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A B S T R A C T   

Fabricating mixed-matrix reverse osmosis (RO) membranes via incorporating nanocomposites is a promising 
strategy to enhance permeance performance without sacrificing the ion rejection. To better design such mixed- 
matrix membranes (MMMs), the transport mechanism of water molecules through them is urgently desired. 
Compared to the stiff inorganic nanoparticles, the flexible graphene (Gr) and its oxides (GO) attract much 
attention due to their better compatibility with aromatic polyamide (PA) matrix. In this work, nonequilibrium 
molecular dynamics simulations of water passing through highly cross-linked PA membranes, Gr/PA and GO/PA 
MMMs are performed to reveal the transport mechanism. The simulation results show that the MMMs exhibit 
higher permeance compared to the pure PA membranes. After analyzing the transport details of water molecules, 
we discovered that the permeance enhancement for two types of MMMs result from distinct factors. While the 
Gr/PA MMMs have lower interior transport resistance because of the hydrophobic nature of Gr, the permeance 
enhancement of GO/PA MMMs should be attributed to the higher solubility of water molecules into MMMs. 
Therefore, a proper hydrophilicity of RO membrane, which has lower interior transport resistance while having 
higher solubility, is expected for the optimized performance.   

1. Introduction 

While the world population and industrialization grows rapidly, 
there is an ongoing rising demand for fresh water. Its safety and avail
ability are inextricably linked to human health, energy production, and 
economic development [1]. Obtaining fresh water from seawater plays a 
more and more important role as most developed cities and industrial 
towns are offshore. Among all technologies, the reverse osmosis (RO) 
technology dominates the newly built-up desalination plants [2,3], 
because of its energy efficiency [4] compared to some of the thermal 
desalination technologies including multi-effect distillation, multi-stage 
flash and vapor compression distillation, as well as others like the 
emerging technology of capacitive deionization [5]. 

As the key element of RO technology, RO membranes determine the 
performance of RO technology, including salt rejection and water per
meance. Although the current commercial thin-film composite RO 
membranes perform the salt rejection of higher than 99.5%, the flux is 
still unsatisfactory compared to the demand of life, industry and agri
culture. Therefore, enhancing the permeance of RO membranes draws 
the most researchers’ attention. While the RO membranes consist of a 

three-layered structure, the skin layer of dense polyamide dominates the 
transport resistance of water molecules, and therefore, the attention is 
mainly paid to this layer. The common consideration of reducing the 
transport resistance is to decline the thickness of the skin layer. Jiang 
et al. prepare the ultrathin PA nanofilm and the prepared thin-film 
composite (TFC) membranes exhibit proportional increase of per
meance [6]. Another novel consideration is to build up nanovesicles 
with uniform structure [7] or with nanoparticles as a sacrificial tem
plating material [8], which will evidently increase the membrane sur
face area. Unfortunately, the above two methods cannot promote the 
flux of membranes without the sacrifice of salt rejection. 

The mixed-matrix membranes (MMMs) are expected to be an alter
native way to promote the flux of RO membranes. Jeong et al. suc
cessfully incorporate the zeolite nanoparticles inside the PA skin layer of 
TFC RO membranes [9]. Such-prepared membranes are also called thin- 
film nanocomposite membranes, as they inherit the advantage of the 
ultra-thin skin layer of TFC RO membranes while keeping nanoparticles 
inside the skin layers [10]. Furthermore, the prepared MMMs were 
applied in industrial applications soon by the company of NanoH2O and 
were applied in the industrial desalination. Moreover, by incorporating 

* Corresponding author. 
E-mail address: mj.wei@njtech.edu.cn (M. Wei).  

Contents lists available at ScienceDirect 

Separation and Purification Technology 

journal homepage: www.elsevier.com/locate/seppur 

https://doi.org/10.1016/j.seppur.2021.118818 
Received 3 February 2021; Received in revised form 7 April 2021; Accepted 19 April 2021   

mailto:mj.wei@njtech.edu.cn
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2021.118818
https://doi.org/10.1016/j.seppur.2021.118818
https://doi.org/10.1016/j.seppur.2021.118818
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2021.118818&domain=pdf


