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A graphene oxide membrane with self-regulated nanochannels
for the exceptionally stable bio-oil dehydration
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Abstract

The transport behaviors and nanochannel structures of a graphene oxide

(GO) membrane were studied for pervaporation dehydration of bio-oil with a high

acidity and a complex composition. The GO membrane showed an unprecedentedly

stable water flux of approximately 0.43 kg m−2 hr−1, with a water content of 97 wt%

in the permeate throughout 70 hr of pervaporation testing at 30�C. Both the calcu-

lated activation energy for water permeation and X-ray diffraction characterization

results confirmed that the nanochannel structures of the GO membrane were

temperature- and liquid media-responsive. The molecular intercalation-induced self-

regulation of the size of laminar nanochannels in the GO membrane was suggested

to be primarily responsible for the significantly reduced membrane fouling and the

exceptionally stable pervaporation performance for the GO membrane. The mecha-

nistic insights into the nanochannel structures and antifouling properties would pro-

vide important inspiration for the design of novel highly fouling-resistant membrane

materials for practical applications.

1 | INTRODUCTION

The increasing concerns over the depletion of fossil fuels and rising

CO2 emissions have significantly promoted research on the conver-

sion of biomass to various biofuels. In particular, the preparation of

bio-oil via fast pyrolysis of biomass under an inert atmosphere has

attracted a great deal of attention for use as a promising liquid

biofuel,1 because the biofuel obtained via this route has significant

potential for large-scale application when taking the great advantages

of the simple production process, namely, a high production yield and

excellent feedstock adaptability, into account. However, bio-oil is a

very complex liquid mixture consisting of a large amount of water and

hundreds of compounds, including acids, alcohols, aldehydes, esters,

phenols, ketones, and lignin-derived oligomers;2 the presence of

abundant water and highly oxygenated compounds in bio-oil signifi-

cantly lowers its heating value and stability, which greatly limits its

practical application as a high-performance fuel. Therefore, the direct

use of crude bio-oil is not feasible, and it must be subjected to neces-

sary treatments for effective upgrading.

Water usually accounts for the largest proportion in bio-oil, and thus

has the most significant adverse effect on the heating value. Furthermore,

although a variety of technologies, such as catalytic hydrotreating,3
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2.3 | Characterization methods

X-ray diffraction (XRD) analyses were conducted on a Rigaku SmartLab

SE diffractometer with Cu Kα radiation (λ = 1.54056 Å) operated at

40 kV and 35 mA. Transmission electron microscopy (TEM) images were



deformation vibration, and C O (alkoxy) stretching vibration,31

respectively. As confirmed by the low water contact angle of 20.9�

for the GO membrane (inset in Figure 2a), the abundant oxygen-

containing groups conferred GO sheets a good affinity to water mole-

cules, which benefitted selective water permeation of GO membranes

significantly. Further TG analysis demonstrated two obvious weight

losses at temperatures of 40–120 and 160–220�C (Figure 2b), which

could be ascribed mainly to the loss of adsorbed water and the

decomposition of oxygen-containing groups,24,26 respectively, and

this revealed that the oxygen-containing groups on GO remained

thermally stable during the pervaporation test. A TEM image (inset in

Figure 2b) shows that the GO sheet was extremely thin, and the thick-

ness was further confirmed to be ~1 nm according to the height pro-

file of the GO sheet in the AFM image (Figure 2c). The stacking of the

extremely thin GO sheets was favorable for the formation of very nar-

row nanochannels for selective molecular transport in the GO mem-

brane. Figure 2d shows an SEM image of the GO membrane. A thin

and uniform GO layer with a thickness of ~700 nm was formed on

the support, and no visible cracks and pinholes were detected.

