates (Fig. 4b). In the
meantime, the polymer chains within the interlayers can possibly
tune the interlayer spacing and contribute to the molecular transfer.
The cross-linked laminates were proved to be more structurally sta-
ble and more resistant to the swelling.

While polymer chains relatively occupy more interlayer space, some-
times they may fail in the precise controlling of interlayer environment.
Small molecules are more efficacious to exert cross-linking with a more



Fig. 4. (a) Structural diagram of GO and PDA-g-GO compositemembranes with different loading of PDA. Reproducedwith permission fromRef. [48]. Copyright 2018, JohnWiley and Sons.
(b) The PVA acts as a cross-linker between the GO nanosheets and form a nacre-like structure which is highly ordered. Reproduced with permission from Ref. [54]. Copyright 2017,
Elsevier. (c) Structural diagram of GO and three composite GO framework membranes. Reproduced with permission from Ref. [55]. Copyright 2014, American Chemical Society.

1759K. Guan et al. / Chinese Journal of Chemical Engineering 28 (2020) 1755–1766
accuratemanner. Boronic acid [33], 1, 3, 5-benzenetricarbonyl trichloride
(TMC) [56], aldehydes [57,58] and thiourea [59] molecules have been
successively utilized as cross-linking agents for laminated GO mem-
branes. Both the separation accuracy and structural stability in solvents
were ensured through the small molecules-cross-linking. One earlier re-
search by Hung et al. [55] adopted three kinds of diamines with different
molecular dimension to cross-link the GO laminates (Fig. 4c). The amine
groups at the both ends of the diamine molecule could respectively link
with the upper and lower stacked GO nanosheets. Correspondingly, the
interlayer channel size was tunable by applying different-sized diamines
and the precisely controlled GO laminates delivered excellent and stable
pervaporation performance.

Besides, with the aim to acquire higher membrane permeation
flux, the interlayer channels in laminated GO membranes can be en-
larged to reduce transport resistance. Nanomaterials with proper
shape and size are valid to be intercalated into the interlayer space.
Ying et al. [60] demonstrated GO laminates with intercalated
superhydrophilic metal–organic frameworks (MOFs) for water-
permselective pervaporation. The enlarged interlayer channels and
the intercalated MOFs possessed synergistic effect to promote the
water transfer in pervaporation process.

3.3. Surface modification

Substrate supported graphene-based membranes are applicable
membrane configuration and can take the most advantage of thin
graphene-based separation layer. The interfacial combination issue be-
tween graphene-based layer and substrate hence arises. When inor-
ganic substrates are used, the integration with the graphene-based
separation layer is more obviously weak. Much studies have paid atten-
tions to the reinforcement of the interfacial adhesion by modifying the
inorganic substrate surface. Li et al. [61] prepared GO nanosheets with
positive charge and deposited them as a modified intermediate layer
on the negatively surface charged alumina substrate. In this way, the
pristine GO skin layer could be strongly adhered to the modified sub-
strate. The stable membrane showed impressive performance for the
pervaporation of water-contained binary and ternary azeotropes. Con-
sidering the active hydroxyl groups existed on the alumina substrate
surface, we demonstrated that facile silane modification improved the
GO adhesion [25], which enabled the effective pervaporation process.
Polymers such as PDA [62] were also proved to be useful in enhancing
the adhesion of alumina substrate surface.

Modificationon the separation layer is also a commonmethod to op-
timize the surface properties ofmembranes. Considering the fast water-
transport channels in graphene-based membrane, we evidenced that
water-capturing polymersmodified on its surface could further contrib-
ute to the pervaporation [63,64]. This ultrathin polymeric layer pos-
sessed high water sorption, which largely enhanced the following
water-permselective transport in the graphene-based membrane layer.

While GO is frequently modified by other materials, Xu et al. [65]
employed GO to modify other membrane materials. They coated GO
layer onto the surface of zeolite LTA membrane to make the zeolites
acid-resistant, so the membrane could stably separate acidic feed mix-
tures by pervaporation. With some distinct privileges provided by GO,
more promising pervaporation membranes are expected to be crea-
tively designed, fabricated and applied.

