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A B S T R A C T

Molecular dynamics (MD) simulations were employed to investigate water-ethanol separation through mono-
layer graphene oxide (GO) membranes with different pore sizes and O/C ratios. The ultrahigh water flux and
infinite water separation factors were achieved. The separation properties under 50/50 w/w water-ethanol
mixtures reveal that higher O/C ratios favor water selectivity, and water flux is enhanced with O/C ratio and
pore size. With the help of highest oxidization, water largely sorption amount governs permeation process. On
the contrary, with low oxidization degree of GO membrane, water diffusion effect becomes dominant factor of
permeation. We screen an optimal microstructure of GO membrane which equipped with an adequately sized
pore (D=2.4 Å) and a highest O/C ratio (R=0.49). This optimal one D2.4Å_R0.49 achieves the highest water
flux and fully ethanol rejection in the mimicked experimental system. This simulation study elucidates the role of
O/C ratio and pore diameter in water-ethanol separation through porous GO membranes on the microscopic
level and uncovers the governing effects for water permeation and also suggests a potential candidate as a water-
ethanol separation membrane.

1. Introduction

The emerging excellent separation performances of graphene oxide
(GO) membranes in desalination, [1] water treatment [2] and gas se-
paration [3] are arising many concerns about its inside microstructures
and separation mechanism. Together with interlayer spacing, [4] in-
trinsic defect, [5] lateral size, [6] preferential adsorption [7] and ratio
of O/C, [8] pore size in GO membranes determines the molecular se-
paration properties. Small sized pore increased the energy barrier for
molecule passing over the graphene membrane [9]. Large one can fa-
cilitate molecules permeating whereas impairs its separation selectivity.
For this reason, a critical sized pore is far more important. With a well
tunable pore size in monolayer graphene membranes, CO2/CH4 can be
effectively separated through ion-gated porous graphene membrane
[10], and water permeance with 2–3 orders of magnitude higher than
conventional reverse osmosis membranes can be achieved in water
desalination process [11]. A nearly 100% salt rejection rate was ob-
tained by porous graphene membranes equipped with a 0.5–1.0 nm

sized pore by oxygen plasma etching [12]. In addition, the appropriate
shape of pore (asymmetric hourglass-shaped) in multilayer graphene
was examined by Kim [13] and water permeation can be improved
significantly through this shaped pores.

Another important factor, the oxidization degree of GO membrane
characterized by O/C ratio, has a decisive role in selectively adsorbing
molecules in the feed and then enhancing their permeation. Oxidized by
the hydroxyl groups, the pores of graphene can double the water flux
owing to the reinforced hydrophilic character [11]. Lu et al. [9] also
found that hydroxyl-functionalized pores contribute to Cl− transport
while hydrogen-modified ones prefer to facilitate Na+ diffusion. In
particular, the oxygen-functional groups decorated around the defect or
pores increase the affinity between water and GO membranes during
solvent dehydration process, while Galvao et al. [14] just simulated two
kind of oxidization degrees of GO membranes and the water separation
factors are far below than the experimental values [15]. Although
oxidized and non-oxidized pores have been compared in these relevant
simulations, and. A series of oxidization degree is not clear so far. And it
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is noteworthy that all of the simulated GO containing functional groups
were based on interlayer transporting [16–18] and ignored pore’s dif-
fusion which is another important kind of passage in GO membrane
[19]. According to the solution-diffusion mechanism, [20] a suitable
oxidization degree can promote the water adsorption in GO membrane
and magnify water flux, and an adequately sized pore maximizes mo-
lecular selectivity, but also will break up trade-off effect.

In this paper, we simulated water-ethanol separation, a very im-
portant process for producing biofuels [21] through monolayer porous
GO membranes with variable pore diameters and oxidization degrees.
The behavior of water permeation was explored and the microstructure
of GO membrane was optimized. The water separation factor and flux
for separating 50/50 w/w water-ethanol mixtures are firstly studied as
a function of pore size and ratio of O/C. By radial distribution functions
(RDF) and the calculation of sorption amount, the preferential sorption
of water was illustrated during the separation process. The analysis of
mean square displacement (MSD) indicated that larger pore diameter
lead faster water diffusion in the condition of low oxidization degree of
GO pores and then the diffusion passage of water and ethanol was re-
vealed by their trajectories. After that, the separation performance of
the optimized GO membrane was further investigated for 10/90 w/w
water-ethanol mixtures. The permeation activity energy and magnified
system with a supercell of feed tank were both demonstrated a great
potential of this optimal porous GO membrane with 2.4 Å pore dia-
meter and 0.49 ratio of O/C for ethanol dehydration process.