3.2 | Transport behaviors of the GO membrane for
bio-oil pervaporation dehydration

Figure 3a shows the time course of pervaporation dehydration of bio-

oil using the GO membrane at 30�C. The total permeation flux was

approximately 0.43 kg m−2 hr−1 with a water content as high as

97 wt%, demonstrating the excellent molecular sieving effect for

water removal. As also reflected by the sharp contrast of the appear-

ance between the bio-oil and permeate stream in Figure 3b, the per-

meate stream collected after pervaporation of dark brown bio-oil was

quite clear, which further indicated the highly selective dehydration of

bio-oil using the GO membrane. Unexpectedly, the GO membrane

also demonstrated an unprecedentedly stable pervaporation dehydra-

tion performance during the entire testing of 70 hr, regardless of the

strong acidity and extremely complicated organic components in bio-

oil, which indicated the excellent acid resistance and antifouling per-

formance of the GO membrane. This finding was also supported by

the same microstructure of the GO membrane from SEM images of

the fresh and used membrane after cleaning with ethanol (Figure 4).

To better understand the GO membrane performance for bio-oil

dehydration, a ZSM-5 zeolite membrane, which has been widely stud-

ied for pervaporation applications in various systems,17-20,32,33 was

also applied to bio-oil dehydration under the same conditions for a

comparative study. Figure 5 shows the pervaporation dehydration

performance of a ZSM-5 zeolite membrane for bio-oil dehydration as

a function of time. The ZSM-5 zeolite membrane initially showed a

much lower total flux of 0.058 kg m−2 hr−1 with similar selectivity in

the bio-oil system. Furthermore, the flux of the ZSM-5 zeolite mem-

brane continuously decreased with increasing pervaporation time, and

almost no flux could be observed after 6 hr. Similar unstable perme-

ation behaviors were also reportedly observed in pervaporation sepa-

ration of different systems for various types of microporous

membranes due to the occurrence of organic fouling.34-37 Therefore,

the extremely low and unstable flux of the ZSM-5 membrane could

F IGURE 2 Fourier transform
infrared (FT-IR) spectrum (a),
thermogravimetric (TG) curve (b), and
atomic force microscopy (AFM) image
(c) of graphene oxide (GO) sheets, and
scanning electron microscopy (SEM)
image (d) of the GO membrane. Insets in
(a) and (b) are the water contact angle of
the GO membrane and TEM image of
GO sheets [Color figure can be viewed at
wileyonlinelibrary.com]
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be attributed mainly to the blockage of membrane pores due to the

intensive membrane fouling caused by the adsorption of organic com-

pounds in the pores of the membrane. Obviously, compared with the

ZSM-5 zeolite membrane, the extremely stable GO membrane with a

much higher flux revealed its exceptional antifouling performance in

the complicated bio-oil system.

Compared with the reported binary system,24 the water flux of

the GO membrane for the multicomponent bio-oil system is relatively

low and requires further improvement. Because a higher temperature

results in a higher water vapor partial pressure that is the driving force

for membrane permeation in pervaporation, the membrane flux can

thus be efficiently promoted at elevated temperatures. As shown in

Figure 6a, for the pure water system, the water flux of the GO mem-

brane significantly increased from 3.5 to 9.5 kg m−2 hr−1 when the

permeation temperature was increased from 30 to 70�C due to a

larger driving force for water permeation at a higher temperature.

However, for the bio-oil system, the water flux was much lower than

that in the pure water system, which increased only slightly with

increasing permeation temperature (Figure 6b). This comparative

study shows that there was a significant difference in the water trans-

port behaviors through the GO membrane between the pure water

and bio-oil systems, and it is of great importance to gain insight into

the details for further enhancement of the membrane performance.

