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Transport mechanism of water molecules passing
through polyamide/COF mixed matrix membranes

Yang Song, Mingjie Wei, * Fang Xu and Yong Wang *

Mixed matrix membranes (MMMs) have gained significant attention due to their high water permeability

without the cost of salt rejection. However, the mechanism of water transport through MMMs is still

controversial. Herein, a type of two-dimensional covalent organic framework (COF), TpPa-1, was selected

as a blending additive for mixing with polyamide (PA) due to its good compatibility with polymeric

matrices. We performed nonequilibrium molecular dynamics simulations to investigate the transport

properties of the water molecules passing through MMMs. The permeance of MMMs was obviously

enhanced compared to that of the pure PA membrane. However, this enhancement in permeance did

not originate from the intrinsic pores of COFs. The PA atoms confined in the pores had extremely low

diffusivity and thus, the water molecules were trapped inside the COF pores. Outside the COF pores,

there was an interfacial region between COFs and PA, in which the water molecules aggregated to form

a high-density region. In this region, the average flow velocities of the water molecules were much

higher than those in pure PA or PA outside the mixed region of MMMs. The water transport mechanism

discovered in this work offers an alternative and more likely explanation for the high permeance

observed in PA/COF MMMs, and this understanding can be helpful to design more efficient MMMs.

1. Introduction

The scarcity of freshwater has attracted considerable attention
due to the continuous growth in population.1 Among the different
conventional technologies such as multi-effect, multi-stage flash and
vapor compression distillation, reverse osmosis (RO) technologies
are more energy-efficient for seawater desalination.2 Polyamide (PA)
is widely used as the active layer in RO membranes because it is easy
to synthesize and presents an excellent desalination performance.3

However, its nonporous structure causes water molecules to
transport through it only in the ‘‘jump’’ mode, which definitely
restricts the permeance.4 Hence, researchers have made efforts
to design new membranes with promoted water permeance.5

Nowadays, mixed matrix membranes (MMMs), an advanced
class of membranes incorporating nanoparticles into the polymeric
matrix, are considered a promising solution to tackle the above-
mentioned problem. It has been demonstrated that embedding
inorganic nanoparticles into polymers can effectively promote the
water flux of membranes.6,7 However, blending polymers with
inorganic particles is likely to result in the formation of defects,
which will deteriorate the desalination performance of MMMs.

This phenomenon usually originates from the poor compatibility
between polymers and inorganic particles.8 Thus, nanoparticles
that exhibit better compatibility are expected to promote water
permeance without sacrificing the desalination performance.

Currently, covalent organic frameworks (COFs), characterized
as burgeoning nanoporous materials, are attracting great attention.9

Differing from other nanoporous materials, COFs have not only
well-defined pores but also strong covalent bonds (H, B, C, N, and
O) similar to polymers, which can generate stronger van der Waals
and hydrogen bond interactions with polymers. These strong inter-
actions guarantee that they will have lower chances of nanoparticle
aggregation and consequently few interfacial defects, effectively
maintaining the desalination performance of MMMs.8 Therefore,
selecting COFs as nanoparticles for blending with the polymeric
matrix is an excellent strategy to maintain both the water flux and
salt rejection.

Recently, there have been efforts to fabricate this type of defect-
free MMM. COFs were selected as nanoparticles for blending with
PA, and the prepared MMMs provided high performances, while
saving resources and being cost-effective.10 Wang et al. found that
the addition of a type of COF, SNW-1, to PA could enhance the
water flux, while maintaining a high rejection of Na2SO4.11 Another
MMM, LZU1 blended with PA, presented a higher water flux than
that of most membranes with similar rejection rates.12 These
pioneering works demonstrate that introducing COFs into the
polymeric matrix indeed facilitates the permeance performance.
However, the reason for this type of defect-free MMM exhibiting
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higher water flux is still controversial. Thus, understanding the
transport mechanism of water passing through MMMs at the
molecular level will help in the design of new MMMs with
higher permeability.