4. Mass Transport Behavior of Pervaporation through Graphene-
Based Membranes

Gaining insights of mass transport behavior through graphene-
based membranes is substantial to direct the manipulation of mem-
brane structure. Moreover, some unexpected properties can be found
by analyzing the transport manner either through theoretical simula-
tion or experimental investigation. Pervaporation is generally recog-
nized as a solution-diffusion process [66], where the separation
performance can be enhanced by improving solution and diffusion pa-
rameters for targetmolecules. For the nanosheet-stacked laminarmem-
brane, the transport channels are different from that in traditional
polymeric membranes, and thus additional transport mechanism anal-
ysis for graphene-basedmembranes is necessary. Besides, development
of other two-dimensional material membranes for pervaporation will
also possibly acquire useful information through the example of
graphene.

Benefiting from earlier theoretical simulation studies [67–72],
graphene-based membranes have emerged and occupied an important
position in the researches of membrane separation. Water transport
through graphene-based membranes have been proved as fast and se-
lective. In exploring the potentiality of graphene-based membrane in
pervaporation, separating water-ethanol mixture is the prevailing ob-
ject that examined in simulation studies.

Kommu et al. [73] evaluated the adsorption and structural behavior
of ethanol-water in the interlayer slit pore of graphene stacks (Fig. 5a)
using molecular dynamics simulations. Their results showed that the
adsorption of ethanol molecules in graphene interlayer increased with
the increasing mole fraction of ethanol-water mixture. In addition, in-
terlayer slit pore size had influences on the separation efficiency of eth-
anol and the optimized size is 0.9 nm rather than 0.7 or 1.3 nm.



Fig. 5. (a) Representative simulation snapshot for thewater/ethanolmixture in contactwith the 1.3 nmpore. Reproducedwith permission fromRef. [73]. Copyright 2017, AmericanChem-
ical Society. (b) GO nanopore structures in themolecular dynamics simulations. Reproduced with permission from Ref. [74]. Copyright 2018, Taylor & Francis. (c) Lateral view of the sim-
ulation system and top view of COOH and COO- functionalized GO nanopores used in molecular dynamics simulations. Reproduced with permission from Ref. [75]. Copyright 2018,
Elsevier. (d) The molecular system used for investigating water-ethanol separation by GO membranes. Reproduced with permission from Ref. [76]. Copyright 2018, Elsevier.
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For the separation of water from water-ethanol mixture, Yu et al.
[74] investigated the simulation model of single-layer GO sheet with
in-plane selected pore size (Fig. 5b) for the molecular permeation of
ethanol-water mixtures. Nanoporous GO sheet with effective pore
size of ~0.55 nm could completely reject the permeation of ethanol
while allowing the water transport. In their following computational
research [75], they compared the interfacial molecular permeation
behavior of ethanol-water mixtures through single-layer
nanoporous GO sheet with COOH and COO− groups (ionization of
COOH group) modified, respectively (Fig. 5c). The GO-COO−

nanopore exhibited highly selective water transport and this was at-
tributed to the strong affinity between water and COO− group that
promoted the water adsorption and ethanol repelling. Similar results
of nanoporous graphene sheet were reported by Fang et al. (Fig. 5d)
[76], and they took the in-plane pore size into consideration. Their
simulations revealed that both the ionization of COOH group on the
pore edge and the smaller pore size could contribute to the water se-
lectivity over ethanol.

Above theoretical studies imply that the molecular transport
through the interlayer pore and the in-plane hole of graphene-based
membranes is dependent on the pore size as well as the chemical envi-
ronment of pore. For this reason, we assume that the pervaporation
though graphene-based membranes is determined by not only the
solution-diffusion mechanism but also the size-exclusion if the pore
size is properly small enough.