F IGURE 3 Time course behavior of the pervaporation
performance of the graphene oxide (GO) membrane for bio-oil
dehydration at 30�C (a) and photographs of the bio-oil and collected
permeate after membrane separation (b) [Color figure can be viewed
at wileyonlinelibrary.com]

F IGURE 4 Scanning electron microscopy (SEM) images of
graphene oxide (GO) membranes. (a) Fresh; (b) after 70 hr of
pervaporation test

F IGURE 5 Time course behavior of the pervaporation
performance of a ZSM-5 zeolite membrane for bio-oil dehydration at
30�C [Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | Insights into the nanochannel structures and
antifouling mechanism of the GO membrane

The partial vapor pressure difference across the membrane, which is

the driving force for pervaporation, greatly depends on the testing

conditions, such as the temperature and feed concentration. The com-

parison of the membrane pervaporation performance based on the

permeance instead of flux is therefore more desirable because the

permeance has been normalized to the partial vapor pressure differ-

ence, which eliminates the effect of different driving forces on the

permeation performance. Taking this factor into consideration, the

temperature dependences of the water permeance were calculated

for both pure water and bio-oil systems according to Equation (4) for

a comparative study, as shown in Figure 7. The water permeance for

both pure water and bio-oil systems decreased with increasing perme-

ation temperature, and this trend was completely different from the

temperature dependence of the permeation flux (Figure 6).

Theoretically, the permeation flux should increase with increasing

temperature due to the increased driving force for pervaporation.

However, the permeance of the membrane may increase or decrease

as the temperature is increased, according to the difference between

the activation energy for diffusion ED,i and adsorption heat 4HS,i

based on Equation (4). If ED,i < 4HS,i, the activation energy for water

permeation Ep,i is negative; thus, the water permeance decreases with

increasing temperature. In contrast, the water permeance increases

with increasing temperature when Ep,i is positive (ED,i > 4HS,i). There-

fore, the decreased water permeance at elevated temperatures for

both pure water and bio-oil systems shows that the water adsorption

heat was larger than the activation energy for water diffusion in the

GO membrane. The values of the activation energies for water perme-

ation through the GO membrane could be obtained by fitting the

experimental data with Equation (7); the pure water and bio-oil sys-

tems showed activation energies of −22.3 and − 47.7 kJ/mol, respec-

tively, for water permeation. Because the activation energy for water

permeation can be expressed as the difference between the activation

energy for water diffusion and the water adsorption heat, the notable

difference in the activation energy for water permeation for both pure

water and bio-oil systems was therefore mainly ascribed to the differ-

ence in the activation energy for water diffusion because the adsorp-

tion heat was assumed to be approximately identical for the two

systems. Therefore, the bio-oil system had a notably smaller activation

energy for water diffusion through the GO membrane compared to

the pure water system. The activation energy for diffusion of specific

molecules in microporous is greatly related to the pore size,38 and the

smaller the pore size of the membrane, the larger the activation

energy for molecular diffusion. Therefore, the smaller activation

energy for water diffusion in the bio-oil system indicates that the size

of laminar nanochannels in the GO membrane became larger if the liq-

uid media was changed from pure water to bio-oil. The above findings

demonstrate that the properties of the liquid media exert significant

impacts on the nanostructure of the GO membrane. However,

although the GO membrane had a relatively larger pore size in bio-oil

F IGURE 6 Temperature dependences of the permeation flux of
the graphene oxide (GO) membrane for pure water (a) and bio-oil
systems (b) [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 7 Temperature dependences of water permeances
through the graphene oxide (GO) membrane for pure water (a) and
bio-oil systems (b) [Color figure can be viewed at
wileyonlinelibrary.com]
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compared to pure water, the water permeance was still much lower.

The latter could be ascribed mainly to the reduced water adsorption

amount on the GO membrane due to the competitive adsorption with

various organic compounds in bio-oil system.