Separation and Purification Technology 270 (2021) 118818

2

aquaporins into RO membranes, the company of Aquaporin prepared 
another MMMs and soon applied them into industrial application [11]. 
Inspired by the success of above mentioned two kinds of MMMs, several 
researchers make great efforts to incorporate other nanoparticles into 
the skin layer of RO membranes. For example, with metal–organic 
framework (ZIF-8) nanoparticles incorporated into MMMs, their water 
permeance was increased by 43.8% [12]. Due to the good compatibility 
of carbon nanotubes (CNTs) with PA matrix, the CNTs are commonly 
incorporated into MMMs, which exhibit promoted water permeance 
[13–16]. The nonporous TiO2 nanoparticles are also incorporated, and 
the prepared MMMs exhibit excellent anti-bacterial performance [17], 
similar findings are also revealed by Gai et al from their MMMs incor
porated with carbon quantum dots [18,19]. 

Although there are several published works of RO MMMs and almost 
all of these membranes exhibit the promotion of permeance, the 
mechanism of such promotion is still controversial. There are usually 
two points of view: 1, the instinct nanopores of nanoparticles provide 
more channels for the transport of water molecules [16,20–22]; 2, the 
adding of nanoparticles improves the hydrophilicity of MMMs [23–25]. 
Our previous work reveals that the nanopores of covalent organic 
frameworks nanoparticles, which were added into polyamide (PA) 
membranes, could not help to promote the water flux, because the 
nanopore would be blocked at the entrance and exit by PA chains [26]. 
Interestingly, the incompatibility of such nanoparticles, which is much 
stiff compared to PA matrix, will form an incompatibility region at their 
interfaces. In that region, the transport of water is higher than that in PA 
matrix, and consequently promotes the permeance of MMMs. It is a pity 
that the incompatibility will result in a severe problem of the agglom
eration of nanoparticles while preparing the membranes. Hence, adding 
the nanoparticles that are compatible with PA, even without pores, will 
be more practical for experimental preparation. 

In this work, we select graphene and its oxide as nano-additives, 
which have similar chemical structures with aromatic PA matrix, to 
build up the mixed-matrix RO membranes. Using non-equilibrium mo
lecular dynamics (NEMD) simulations, the permeance mechanism of 
water molecules through RO MMMs can be revealed. One of the ad
vantages of NEMD simulations is to investigate the complex transport 
phenomena by separate factors. By applying two sets of MMMs, the 
swelling and nonswelling, we obtain the contributions of solution and 
diffusion in the solution-diffusion model of RO membranes. The mech
anisms of permeance promotion of Gr/PA and GO/PA MMMs are 
respectively disclosed. 

2. Simulation details 

2.1. Modeling of the dry pure PA membrane 

The commercial RO membranes are commonly synthesized by 

interfacial polymerization of trimesoyl chloride (TMC) and phenyl
enediamine (MPD) monomers (see Fig. 1) and the prepared PA skin layer 
has a highly cross-linked molecular structure. In order to model such a 
highly cross-linked molecular structure, we followed the work of Ding 
et al. [27], modeling the crosslinking of PA by two steps: the construc
tion of linear PA chains and the crosslinking of linear chains by adding 
MPD monomers. By this method, the degree of crosslinking can be easily 
controlled by tuning the number of additional MPD monomers inserted 
in the simulation. Five PA chains, composed of 30 TMC monomers for 
each, were first built up and then put into a simulation box. Since we 
constructed the PA membranes rather than the bulk materials, we 
applied periodic boundary conditions (PBCs) only in x and y direction, 
so that the membrane surfaces could form in z direction. Afterward, a 
standard minimization protocol was used to minimize the energy 
structure via a Polak–Ribiere algorithm. As indicated in the work of Ding 
et al. [27], the existence of water molecules would not influence the 
interactions between MPD monomers and polyamide chains, we per
formed the crosslinking process without external reservoirs. 

In order to construct the highly cross-linked PA membranes, 50 MPD 
molecules were then inserted into simulation box, followed by a 2-ns 
equilibrium molecular dynamics (EMD) simulation in the isothermal- 
isobaric ensemble (NPT). To accelerate the contact of MPD with 
carboxyl groups (COOH) in the PA chains, the temperature was set to 
600 K while pressure being 1 bar and the interaction between N atoms in 
MPD and double-bonded O atoms in the COOH group was 100 times 
enhanced. 