2. Models and computational methods

GO sheets were constructed by Materials Studio 6.0 [22] in amor-
phous cell and geometry optimization was then performed. The dif-
ferent types of function groups (including hydroxyl, epoxy and carboxyl
groups) have influence on the separation performance [23–25]. So the
number of functional groups and their distribution are kept the same
under each fixed oxidization degree. The number of each kind of
function groups based on our previous works [26,27] are randomly
grafted on GO sheets, while the charge of each atom is adopted from the
model used by Xu et al. [28] Fig. 1(a) shows the atomistic structure of
different types of the optimized GO membranes. The ratio of O/C (re-
presented by R) was defined via dividing the total number of oxygen
atoms by carbon atoms around it. The pore diameters were decided by
plotting atoms as van der Waals spheres in the pore centers and its
diameter was calculated by the formula d= A π2 / which was similar
to Grossman’s method [11]. Fig. S1 shows the criterion for the diameter
definition of the nanopore in D2.4Å_R0.49. The O/C ratio was set to
0.04 to 0.49 based on our experiment on GO membranes [29]. The
nanopores (or defect) and oxidized regions always emerge in the same
area and the last one tend to form a continuous network across the GO
sheet [30,31]. For this reason, the oxygen functional groups were set to
distributing around pore region. The functional groups are grafted in a
circle around pore to generate the gradually varied oxidization degree.
All of the pores were treated as flexible in our GO models. With pore
size and O/C ratio varying from 2.2 Å to 3.0 Å and 0.04 to 0.49, re-
spectively, the number of permeated water and ethanol molecules in
vacuum chamber was counted as a function of time, and then flux was
obtained by fitting the linear slope. In data processing, the normalized
flux was divided by the applied pressure and water separation factor
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GROMACS package (version 4.5.5) [32]. Energy minimization was
firstly carried out by using the steepest descent method with a force
tolerance of 1 kJ/ (mol⋅Å) and a maximum step size of 0.1 Å before MD
calculations. Thereafter, the velocities were assigned by using Maxwell-
Boltzmann distribution rules at 300 K maintained by v-rescale

thermostat. 5 ns NPT ensemble was employed to get the equilibrium
systems and the pressure coupling with semiisotropic [33] calculation
was used to that can keep the periodicity of GO membranes in xy di-
rection. And then, the canonical (NVT) ensemble was used to perform
non-equilibrium MD (NEMD) simulation. By using leapfrog algorithm,
the classical equations of motion were integrated with a time step of
1 fs. The long-range electrostatic interactions were evaluated by Par-
ticle-Mesh-Ewald method with grid spacing of 1.2 Å and a fourth-order
interpolation. A cutoff of 12 Å was used to calculate the Lennard-Jones
(LJ) interactions. Electrostatic potentials and LJ were used to describe
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∑ ∑⎜ ⎟ ⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

⎞
⎠

− ⎛
⎝

⎞
⎠

⎤

⎦
⎥ +U ε

σ
r

σ
r

q q
πε r

4
4ij

ij

ij

ij

ij

i j

ij

12 6

0 (1)

where εij and σij are the well depth and collision diameter, rij refers to
the distance between atoms i, the LJ parameters related to atom i and j
were represented by σij and rij, and qi and qj were the partial charge that
assigned to atoms i and j, respectively, and
ε0= 8.8542× 10−12 C−2 N−1 m−2 is the permittivity of vacuum. The
parameters for the Lennard-Jones potential and partial electric charges
of GO models are listed in Table S1. A periodic boundary condition was
applied in all three directions. The position restriction of GO sheets was
put on some randomly selected sp2 carbon atoms. In the simulations, we
used the universal force field for GO taken from OBGMX, since the force
field has been shown to give good description for graphene based ma-
terials, [34–36] and OPLSAA force fields for ethanol combined with the
TIP3P water model. The simulation duration was 80 ns and the trajec-
tory was collected every 1 ps for analysis.