To further confirm the influence of different liquid media on the

membrane nanostructures, the GO membranes were characterized

using XRD to monitor the size of the laminar channels as determined

by the interlayer distance between the GO sheets. Figure 8 shows the

XRD patterns of GO membrane under dry state at different tempera-

tures. The (001) reflection obviously shifted from 11.25 to 13.35� as

the temperature increased from 30 to 80�C, which demonstrated that

the interlayer distance decreased with increasing temperature for a

dry GO membrane. Figure 9a,b show the XRD patterns of the GO

membrane after exposure to water and bio-oil, respectively, at differ-

ent temperatures. As the temperature increased from 30 to 80�C, the

(001) reflection for the GO membrane gradually shifted from 8.38 to

8.73� and from 7.80 to 7.94�, which corresponded to a slight decrease

in the interlayer distance in the GO membrane from 10.54 to 10.12 Å

and from 11.33 to 11.13 Å in pure water and bio-oil, respectively.

However, the effect of temperature on the interlayer distance seemed

not obvious as that for a dry GO membrane. A similarly slight effect of

temperature on the GO membrane structure in liquid water and alco-

hols was also observed by Talyzin and coworkers.39 Clearly, the inter-

layer distance in the GO membrane decreased with increasing

temperature, which indicated that the permeation temperature could

slightly alter the size of the laminar channels in the GO membrane for

both pure water and bio-oil systems.

On the other hand, it should be noted that the (001) peak was

centered at a notably lower angle in bio-oil compared with that in

pure water at the same temperature, which indicated a larger laminar

channel in the GO membrane in the bio-oil system. Generally, a GO

membrane in a dry state is almost impermeable to all molecules due

to its dense structure,40 but the hydration/solvation of GO mem-

branes in liquids results in an expansion of the interlayer distance

between the GO sheets in the membrane after intercalation with gust

molecules, which may allow small molecules, such as water, to freely

pass through the GO membrane. The more and the larger the gust

molecules are intercalated, the larger the interlayer distance. The

swelling extent of the GO membrane after intercalation has been

reported to greatly depend on the liquid media and temperature.

Talyzin et al.39 studied the structure of GO membranes in liquid water

and alcohols using in situ synchrotron XRD and observed that GO

membranes could be hydrated in water with at least two intercalated

water monolayers between the individual GO sheets, but the interca-

lation of liquid methanol or ethanol into the GO membrane was

strongly limited to a monolayer. Very recently, Klechikov et al.41 also

investigated the structures of GO membranes in various solvents and

solutions and demonstrated that the interlayer distance of GO mem-

branes in different liquid medias varied over a wide range, and certain

large organic molecules were found to expand the interlayer distance

significantly up to approximately 35 Å. We believe that the increased

interlayer distance of the GO membrane in bio-oil could be ascribed

to the intercalation of both water and relatively large organic com-

pounds in the membrane. The change in the size of the laminar chan-

nels of the GO membrane confirmed by XRD agrees very well with

the different activation energies for water permeation in pure water

and bio-oil systems. Based on the difference in size of the laminar

nanochannels of GO membranes in pure water and bio-oil systems at

different temperatures, it is clear that the size of the nanochannels in

the GO membrane for molecular transport was responsive to both

F IGURE 8 X-ray diffraction (XRD) patterns of a dry graphene
oxide (GO) membrane at different temperatures [Color figure can be
viewed at wileyonlinelibrary.com]

F IGURE 9 X-ray diffraction (XRD) patterns of the graphene oxide
(GO) membrane in water (a) and bio-oil (b) at different temperatures
[Color figure can be viewed at wileyonlinelibrary.com]
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liquid media and temperature. This property inspires the possibility of

fine-tuning the size of nanochannels in GO membranes for precise

molecular separation via simple molecular intercalation or tempera-

ture variation.