After the 2-ns simulation, the carbon–nitrogen (N-O) radial distri
bution function (RDF) was calculated between nitrogen atoms in MPD 
molecules and the oxygen atoms of COOH groups of PA chains. Based on 
the RDF results (shown in Fig. S3), we determined the most probable 
distance between these oxygen and nitrogen atoms, dp, as 0.5 nm, which 
was set as the threshold for defining the formation of amide bonds. If the 
distance between the carbon and nitrogen atoms was smaller than dp, we 
manually added a covalent bond between these two atoms and removed 
the rest two hydrogen and one oxygen atoms by our own codes (see 
illustration in Fig. S1a). We repeated this procedure several times and 
the 50 MPD monomers would be cross-linked to the PA chains. The 
target crosslinking degree of 88.8%, which was calculated by the 
methods proposed by Kolev and Freger [28], as 

I =
nN

nN+nCOOH
× 100% (1) 

where nN and nCOOH are the number of nitrogen atoms and that of 
COOH groups in the membrane, respectively. Although the target 
crosslinking degree is higher than those from other simulation work 
[29,30], it is in accordance with the experimental data, which was 
measured to be 60%-100% by either X-ray photoelectron spectrometry 
[31–33] and Rutherford backscattering spectrometry [32,34]. 

Fig. 1. Illustration of chemical structure when building up the cross-linked PA.  
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An EMD simulation was then performed for a few nanoseconds in 
order to relax the cross-linked structure and to get a correct membrane 
density. Finally, we obtained a dry PA membrane with the density of 
1.06 g cm− 3 and the final dimensions of the simulation box were Lx = Ly 
= 3.63 nm and Lz = 5.3 nm. It is worth noting that the PBCs exist only in 
x and y direction during all above simulations and consequently the 
surfaces for PA at z direction always remain. Moreover, we placed two 
solid and frozen plates at the surfaces of membranes, so that the mem
branes thickness can be restricted as 5.3 nm for all cases. 

2.2. Modeling of the hydrated pure PA membrane 

Two water reservoirs were added to the simulation box, outside the 
obtained dry PA membrane at z direction. In order to push water mol
ecules into dry PA membranes, two flexible graphene walls acting as 
pistons were added on each side of the membrane/reservoir system 
along z direction (Fig. 3). Simulations were carried out in the canonical 
ensemble (NVT) and an external force generating a pressure of 1 bar was 
applied on each graphene wall. 

The membrane hydration process would also be divided into two 
parts: non-swelling hydration and swelling hydration. Swelling hydra
tion is well understood as free swelling without any treatment of the 
membrane, which is similar to the experimental situations. Non-swelling 
hydration indicates that swelling is not allowed to occur at the interface 
between the membrane and the water reservoirs during hydration, but 
water molecules are simply allowed to enter the free volume of the 
membrane. In order to achieve this goal, part of membrane atoms at the 
interface between the membrane and the water reservoirs were 
restrained in the z-direction by a force constant of 10 kJ mol− 1 nm− 2, but 
could move in the x and y direction accounting for membrane flexibility, 
which was similar to Liu et al. [35]. Herein, we selected the nitrogen in 
amide groups to be constrained, so as to prevent the membrane surface 
from swelling. The constrained nitrogen accounts for about 0.87% of the 
total membrane atoms, and will thus take very little effect on the PA 
movement. It is worth noting that this method of membrane hydration is 
extremely slow. Therefore, an 8-step protocol [35], similar to the 
annealing process in the experiment, was adopted in this work to 
accelerate the hydration process of the non-swollen membrane, which is 
introduced in details in Table S1. Moreover, the calculation time was 
saved by increasing the temperature, which was set to 400 K, to enhance 
the motion of the water molecules and the membrane. After three cycles 
of the 8-step protocol, the dry PA membrane was completely hydrated 
without swelling. In cases of the swollen membrane, an additional 40-ns 
simulation in a room condition (300 K, 1 bar) was carried out, in which 
the constrained atoms were released. 