In the theoretical simulation study, researchers have observed
the effects of feed mixture composition on the molecular transport
behavior at a molecular level [73]. With respect to the experimental
analysis, Tang et al. [77] also evidenced this phenomenon with the
investigation of GO membranes for the pervaporation of ethanol-
water mixture. They demonstrated that there was an obvious dispar-
ity of solubility between ethanol and water in GO membranes, lead-
ing to a quite impressive ideal selectivity of water over ethanol from
single-component tests. However, the binary-component tests re-
vealed much smaller selectivity, which was attributed to the effects
of feed water content on the interlayer channel size of GO mem-
branes. Positron annihilation spectroscopy (PALS) characterizations
were further employed to study the microstructure as well as the
free volume sizes of GO membranes (Fig. 6a). They found that al-
though the characterized free volume radius is larger than the ki-
netic radius of ethanol, high ethanol permeability was not observed
in experiments. Their explanation was that solvent molecules
(water) would occupy part of the free volume due to the preferential
sorption, hence the free volume available for the transport of other
molecules like ethanol would be reduced. Water molecules also in-
duced interlayer swelling of GO membranes, weakening the resis-
tance to ethanol transport and resulting in the lower selectivity
than the ideal one. To strengthen the preferential sorption, we have
developed ultrathin polymer layer coated GO membranes and pref-
erential sorption-diffusion mechanism was also proposed (Fig. 6b)
[63,78].

While Tang et al.'s experimental work focused on the factor of inter-
layer channel size, Chong et al. [79] analyzed thewater transport exper-
iments of pervaporation in GO membranes by comparing with the
membrane process of pressure-driven permeation. The pervaporation
resulted water permeance was much greater than that of pressure-
driven permeation. Since vacuum was applied on the permeate side of
pervaporation, water on the permeate side surface would evaporate
quickly due to the lowvapor partial pressure. The liquid–vapor interface
inside the GO membrane generated large capillary pressure in the nar-
row interlayer channel, which would quickly drag water from the feed
side to the permeate side. Therefore, the phase change of pervaporation
process is critical for the fast transport of molecules. They also proposed
a two-step pore flow-evaporation model in GO membranes based on
their experimental results (Fig. 6c). Additional experiments indicated
that the overall membrane flux was limited by evaporation rate at
room temperature, but by surface diffusion on the permeate sidemem-
brane at high temperature. According to above analysis, graphene-
based membranes and pervaporation processes are both important to
optimize for better performance results.



Fig. 7. Pervaporation dehydration performance comparison between reported graphene-
based membranes and other membranes. For each kind of membrane materials, we
selectively included the data with the most advanced and representative performance
values. The upper bound lines were drawn based on the performance data of polymeric
membranes and inorganic membranes.

Fig. 6. (a) Free volume size of the FGO-5 film tested by PALS in the dry and wet states. Reproduced with permission from Ref. [77]. Copyright 2014, Elsevier. (b) Schematic of the water–
organic separation process using the synergistic effect of a hydrophilic polymer and GO laminates. Reproduced with permission from Ref. [63]. Copyright 2015, John Wiley and Sons.
(c) Illustration of the water transport mechanisms in the nanochannels in GO membranes under the pressure-driven permeation and pervaporation modes. Reproduced with
permission from Ref. [79]. Copyright 2018, The Royal Society of Chemistry.
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5. Applications in Pervaporation Processes

Different pervaporation processes are defined based on the feed
mixture for separation. The variety of graphene-based membrane
gives the potential to be applied in these different kinds of processes.
Dehydration from organic solutions, organic-permselective separation
and pervaporation desalination are three main kinds of pervaporation
processes applied by graphene-based membrane. Meanwhile, coupling
processes like pervaporation separation-reactionwere also investigated
by some researchers, extending the potential of graphene-based mem-
branes for pervaporation.

5.1. Dehydration from aqueous organic solution

The fast-selective water transport channels of graphene-based
membranes endow the application of dehydration in pervaporation.
It is also the most frequently studied pervaporation process for
graphene-based membranes. Dehydration from aqueous alcohol
and some other kinds of organics like organic acids or esters has
been explored by constructing graphene-based laminates and
hybrids.