Using current experimental methods, it is extremely hard to
observe water molecules subject to nanoscale confinement,
especially under the condition of flow. On the other hand,
molecular dynamics (MD) simulation is a powerful tool that can
be used to investigate the transport details at the atomic level.13

Actually, the transport mechanisms inside COF and PA RO
membranes have been revealed by MD simulations. Inside PA
RO membranes, water presents a jump-diffusion motion rather
than Brownian motion.4 For various types of COFs, the transport
properties are mainly determined by their pore size and pore
chemistry.14,15 However, the transport process of water molecules
in MMMs is not simply equal to the sum of that in individual PA
membranes and COF membranes. The whole process in MMMs
should be determined by the comprehensive impacts of PA and
COFs together, which interact in a certain combined way. Nano-
porous additives such as carbon nanotubes, which have a
relatively small diameter, were added to the PA matrix, and it
was experimentally demonstrated that in the PA/carbon nano-
tubes MMMs the water flux can be evidently promoted due to
the extra permeance paths inside the nanopores.16,17 Since
COFs usually have a large diameter and porosity, it is possible
that PA/COF membranes will have enhanced permeance perfor-
mances. Therefore, it is worthwhile to comprehensively investigate
the transport behavior of water molecules in PA/COF MMMs.

In this work, we fabricated an MMM by blending the COF
TpPa-1, which was synthesized from 1,3,5-triformylphloroglucinol
(Tp) with p-phenylenediamine (Pa), inside the PA matrix. TpPa-1
exhibits strong hydrolytic stability and possesses huge potential as
an MMM material for application in water treatment.18 A pure PA
membrane and PA/COF MMM were fabricated for comparison. A
steady-state nonequilibrium dynamics simulation (SS-NEMD) was
applied to investigate the transport properties of the membranes.
By introducing TpPa-1 with a diameter of 1.8 nm into the PA
membrane, the changes in transport behavior compared to that of
the pure PA membrane were observed. Furthermore, the influence
of the COF on promoting the water permeance of the MMM was
investigated by analyzing several molecular details. The under-
standing of the water transport mechanism inside MMMs will
accelerate the development of membranes for water treatment.

2. Simulation details
2.1 Forcefield

We performed MD simulations with the LAMMPS program.19

The polymer consistent force field (PCFF) was chosen to describe
the interatomic interactions for all atoms in our simulations,20

including those of polyamide, COFs and water molecules. The
PCFF potential is composed of nonbonded interactions and
intramolecular interactions as follows:

Etotal = Eintramolecular + Enon-bond (1)

where Eintramolecular includes bond stretching, angle, and torsion
energies. The non-bond interactions are divided into van der
Waals and coulombic interactions.21 Here, the van der Waals
interactions compute a 9-6 Lennard-Jones potential. The cut-off
distance of all the LJ interactions was 1.2 nm. All electrostatic
interactions were calculated in real space if atom pairs were
closer than 1.2 nm.

2.2 Construction of the RO membrane

An all-atom model was constructed for all our simulations. The
monomers of polyamide used were TMC and MPD, which
are the same in commercial reverse osmosis membranes. We
built the bond between –COCl and –NH2 groups based on the
heuristic distance criterion.5 Once the distance between two
groups comes close to the criterion, the repeat units of the
polymers were linked by forming amide bonds. The unreacted
–COCl groups were transformed into –COOH groups artificially.
Each polyamide polymer chain was composed of 50 repeat
units, and four polyamide chains were randomly positioned
in a large three-dimensional periodic box. To maintain the
water content of the membrane, 880 water molecules were
inserted into the box.4 Then energy minimization was per-
formed to make water molecules homogeneously distribute in
the simulation box. To reach a similar configuration with that
of the commercial membrane, simulated compression and
annealing were performed in the system. The details of this
procedure are as follows: the system was treated as an isothermal–
isobaric ensemble (NPT) at 600 K and 0.1 MPa for 1 ns, and then
cooled to 300 K under the same condition. The thermostats and
barostats were coupled with the Nose–Hoover method. The final
configuration was a box of 4.2, 4.2, 5.0 nm in the x, y and z
directions, respectively (Fig. 1).