2.3. Modeling the mixed-matrix membranes 

In this work, we selected a piece of nanosheet of graphene (Gr) and 
graphene oxides (GO) as the additive, whose dimensions are Lx = 2.0 
nm, Lz = 2.5 nm. One nanosheet of Gr or GO was firstly placed in the 
center of the simulation box while the normal direction of sheets was 
alone y direction. The nanosheets in PA would be placed parallel to flow 

direction (z) consequently, which will not significantly hinder the flow 
due to position blocking. 5 PA chains were then added into simulation 
box, followed by the subsequent procedure mentioned in section 2.1. 
Moreover, in order to prevent the linear polyamide from overlapping or 
getting too closer to the nanoparticles, a standard minimization protocol 
was used to minimize the energy structure to relax the system. In order 
to keep the thickness of MMMs the same as that of pure PA membranes, 
the thickness of MMMs was restricted to 5.3 nm. Therefore, 4-ns simu
lation was performed in NPT ensemble only in the xy direction at the 
room condition (300 K, 1 bar) when we constructed the dry cross-linked 
MMMs and Lz was kept at 5.3 nm. The final structure of the dry mem
branes is shown in Fig. 2 b and c for Gr/PA and GO/PA MMMs, 
respectively. The hydration process is the same to that of pure PA 
membranes as introduced in section 2.2. 

Following the Lerf-Klinowski model [36,37], we consider both hy
droxyl and epoxy groups for GO nanosheets, which represents typical 
outcomes from the standard oxidation process. The epoxy and hydroxyl 
groups were located on the basal plane (both sides), and the carboxyl 
groups were attached to the carbon atoms on the edge. The distribution 
of oxidized groups in GO was set to be either random or regular in our 
models. The value of the oxygen content, c, varies depending on the 
degree of oxidation in the preparation processes [38]. In our simulation, 
we selected a typical value of c at ~ 20%, which is close to most 
experimental data [39,40]. A typical composition of GO, C10O1(OH)1(
COOH)0.5 was selected in this work. 

2.4. Details of NEMD simulations 

As there were two sets of hydrated membranes, swollen and non- 
swollen, we measured the permeance of them by distinct methods. For 
the swollen membranes, salt ions of sodium chloride with a concentra
tion of 0.6 mol L-1 was added to the left-side water reservoir to simulate 
seawater (Fig. 3). As the existing commercial thin-film composite (TFC) 
RO membranes perform the salt rejection of higher than 99.5%, it is 
difficult for ions to penetrate into the PA matrix. Therefore, in the cases 
of the non-swollen membrane, we paid more attention to the pure water 

Fig. 2. Snapshot of the constructed dry cross-linked membranes. (a) pure PA membranes, (b) graphene/PA and (c) graphene oxide/PA mixed-matrix membranes. 
Transparent cyan represents dry PA membrane, while gray, red and white represents, graphene sheets, oxygen and hydrogen atoms of graphene oxide, respectively. 

Fig. 3. Snapshot of nonequilibrium molecular dynamics of reverse osmosis 
process through the constructed hydrated membranes. 
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permeance rather than that of seawater and only performed the pure 
water flux measurements for non-swollen membranes. In this work, the 
external force, F, along the z/-z direction was applied to each atom of the 
two pistons to obtain the desired pressures on the pistons. The rela
tionship is described as 

P =
nF
A

(2) 

where P is the desired pressure drop on the piston, A is the area of the 
piston, and n represents the atom number of each piston. The applied 
ΔP, denoted as the pressure drop between upper and lower pistons, was 
500 MPa. Such high ΔP is commonly used in NEMD to reduce the 
thermal noise and enhance signal/noise ratio within the simulation time 
scale of nanoseconds [41–43,16–20]. The temperature of the PA and 
water molecules was regulated using a canonical ensemble (NVT) at 300 
K. At the same time, to prevent PA from flowing with water molecules, a 
few PA atoms were pinned at certain positions [44], similar to the non- 
swelling hydration. Each simulation was performed for 80 ns with a time 
step of 1 fs. The first 20 ns simulation was allowed to reach a steady 
state, not for further analysis. Data from the remaining 60 ns simulation 
was collected to analyze the structural and dynamics properties of the 
water molecules and membranes by the self-compiled codes. 