With the aim to facilitate the water transport, the graphene-based
membranes are designed to be more hydrophilic. Introducing hydro-
philic components into the membrane for the optimization of mem-
brane structure and hydrophilicity is the typical way to realize
pervaporation dehydration. Chapman et al. [80] reviewed the
pervaporation dehydration performance by various kinds of membrane
materials, and we have compared them with that of graphene-based
membranes. As illustrated in Fig. 7, graphene-based membranes exhib-
ited impressive dehydration performance among reported membrane
materials including PVA [81–83], Chitosan (CS) [84–89], alginate
[90–92], polysulfone (PSF) [93,94], polyimide [95–97], polyamide [98],
polyelectrolyte [99–101], mixed matrix (MMMs) [102–104], ceramic
[105–108] and zeolite-based membranes [109–113]. The performances
of most graphene-based membranes are located between the perfor-
mance upper bound of polymeric membranes and inorganic mem-
branes. This indicates that the graphene-based membranes are
superior to polymeric membranes and are also competitive compared
with inorganic membranes in the case of pervaporation dehydration.
While there remain some drawbacks for inorganic membranes such as
high cost, graphene-based membranes could be promising alternatives
due to their facile processing properties.

The detailed performance data of reported graphene-based mem-
branes for Fig. 7 are listed in Table 1. The configuration types of these
membranes are denoted for reference.

5.2. Organic-permselective pervaporation

Using only graphene or its derivatives to fabricatemembranes is not
likely for the application of organic-permselective pervaporation pro-
cesses. The properties of graphene and its derivatives make them
either not suitable for the fabrication or not favorable for the



Table 1
Summary of reported graphene-based membranes for pervaporation dehydration (Type L: laminates; Type H: hybrids; L#: laminates as modification layer or intermediate layer; *: the
value was estimated from figures or by calculation)

Feed mixture Membrane Feed composition/wt% Temperature/°C Flux/g·m−2·h−1 Separation factor Type Reference

Methanol/water rGO/CS 90/10 80 690 216 L [42]
TU-GOF 90/10 50 250* 8260 L [59]
GOF/PVA 90/10 70 450* 7.2 H [33]

Ethanol/water GO/PECs 95/5 50 268 394 L [27]
GO/ceramic 90/10 70 1300 250 L [61]
GO-EDA/CA 90/10 80 2297 1791 L [55]
GO/silane-Al2O3 95/5 40 461.86 13 L [25]
GE/GO 80/20 77 2275 303 L [114]
TGOm 3/97 30 14,000 10 L [56]
GO-GTA 85/15 60 1000* 68 L [58]
TU-GOF 90/10 50 550* N10,000 L [59]
CG-PT 90/10 70 3914 558 L [49]
SA/PEGDA-GO 90/10 70 2400 480 L [64]
CaGO 85/15 70 1200 561 L [115]
SA–rGO/PAN 90/10 76 1699 1566 H [43]
GOF/PVA 90/10 70 300* 330 H [33]
SA-PSBMA@GO 90/10 77 2140 1370 H [47]
SA-CG 90/10 70 2500 2991 H [50]
SA-GOQDs 90/10 77 2432 1152 H [38]

n-Propanol/water GO/ceramic 90/10 70 1700 1290 L [61]
TU-GOF 90/10 50 600* N10,000 L [59]
GOF/PVA 90/10 70 330* 11,300 H [33]

Isopropanol/water GO/ceramic 90/10 70 2100 2940 L [61]
GO/mPAN 70/30 30 2047 2331 L [116]
GO-GTA 85/15 60 1400* 5661 L [58]
P84-NHGO 85/15 60 2019 134 L# [117]
TU-GOF 90/10 50 600* N10,000 L [59]
PDA-g-GO 70/30 30 2273 775 L [48]
PA-eGO/PAN 90/10 70 4150 1886 L# [45]
GO/8YSZ 95/5 70 4000–8000 N800 L [40]
GOF/PVA 90/10 70 280* 14,900 H [33]
PI-NHGO 85/15 60 161.5 N5000 H [46]
GO/PI 95/5 75 1240 1520 H [118]

n-Butanol/water GO/mPAN 90/10 70 2540 1791 L [31]
GO/AAO 90/10 50 3100 230 L [119]
CS@GO 90/10 70 10,000 1523 L [63]
GO-GTA 85/15 60 2500* 1883 L [58]
PMTT 95/5 50 642.69 96.96 H [120]
PMDT 95/5 30 1100.26 89.39 H [120]

