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A B S T R A C T   

Pressure-driven Molecular Dynamics simulations were employed to examine reverse osmosis desalination 
through graphene-oxide-based multilayered membranes. The effects of functionalization of the graphene-oxide 
flakes with poly(ethylene imine) branches in water permeability and salt rejection were described in detail. 
The role of the degree of structural rigidity of the membranes was also explored. A lower degree of rigidity of the 
membrane resulted in a 6–9 % increase in water permeability depending on the state of functionalization of the 
flakes. At constant membrane rigidity, functionalization of the membranes’ flakes led to approximately 30 % 
reduction in water permeability, but the water flux remained 2–3 orders of magnitude higher than that of 
conventional reverse-osmosis membranes. Moreover, functionalization of the membranes’ flakes resulted in a 
higher than 20 % enhancement in salt rejection at a pressure difference similar to that in actual reverse osmosis 
processes. Examination of the swelling behavior of the membranes showed that those based on the functionalized 
flakes exhibit a tendency to remain structurally coherent with an interlayer separation determined by the 
presence of the polymer branches. Description of the microscopic mechanisms related to the membranes’ water 
and ion flux, such as hydrogen bonding and concentration polarization, allowed the assessment of the contri
bution of different factors involved in desalination, providing new insight towards the fabrication of membranes 
with improved performance.   

1. Introduction 

One of the most promising methods to alleviate the fresh water 
shortage is desalination [1], as it can provide a sustainable water supply 
beyond the resources offered by the hydrological cycle [2]. Conven
tional water treatment technologies require significant energy con
sumption while performing in suboptimal levels in removing salt ions or 
other volatile organic pollutants [3,4]. Among different water treatment 
methods, membrane-based filtration processes can play a crucial role in 
water purification and desalination, since they are energy efficient, easy 
to implement and are based on environmentally friendly operating 
conditions [5]. Particularly for desalination purposes, carbon com
pounds such as graphene and its derivatives, have emerged as promising 
materials for the fabrication of nanocomposite membranes [6–9]. The 
development of efficient synthetic protocols for their large-scale pro
duction [10] and the ability of such compounds to improve key mem
brane properties such as their mechanical strength, thermal stability and 

chemical inertness [11,12] have placed them under the focus of the 
scientific and the industrial community. 

In this context, several nanofiltration membranes constructed by 
oxidized forms of graphene, i.e., graphene oxide (GO), have been re
ported to exhibit improved performance in ion separation and molecular 
sieving processes [13–17]. GO flakes are layered oxygenated graphene 
sheets, containing oxygen functional groups such as epoxides, carboxyls 
and hydroxyls on their basal planes and edges, rendering them water 
soluble. Although significant progress has been achieved in the effi
ciency of GO-based membranes in nanofiltration, reverse osmosis and 
electrodialysis processes, there is still need for improving the mem
branes’ design, towards higher water permeability, higher ionic selec
tivity and more stable performance [18,19]. 

One way to meet such requirements is by exploiting the versatility of 
GO to be chemically functionalized in a desired manner [20–22]. The 
efficiency of GO membranes in terms of selectivity and/or water 
permeability can be improved by modifying the GO oxidation pattern or 
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by properly spacing and bonding the GO nanosheets through the inter
vention of different-sized linkers, or separators [15,16,23–26]. Func
tionalization of the GO sheets with dendritic and hyperbranched 
polymers may serve this purpose [27–30] by providing a better control 
of the separation between adjacent GO sheets, resulting in a fine-tuning 
of the sieving performance through size exclusion. Furthermore, it may 
improve ion selectivity and adsorption, due to ability of certain dendritic 
functional groups to assume different ionization states upon proper 
variation of the solution pH [31,32], thus enabling the regulation of 
electrostatic interactions between the ions and the GO flakes. 

A rational route for improving the design of the Graphene-based 
membranes is to acquire a detailed understanding of the microscopic 
mechanisms which are responsible for their permselectivity perfor
mance. To this end, molecular simulations may serve as an atomic- 
resolution tool, which can probe the elementary processes involved in 
these phenomena and shed light on the relative contribution of each 
parameter to the membrane’s performance. This atomic-level informa
tion may complement relevant experimental studies, offering a better 
interpretation of the observed behavior and providing predictive capa
bilities towards a tailored design of membranes with optimized prop
erties [33–35]. 

Molecular Dynamics (MD) simulation studies have demonstrated 
that single-layered porous graphene can be of great potential in seawater 
desalination and drinking water production [36,37]. However, these 
types of membranes are difficult to fabricate since they are made by a 
single layer of graphene. Thus, despite the encouraging results from 
early computational studies, manufacturing of cost effective and struc
turally stable graphene-based membranes with the desired permse
lectivity is challenging [2,38]. To address this issue, the use of 
multilayered GO-based membranes has been proposed. Fabrication of 
such membranes has become feasible using vacuum/pressure-assisted 
methods [39,40], casting/coating-based processes [41,42] and 
layer-by-layer self-assembly deposition techniques [43]. Significant 
progress in relevant experimental protocols resulted in multilayered GO 
membranes with enhanced stability, increased mechanical strength and 
improved anti-fouling properties, while continuous efforts towards their 
scalable and cost-effective production are currently in progress [2,44, 
45]. 

