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As a well-known one-atom thick nanosheets with preeminent

physicochemical properties, graphene and its derivatives (e.g.,

graphene oxide, GO) have shown great potential on the

membrane separation filed. This paper presents an update of

GO laminates developments, including the membrane

preparation methods, physicochemical properties and water

vapor transport of GO laminates, and their application in

pervaporation process. The possible strategies for the GO

laminates into the practical application are also discussed.

Finally, possible future researches about GO laminates for PV

are also discussed.
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Introduction
Graphene is an ultrathin two-dimensional material, which

is composed of one layer of hexagonally-arranged sp2

carbon lattice and possesses a combination of superior

mechanical strength, chemical inertness and extremely

large surface area [1]. Up to now, membranes derived

from graphene have shown great potential as a high

separation media [2��]. Due to the electron density of

its aromatic rings, the prime monolayer graphene

membrane is impermeable to any liquid and gas

molecules, including the smallest atom helium [3,4].

Therefore, numerous theoretical researches focused on

single layer graphene with pores by simulated calculation

[5–9] or artificial drilling holes on the graphene sheet

[10–14]. However, it is still a technical challenge to

precisely control the formation of pores and conveniently

fabricate large-scale porous graphene as well as industrial

modularization. By contrast, graphene oxide (GO), as a

derivative of graphene, can be easily assembled into
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laminar structure. In an aqueous medium, GO nanosheets

can easily form homogeneous dispersion because of their

strong electrostatic repulsion among the abundant oxi-

dized functional groups induced negatively charged

sheets and their intrinsic hydrophilicity. At the same

time, these oxygen-containing groups make GO easier

to functionalize enabling their properties to be modified.

These features endow GO great possibilities for becom-

ing a facile and scalable candidate in the membrane field

[2��]. Accordingly, a series of projects about the topic (GO

laminates) have been proposed in the world, including

the National Basic Research Program in China, the

NEDO programs in Japan and the Horizon 2020 EU

Framework Programme, and so on.

This review mainly focuses on the water vapor transport

behavior in the GO laminates and their application in the

pervaporation (PV) field. Figure 1 shows the general

outline of this review. Before discussing the topic of

the review, the current membrane preparation methods

of GO laminates are introduced. Although some mem-

branes are not utilized for PV processes, the related

fabrication approaches are significant to the following

researches. Subsequently, the water vapor transport

behavior in the GO laminates is illustrated. Then, the

state-of-the-art of GO laminates in PV application are

presented. Finally, we will summarize and outlook the

development of GO membranes and their application in

PV process. Gas separation, water filtration and ion rejec-

tion of GO laminates and porous graphene are not

included in this topic, and this part of works can be found

in elsewhere [2��].

Fabrication approaches of GO laminates
According to the special features of GO material, GO

laminates can be easily fabricated by directed assembly of

individual GO nanosheets, resulting in tightly packed

interlocking paper-like material with uniform order along

the membrane surface and excellent mechanical proper-

ties. Filtration, including vacuum filtration and pressure-

assisted filtration, is the most common method to prepare

GO thin membranes. Dikin et al. [15] first proposed a

vacuum filtration method for assembling these GO sheets

into well-ordered macroscopic structures with thicknesses

ranging from 1 to 30 mm. They found that, similar to

carbon nanotubes, [16] GO nanosheets could assembled

into paper-like material under a directional flow (i.e.,
Vacuum Filtration) of colloidal dispersions of GO through

an Anodisc membrane filter. Subsequently, Eda et al. [17]

first prepared uniform and controllable GO ultrathin films
www.sciencedirect.com
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Schematic diagram of the general outline of this review.
with thicknesses ranging from a single monolayer to

several layers over large areas on a commercial mixed

cellulose ester membrane by vacuum filtration. Through

simply adjusting either the concentration of the GO in the

suspension or the filtration volume, the film thickness can

be reasonably well controlled at nanoscale. The

sufficiently strong cohesive forces (i.e., van der Waals

interaction and electrostatic forces) within the film hold

the as-prepared GO thin film very stable even when

transferred to other substrates. Recently, Li et al. [18]

reported an 1.8 nm ultrathin GO membrane by a facile

filtration process. The membrane showed excellent gas

separation selectivities for H2/CO2 and H2/N2 mixtures.

Huang et al. [19] used filtration method prepared GO

membranes for waste water purification. Han et al. [20]

also used the same method to fabricate ultrathin
www.sciencedirect.com 
chemically modified GO membranes for nanofiltration.