2.5. Molecular interactions and other simulation details 

The interactions of all atoms were represented by the Lennard-Jones 
(LJ) and Columbic potentials. The standard SPC/E [45] model was used 
for the water molecules. To decrease the high-frequency vibrations and 
reduce the simulation time, the SHAKE algorithm was used to constrain 
the bonds and angles of the water molecules. LJ parameters for the 
atoms of PA are obtained from the Amber force field [46], which is 
successfully applied in other PA simulations [27,44,47]. The graphene 
and GO were modeled by means of the OPLS-AA force field [48], 
because this type of force field will well the motion and twist of nano
sheets of graphene and its oxides. The Lorentz-Berthelot mixing rule was 
adopted for all pair-wise LJ terms. The cut-off distances of 1.0 and 1.2 
nm were used to calculate the LJ and Coulombic potentials, respectively. 
Lennard–Jones parameters of two pistons on either side of the water 
reservoirs were consistent with those of graphene. All simulations were 
carried out using the Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS) package [49]. 

3. Results and discussions 

The advantage of NEMD simulations is utilized to obtain the trans
port performance of membranes while observing the molecular details 
of membranes and fluid. In this part, the transport performance of pure 
PA, Gr/PA and GO/PA membranes are firstly introduced. The molecular 
details are then revealed followed by the discussions on transport 
mechanism for MMMs. 

3.1. Apparent water permeance 

In order to compare the performance of the new membranes, the 
permeability of them is most concerned. Since the permeability is 
related to the membrane thickness, the membrane thickness should be 
kept the same when we try to compare the permeability of distinct 
membranes. As introduced in section 2.3, all constructed hydrated 
membranes are kept the same in thickness, especially in the cases of non- 
swollen those. In the cases of swollen membranes, the main thicknesses 
of distinct membranes are almost the same, and the swelling occurs 
usually near the interfacial region due to the highly cross-linked 
structure. 

The permeances of pure PA, Gr/PA and GO/PA swollen membranes, 
which are similar to the experimental situations, are shown in Fig. 4. The 
permeance of pure PA membrane is 721.5 L m-2h− 1 bar− 1 (LMHB) for 

the feed of pure water. Moreover, it is evident that the MMMs have 
higher permeance compared the pure PA membranes. This indicates that 
the MMMs have better permeability than the pure PA membranes. 
Comparing the permeance of Gr/PA MMMs to GO/PA MMMs, we could 
conclude that the Gr/PA MMMs have higher permeability. The transport 
mechanisms of two distinct MMMs will be discussed in section 3.3. 

The permeances of seawater for three distinct membranes are 
slightly lower than those of pure water, respectively. The reduced per
meance usually results from the osmotic pressure. As we observe that no 
ion can penetrate into the bulk region of membranes for all the three 
membranes in our 40-ns simulations, the estimated ion rejection is 
100%. By comparing the seawater permeance of all three membranes, 
they exhibit the same trend with that of pure water permeances, indi
cating the transport performance will be nearly influenced by the feed 
condition. Hence, in the cases of non-swollen membranes that simulate 
the diffusion of fluid inside membranes, only pure water permeance is 
measured. 

3.2. Molecular details of membranes during NEMDs 

As revealed in the previous work [26,44,50,51], the permeance 
performance is usually determined by the physical and chemical struc
ture of PA matrix, and therefore, we then pay attention to the structural 
and dynamic properties of membranes. 

The densities of dry, non-swollen hydrated and swollen hydrated 
membranes are listed in Table 1. The water content of hydrated mem
branes (Cwater), which is defined as mwater/(mMMMs + mwater), are based 
on the density profiles in Fig. S2. The densities of all three dry mem
branes are almost the same, indicating the reliability of constructing the 
cross-linked membranes in this work. For the cases of swollen mem
branes, the water content of GO/PA MMMs is obviously higher, which is 
possible due to the better hydrophilicity of GO nanosheets. Higher water 
content will result in higher permeability of membranes [52], so the 
higher permeance of GO/PA membranes, compared to that of pure PA, 
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Fig. 4. Pure water and seawater permeances of swollen membranes. The error 
bar is calculated by five flux values which are calculated every 10 ns in the last 
50 ns of the NEMD. 

Table 1 
Densities of dry, non-swollen hydrated and swollen hydrated membranes for all 
three membranes as well as their water content.  