Sec-butanol/water GO/ceramic 90/10 70 1820 6910 L [61]
TU-GOF 90/10 50 600* N10,000 L [59]
GOF/PVA 90/10 70 450 89,900 H [33]

Isobutanol/water GO/ceramic 90/10 70 1680 6110 L [61]
TU-GOF 90/10 50 600* N10,000 L [59]
GOF/PVA 90/10 70 500* 54,200 H [33]

Tert-butanol/water GO/ceramic 90/10 70 1630 5120 L [61]
TU-GOF 90/10 50 600* N10,000 L [59]
GOF/PVA 90/10 70 380* 89,900 H [33]

Acetic acid/water LTA@GO 95/5 60 1500 400 L# [65]
GOF/PSf 90/10 80 463.9 382 L [54]
PVA-GO 2.5–20/97.5–80 60 240 62.2 H [121]

Ethyl acetate/water GO/ceramic 90/10 70 2200 4000* L [61]
MOF@GO 98/2 30 2423 9751 L [60]

Dimethyl carbonate/water GO/hollow fiber 97.4/2.6 25 1702 743 L [78]
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organophilicity. However, researchers have employed graphene and its
derivatives as fillers to regulate the microstructure of polymeric mem-
branes due to the distinct two-dimensional structural properties. In
this case, molecular transport through these hybrid membranes can
be improved, rendering higher permeation flux and (or) better separa-
tion factor. Methods to strengthen the integration of graphene-polymer
hybrids and the organophilicity of the graphene-based fillerswere stud-
ied. In this regard, hybrid membranes incorporated with graphene-
based fillers have also been demonstrated well for the pervaporation
of organic-permselective pervaporation processes such as solvent re-
covery and organic/organic separation.

Table 2 is the list of summarized graphene-basedmembrane perfor-
mances for organophilic pervaporation.
5.3. Pervaporation desalination

Desalination by membrane processes is a recognized alternative to
traditional distillation. Reverse osmosis, membrane distillation and
pervaporation technologies have been developed tomake the desalina-
tion process cost-effective [127]. Pervaporation desalination employs
hydrophilic dense membrane for the sorption and diffusion of water
molecules while hindering the permeation of salts. Owing to the
selective water transport channels in graphene-based membranes,
pervaporation desalination is another promising application for
graphene-based pervaporation membranes. Similar to the graphene-
based membranes for pervaporation dehydration, laminated as well as
hybrid graphene-based membranes have been produced to acquire



Table 2
Summary of reported graphene-filler doped polymeric membranes and corresponding pure polymeric membranes for organophilic pervaporation (Pure polymeric membranes are indi-
cated by parenthesis; *: the value was estimated from figures or by calculation;−: not available)

Feed mixture (favored/unfavored) Membrane Feed composition/wt% Temperature/°C Flux/g·m−2·h−1 Separation factor Reference

Ethanol/water PIM/rGO-OA 5/95 65 – 5.1 [41]
(PIM) 5/95 65 – 3.1

Isopropanol/water PEBA/graphene 4/96 50 843 10.04 [39]
(PEBA) 4/96 50 630* 2.5*

n-Butanol/water PIM/rGO-OA 5/95 65 930–1360 32.9 [41]
(PIM) 5/95 65 – 13.5
PIM/0.05rGO-OA-S 5/95 65 5800 17 [122]
(PIM) 5/95 65 4000* 13*

Butyric acid/water PEBA-graphene 0.6/99.4 50 170* 18* [123]
(PEBA) 0.6/99.4 50 120* 17*

Thiophene/octane PEBA-Ag-PDA/GNS 0.13/99.87 40 4420 8.9* [52]
(PEBA) 0.13/99.87 40 3200* 7.2*

Methyl tert-butyl ether/methanol HPMA-GO 90/10 40 410 1791 [44]
(HPMA) 90/10 40 250* 1200*