Fig. 1(b) presents the simulation system with 50/50 w/w water-
ethanol mixtures. An external pressure was exerted on the left graphene
plate along z direction. Owing to this pressure and the flexibility of
nanopores, these molecules larger than the pore size can also be pushed
through GO membranes and then get into right vacuum chamber. The
right plate was fixed to avoid molecules roaming between periodic
cells. The operation pressure is calculated from the moving acceleration
rate (a) of left plate, P=N⋅m⋅a/A, where N is the total number of atoms
contained in the left plate, m is the mass, A is the cross section of
moving graphene and P is the applied pressure (20MPa). This pressure-
driven method has been already used in NEMD simulations [37–39].
With this high pressure, the calculated phase transition temperature of
the 50 wt% water-ethanol mixture is 596.9 K by the WILSON method
[40]. In order to avoiding the evaporation, the effect of feed tempera-
ture on water flux was then studied among 260–400 K. After all the
simulations, the best separation performance was screened by searching
the variables of pore size and oxidization degree. For better under-
standing, the permeation process system of D2.4Å_R0.49 with 50/50 w/
w water-ethanol mixtures is supplied in the Movie.

3. Results and discussion

3.1. Exploring permeation behavior and searching the optimal
microstructure

50/50 w/w water-ethanol mixtures were pushed to permeate
through different porous GO membrane (with variable pore size and
ratio of O/C) at 300 K. In the feed tank, the density of simulated water-
ethanol mixtures is about 904.2 kg/m3. The breath and relaxation of
nanopores can let molecules squeeze through, even though the kinetic
diameters of water and ethanol are larger than the pore size studied
below. The water separation factor obtained after 80 ns simulation is
listed in Table 1. GO membrane can achieve an infinite water separa-
tion factor as long as its pore diameter ≤2.4 Å, owing to the simple size
exclusion effect. Higher oxidization degree enhances water separation
factor, especially for D2.7Å_R0.24 and D2.7Å_R0.49 where infinite
water separation factor was recovered with the help of higher O/C

Q. Liu, et al. Separation and Purification Technology 224 (2019) 219–226

220



ratio. On the contrary, lower oxidization surface favors ethanol per-
meation so that water separation factor dropped even below 10 through
the largest pore of 3.0 Å. It is not advisable to separate water from
ethanol via pore diameter larger than 3.0 Å that exhibits ultralow size
discrimination ability for water-ethanol mixtures.

Even owing a promising water separation factor, the smallest pore
size (2.2 Å) does have a very limited water flux, especially in the system
of D2.2Å_R0.04 with the lowest O/C ratio where water flux is the lowest
one. When the pore density is 0.11 nm−2, the water fluxes as a function
of pore diameter are shown in Fig. 2. Larger pore diameter usually

Fig. 1. (a) Atomistic structure of GO models with a variation of pore diameter (D/Å) and ratio of O/C (R). Olive: C, red: O, white: H atoms; (b) Configuration of
simulation system for water-ethanol permeation through the GO membrane. Water and ethanol molecules are represented by green and orange balls, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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introduces higher water flux [41] thanks to the fast water diffusion,
especially when the oxidization degree is less than or equal to 0.24.
Water flux is also enhanced with the ratio of O/C. This highest oxidi-
zation degree R=0.49 greatly promotes water flux. And the water
fluxes can be up to 78 kgm−2 h−1, even for the case of D2.2Å_R0.49.
This maximized water fluxes are especially vulnerable to the competi-
tive permeation generated by permeated ethanol molecules. Fig. S2
shows the free energy of water permeating through the selected GO