Obviously, the great different resistance to organic fouling for GO

and ZSM-5 membranes in bio-oil was mainly resulted from the differ-

ence in their nanochannel structures based on the aforementioned

XRD characterization. For the ZSM-5 zeolite membrane, organic com-

pounds in bio-oil were easily adsorbed in the pores to form membrane

fouling, and a considerable amount of pores were therefore gradually

blocked in the ZSM-5 zeolite membrane with a rigid structure, which

eventually resulted in an extremely low water flux through the mem-

brane. For the GO membrane with a relatively flexible structure,

although certain organic molecules could be adsorbed on the GO

membrane as well,42 the intercalation of relatively large organic com-

pounds in the GO membrane led to a further increase of the interlayer

distance. The more organic compounds were intercalated, the larger

the interlayer distance in the GO membrane became. This effect

ensured that considerable laminar nanochannels were still accessible

even when relatively large organic molecules entered the channels.

Therefore, the self-regulation in the size of membrane nanochannels,

which was induced by molecular intercalation in the GO membrane,

automatically reduced the pore blockage effect. As a result, the GO

membrane showed exceptional stability and a much higher water flux

for bio-oil pervaporation, and no serious membrane fouling was

observed compared to the ZSM-5 zeolite membrane.

It is well known that membrane fouling is very common in various

pervaporation processes, which seriously degrades the membrane separa-

tion performance and shortens the membrane lifespan, and the mem-

brane therefore requires frequent regeneration or even replacement. This

long-standing issue is even much more intractable in practical applications

because most real systems are quite complicated due to the presence of

various types of components with different properties. We believe that

the discovery of this new antifouling mechanism of GO membranes

opens new prospects for designing advanced antifouling membrane

materials for various complex systems in practical applications.

4 | CONCLUSIONS

A GO membrane was successfully applied to the pervaporation dehy-

dration of bio-oil with hundreds of components and a high acidity. The

comparative study showed that the GO membrane demonstrated a

much higher and much more stable permeation flux compared to the

ZSM-5 membrane during the long-term pervaporation test, indicating

an excellent acid resistance and antifouling performance. The calcu-

lated activation energies for water diffusion through the GO mem-

brane in pure water and bio-oil systems showed that the size of the

laminar nanochannels of the GO membrane became larger in bio-oil.

Further XRD investigation again confirmed that the membrane pore

size was also affected by the temperature, and a higher temperature

resulted in a slightly smaller size of the laminar nanochannels in the

GO membrane for both pure water and bio-oil systems. Moreover, the

size of the laminar nanochannels was also found to be more pro-

foundly affected by the liquid media used, and the above variation was

consistent with the different activation energies for water permeation

through the GO membrane for both pure water and bio-oil systems.

The above mechanistic insights into the nanochannel structures clearly

indicated that the GO membrane structures were temperature- and

liquid media-responsive. The exceptionally stable pervaporation per-

formance of the GO membrane for bio-oil dehydration could be mainly

attributed to the self-regulation of the size of the laminar

nanochannels induced by molecular intercalation in the GO membrane,

which effectively reduced the pore blockage effect caused by mem-

brane fouling via the adsorption of organics in the membrane.
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NOTATION

Di diffusion coefficient for component i, m2 s−1

D0,i pre-exponential factor given by Equation (3) for component

i, m2 s−1

ED,i activation energy of component i for diffusion, J mol−1

Ep,i activation energy of component i for permeation, J mol−1

Fi permeance of component i, mol Pa−1 m−2 s−1

Ji flux of component i, mol m−2 s−1

ki pre-exponential factor given by Equation (7) for component i,

mol Pa−1 m−2 s−1

L membrane thickness, m

Pf,i partial vapor pressure of component i on the feed side, Pa

Pp,i partial vapor pressure of component i on the permeate

side, Pa

R gas constant, J mol K−1

Si adsorption coefficient, mol Pa−1 m−3

S0,i pre-exponential factor given by Equation (2), mol Pa−1 m−3

T absolute temperature, K

xi molar fraction of component i in the feed, dimensionless

yi molar fraction of component i in the permeate, dimensionless

GREEK LETTERS

γi activity coefficient, dimensionless

4Pi partial vapor pressure difference of component i across the

membrane, Pa

4HS,i adsorption heat of component i, J mol−1
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