Fig. 1 Snapshot of the final configuration of the hydrated pure PA membrane
(a), and PA/COF MMM front view (b) and side view (c). The atoms of PA, water
molecules, and COFs are marked with cyan, red, and silver, respectively.
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2.3 Construction of the PA/COF MMM

The TpPa-1 structure was built based on the experimental
observations.22 The image of TpPa-1 is shown in Fig. 1b. The
process for the construction of the PA/COF MMM was as follows.
Initially, the isolated TpPa-1 was inserted into a simulation box,
with its surface perpendicular to the xy plane. The TpPa-1
nanoparticle was composed of 5 monolayers. The interlayer
spacing of TpPa-1 was set as 0.34 nm, and the total length of
TpPa-1 in this work was 1.7 nm. Secondly, to prevent overlapping
with the COF, four hydrated polyamide chains were positioned
around the COF by adjusting the position of the chains, which
were randomly distributed in the box. Moreover, there was no
contact between the polyamide chains and COF. Subsequently,
several cycles of annealing were conducted in the NVT ensemble
at temperatures ranging from 300 to 600 K for 2 ns to further
relax the polyamide chains. Finally, the system was treated as an
NPT at 600 K and 0.1 MPa for 1 ns, and then cooled to 300 K
under the same condition. The final configuration was a box of
4.45, 4.5, 5.0 nm in the x, y and z directions, respectively (Fig. 1).
Since we drove water molecules passing through the membranes
along the z-direction, the z-length for our simulations was main-
tained at 5 nm so to keep the same membrane thickness for both
the pure PA membrane and MMM. It should be noted that in the
MD simulation, the COF was always set as a whole rigid molecule,
which could ignore the effects of the bonds between the atoms of
the COF.

It should be mentioned that no transport of ions was
considered herein. Since it is difficult for ions to penetrate into
the PA matrix, the influence of ions on the transport of water
molecules inside pure PA membranes and MMMs, which are
the focus in this work, can be ignored.

2.4 Details of SS-NEMD simulations

Nonequilibrium MD (NEMD) simulation is an effective technique
to explore the fluid transport through porous media.23,24 Among
the different methods of generating pressure drops, two methods
are mostly used. One is applying forces on fluid, and the other is
using movable walls to cause pressure drops outside porous
media. It has been found that there is no significant difference
in the structural and dynamic properties affected by the different
methods.25 In this work, we focused on the transport process of
water molecules inside MMMs, and there was no water reservoir
outside the medium. Hence, we followed the method reported by
Ding et al., adding forces on water molecules to simulate pressure
drops in this work.26 In addition, the pressure drops simulated
were always 2 orders higher than that in experiment. Since a
small force will lead to a low signal-to-noise ratio, an extremely long
sample is needed to measure the streaming motion with a small
uncertainty, resulting in an unnecessarily large computational
cost.27

In this work, the temperature of the PA membrane was
regulated using a canonical ensemble (NVT) at 300 K. As
mentioned above, we added forces on water molecules, which
resulted in a constant energy input. To prevent an unexpected
increase in the water temperature, the temperature of the water

was thermostated at 300 K based on the temperature excluding
the contribution of center-of-mass velocity.28 There is another
method for removing the unexpected increase in water tem-
perature, which is setting the NVT ensemble to polyamide
atoms, while keeping the NVE ensemble to water molecules.
The advantage of this method is avoiding the interference of
thermostats on the motion of water molecules.29–33 For simplicity,
we selected the former, which is supported in the LAMMPS
program in this work. The forces were added on the oxygen atoms
of the water molecules instead of the entire water molecule, which
could hinder spurious rotational dynamics. Different pressure
drops (DPs) (300, 350, 400, 450, and 500 MPa) along the
z-direction were simulated not only in the PA membrane but
also in the PA/COF MMMs. To prevent PA flowing with water
molecules, a few PA atoms were pinned at certain positions.34 At
each DP, the simulation ran for 12 ns. The data from first the
7 ns was allowed to reach the steady state, not for further
analysis. Data from the remaining 5 ns was collected to analyze
the structural and dynamics properties of the water molecules
and PA atoms. The time step for all simulations in this work was
set to 1.0 fs. In addition, the VMD software was selected as a
post-treatment tool to directly observe the trajectories of the
water molecules.35