Valuable insight towards the improvement of the design and the 
performance of multilayered GO membranes, has been provided by 
computer simulations [15,26,46–55]. Several of these computational 
efforts have focused on the study of water and ion flow through a 
multilayer graphene-derived membrane driven by a pressure gradient 
[15,26,47,49–51,56–58], mimicking reverse osmosis (RO) conditions. 
The great interest towards an optimal design of membranes for RO 
processes emanates from the fact that it is the state-of-the-art technique 
for the desalination of seawater and brackish water, due to its reliability, 
its relatively low cost, and its suitability at areas where water avail
ability is limited [2,59,60]. 

The present study aims at elucidating the pressure-induced ion 
rejection and water permeation effects related to the functionalization of 
multilayered GO-based membranes. Towards that goal, we have simu
lated a RO desalination process through a 3-layered membrane, 
comprised by GO flakes with or without the presence of chemically 
attached cationic poly(ethylenimine) (PEI) branches, at neutral pH 
conditions. Poly(ethyleneimine) is a water soluble and pH responsive 
polymer, which has already been used for the functionalization of gra
phene oxide [61], while membranes based on PEI-functionalized GO 
have recently been tested for water purification and separation pro
cesses [62–67]. 

The pressure differences applied ranged from 0 (i.e., with the 
absence of a pressure gradient) up to 1000 bar. The lower pressure 
difference investigated under RO conditions (i.e., ~100 bar), lies within 
the limits of the experimentally utilized pressures for RO operations 
[59]. In addition, by allowing different motional degrees of freedom of 
the GO flakes (either functionalized or not) during the simulations, we 

have assessed possible effects related to a moderate variability of the size 
of the nanochannels formed between the GO layers, during the desali
nation process. 

2. Materials and methods 

2.1. Description of the systems 

The two variants of GO flakes used in the construction of the mem
branes and the structure of the branched PEI used for the functionali
zation of the GO sheets, are shown in Fig. 1. 

The GO flakes bear epoxide and hydroxyl groups placed randomly on 
both sides of the basal plane and peripheral carboxylate groups [68], in 
proportions commensurate to the Lerf-Klinowski model [69], with a 
carbon to oxygen ratio close to 5:1 and a hydroxyl to epoxy group ratio 
of 3:2 (with the carbons of the branched PEI in the functionalized flakes, 
not accounted for). The hydroxyl groups are not ionized, while the 
carboxylic groups are deprotonated, in order to simulate neutral pH 
conditions [70,71]. Each functionalized GO flake bears 4 branched PEI 
molecules (of Mw~600 Da) [72] attached to the peripheral carboxylate 
groups (see Fig. 1) according to previously reported chemical protocols 
[72,73]. These are placed symmetrically on both sides of the surface to 
yield a balanced mass distribution. This functionalization scheme 
resulted in GO flakes with approximately 25 wt% in PEI, which is within 
experimentally realizable proportions [72,73]. The branched PEI moi
eties are also partially protonated to simulate a neutral pH environment 
[32]. The protonation/deprotonation schemes adopted, resulted in a net 
charge for each non-functionalized flake of − 26|e-| and for each func
tionalized one of + 1|e-|. 

Two 3-layered GO membranes comprised by 10 flakes each were 
constructed, one comprised by the non-functionalized GO nanoflakes 
(GONF) and one comprised by the branched PEI-functionalized GO 
nanosheets (GOPEI), in a 4–2–4 configuration, as illustrated in Fig. 2. 

The placement of the 2 GO flakes in the intermediate layer serves as 
an aperture-reducing obstacle which creates an additional frictional 
force against the water transport through the membrane, mimicking 
more realistic flow conditions [74]. In addition, such overlapping flake 
arrangements are closer to experimental GO-based membrane structures 
[75–77], allowing the formation of water and ion diffusion paths, which 
may enhance the membrane’s nanofiltration performance [6,75]. In the 
system with the functionalized GO, the interlayer distance chosen was 
sufficient to accommodate the PEI branches; for comparison purposes 
the same distance was kept in the system comprised by the 
non-functionalized flakes. Although it was expected that a larger num
ber of layers in the membrane’s structure would result in a better per
formance in terms of ionic rejection [74], for computational efficiency 
purposes we opted in examining 10-flake membranes, adopting the 
4–2–4 trilayer configuration described above. We mainly focused on the 
effects of the functionalization of the membrane’s GO flakes with the PEI 
branched groups and the degree of their mobility, while keeping con
stant other parameters such as the oxidation pattern and the degree of 
functionalization of the flakes, their size and their interlayer distance. 

The initial configuration of the simulated setup consisted of 3 com
partments: (a) a feed reservoir containing an aqueous NaCl solution of a 
0.5 M concentration, which has also been adopted in previous works 
[47,55] and is close to the average seawater NaCl concentration [78,79] 
(b) the hydrated membrane with an appropriate number of counterions 
in order to preserve the overall electrical neutrality and (c) a permeate 
water reservoir. At the left side of the feed reservoir and the right side of 
the permeate, graphene surfaces have been used as pressure-applying 
pistons [55,80]. The dimensions of the graphene surfaces were 
95 Å × 105 Å, defining the x-y dimensions of the simulation box, while 
the total length (z-size) of the 3-compartment system was approximately 
190 Å (the z-dimension of each compartment was approximately the 
same). The lateral dimensions of the trilayer GO arrangement were 
moderately smaller than the xy dimensions of the simulation box, in 
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Fig. 1. (Left) A non-functionalized, C554H36O112, and (middle) a branched PEI-functionalized, C666H348N60O108, GO flake in frontal and lateral view. Carbon atoms 
are depicted in dark gray, oxygen atoms in red, hydrogen atoms in white and nitrogen atoms in blue. A schematic of the branched PEI used for the functionalization of 
the GO nanosheets is shown at the rightmost part of the figure. 