membranes. The highest (R= 0.49) oxidization degree magnified the
difference of free energy between the membrane of D2.7Å_R0.49 and
D3.0Å_R0.49, which leads to a lower permeating energy barrier in
D2.7Å_R0.49. So the membrane of D2.7Å_R0.49 has a higher water flux
than that of D3.0Å_R0.49. However, for the lower oxidization degree,
the competitive penetration of ethanol has little impact on water per-
meating. For the case of D2.7Å_R0.49, the highest water flux with fully
ethanol rejection was achieved one at 300 K, however some permeated
ethanol was detected at 320 K (and water separation factor reduced to
102.9, shown in Table. 1), which indicated that this permeation com-
petition was hidden at 300 K in this case and it would be exposed at
high temperature. For D2.4Å_R0.49, this suitable oxidization degree has
quadrupled water flux compared the low oxidization (R= 0.04). And
meanwhile, this adequately sized pore achieves 100% ethanol rejection
even at 400 K, which is promising in high temperature operation. Ac-
cording to the Arrhenius equation, Flux=A·exp(−Ea/RT), the flux of
water does increase with the temperature by logarithmically among
260–400 K in Fig. 3(a).

The effect of feed temperature on water permeating through was
investigated in 50/50 w/w water-ethanol mixtures, as shown in
Fig. 3(a). As the feed temperature increased from 260 K to 400 K, water
flux increased from 42,507 to 2.47× 106 g/m2⋅h. And the permeation
activation energy (Ea) was calculated by Arrhenius equation [42]
shows that GO membrane D2.4Å_R0.49 does have the potential to se-
parate water from ethanol. Water molecules need to overwhelm the
energy barrier (26.4 kJ/mol) when permeating through D2.4Å_R0.49,
as shown in Fig. 3(b). While ethanol molecules were completely re-
jected within these temperature range, indicating that the Ea value of
ethanol permeating through is too large to be detected. The Ea values of
pure water and ethanol were also calculated in Fig. S3. The energy
barrier of pure water is much less than that of ethanol. It is noteworthy
that permeating through D2.4Å_R0.49 is far easier for pure ethanol,
while it is too much hard for 50 wt% ethanol, which indicates that the
existed water molecules in feed tank that can generate obstacles for
ethanol permeating owing to its preferential adsorption in GO mem-
branes.

To understand water preferential adsorption effect, we used RDF to
analyze the affinity of GO membranes with variable of O/C ratio to
water and ethanol. RDF analysis is defined as the probability of finding
an atom at a distance r from the reference atom compared to a homo-
geneous distribution:
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Table 1
Water separation factor through monolayer GO membranes with a variable of
pore diameter (D) and O/C ratio (R) at 300 K.

Water_Separation factor R0.04 R0.10 R0.24 R0.49

D2.2 Å ∞ ∞ ∞ ∞
D2.4 Å ∞ ∞ ∞ ∞ at 300 K;

∞ at 400 K
D2.7 Å 6.8 8.8 ∞ ∞ at 300 K;

102.9 at 320 K
D3.0 Å 2.3 9.1 24.3 84.5

∞ represents infinite water separation factor where no ethanol was detected in
the permeate over the simulation span.

Fig. 2. Water flux through monolayer GO membranes with a variable of pore
diameter and O/C ratio. Four colors represent different O/C ratio (R). R= 0.04
(black), 0.10 (red), 0.24 (blue), 0.49 (purple). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. The effect of feed (50/50 w/w water-ethanol mixtures) temperature on water permeation through the optimal membrane with 2.4 Å sized pore diameter and
0.49O/C ratio. (a) Water fluxes versus absolute temperature; (b) Water permeation activation energy.
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Fig. 4. The sorption properties of water in GO membranes. (a) Radial distribution functions of water around GO membranes with a 2.4 Å sized pore and variable O/C
ratios; (b) The mass of water sorption amount in GO membranes. Four colors in both of (a) and (b) denote different O/C ratio (R). R=0.04 (black), 0.10 (red), 0.24
(blue), 0.49 (purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Water diffusion along z direction through different oxidization degree of GO membrane: (a) R=0.04; (b) R= 0.10; (c) R= 0.24; (d) R=0.49. The effect of
pore diameter represented by different colors on water diffusion is compared in each figure. D= 2.2 Å (black), 2.4 Å (red), 2.7 Å (blue) and 3.0 Å (purple). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In Eq. (2), V is the cell volume, where r refers to the distance be-
tween atom species i (gas molecules) and j (GO membranes atoms), Ni

and Nj are the numbers of atom types i and j, and Nij (r, r+ Δr) is the
number of species j around i within a shell from r to r+ Δr, respec-
tively.