Furthermore, Hung et al. [21] and Tsou et al. [22�] studied

the effect of pressure-assisted filtration self-assembly

techniques on the microstructure of GO membranes.

Because of the conveniences and flexibility, the wide

application of filtration method has effectively promoted

the development of GO laminates in gas separation and

liquid separation, as well as other filed, such as energy

storage [23].

Besides the filtration method, various novel preparation

approaches have also been proposed to assemble GO

nanosheets on different substrates, including dip/drop-

casting, spray-coating and spin coating. For dip/drop-

coating, the substrate was immersed into the GO aqueous

suspension or GO solution was dropped on the surface of
Current Opinion in Chemical Engineering 2017, 16:56–64
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substrates. Then, the substrates coated with GO was

dried to form continuous membranes. During the prepa-

ration process, the substrates/membranes can be in-situ
treated by heating or chemical modification, which cre-

ates a lot of opportunities to realize special functions.

Wang et al. [24] first adopted dip-coating method to

deposit GO naonosheets on the surface of the substrate

and successfully reduced it into a graphene film via

thermal treatment under protection of Ar and/or H2 flow.

However, the automatic capillary process, which is the

main driving force of dip/drop-casting method, usually

results in relative weak interfacial adhesion between GO

layer and substrates compared with filtration. In order to

solve this problem, a facile silane-modified method was

employed before preparing GO/ceramic membranes by

dip-coating method [25]. The interfacial adhesion

between GO layer and support was effectively improved.

Spray-coating method is similar to dip/drop-coating

method. The distribution of GO aqueous solution on

the surface of supports was replaced by spray technique.

The membrane thickness and density can be carefully

controlled by varying the concentration of GO solution

and the spray time. Compared with other methods, spray-

coating can suit various substrates and be easily trans-

ferred. Pham et al. [26] used spray-coating method to

deposit GO-hydrazine dispersion on preheated substrate

and successfully obtained a large chemically-converted

graphene (CCG) films. In this process, the creation of the

thin film and the reduction of GO to CCG were carried

out simultaneously. In addition, by combining spraying

and solvent evaporation-induced assembly technique,

disordered-to-ordered and porous-to-compact GO mem-

brane structures can also be finely and conveniently

manipulated via controlling the spraying times and evap-

oration rate during GO assembly [27].

For spin-coating method, the spin technique was utilized

to uniformly distribute the GO nanosheets on the sub-

strates. It is worth mentioning that, as a porous substrate is

applied, the driving forces in the spin-coating method not

only include the compressive force derived from vacuum

filtration which is perpendicular to the membrane surface,

but also involve the centrifugal force and shear resulting

from the spin [28]. Therefore, some unexpected experi-

mental results are usually observed. Kim et al. [29] found

that when the spin and the dropping processes occurs

simultaneously, the membrane structure are apt to form

highly interlocked laminates and exhibited extraordinary

gas permeation behavior.

In addition, layer-by-layer (LBL) deposition method is

also applied to assemble GO laminates. By alternately

depositing GO sheets and selecting material of opposite

charge, it is very convenient to tailor the microstructure of

GO laminates. Hu and Mi [30] employed 1,3,5-benzene-

tricarbonyl trichloride (TMC) as a cross-linker to
Current Opinion in Chemical Engineering 2017, 16:56–64 
successfully prepare a new structure water separation

GO membranes by LBL method. TMC cross-linker

not only rebuilt the charges, functionality and spacing

of GO laminate, but also kept the membrane stable in

aqueous solutions. Recently, Zhang et al. also successfully

deposited GO on a modified polymeric hollow fiber by

LBL approach. [31]

Physicochemical properties and water vapor
transport of GO laminates
Since the Hummers method [32] or various modified

Hummers [15] methods were proposed to produce GO

nanosheets, the large-scale use of GO material has

become ‘low-hanging fruit’, due to its simplicity, reliabil-

ity, capacity for mass-production and exceptionally

low-price material. According to the Lerf–Klinowski

model [33�], there are significant amounts of oxygen-

containing functional groups on the edges and the surface

formed during the oxidation process, including epoxy,

hydroxyl and carboxyl groups, which brings GO a series of

distinctive properties from pristine graphene. One of the

most famous features of GO sheets is that, differing from

the impermeable graphene stacks [3],these oxidized

multifunctional groups keep adjacent sheet apart and

create extra-space for molecules transport. XRD results

indicate that the typical d-spacing of GO laminates is

9 � 1 Å, which contains the graphene thickness

(0.35 nm), the spacing occupied by the oxygen-containing

functional groups of GO (0.2 nm), and the empty space

within the layers [34��]. Therefore, the effective space

used in the separation can be calculated as 0.55 � 1 Å in

the oxidized functional region and 0.35 � 1 Å in the

non-oxidized pristine region. Additionally, if taking into

count the d-spacing of reduced GO laminates by thermal

reduction is 4 Å, the channel width can be also estimated

as 5 � 1 Å. Both two conclusions demonstrate that the

self-assembled GO laminates allow one monolayer of

moving small molecules.