Fig. 2. The 4(top layer)− 2(middle layer)− 4(bottom layer) configuration of the constructed membranes. The separation between the basal GO planes was con
structed to be initially the same for both kinds of membranes. Water molecules used for the hydration of the membranes are omitted for clarity. 
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order to mimic the presence of water nanochannels between the periodic 
images of the membrane. The average distance between the edges of the 
flake layers and the sides of the box in the initial configuration, ranges 
between 15 Å (outer layers) to 30 Å (inner layer) in the x-direction and 
close to 15 Å for all flakes in the y-direction. The size of these nano
channels was larger than the dimensions of the hydrated Na+ and Cl- 

ions [74]. To avoid interaction of the pistons with its closest neighbors in 
the pressure-applying coordinate (here the z-direction) [23], an extra 
vacuum space extending to 65 Å adjacent to each of the graphene sur
faces (i.e. at the left side of the left graphene surface and at the right side 
of the right graphene surface, as depicted in Fig. 3) was added in this 
direction. 

Table 1 provides a detailed description of the contents of each 
compartment. Fig. 3 depicts the initial setup of the systems prior to the 
commencement of the non-equilibrium (NEMD) runs. 

2.2. Simulation details 

All parameters used for the description of bonded and non-bonded 
interactions between the constituents of the examined systems, were 
taken from the OPLS-AA forcefield [81], which has previously been used 
for the parameterization of oxidized graphene forms [49,82–85], of 
imine-based dendritic molecules[86] including ethyleneimine branched 
polymers [87], as well as for the energetic description of Na+ and Cl- 

ions [23,49,57,88]. The rigid-body TIP3P model [89,90] was utilized for 
the description of the water molecules. The TIP3P water model has 
previously been employed in combination with the OPLS-AA forcefield 
in GO aqueous dispersions [84] and RO simulations through GO nano
channels [23]. The carbon atoms of the graphene surfaces used for the 
application of pressure were modelled as electrically neutral generic 
aromatic carbons. Details on the types of atoms used according to the 
employed forcefield together with the corresponding partial charges and 
Lennard Jones parameters are provided in the supplementary material. 
Bonding information for our models are provided in separate files. 

The initial state of the 3 compartments comprising each system, was 
prepared using the Packmol [91] and the VMD [92] packages. The 
atomistic MD simulations were performed by the NAMD 2.14 program 
[93] using a cutoff of 12 Å for the Van der Waals and real-space elec
trostatic interactions. The Particle Mesh Ewald (PME) method [94] was 
employed to account for the long-range electrostatic interactions. Peri
odic boundary conditions were applied in all directions. 

The initial configuration of the combined 3-compartment system was 
constructed by a multistep procedure, which involved separate equili
bration of each compartment. During the equilibration of each 
compartment an energy minimization procedure was followed by 
isochoric-isothermal (NVT) and isobaric-isothermal (NPT) MD runs at 
T = 300 K and P = 1 bar. Typical duration of the NPT runs for pressure/ 
volume equilibration was of the order of 1 ns. In the leftmost and the 
rightmost compartments, the graphene surfaces were kept fixed during 

the equilibration, while in the membrane-containing compartment 
(middle), the centers of mass of the GO flakes were also constrained. At 
the last stage, the energy of the combined system was minimized, and a 
short NPT MD run of about 50 ps was performed, in order to allow fine 
adjustments in the volume of the system. During this step, a very small 
percentage of water molecules may have exchanged places between the 
water reservoirs and the hydration layer of the membrane. 

The so-constructed models were simulated in the NVT ensemble 
keeping the temperature constant at T = 300 K, using a Nose-Hoover 
Langevin algorithm [95] with a decay time of 0.05 ps. The timestep of 
the NVT simulations was 1fs and the frame-saving frequency was 5 ps. 
The extent of the production trajectory depended on the system (i.e., 
functionlized or not), on the degree of mobility of the GO flakes of the 
membrane (i.e., fixed centers of mass or fixed edges) and on the applied 
pressure difference between the two pistons; the NEMD trajectory length 
varied from few ns to more than 125 ns. 

Application of pressure was implemented by adding an appropriate 
force to each atom of the graphene surfaces at every timestep in the 
direction of the compression (here the z-direction), by means of a home- 
developed script. The resulted force applied to each atom of the gra
phene pistons was calculated as f=AP/n where A is the cross-section of 
the piston’s surface, P is the desired pressure and n is the number of 
atoms in each graphene piston. In the graphene surface at the permeate 
reservoir, a constant pressure of 1 bar was always applied to mimic at
mospheric conditions [57,96]. In all simulations, the desired pressure 
applied to the graphene surface in the feed side remained constant 
during the simulation. We have performed simulations at feed pressures 
of 1 bar, 100 bar, 300 bar, 500 bar, 700 bar and 1000 bar. Although 
pressure differences higher than 100 bar lie well above the range used in 
actual RO experiments [59], application of such pressure gradients is a 
common practice in simulating RO processes [47,49,55,80] in order to 
improve statistics and reduce thermal fluctuations at the timescales 
accessible at such simulations. The observed pressure-depended 
behavior can then be extrapolated to desired (lower) pressures, pro
vided that appropriate scaling laws between the pressure gradient, the 
ion rejection and the water permeability are in order [26,47,74,80]. 