In Fig. 4(a), higher oxidization degree of GO membrane has a higher
water affinity. When O/C ratio is less than or equal to 0.10, GO
membranes have higher affinity to ethanol than water (Seeing Fig. S4),
indicating that the competitive penetration is always exist. On the
contrary, GO have more attractive to water molecules as long as
R≥ 0.24, which resulted in water highly preferential adsorption in GO
membranes. For describing the preferential adsorption with pore dia-
meter and oxidization degree more precisely, we analyzed the mass
sorption amount of water in GO membranes as shown in Fig. 4(b).
According to RDF, the distance of 4.5 Å between two sides of GO sheet
was viewed as the sorption layer. Thereafter, the sorption amount can
be accurately described by counting the mass of water in adsorption
layer. It shows that greater O/C ratio introduces larger water sorption
amount, which contributes to larger water flux. At the condition of
highest oxidization degree, a tremendous water sorption amount is
obtained. On the contrary, with lower oxidization degree (R=0.04 and
R=0.10), water sorption amount is very small (≈5× 10−2 mg/m2)

and nearly invariable with pore diameter, implying that the dominant
factor of water permeation increasing attributes to diffusion effect ra-
ther than sorption in these cases.

Water diffusion was studied by calculating its MSDz crossing the
sorption layer along z direction. MSDz is calculated by

= 〈 ∑ − 〉=MSD z t z t[ ( ) ( )]z N i
N

i i
1

1 0
2 , where −z t z t([ ( ) ( )] )i i 0

2 is the mean
square displacement within sorption layer along z direction and N is the
number of water molecules. The diffusion of water through GO mem-
branes at the same O/C ratio is shown in Fig. 5. With a low oxidization
degree (R≤0.10) in Fig. 5(a) and (b), the diffusion of water is enhanced
with pore diameter. The abnormal trend between D3.0Å_R0.04 and
D3.0Å_R0.10 resulted from more ethanol permeated in first system,
which severely retarded water diffusion. Together with Fig. S5, the
diffusion coefficient of water increased with pore diameters till the
competition penetration occurs when the oxidization degrees are 0.04
and 0.10. However, for R= 0.24 and 0.49, strong adsorption makes
water diffusion become slow and complex. In Fig. 5(c) and (d), the
change of water MSDz is irregular with pore diameter, which indicates
that pore size is not the only one governing factor in this condition and
highly oxidization degree also plays its roles in GO membrane separa-
tion process.

The diffusion passage of water and ethanol was analyzed via

Fig. 6. Trajectories of random selected water and ethanol molecules passing through GO membranes. Each membrane is located at the dotted lines. The random
selected molecules are distinguished by different colors in each figure. (a) (b) Water and ethanol trajectories permeating through D2.4Å_R0.49; (c) (d) Water and
ethanol trajectories permeating through D3.0Å_R0.49.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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trajectories presented in Fig. 6. There is an obvious gap (represented by
a green band) between ethanol molecules and GO membranes. This gap
was formed by the preferentially adsorbed water molecules on GO
surface. It is very hard for ethanol to move forward behind this water
preferentially adsorbed layer, while easy for water. Water molecules
permeate promptly through the “green band” and then jump the na-
nopores immediately in Fig. 6(b) and (d), while ethanol will be evicted
away from this water preferentially adsorbed layer in the system of
D2.4Å_R0.49, as shown in Fig. 6(a). For the system of D3.0Å_R0.49 with
lager sized pore, ethanol trajectories burst into the water adsorbed layer
and then permeate through the membrane in Fig. 6(c). The generated
permeation competition makes water trajectories became sparse in
water preferential adsorption layer, as seen in Fig. 6(d).