Toluene/iso-octane PVA-GO 13.9/86.1 57 170* 11.05 [124]
(PVA) 13.9/86.1 57 200* 2*
PVA-GO 13.9/86.1 57 157.58 8.93 [125]
(PVA) 13.9/86.1 57 202 2.2

Toluene/n-heptane PVA-GO 50/50 40 27 12.9 [126]
(PVA) 50/50 40 42.4 4.5

Benzene/cyclohexane Ag-GO/PI 50/50 30 1400* 27* [51]
(PI) 50/50 30 400* 3*
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pronounced desalination performance. Table 3 lists the pervaporation
desalination performance of reported graphene-based membranes. All
the membranes exhibited high rejection rate of ions and generally the
laminated graphene-based membranes have relatively higher water
flux than the hybrid ones. This may be resulted from the higher trans-
port resistance encountered through the polymeric matrix.

5.4. Other applications

Coupling pervaporation with other chemical processes is a promis-
ing way to enable the process efficiency of production. For example, in
ABE (acetone butanol ethanol) fermentation process, pervaporation
has been coupled with to remove ABE solvents from fermentation
broth for the microbial growth [133]. Esterification reaction process is
also expected to be coupled with pervaporation to give rise to the reac-
tion efficiency. Long et al. [134] prepared cation-decorated GO mem-
branes for the selective transport of esters over saturated aliphatic
alcohols and acetic acid, contributing to the ester production. Since es-
terification reaction produceswater, Lin et al. [135] fabricatedGO/Chito-
san hybrid membranes for pervaporation dehydration to selectively
remove water from the ester products and enhanced the conversion
rate. With the graphene-based pervaporation membranes, removing
water or other organic solvent from the products to facilitate the reac-
tion process is much possible to be applied in some certain situations.

6. Conclusions and Perspectives

In this review, we focused on the discussion of graphene-based
membranes for pervaporation processes. The membrane fabrication
Table 3
Summary of reported graphene-basedmembranes for pervaporation desalination (Type L: lami
inates as modification layer or intermediate layer)

Mixture Membrane Feed composition/wt% Tempe

NaCl solution GO/PAN 3.5 90
GO-PVA-GA 3.5 70
PVA-GO 10 65
CS-GO 5 81

Seawater model solution GO/PDA-Al2O3 3.5 90
PDI-GOF 3.5 90
GO/PI 3.5 90
GO/PI 3.5 90
methods for laminated and hybrid configuration, membrane micro-
structure regulation and mass transport behavior are accordingly de-
scribed. We also summarized the pervaporation performances of
different types of reported graphene-basedmembranes. Due to the dis-
tinct two-dimensional structure of graphene-based nanosheets, new
types of membranes with laminated structure or incorporated with
two-dimensional nanosheets have emerged, enabling someunexpected
properties and impressive pervaporation performance.

Graphene-based membranes for pervaporation separation have not
been studied as much as that for water treatment and gas separation.
Based on the mechanisms of pervaporation, more experimental and
theoretical studies are needed to get more insights of the molecular
transport within the graphene-based membranes. Manipulation of the
graphene-based membrane structures should be done according to
the targeted mixtures. Organophilic pervaporation has not been real-
ized by laminated graphene-based membranes yet, so there are still
more possibilities for further research.

Graphene-based materials have led many more two-dimensional
materials for the use of membrane separation. Drawing on the experi-
ence of graphene, more pervaporation processes can be realized by
proper selection of two-dimensional materials. Similarly, graphene-
based membranes will also be inspired more from the implementation
of other two-dimensional materials.

Nomenclature
A Membrane area, m2

J Permeation flux, g·m−2·h−1

M Mass of permeates, g
t Operation time of pervaporation, h
nates; Type H: hybrids; *: the value was estimated from figures or by calculation; L#: lam-

rature/°C Flux/g·m−2·h−1 Rejection rate/% Type Reference

65.1 99.8 L [128]
69.1 99.9 L [57]
28 99.99 H [129]
30 99.99 H [130]
48.4 99.7 L [62]
11.4 99.9 L [131]
36.1 99.9 H [132]
15.6 99.8 H [118]
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x Mass fraction of feed mixture
y Mass fraction of permeate mixture
α Separation factor
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