In one set of the simulations the center of mass of each GO flake was 
constrained to its initial position by applying a harmonic potential to 
each one of them (denoted henceforth as fixed CMs systems). The force 
applied was therefore of the form f= -kr, where r denotes the distance 
between the center of mass of a flake at each instant and its position in 
the initial configuration, and k represents a spring constant which was 
taken to be 50 kcal/mol/Å. This value was found to be sufficient for 
maintaining the structural integrity of the membrane while allowing a 
rotational mobility of each GO flake around its center of mass, thus 
mimicking conditions where the membrane exhibits some degree of 
deformability. In another simulation set, the peripheral carbons of the 
carboxylate groups were kept fixed (referred to as fixed edges systems), 
reducing the motional degrees of freedom of the GO flakes and 

Fig. 3. Initial setups of the GONF-based (left) and the GOPEI-based (right) simulated systems. Carbon atoms are shown in gray, oxygen atoms in red, hydrogen atoms 
in white, nitrogen atoms in blue, sodium atoms in yellow and chlorine atoms in dark cyan. Water atoms appear as red and white dots. The simulation box boundaries 
including the extra vacuum space is not shown. Arrows denote the direction of the positive z coordinate. 
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mimicking thus the response of a structurally rigid membrane. There
fore, for each pressure, 4 systems were simulated: 2 systems based on the 
GONF and 2 systems based on the GOPEI flakes (for each GO variant, 
one system with the centers of mass of the flakes fixed and one with the 
peripheral carboxylate carbon atoms of the flakes fixed). All simulations 
under non-vanishing pressure gradients were terminated at the time at 
which the feed reservoir became practically devoid of water. 

3. Results and discussion 

3.1. Water flux 

Water flow was monitored by tracking the variation of the number of 
water molecules in each compartment of the simulated systems during 
the simulation time. In all systems and under all pressure gradients 
applied, it was found that the number of the permeate water molecules 
increased, while those of the feed reservoir decreased linearly, at the 
same rate. On the other hand, the number of waters within the mem
brane remained stable during all simulations. Fig. 4 depicts an example 
of this behavior at a feed pressure of 100 bar and at the fixed CMs sys
tems (Fig. S1 in the supplementary material shows the behavior for the 
fixed edges systems). 

Despite the similarities in water flow between the fixed CMs non- 
functionalized (Fig. 4a) and functionalized (Fig. 4b) systems, it is 
noteworthy that the timescale at which the feed reservoir becomes 
devoid of water molecules, is different. This is also the case when a 
similar comparison is made between the fixed edges systems (Fig. S1). 
An overview of this behavior is provided in Fig. 5, where the water 
fluxes from the feed reservoir are shown at different feed pressures, 
either referring to the same kind of flakes (Functionalized or non- 
Functionalized), or to the same kind of constraint imposed to the 
flakes (fixed CMs or fixed edges). 

A visual inspection of the feed-water flow leads to some general 
conclusions: i) the timescale for the depletion of feed waters reduces, as 
expected, with the increase of the applied pressure gradient ii) this 
timescale is shorter for the fixed CMs systems, either functionalized 

(Fig. 5a) or not (Fig. 5b) iii) this timescale is longer for the functional
ized models, either in systems with fixed edges (Fig. 5c) or with fixed 
CMs (Fig. 5d) iv) the effect of functionalization in increasing this time
scale is considerably larger compared to that caused by fixing the edges 
of the flakes. The water flux from the feed reservoir to the membrane can 
be calculated at each pressure gradient by the slope of the respective 
curve. The flux from the membrane to the permeate has the same 
magnitude but opposite sign, since the net water flow in the membrane 
is always zero (see Figs. 4 and 5). The so-calculated water fluxes are 
plotted in Fig. 6, with respect to the pressure gradient applied in the 
pistons. 

In all cases, the rate of migration of water molecules from the feed to 
the membrane (or from the membrane to the permeate), varies linearly 
with the applied pressure difference, indicating steady hydraulic flow 
conditions. Comparison of the water fluxes between the functionalized 
and the non-functionalized models either for the fixed CMs or for the 
fixed-edges cases, shows that they deviate significantly at higher pres
sure differences, but appear to converge as the pressure gradient ap
proaches the operational conditions of conventional RO processes. 
Comparison of the behavior between the fixed edges and the fixed CMs 
models (either for the GONF- or the GOPEI-based systems) shows that 
the fixed CMs models exhibit somewhat higher water fluxes. The 
respective water permeabilities were estimated from the slopes of the 
linear fits in Fig. 6, and are listed in Table 2. 

The calculated water permeabilities are several orders of magnitude 
higher than those of conventional RO membranes[25,97] or from those 
calculated for nonslip Poiseuille flows [26], but comparable to the 
values estimated from computer simulations of pressure-driven water 
filtration through graphene-based membranes [15,33,36,49]. 

The functionalized models exhibit between 33 % (fixed edges) and 
31 % (fixed CMs) lower water permeabilities compared to their non- 
functionalized analogues. On the other hand, when fixed edges con
straints are imposed, lower permeabilities between 6 % (non-function
alized) and 9 % (functionalized) compared to their fixed CMs 
counterparts are observed. 

The reduction of water permeability associated with the kind of 

Table 1 
Initial composition of the systems’ compartments.  