The most significant experimental observation about

molecules transport behavior of GO laminates was

published by Nair et al. [34��], they found GO laminates

prepared by spray- or spin-coating methods allow

unimpeded permeation of water vapor. However, other

liquids, vapors, and gases, including helium are

completely impermeable. Even when the mixture of

water and other gases/liquid was fed, the permeation rate

of water molecules was also at least five orders of magni-

tude higher than that of others. They attributed this

unexpected observation of ultra-fast transport of water

to a low-friction flow of a monolayer of water through two-

dimensional capillaries formed by closely spaced GO

sheets. Indeed, the prior computer studies using equilib-

rium molecular dynamics simulations have implied that

water can be a good lubricant for graphene and graphene

nanochannels (i.e., the non-oxidized region of GO) can act

as an efficient water transport device [35]. Water on the
www.sciencedirect.com
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graphene surface showed higher slip and flow rate of

water are at least an order of magnitude higher compared

to classical hydrodynamic no-slip boundary condition

predictions [36].

However, the subsequent experiment results are usually

found to contrary to the abovementioned phenomenon

[34��]. When using GO laminates into the separation of

water/alcohol mixtures through PV process, the water

content in the collected permeate side cannot reach

one hundred percent, together with a few alcohols. Amaz-

ingly, some few-layer GO laminates even exhibited

excellent gas separation performance [18,29]. One of

the reasons is that it is extremely difficult to form highly

ordered and precise GO laminates [21]. The repulsive

electrostatic interactions caused by negatively charged

carboxy groups usually create some out-of-order accumu-

lation (i.e., wrinkles) [22�,29]. What’s more, a large

amount of inevitable nonselective defects (holes in the

basic plane) derived from the strong oxidization of Hum-

mers method also contribute to the separation perfor-

mance [33�,37]. Recently, the flake size of GO was also

found to have influence on the molecular transport in GO

layers by changing the membrane microstructure (e.g., the

transfer pathways) and physicochemical properties

[37–39]. For example, a smaller size of GO flake and a

higher oxidation level will result in a short transfer

pathways.

Theoretically, considering smaller molecular size of water

than that of most of others, fixed and narrow d-spacing of

GO laminates will benefit for obtaining a better separa-

tion performance, especially separation factor. However,

numerous studies indicated that the practical operation

conditions have a great effect on the inter space of GO

laminates [21,40]. The nanochannel size within GO

laminates presents drastic fluctuations after being fully

wetted by different solvent, such as water, ethanol,

acetone, toluene and n-hexane [41�]. In addition, the salt

concentration, pH and loading pressure also affect the

microstructure of GO laminates [19,22�,42]. At low pH

and high salt concentration, the repulsion forces between

the negatively charged GO sheets dramatically decrease

and shrink the space between them. High pressure could

be recovered by releasing the applied pressure due to

their unique elastic properties. In order to solve this

problem, chemical modification with covalent bonds is

a well way to prepare more stable GO membranes by

gluing GO nanosheets. [43] For example, 1,3,5-benzene-

tricarbonyl trichloride (TMC) was used to cross-link the

sheets to regulate the charges, functionality and spacing

of the GO nanosheets. [30] Hung et al. also demonstrated

that using diamine monomers to cross-link GO can effec-

tively tune the interlayer-spacing of GO membranes [44].

Moreover, reducing GO laminates is another effective

way to regulate the separation performance of GO lami-

nates through changing its inter-spacing and
www.sciencedirect.com 
hydrophilicity [20,45]. However, it is still very challeng-

ing to prevent them from the crack after thermal treat-

ment or chemical reduction. More studies should focus on

how to keep them mechanically stability.

As the unimpeded water flow within GO inter-channels

contributes to the high water separation flux, the intrinsic

hydrophilic of GO membrane surface also plays an impor-

tant role in the separation process. Through the quartz

crystal microbalance technique (QCM), the preferential

water sorption ability of GO laminates was demonstrated

by our group [46��]. Following on this work, a bio-inspired

membrane that couples an ultrathin surface water-cap-

turing polymeric layer and GO laminates was designed to

realize fast and selective water transport through the

integrated GO laminates [47]. The as-prepared mem-

brane exhibited highly selective water permeation with

an excellent water flux in PV process, which exceeds the

performance upper bound of the state-of-the-art mem-

branes for butanol dehydration. What’s more, carbon

nanotubes (CNTs) [48,49] and Cu(OH)2 nanostrands

[50] can effectively enhance the permeability of GO

laminates by building new water transfer channels, which

have been demonstrated in ultrafiltration process.