3. Results and discussion
3.1 Pure water flux

Since the aim of MMMs is to enhance membrane permeability,
the permeability of PA and MMMs was investigated. The
relationship between pure water flux (PWF) and DP was firstly
investigated, as shown in Fig. 2. It is evident that the increase in
water flux is proportional to DP. Therefore, the slope values of the
fitting lines represent the permeance of the membranes, which
represents their permeability because the same membrane thick-
ness was used for all cases. According to Fig. 2, the slopes are 2.7�
10�3 and 4.1 � 10�3 for the pure PA membrane and PA/COF
MMM, respectively. Therefore, the estimated water flux in

Fig. 2 Pure water flux (PWF) of the RO membranes as a function of
pressure drop. The dashed lines in black and red are fittings of the PWF for
the pure PA membrane and the PA/COF MMM, respectively.
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experimental conditions (DP = 5 MPa and 200 nm thick) can be
correspondingly calculated as 36.5 and 55.2 L m�2 h�1, respectively.
It is evident that the permeability of the PA/COF MMM is 51%
higher than that of the pure PA membrane. This inspiring result
encouraged us to determine the transport mechanism of water
molecules inside the PA/COF MMM. It should be noted that the
error bars in Fig. 2 originate from the various simulation times.
Since the NEMD simulation was performed in 12 ns, we
recorded the PWF in the eighth, ninth, tenth, eleventh, twelfth
nanosecond. The PWFs at various simulation times were then
averaged to obtain the values in Fig. 2.

3.2 The structural properties of the membranes

To reveal the influence of the molecular structure of the PA/COF
MMM on water transport, it was necessary to observe the
physical properties of the membrane. The atom densities along
the normal direction of the membrane surface for the pure PA
membrane and PA/COF MMM were investigated, as shown in
Fig. 3. In Fig. 3a, the densities of water molecules and polyamide
fluctuate at around 0.3 g cm�3 and 1 g cm�3, respectively, which
are similar with the experimental36 and simulation values.37,38

Furthermore, there is no obviously large water cluster in any part
of the system, which confirms that the final configuration was
well established. In Fig. 3b, the density profiles are apparently
different from that in Fig. 3a due to the presence of COF
nanosheets. At the positions where the COF is located, the PA
density decreased from 1.0 to 0.5 g cm�3. Thus, we divided the
PA/COF MMM into two regions, unmixed region (0 o z o 1.6 nm
and 3.5 o z o 5 nm) and mixed region (1.6 o z o 3.5 nm). It is
worth noting that two unmixed regions are actually combined as
one due to the periodical boundary conditions. In the unmixed
region, the density profiles of PA and water molecules are similar
with that in the pure PA membrane, indicating that the COF has
little influence on the structural properties of the unmixed
regions. At the interface between the unmixed and mixed regions,
there is a slight increase in the density of water molecules,

which indicates the accumulation of water molecules near the
COF nanosheets. This phenomenon possibly originates from the
affinity of the COF nanosheets to water molecules.

3.3 The effect of COF nanopores on PWF enhancement

To date, several works have demonstrated that inserting nano-
porous particles into the polymeric matrix can effectively increase
the PWF in MMMs. Most researchers attribute this promotion to
the presence of nanopores, which allow water molecules to flow
through them, and consequently minimize the energy cost.39,40

Thus, it is worth focusing on the water molecules inside the COF
nanopores. The density maps of water molecules and PA atoms
are plotted in Fig. 1d. It is clear that both the water molecules and
PA atoms can fill the nanopores of the COF nanosheets due to the
pure organic nature of the COF, which potentially provides
good compatibility with polymeric matrices.10,15 Moreover, the
diameter of the TpPa-1 pores (1.8 nm) is large enough for both
water molecules and PA atoms to penetrate them.