Systems Total number of GO 
flakes in a 4–2-4 
configuration 

Number of waters 
in the feed 
reservoir 

Number of Cl- 
ions in the feed 
reservoir 

Number of 
Na+ ions in the 
feed reservoir 

Number of waters in 
the hydrated 
membrane 

Number of counterions 
in the hydrated 
membrane 

Number of waters in 
the permeate 
reservoir 

GOPEI  10  20,429  195  195  18,635 10/Cl-  20,819 
GONF  10  20,429  195  195  19,016 260/Na+ 20,819  

Fig. 4. The number of waters in the feed reservoir, the net number of waters entering the permeate reservoir and the number of waters within the membrane as a 
function of time at a feed pressure of 100 bar for the fixed CMs models with non-functionalized (a) and functionalized (b) systems. 
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constraint imposed on the membrane’s flakes observed in both, the 
functionalized and the non-functionalized models, should in principle be 
related to the different response of a fixed or of a mobile obstacle (here 
the GO flakes) which stands against water flow [98]. A previous 
computational study [51] examined the water permeability through a 

graphene-based multilayered membrane, comprised by flakes either 
with all their atoms fixed in space or with only the peripheral atoms 
fixed. It was concluded that the permeability in the models with the 
peripherally fixed atoms was higher; this behavior was attributed to the 
more efficient formation of nanochannels through which water mole
cules could diffuse within the membrane. In the absence of such nano
channels, as is the case in single-layered graphene membranes with 
pores, fixing the peripheral atoms of the flake resulted in a reduction of 
water permeability [99]. In this case, the observed behavior was 
attributed to the longer time needed for water molecules to cross a 
peripherally fixed membrane compared to the time required for crossing 
a completely fixed one. 

A more quantitative manner to account for the behavior observed in 
our system with respect to the degrees of freedom of the GO flakes is to 
compare the potential of mean force (PMF) felt by the water molecules 
along the z-coordinate spanning the membrane. This can be calculated 
as PMF(z) = –kBT ln [ρ(z)/ρ0] [47,57,74] where kB is the Boltzmann’s 
constant, T the temperature, ρ(z) the z-profile of water density, and ρ0 is 
the density of water in the bulk (i.e., away from the membrane). 

Since this is a generic property of the membrane/water interaction, 

Fig. 5. Comparison of the water migration from the feed reservoir in the (a) functionalized, (b) non-functionalized, (c) fixed edges and (d) fixed CMs models.  

Fig. 6. Water fluxes as a function of the applied pressure difference. Error bars 
are comparable in size or smaller to the size of the symbols. 

Table 2 
Water permeabilities for the simulated models in units of Lm− 2h− 1bar− 1 and 
Lcm− 2day− 1MPa (in brackets).   

Fixed CMs Fixed Edges 

Non-Functionalized 2549 ± 25 (61.2 ± 0.6) 2397 ± 16 (57.5 ± 0.4) 
Functionalized 1768 ± 31 (42.4 ± 0.7) 1605 ± 21 (38.5 ± 0.5)  
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for better statistics we have calculated PMF(z) in the systems where no 
pressure gradient was applied (i.e., only when the osmotic pressure 
difference is present). Fig. 7 portrays the so-calcuated PMF(z). 

The peaks in Fig. 7 denote the energetic barriers felt by water mol
ecules across the membrane. The locations of the peaks correspond to 
the positions of the GO layers while the lower height of the middle peak 
is due to the fact that only two flakes are present in the intermediate 
layer, reflecting the 4–2–4 configuration of the membrane (see Figs. 2 
and 3). For systems bearing either the functionalized or the non- 
functionalized flakes, the barriers are narrower and higher when the 
flakes are peripherally fixed, resembling a “resistance-in-series” model 
against water flow [47,74]. This picture implies that water flux is ex
pected to be lower in the fixed edges systems, as shown earlier. On the 
other hand, the area under the PMF(z) profiles, namely the reversible 
work needed for separating the water molecules from the membrane 
[100] was found to be larger in the functionalized systems, indicating a 
higher energetic affinity between the GOPEI-based membranes and 
water. Higher energetic affinities of membranes with waters, indicate 
lower water fluxes, in agreement with the results in Table 2. 

To elaborate more on this point, since functionalization of the flakes 
is associated with the higher drop in water flux (see Fig. 6), we have 
examined the origin of the higher energetic affinity between water and 
the functionalized membrane, focusing more on hydrogen bonding in
teractions. This type of interaction is known to play a key role in the 
affinity between the water molecules and a GO-based membrane. Earlier 
studies have demonstrated the effect of hydrogen bonding on reducing 
water diffusion through GO layers [101] and showed the impact of the 
type of functionalization of the GO surface on the water/GO binding 
affinity [24,25,102,103]. It was concluded that the hydrogen bonds 
formed between waters and functional groups of GO-based membranes 
were responsible for enhanced friction near the GO surfaces which 
contributed to the decrease of water flow [26,46]. 

Counting of hydrogen bonds (Hbonds) in our systems was based on 
the following geometric criteria: (a) the distance between the donor and 
acceptor of the hydrogen should not exceed a defined cutoff distance, 
rcut, and (b) the donor-hydrogen-acceptor angle should be less than 
θ0 from 180◦. Here rcut was taken as 3.5 Å and θ0 as 30◦ [104]. Fig. 8 
shows the average number of Hbonds formed between the waters and 
the membrane, when either water molecules or GO flakes act as 
hydrogen bonding donors. 