3.2. Highly water separation in mimicked experimental separation system

In order to mimic experimental separation process of water and
ethanol, three candidates of porous GO membranes (D2.2Å_R0.49,
D2.4Å_R0.49 and D2.7Å_R0.49) according to Fig. 1 and Table1 were
shifted to separate water from 10/90 w/w water-ethanol mixtures at
300 K. The first and last snapshots of 10 wt% water permeating through
the system of D2.4Å_R0.49 are shown in Fig. S6. GO membrane
D2.4Å_R0.49 shows clear superiority for water permeating as shown in
Fig. 7(a). Water permeation through larger sized pore of 2.7Å_R0.49
was impaired by the permeated ethanol molecules and water separation
factor was compromised to 253.2 as listed in Table 2. While infinite
water separation factor and highest water flux (36.6 kg/m2⋅h, shown in
Fig. 7(b)) was achieved through GO membrane D2.4Å_R0.49 thanks to
the adequate pore size (D=2.4 Å) and the highest oxidization degree
R= 0.49. The effect of feed temperature (shown in Fig. S7) shows that
the free energy of 32.22 kJ/mol was needed for these water molecules
to overwhelm the permeation barrier. And fully ethanol rejection can
still be obtained even at high temperature. Moreover, the time

evolution of permeated molecules through the magnified system of
D2.4Å_R0.49 with a supercell feed tank was displayed in Fig. S9 where
the calculated fluxes of water and ethanol were 36.3 kg/m2⋅h and
0.0 kg/m2⋅h, respectively. The configurations of this magnified system
of D2.4Å_R0.49 are presented in Fig. S8. To further verify this optimal
microstructure of D2.4Å_R0.49, we also investigated the effect of feed
concentration on water separation performance in Fig. S10. The result
shows that this optimal microstructure can achieve water flux
(20.9 kgm−2 h−1) even for 5 wt% water feed concentration, and
meanwhile maintain an infinite water separation factor. Thereafter, it is
more clear and reliable that GO membrane D2.4Å_R0.49 is the optimal
choice in water/ethanol separation process.

4. Conclusion

MD simulations are performed in this work to explore the permea-
tion behavior of water and ethanol through GO membranes. A series of
monolayer GO sheets with a variable of pore size and O/C ratio are
firstly constructed. The relationship of water separation properties
under 50/50 w/w water-ethanol mixtures with the above micro-
structures shows that higher O/C ratio and smaller pore diameter en-
hance water selectivity, and water flux also increases with O/C ratio
and pore diameter. 3.0 Å sized pores are not suitable for water pur-
ification from ethanol due to water separation factor is compromised.
Further analysis reveals that higher O/C ratio strengthens the affinity
between water and membranes, and highest oxidation degree con-
tributes to water largely preferential adsorption in GO membrane,
which also takes its part in water permeation process. On the contrary,
with the low oxidization degree (R=0.04 and R=0.10) of GO mem-
branes, invariable sorption amount and faster water diffusion with pore
size demonstrate that the dominant factor of permeation is diffusion
effect. The calculations of permeation activity energy suggest that the
porous GO membrane of D2.4Å_R0.49 could achieve not only ultrahigh
water flux but also infinite water separation factor even under 10/90
w/w water-ethanol mixtures and high temperature operation due to the
suitable oxidization degree and an adequately sized pore, which is
promising in water/ethanol separation. Our present works give a great
understanding of water and ethanol permeation behavior through GO
membranes and guidance to tailor the desired microstructures for water
purification from ethanol.

Fig. 7. Under 10wt% water feed concentration, water permeation through three candidates of GO membrane with the highest oxidization (R= 0.49). (a) The
permeated water molecules with simulation time through D2.2Å_R0.49, D2.4Å_R0.49 and D2.7Å_R0.49; (b) water flux according to Fig. 6(a). Three colors in both of
(a) and (b) denote GO membrane D2.2Å_R0.49 (black), D2.4Å_R0.49 (red) and D2.7Å_R0.49 (purple), respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 2
Water separation factor through three candidates of GO membranes under
10 wt% water feed concentration at 300 K.

GO membrane D2.2Å_R0.49 D2.4Å_R0.49 D2.7Å_R0.49

Water_Separation factor ∞ ∞ at 300 K
∞ at 400 K

253.2
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