Membranes ρ (g cm− 3)/Cwater  

dry non-swollen hydrated swollen hydrated 

Pure PA 1.061 1.028/23.2 0.994/27.0 
Gr/PA 1.035 1.014/21.5 0.978/26.9 
GO/PA 1.014 1.001/22.6 0.857/34.1  

G. Wang et al.                                                                                                                                                                                                                                   



Separation and Purification Technology 270 (2021) 118818

5

could be attributed to the higher water content. 
It is surprising that the water content of Gr/PA MMMs is lower than 

that of pure PA membranes. However, the permeance of Gr/PA MMMs is 
much higher as shown in Fig. 4. As discussed in our previous work [51], 
the diffusion of water molecules plays an important role in the perme
ability of RO membranes. We calculate the mean square displacement 
(MSD) of PA atoms and water molecules inside the membranes (Fig. 5a). 
The MSD g(t) of polymer chains is shown as follows: 

g(t) = [ri(t) − ri(0) ]2 (3) 

where ri(t) and ri(0) are the position of atom i at time t and 0, 
respectively. 

It is obvious that the MSDs of PA atoms are much lower due to the 
highly cross-linked structure. Besides, the MSDs of water molecules are 
distinct for three membranes. The water MSD for Gr/PA MMMs rises 
more rapidly than other two, indicating the higher diffusive ability of 
Gr/PA MMMs. The water MSD for GO/PA MMMs rises slower than that 
of PA, possibly due to the hydrophilic nature of GO, which will definitely 
reduce the diffusion of water molecules [51,53]. 

In order to quantitatively characterize the diffusion of water mole
cules inside the PA membranes. The occupation time correlation func
tion (R(t)) of water molecules inside the membranes are plotted in 
Fig. 5b, in which the sharper decrease indicates the higher diffusive 
ability. R(t) can be cast in the form 

R(t) =
1
Ω

[
1

tmax
0

∑t
max
0

t0=1

1
Noccu

∑N

i=1
θi(t0)θi(t0 + t)

]

(4) 

where the function θi(t0) is a function of a molecule i from the set of N 
molecules at time t. It equals 1, if molecule i is inside membranes at an 

initial time irrespective of its position at any other time, and 0 otherwise. 
Ω in the above equation is the normalization constant given by [54] 

Ω =
1

tmax
0

∑t
max
0

t0=1

1
Noccu

∑N

i=1
θi(t0)θi(t0) (5) 

where tmax
0 is the total number of time origins considered for time 

averaging and Noccu is the number of molecules in the confined space 
averaged over all the time origins. It should be noted that the data from 
Fig. 5b are obtained from the simulations of non-swollen hydrated 
membranes, which will exclude the influence of various water content. 

The R(t) drops more rapidly for the case of Gr/PA MMMs, indicating 
the higher diffusive ability of water molecules in such MMMs. Such a 
conclusion can be supported by our previous work that the hydrophobic 
membranes will have lower interior resistance when water molecules try 
to pass through them [51]. The GO/PA MMMs are more hydrophilic and 
consequently have lower diffusive ability for water molecules, so their R 
(t) drops slower even than that of pure PA membranes. 

Since the diffusive ability and water content have opposite contri
butions to the permeability of membranes, it is required to quantita
tively analyze the transport mechanism of MMMs, based on the data 
shown above. 

3.3. Analysis of the transport mechanism of MMMs 

The classical model to describe water transport through PA RO 
membranes is the solution-diffusion (SD) model [55]. In SD model, the 
permeability (L) is described by, 

L =
DSV
RTl

(6) 

where D is the diffusivity of water in the membrane, S is water sol
ubility in the membrane, V is the partial molar volume of water, R is the 
gas constant, T is temperature and l is the thickness of the skin layer of 
the membrane. As the parameters of V, R, T, l are the same for all three 
membranes in this work, the contributions of diffusivity and solubility 
are focused on. 

The diffusivity, known as the mass transport coefficient, is defined by 
the ratio of flux to the driving force [56]. The driving force is usually 
concentration gradient, but pressure drops in this work. As pressure 
drops for various cases in this work are all the same, we exclude it in the 
contribution. To calculate the flux of water molecules inside mem
branes, we turn to the average velocity of water molecules inside 
membranes. The average velocity of particles can be calculated by the 
ratio of membrane thickness to the residence time (τ) of water molecules 
inside membranes, which is obtained from the integration of R(t) in 
Fig. 5b. 

D =
l
τ (7) 

The contribution of solubility is obtained from the data of water 
content (Cwater). 