In all systems the average number of hydrogen bonds appears to be 
rather insensitive to the applied pressure gradient (ΔP), while the fluc
tuation of this number with respect to the average grows as ΔP increases. 
By counting only the hydrogen bonds in which water molecules act as 
donors and membranes’ atoms as acceptors, no noticeable 

differentiation between the functionalized and the non-functionalized 
models is observed. However, by considering the case in which the 
GO flakes act as donors, an approximately 3-fold increase in the number 
of hydrogen bonds is seen in the functionalized membrane compared to 
the non-functionalized one. This difference should be ascribed to the fact 
that in the GONF flakes only the hydroxyl oxygens can serve as hydrogen 
bonding donors, while in the GOPEI models, nitrogen atoms of the 
branched PEI may serve as donors, as well. Therefore, the higher num
ber of hydrogen bonds between the waters and the functionalized 
membrane is consistent with the corresponding observed drop in the 
water flux. 

3.2. Ion rejection 

The ability of the membranes to withhold the salt ions was examined 
by monitoring the number of ions passing through the membrane to the 
permeate. Fig. 9 portrays the number of ions present in the permeate for 
the fixed CMs models, as a function of time. The behavior in the fixed 
edges models is shown in Fig. S2. 

In both kinds of membranes, after a period of few ns during which a 
steady state is reached, the number of ions crossing to the permeate 

Fig. 7. PMF(z) in units of kBT for (a) the functionalized and (b) the non-functionalized models.  

Fig. 8. Hydrogen bonds formed between water molecules and GO flakes of the 
membrane as a function of the applied pressure gradient. Error bars denote 
standard deviations. 
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increases linearly with time. Upon increase of the net driving pressure 
applied to the pistons, the number of ions crossing to the permeate per 
unit time (as this is expressed by the slopes of the curves) increases as 
well. The rates of ion-crossing to the permeate are shown in Fig. 10. 

In all models, the rate of ion-crossing to the permeate increases lin
early with the net applied pressure, ΔP. Irrespectively of the type of 
restriction imposed to the flakes, the rate of ion-crossing to the permeate 
per unit pressure difference (i.e., the slope of the linear dependence of 
the rate on ΔP), is lower when the membrane is comprised by func
tionalized flakes. At the same functionalization state, a slightly lower 
ion-crossing rate per unit pressure is observed only in the functionalized 
systems, when the flakes are peripherally fixed (see Fig. S3). 

The above findings appear to imply on one hand that the function
alized membranes are more efficient in reducing the crossing rates of the 
ions per unit of net applied pressure, ΔP, and on the other hand that an 
increase in ΔP, will result in an increase of the ion flux towards the 
permeate. The latter is closely associated with the ion rejection perfor
mance of the membrane. However, since ion rejection must be calcu
lated also in relation to the water flux towards the permeate, the 
pressure dependence of the ions rejection might not follow a simple 
linear law across the entire ΔP window [105]. In fact, if we compute the 
ratio of the ion fluxes over the corresponding water fluxes for our sys
tems (see Fig. S4), it appears that this ratio does not vary linearly with 
ΔP over the entire pressure-window examined. Moreover, it appears 
that it assumes higher values at the lowest ΔP value examined here (i.e., 

~ 100 bar). To quantify this effect, we have calculated the ion rejection 
performance of the simulated membranes by estimating the fraction R of 
the rejected ions, as R= 1-Nt/N0; Nt denotes the number of ions present 
at the permeate side at a selected time t, while N0 corresponds to the 
initial number of ions in the feed. The time t is usually defined in relation 
to a specific percentage of water that has been filtered. There have been 
several different values in the literature regarding the percentage of 
water that is considered for the definition of t, such as ~10 % [80], 20 % 
[47,57], 50 % [47,49,57], 80 % [15] depending on the system simu
lated. In our case we opted in taking t as the time at which 50 % of water 
molecules have been transferred from the feed to the permeate side. This 
timescale corresponds to approximately half of the simulation time for 
each system (see Fig. 4), allowing for sufficiently accurate statistics 
under stable pressure-driven flow conditions. The dependence of this 
timescale on ΔP is linear for all the examined models (see Fig. S5). 

Fig. 11 shows the so-calculated ion rejection as a function of the 
applied pressure difference. 

As a first remark, it appears that the functionalized models provide a 
20–40 % higher ion rejection compared to their non-functionalized 
analogues (particularly at lower pressure difference levels and depend
ing on the type of ion examined). In the non-functionalized systems, a 
slightly lower degree of rejection is observed for the sodium ions. This 
could be related to the higher concentration of the sodium ions within 
the membrane, due to the presence of a large number of these ions 
initially placed in the membrane, to maintain its electrical neutrality. A 

Fig. 9. The number of salt ions present in the permeate as a function of time for the fixed CMs models.  

Fig. 10. The rates (number of ions per unit time) of ion-crossing to the permeate as a function of the applied pressure difference for (a) the fixed CMs and (b) the 
fixed edges models. Error bars are comparable to the size of the symbols. 
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higher concentration of these ions may induce an additional osmotic 
force towards the permeate and thus increase sightly their permeance. 
However, the presence of counterions initially placed to neutralize the 
charge of the GO flakes, does not seem to affect the excess number of the 
respective counterions present within the membrane at any time, which 
is practically stable and similar between the two types of salt ions (see 
Fig. S1). 