Therefore, exploring the GO laminates embedded CNTs

or Cu(OH)2 nanostrands to PV process could be another

promising route to improve the corresponding flux mean-

while maintain the selectivity.

Application in pervaporation
As a membrane-based separation technology, PV provides

competitive advantages over traditional separation

techniques such as distillation and absorption processes

in separation azeotropic mixtures, thermally sensitive

compounds as well as organic–organic mixtures [51].

The Geim’s frontier discovery [34��], that is the uniquely

unlimited water transport within GO laminates, endowed

the GO material natural advantages in the PV dehydra-

tion of organic solvents. Since emerging, GO-based PV

membranes have quickly become a new favorite of

membrane researches. As shown in Table 1, most of

the reported GO-based PV membranes were used to

the selective removal of water from organic aqueous

solution, such as ethanol, n-propanol, iso-propanol and

butanol isomers (n-butanol, 2-butanol, tert-butanol,

iso-butanol), as well as the important industrial raw mate-

rial, like ethyl acetate and dimethylcarbonate. In order to

simplify the test process, planar porous substrates (such as

anodic aluminum oxide, polyacrylonitrile, cellulose ace-

tate, etc.) or free-standing GO laminates were mainly

applied, and a few GO laminates were explored to deposit

on the tube or hollow fiber. Recently, Xu et al. also

utilized GO as an acid-resisting barrier to improve the

acidic stability of the zeolite LTA PV dehydration mem-

brane [52]. What’s more, pressure-assisted filtration

methods were mainly employed to prepare GO laminates

or modulate the microstructure of GO layers (such as
Current Opinion in Chemical Engineering 2017, 16:56–64
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Table 1

Graphene oxide laminates for pervaporation

Membranes Fabrication

method

Membrane

thickness

Feed condition Flux

(g m�2 h�1)

Separation

factor

Refs.

GO/TFNC Spin coating N/A 70 �C, 20 wt% water–ethanol 2400 195 [58]

Vacuum filtration 93 nm 70 �C, 20 wt% water–ethanol 2200 308

Free-standing GO/CPC Pressurized ultrafiltration 2 mm 24 �C, 25 wt% water–ethanol 1300 211 [42]

GO/CHF Vacuum suction 1.5 mm 25 �C, 2.6 wt% water–DMC 1702 743 [46��]
40 �C, 2.6 wt% water–DMC 2100 613

GO/mPAN Pressure-assisted

self-assembly drop-casting

231 nm 30 �C, 30 wt% water–iso-

Propanol

2047 2331 [21]

70 �C, 30 wt% water–iso-

Propanol

4137 1164

EDA-crosslinked GO/CA Pressure-assisted self-

assembly drop-casting

412 nm 80 �C, 10 wt% water–ethanol 2297 4991 [44]

GO/PAT Filter-pressing deposition 250 nm 28 �C, 10 wt% water–ethanol 300 410 [39]

70 �C, 10 wt% water–ethanol 1300 250

220 nm 30 �C, 10 wt% water–n-

propanol

430 1740

70 �C, 10 wt% water–n-

propanol

1700 1290

190 nm 30 �C, 10 wt% water–iso-

propanol

510 4020

70 �C, 10 wt% water–iso-

propanol

2100 2940

30 �C, 10 wt% water–ethyl

acetate

630 5030

70 �C, 10 wt% water–ethyl

acetate

2390 3600

175 nm 70 �C, 10 wt% water–2-

butanol

1820 6910

70 �C, 10 wt% water–tert-

butanol

1630 5120

70 �C, 10 wt% water–iso-

butanol

1680 6110

CS@GO/CHF Vacuum suction 350 nm 70 �C, 10 wt% water–n-

butanol

10 124 1523 [47]

GO/mPAN Pressure-assisted

self-assembly

231 nm 30 �C, 10 wt% water–n-

butanol

2540 2241 [22�]

70 �C, 10 wt% water–n-

butanol

4340 1791

Vacuum-assisted

self-assembly

384 nm 30 �C, 10 wt% water–n-

butanol

2390 74

Evaporation-assisted

self-assembly

447 nm 30 �C, 10 wt% water–n-

butanol

930 17

GO/AAO Vacuum filtration 600 nm 50 �C, 10 wt% water–n-

butanol

3100 230 [59]