It is surprising that no water molecules can pass through the
COF nanopores, indicating no PWF inside the COF nanopores.
It seems that the water molecules inside the COF nanopores are
trapped. To find the reason for this, we investigated the diffusivity
of PA atoms, as shown in Fig. 4a. Differing from the well-ordered
pores in hard matter, the formation of pores inside soft matter
relies on the mobility of the polymer chains.24 Consequently, the
polymer mobility is worth investigating, which determines the
transport behavior of water molecules. In MD simulations,
the mean square displacement (MSD) method can be used to
demonstrate the mobility of polymer chains.41 The MSD g(t) of
polymer chains is shown as follows:

g(t) = [ri(t) � ri(0)]2 (2)

where ri(t) and ri(0) are the position of atom i at time t and 0,
respectively. Compared to the MSD of the PA atoms in other
regions, that inside the COF nanopores increased very slow and
it was almost unchanged after 0.5 ns. This trend indicates that

Fig. 3 Density of the PA atoms, water molecules and COF atoms as a function of their position in the membrane in the z-direction (the membrane
thickness) for the (a) PA membrane and (b) PA/COF MMM.

Paper PCCP

Pu
bl

is
he

d 
on

 1
6 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 T
E

C
H

 U
N

IV
E

R
SI

T
Y

 o
n 

4/
23

/2
02

0 
8:

40
:3

5 
A

M
. 

View Article Online

https://doi.org/10.1039/c9cp05026d


This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys., 2019, 21, 26591--26597 | 26595

the movement of PA at the ends of the COF is totally inhibited
by the confinement of the COF nanopores. Specifically, in an
extremely narrow confined environment, there is no more
space for the PA atoms to move as those outside the COF
nanopores. Therefore, it can be concluded that the COF nano-
pores have no contribution to enhancing the PWF of PA/COF
MMMs. Accordingly, there should be some other reason for the
PWF promotion in MMMs.

3.4 Diffusivity of PA atoms and water molecules

We then returned to the density distribution of the PA/COF
MMM. As shown in Fig. 3b, there is an obvious decline in PA
density at the position of the COF; however, the water density
remains almost the same. This indicates the local aggregation
of water molecules near the COF. Table 1 depicts the density
ratio between flowing water and PA in the MMM and the
average density ratio between them in the pure PA membrane.
Obviously, it can be seen that the density ratio of the MMM in
the mixed region is much larger than the average density ratio,
which implies that more water molecules accumulate at the
interfacial region (the region between the COF nanosheets in
the x and y directions) compared to that in the pure PA
membranes and unmixed regions. In the water-rich polyamide
region, the water will be better connected than in the traditional
polyamide system.

To determine the influence of the accumulation effects on
the mobility of water and PA, the MSDs on the PA atoms outside
the COF nanopores were also investigated, as shown in Fig. 4a.

It is surprising that the MSD of PA atoms in the mixed region of
MMMs is obviously higher than that in the unmixed region,
which is close to the MSD in the pure PA membrane. Since
water molecules move by jumping between localized sites,
which is generated by the motion of the PA atoms,42 the higher
MSD of the PA atoms will result in the better diffusion of water
molecules. The MSDs of the water molecules confirm this con-
clusion, as shown in Fig. 4b. The MSD of the water molecules in
the mixed region is higher than that in the unmixed region and
pure PA membrane. It is evident that mixing with the COF will
adjust the hydrophilicity of the MMM, which is proven to be
crucial for the transport resistance of water molecules passing
through the membrane. According to Fig. 4b, the diffusion of water
molecules in the mixed region is obviously higher, indicating the
reduced hydrophilicity in this region.