Another key feature present in all models is that the ion rejection 
appears to increase as the applied pressure difference increases. Since 
salt concentration in the permeate solution relates to the ratio of salt flux 
to water flux, and the increase in water flux with pressure is higher than 
the corresponding increase in salt flux (see fig. S4), it follows that the 
salt concentration in the permeate will drop with pressure (i.e., the 
rejection will increase). This observation comes into conflict with re
ports from previous computational works, where it was noted that an 
increase of the applied pressure gradient in general results in a decrease 
of ion rejection [47,49,57,74,105,106]. However, in all the cases where 
ion rejection was reduced with the applied pressure gradient, the 
membranes examined were based on a single sheet or on a single pore, or 
on double-layered structures with a rather small separation (i.e., below 
10 Å) between them. In multilayered membrane structures, this effect 
was either diminished or completely vanished (with the rejection 
becoming independent of the applied pressure) when the number of 
layers became larger than two [74]. In other words, increase of ion 
rejection upon increase of the applied pressure difference, seems to be 
suppressed in cases where the membrane structure imposes a more 
complex path for ionic diffusion/advection, e.g., through the interven
tion of many layers, as is the case in our multilayered membranes. 

Another key characteristic differentiating the present systems from 
the aforementioned works is that in our case the examined membranes 
were comprised by electrically charged flakes. Inclusion of permanent 
non-diffusible charges in the membrane enhances mechanisms such as 
the Donnan effect [107] or dielectric exclusion [108] due to the higher 
polarizability of the membrane, and influence the electromigration of 
the ions within its interior. Combination of these factors may induce 
concentration polarization (CP), i.e., an accumulation of charges in the 
membrane surface at the feed side, affecting thus the membrane’s ion 
rejection capabilities [60,109]. Although CP may lead to an undesirable 
decrease in water flux, in practice this can be mitigated by controlling 
the feed velocity or by other technical means [60]. On the other hand, 
this effect may result in an increase of the membrane’s rejection per
formance upon increase of the applied pressure as has been 

experimentally observed [110,111] and theoretically described [111, 
112] in RO processes. 

Τo check the development of CP during the simulation time in our 
systems, we have examined the z-coordinate number density distribu
tions of the sodium and the chlorine ions. These distributions represent 
averages over the entire simulation time for each model. Fig. 12 presents 
such distributions for the fixed CMs models. The distributions for the 
fixed edge models are shown in Fig. S6. Fig. S7 shows an example of the 
ion number density profiles when averaged only over the initial 10 ns 
and over the last 10 ns of the trajectory. Visual inspection of the z- 
profiles in Fig. 12, shows an accumulation of both types of ions on the 
feed side of the membrane, indicating the development of CP. Actually, 
the area under the right-hand side “shoulder” of the profiles (i.e., that 
between the boundary at the feed side of the membrane and the point 
where the profiles at the feed side reach zero) appears to increase as the 
pressure difference grows, indicating a CP enhancement with ΔP. 

An enhanced CP is expected to result in an increased osmotic pres
sure at the membrane’s surface, since osmotic pressure is proportional to 
salt concentration over a relatively wide range of salinities [113]. If we 
consider water permeability as an intrinsic membrane property which 
does not depend on feed concentration within the examined limits (as 

implied by Fig. 4), true ion rejection can be expressed as [114] R =
(

1 −

πsl
πso(m)

)
, where πslis the osmotic pressure in the permeate and πso(m)is the 

osmotic pressure at the membrane’s surface. Therefore, an increase in 
πso(m) would result in an increase in R. This picture is consistent with a 
pressure-induced increase in ion rejection, in line with the trend 
observed in Fig. 11. An analogous behavior characterizes also the fixed 
edges models (Fig. S6) implying that this is a generic feature of both 
types of membranes. 

To obtain more information regarding the relative affinity of the two 
types of ions with the membrane, while these are located within its 
limits, we estimated the van der Waals and the short-range electrostatic 
interactions between them. Although the contribution of the electro
static forces from the periodic images of the simulation box were not 
taken into account, the contribution from the short-range electrostatics 
may offer a basis for discussion. These calculations are presented in 
Fig. S8. A general observation is that for all systems the main contri
bution in the ion/membrane interaction originates from electrostatic 
interactions. The level of spatial confinement imposed to the GO flakes 
does not seem to affect the energetics between the membrane and the 
ions. However, the functionalization state of the flakes which changes 
the overall charge of the membrane, plays a crucial role. In the func
tionalized systems where the overall charge of the GO flakes is positive 
but relatively small (i.e., +10|e|), the electrostatic interaction between 
the membrane and the ions is attractive with a more favorable inter
action between the flakes and the oppositely charged Chlorine ions. In 
the non-functionalized systems with the strongly charged flakes (i.e., 
bearing a total charge of − 260|e|), the same sign ions, Cl-, are effectively 
repulsed while the opposite-sign ions are strongly attracted. These ob
servations are consistent with a) the sharper peaks of the Cl- density 
profiles within the membrane in the functionalized models (see Fig. 12 
and S4) and b) the sharper peaks observed in the Na+ profiles within the 
membrane in the non-functionalized models, since a sharp peak is 
indicative for a higher degree of localization of the ions close to the 
surface of the GO flakes. Particularly for the Na+ ions, the sharp-peaked 
profiles are consistent with the formation of a layer of strongly adsorbed 
(i.e., condensed) ions onto the flakes’ surface. Formation of such a layer 
would provide a more effective electrostatic screening of the GO flakes 
from the rest of the sodium ions, allowing them to cross to the permeate 
side under the effect of the remaining applied forces. 