S =
Cwater

1 − Cwater
(8) 

After obtaining diffusivity and solubility, we could relate the per
meance enhancement (ε) of MMMs to the contribution of these two 
factors (shown in Fig. 6). When Gr nanosheets are added into PA 
membranes, the obtained MMMs have lower solubility but much higher 
diffusivity for water molecules. If the additive is replaced by GO nano
sheets, the trend is completely different. The solubility is promoted 
evidently while the diffusivity will give a negative contribution. The 
calculated ε based on the contributions of solubility and diffusivity is 
listed in Table 2. For comparison, the ε from the permeance results of 
NEMD simulations is also listed in Table 2. Two sets of ε are in high 
accordance. 

Fig. 5. (a)The mean square displacement (MSD) of PA atoms and water mol
ecules inside the membranes (b) time correlation function (R(t)) of water 
molecules inside the membranes as a function of simulation time. 
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Although the permeance enhancement of Gr/PA MMMs is higher 
than that of GO/PA MMMs, it is worth emphasizing that the Gr/PA 
MMMs are extremely prepared due to the poor dispersibility of Gr in 
MMMs, which will cause the problem of lacks and consequently result in 
the drop of desalination performance. It is interesting that the GO/PA 
MMMs exhibit the complete ion rejection even though their solubility is 
much higher. The highly cross-linked structure plays the most important 
role. The ε in our simulation (21.3) is quite close to the one (24.3) 
experimental work [57]. In that work, the ε reduces when the loading 
content of GO increase, possibly due to the large loading content 
resulting in the negative effect of diffusivity on permeance. 

Since the adding of Gr and GO into PA matrix will certainly change 
the hydrophilicity of MMMs, the influence of hydrophilicity is also 
discussed. While hydrophilic membranes have better solubility, the 
diffusivity of water molecules inside them will be lower. There should be 
an optimized permeance due to opposite attribution of hydrophilicity on 
solubility and diffusivity. However, such optimized permeance is 
determined by the operation conditions because the solubility is also 
dependent on operation pressure [58]. If the loading content of nano
sheets is reduced, the enhance degree of hydrophilicity or hydropho
bicity while adding nanosheets will drops and the contributions of 
solubility and diffusivity enhancement will consequently decline. 
Therefore, the permeance will reduce close to that of pure PA mem
branes. Furthermore, the adjusting of oxidation degree of GO nanosheets 
can also attribute to the adjustment of hydrophilicity, and the same 
tendency will exhibit similar to the adjusting of loading content. 

4. Conclusion 

The MMMs draw much attention because they are promising can
didates to replace the existing commercial pure aromatic PA RO mem
branes. Understanding the transport mechanism of water molecules 
through MMMs will help to design the RO membranes with promoted 
permeance. Highly cross-linked PA membranes, as well as Gr/PA and 
GO/PA MMMs are built up in atomic models. Following the hydration of 
these membranes, NEMD simulations are performed to observe the 
transport of water molecules through these membranes. The permeances 

of MMMs are evidently higher than those of pure PA membranes, while 
the Gr/PA MMMs exhibit the highest permeance. Due to the good 
compatibility of Gr or GO with PA matrix, there is no incompatible re
gion observed in the MMMs. Therefore, the permeance enhancement 
might result from other reasons. After analyzing the water transport of 
interior regions of membranes, which is obtained from the models of 
non-swollen membranes, we conclude that the permeance enhance
ments of Gr/PA MMMs originate from the lower interior transport 
resistance due to the hydrophobic nature of Gr. In the case of GO/PA 
MMMs, the interior transport resistance is higher than that of pure PA 
membranes. However, the GO/PA MMMs also have advanced per
meance compare to the pure PA membranes. This should be attributed to 
the higher water solubility of GO/PA MMMs. The contributions of sol
ubility and diffusivity for MMMs are then quantitatively revealed. It 
should be noted that, to experimentally realize highest water perme
ation, efforts should be made to ensure the sufficient dispersion of Gr 
nanosheets and to avoid the dewetting of the MMMs. Moreover, the 
lower diffusivity from the hydrophilic GO nanosheets will reduce the 
permeance if the membrane thickness is much higher than that in this 
work. Therefore, there is an optimized permeance that is dependent on 
many factors, e.g. operation pressure drops, membrane thickness. We 
should take all factors into considerations when we design the RO 
membranes with expected performance. 
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