50 �C, 4.7 wt% water–n-

butanol

1300 440

(GE/GO)10.5/H-PAN Layer-by-layer self-assembly 115 nm 77 �C, 10 wt% water–ethanol 1737 333 [60]

LTA@GO/PAD Vacuum-assisted fltration 5.5 mm 60 �C, 5 wt% water–acetic

acid

1500 400 [52]

(GO/MOF)/mPAN Pressure-assisted

self-assembly

1 mm 30 �C, 2 wt% water–ethyl

acetate

2423 9751 [61]

60 �C, 2 wt% water–ethyl

acetate

3632 6076

Aldehyde-linked GO/PC Pressurized ultrafiltration 524 nm 60 �C, 15 wt% water–n-

butanol

2593 1883 [43]

TFNC: thin-film nanofibrous composite membrane; CPC (PC): cyclopore polycarbonate membrane; CHF: ceramic hollow fiber; DMC: dimethyl-

carbonate; mPAN: modified polyacrylonitrile; CA: cellulose acetate; PAT: porous Al2O3 tube; AAO: anodic aluminum oxide; GE: gelatin; H-PAN:

hydrolyzed polyacrylonitrile; PAD: porous Al2O3 disks.
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Figure 2

(a)

(b)
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(a) Photograph of the gravure printing machine and (inset) images of 13 � 14 cm2 GO membranes with different thicknesses [62��]; (b)

photographs of the assembled GO hollow fiber module with an area of �200 cm2 (the average length of hollow fiber: 12 cm; the average outer

diameter of hollow fiber: 0.18 cm; the number of assembly: 31).
d-spacing and membrane thickness). Additionally,

utilizing the water transfer ability of GO laminates to

improve the PV dehydration performance of polymeric

membranes also shows great potential [53–57]. Interest-

ing readers can refer to the related review articles [2��,51].

Until now, researchers have paid a mass of attention on

the enhancement of PV separation performance of GO

laminates by chemical or physical turning approaches,

and all of them described a bright future of GO laminates

for the real application. However, few works indeed

referred to produce a large-scale membrane/module or

extended to the practical application. A recent work about

large-area GO nanofiltration membranes may give us

some inspiration to develop and scale-up the related
www.sciencedirect.com 
technology for PV. Utilizing a gravure printer with doctor

blade (Figure 2a), Akbari et al. [62��] successfully

prepared large-area GO membranes (13 � 14 cm2) on

porous Nylon substrates in <5 s. The corresponding

membranes exhibited excellent nanofiltration separation

performance.

Generally, in order to satisfy the requirement of practical

application, it is usually apt to prepare asymmetric

composite membranes which consist of a thin GO sepa-

ration layer and a porous substrate. Compared with planar

supports, hollow fibers exhibit many advantages, such as

high packing density and low mass transport resistance

[63,64]. We successfully constructed an integrated and

continuous GO membrane on ceramic hollow fiber by a
Current Opinion in Chemical Engineering 2017, 16:56–64
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vacuum suction method [46��]. Now, we are trying to

build an assembled GO hollow fiber modules with an area

of �200 cm2 (Figure 2b) and the follow-up related work is

going on. Based on the simple vacuum suction method,

the preparation and application process can be united into

one setup, making the defect mending easily. Technol-

ogy based on hollow fibers may provide another available

way to scale-up GO membranes close to the real

application.

Conclusion and outlook
This review highlighted the recent development of GO

laminates for water vapor transport and their application

in PV. We first described various fabrication methods of

GO laminates in detail, including filtration, dip/drop-

casting, spray-coating, spin coating and layer-by-layer.

For the transport mechanism, the main factors that affect

the water vapor transport were illustrated. However, a

more general and universal theory has not reached a

consensus to date. It is no doubt that the special water

nanochannels (such as d-spacing, defects and wrinkles)

within GO laminates and the intrinsic hydrophilicity of

GO material contribute to the final PV separation perfor-

mance together. In the future, researchers are encouraged

to pay more attention on the investigation of possible

transport mechanism by using advanced in-situ character-

ization techniques. With respect to application, GO lami-

nates showed outstanding separation performance in the

PV dehydration of water-containing organic solvent, but

most limited in this field. Developing novel application

based on the water vapor transport of GO laminates is

indispensable, like organic solvent recovery/removal,

organic/organic mixtures separation [41�] and dehumidi-

fication of air [65�].
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