3.3. Swelling behavior of the membranes 

To examine the swelling behavior of the membranes with the two 

Fig. 11. The fraction of rejected ions as a function of the applied pressure 
difference. The y-axis error margins are below 2 %. 
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different functionalization states of the flakes, we have performed sim
ulations with the flakes unconstrained starting from an initial configu
ration corresponding to a fixed CM model and under zero pressure 
gradient conditions. We then monitored the change in the z-separation 
between the centers of mass of the flakes belonging to the intermediate 
layer and those belonging to the outer layers of the membrane (see  
Fig. 13). 

The swelling behavior of the two types of membranes is distinctly 
different. For the non-functionalized system an initial increase in the 
separation between the layers is observed, which appears to level-off 
after several tens of ns. For the functionalized model the same mea
sure shows only small fluctuations around the initial value. The behavior 
exhibited by the non-functionalized flakes, is consistent with the picture 

described in our previous work [24], where it was shown that depending 
on the concentration (and in the absence of any supporting surface), 
these flakes may either disperse or organize in clusters. On the other 
hand, the functionalized flakes show a trend to remain assembled. The 
average layer separation is larger compared to the 11.6–12.4 Å 
measured for fully hydrated GO membranes [115], providing additional 
evidence that functionalization is an effective means towards controlling 
the interlayer spacing of such membranes [72]. 

The apparent higher affinity between the functionalized flakes, can 
be associated with their ability to form both, a considerably larger 
number of hydrogen bonds with water (see Fig. 8) which acts towards 
stabilizing the structure, and a larger number (more than double ac
cording to our calculation) of inter-flake hydrogen bonds, compared to 

Fig. 12. z-coordinate number density profiles for the chlorine (top row) and the sodium (bottom row) ions, at different feed pressures for the fixed CMs models. 
Vertical lines denote the boundaries of the membrane. The feed side lies on the positive values of the z coordinate. 

Fig. 13. Average z-separation between the flakes of the middle and the outer layers as a function of the time elapsed during an unconstrained simulation. Snapshots 
of the membrane are shown at different time instants, denoted by the arrows. 
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their non-functionalized counterparts. The lower overall charge per 
functionalized flake (i.e., +1|e|) facilitates their approach and enhances 
the probability for hydrogen bond formation by the larger number of 
donors that they can dispose. 

4. Conclusions 

In this work we have examined for the first time through fully 
atomistic NEMD simulations, GO-based multilayered membranes 
comprised by PEI-functionalized electrically charged flakes and 
compared their performance in water permeability and salt rejection 
with analogous non-functionalized models. We explored pressure gra
dients ranging from levels realizable to actual RO operations, i.e., 
~100 bar to 10-fold higher values, i.e., ~1000 bar. In addition, we 
explored the effects of imposing different types of motional constraints 
on the flakes comprising the membranes, including the ability of the 
flakes to assume a free rotation around their centers of mass. 

In all models, a higher degree of motional freedom of the flakes led to 
an increase in water permeability by approximately 9 % for the func
tionalized and 6 % for the non-functionalized ones, while resulting only 
in minor fluctuations regarding their salt rejection performance. This 
implies that the structural flexibility of the membrane does play a role in 
RO processes, and it should be taken into account when optimization of 
the operational conditions is attempted. 

The presence of the branched PEI attached on GO was associated 
with a higher degree of hydrogen bonding between the flakes and the 
water molecules, resulting in a reduction of approximately 30 % in 
water permeability. The presence of the PEI branches resulted in a 
higher than 20 % increase in salt rejection at pressure difference levels 
close to those in actual RO operations. The salt rejection levels observed 
at the lowest examined pressure difference was close to 75 % for the 
functionalized models, but this is expected to be mitigated by designing 
a membrane with more layers. The functionalized membranes did not 
exhibit any significant levels of selectivity regarding the Na+ or the Cl- 

ions, while the non-functionalized models showed a somewhat higher 
ion rejection for the negatively charged chlorine ions. This finding might 
be related to the fact that in the non-functionalized models a signifi
cantly higher concentration of neutralizing sodium ions is present within 
the membrane. 

A non-linear dependence of the degree of salt rejection on the applied 
pressure difference was found for all the examined models. This obser
vation suggests that caution should be exercised when the linear 
dependence observed at higher pressure differences is attempted to be 
extrapolated at the relevant to experimental conditions, lower pressures. 
An increase of the pressure gradient resulted in a moderate increase 
(with a trend for levelling-off) of the fraction of the rejected ions. This 
behavior was attributed to the development of CP due to the accumu
lation of ions in the feed side close to the membrane’s boundary. 

Simulations in unconstrained membranes under zero pressure dif
ference, indicated a non-swelling behavior and a trend for structural 
coherence within the timescale of the simulation, for the models 
comprised by the functionalized flakes. In these membranes, the inter
layer separation between the GO flakes which were functionalized with 
a 2nd generation poly(ethyleneimine) of Mw~600 Da, was determined 
to be close to 18 Å. 

Based on the above findings, we believe that this work offers new 
insights on the relative contribution of different parameters associated 
with the water permeability and the salt-rejection performance, and it 
will be useful for optimizing the design of graphene-oxide-based 
multilayer membranes for desalination purposes. 
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