3.5 The transport mechanism in PA/COF MMMs

One of the advantages of MD simulations is that the water
molecules can be tracked, and thus we could easily observe their
paths for passing through the membrane.43 The trajectories of
single water molecules in the PA and PA/COF membranes are
shown in Fig. 5a and b, respectively. The whole trajectory lasts
10 ns, in which the points connected by a line are 0.1 ns apart.
The two images are shown in the x–z plane. It is obviously that
the two trajectories correspond to different movement pro-
cesses. In Fig. 5a, the water molecule goes forward along the
z-direction in the form of moving back and forth several times,
exhibiting a disorderly trajectory. The random distributions of
pores in the pure PA membrane lead to this phenomenon.44

This movement can be treated as the motion of a car in a local
area, which is limited to a slow speed and full of obstructions
(Fig. 5c). Furthermore, compared to the thermal motion of water
molecules, the forces added on water molecules are quite
small, which explains why the water molecules can move back
several times.45

In Fig. 5b, the trajectory of one water molecule in the PA/COF
membrane has a two-step shape. In the unmixed region, the path

Fig. 4 MSD curves of (a) polyamide atoms and (b) water molecules as a function of simulation time. The MSD curves in the pure PA membrane are
marked in blue, and that in the mixed and unmixed regions are marked in red and in magenta lines, respectively. The MSD curve of the PA atom inside the
COF is marked in black.

Table 1 The density ratio between flowing water and PA in the membranes

DP (MPa)
Pure PA
membrane (%)

Unmixed region
of MMM (%)

Mixed region
of MMM (%)

300 30 27 44
350 30 26 45
400 30 26 45
450 30 27 44
500 30 27 44
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seems similar to that in the pure PA membrane. In the mixed
region, the water molecule moves efficiently towards to the direction
of DP, and consequently exhibits a much longer distance at the
same time. This observation is in complete accord with the MSD
results. It has also been demonstrated that the faster diffusion
of water molecules results in the higher-speed pathways for
water permeation, which lead to a higher water flux for the
whole membrane.42,46 This region can be considered as a high-
way for water molecules to pass through (Fig. 5d).

Even though the simulated length of the membrane is about
5 nm, which is much less than that of commercial membranes,
this phenomenon can be still extended to a thicker membrane.
Since the periodic boundary was adopted in this system, the
configuration of the simulated PA/COF MMM can be seen as
part of an experimental membrane. Thus, the water molecules
can be continuously transported through the membrane via a
more effective route in the simulation. A similar phenomenon
was also observed by Araki et al. in their MD simulations,47,48

where they investigated the effect of carbon nanotubes on the RO
performance by inserting carbon nanotubes oriented parallel to
the membrane surface. They found that the free energy of water
has a minimum value in the region around the nanotubes, which
further attracted water flowing in a straighter path.

4. Conclusions

In this work, we performed nonequilibrium molecular dynamics
simulation to investigate the effect of inserting a COF into the PA

membrane on its water transport behavior. Based on the configu-
ration of the PA/COF, water and polyamide can easily access the
pores of the COF due to the size effect and the compatibility
between them. Then, we calculated the water flux of each
membrane under experimental conditions. It was found that
the water flux in the PA membrane is obviously lower than that
in the PA/COF MMM. To reveal the reason for this, the MSDs of
PA were calculated. In the COF, it is difficult for the PA atoms to
move, which prevent water molecules from passing through
this area. On the contrary, in the interfacial region between the
COF and the PA, the PA atoms diffuse more sharply than that in
the pure PA membrane. Furthermore, the degree of mobility of
the all the PA in the PA/COF MMM is still higher than that in
the PA membrane, which indicates that inserting the COF
facilities the mobility of PA in the MMM. This phenomenon
promotes the diffusivity of the water molecules in the MMM.
Finally, we found that water transport through the PA/COF
MMM has a much straighter path compared with that in the PA
membrane, which can be attributed to the high water diffusivity.
These findings are expected to promote the understanding of the
water transport behavior in mixed matrix membranes and also
the rational design of advanced mixed matrix membranes with
enhanced permeance.
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