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ABSTRACT: Covalent organic frameworks (COFs), possess-
ing highly ordered and intrinsic nanopores with high density
and tunable sizes, are expected to find important applications
in ion separation and desalination. The design of COF
membranes with outstanding permselectivity requires under-
standing the ion rejection behaviors of COF multilayers.
However, the ion rejection mechanism of COF multilayers
remains to be elucidated because it may significantly differ
from that of conventional polyamide membranes. Herein, we
use nonequilibrium molecular dynamics simulations to
investigate the ion transport through multilayers of TpHZ,
which is a stable, imine-linked COF. Surprisingly, we find that
the rejection to NaCl is determined by its rejection to Na+

rather than to Cl−, although hydrated Cl− is bigger than hydrated Na+. Inside the channels of the TpHZ multilayers, Na+ ions
transport evidently slower than water molecules, implying that the in-pore transport effect instead of the commonly thought
pore-entrance sieving effect governs ion rejection. The in-pore transport effect of Na+ is mainly due to the hydration of Na+ with
pore wall and stronger capability of the hydrated Na+ ions to form hydrogen bonds with pore wall, both of which are primarily
originated from the polarity of the COF. This work reveals the significant role of in-pore transport in ion rejection, which is
overlooked in commonly used polyamide desalination membranes, and develops a universal equation capable of describing ion
rejections of all membranes, especially those that contain structures of nanopores or nanochannels by considering both the
effects of pore-entrance sieving and in-pore transport.

KEYWORDS: covalent organic framework (COF), membrane, ion rejection mechanism, nonequilibrium molecular dynamics,
transport, two-dimensional materials

1. INTRODUCTION

Covalent organic frameworks (COFs)1−3 are an emerging type
of crystalline porous polymers with covalently bound regular
and periodical networks. Compared with traditional polymers,
COFs are distinguished for their intrinsic permanent nano-
pores with uniform sizes and ordering, and consequently, are
expected to be potent building blocks for advanced separation
membranes with both high selectivity and permeation.4−6

Importantly, the pore sizes of COFs are tunable in the range
from less than one nanometer to a few nanometers, and
therefore, COFs are predicted to reject some specific ions,
while allowing the passage of water or other ions, implying a
potential ability of ion separation and desalination. Indeed, a
few theoretical studies7−9 confirm the potential of COF
monolayers with the intrinsic pore sizes of 0.3−1.8 nm for ion
separation and desalination. Furthermore, COFs are predom-
inantly presented as multilayers because of the strong π−π
interaction between monolayers, and our recent simulation
revealed that multilayers of TpPa-1 (an imine-linked COF)
exhibit excellent improving rejection performances to ions than
monolayers.9 Experimentally, Hoberg and co-workers prepared

carboxylate-functionalized COFs and demonstrated their
excellent water flux and cation rejection, revealing the great
potential of COFs in ion separations and desalination.10

Currently, polyamide (PA) thin-film composite reverse
osmosis (RO) and nanofiltration (NF) membranes, containing
dense amorphous PA selective layers and porous support
layers, are commercially used at the scale of million tons/day
for the desalination of seawater and brackish water. For these
PA membranes, the separation pores are defined by the free
volumes in the highly cross-linked PA selective layers,11,12

which are considerably smaller than ions. As a result, nearly
100% rejection to ions is achieved, that is, almost no ions can
enter the pores because they are all rejected by pore entrance.
In other words, ion transport in the pore of PA membranes
rarely occurs, and only the pore-entrance effect is necessary to
consider when discussing the ion rejection of conventional PA
membranes.
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Ion rejections of COFs and conventional PA membranes
may significantly differ because of their discrepancy in
chemical compositions and pore structures. COFs consist of
well-defined nanopore structures, which are qualitatively
different from amorphous structures of PA. The sizes of
these intrinsic nanopores are comparable with ions, in which
case the transport process of ions inside the pore cannot be
ignored, causing the difference of rejection mechanism
between COFs and PA membranes. Our previous simulation
revealed that offset-eclipsed TpPa-1 multilayers exhibit
excellent rejections to Mg2+ and Cl−, although their intrinsic
pore size is larger than these ions, implying other effects except
the pore-entrance effect influence ion rejection.9

Typically, ion rejections by nanopores can be explained by
the following mechanisms. (1) Size exclusion:13,14 this is the
most common mechanism and can be easily understood as the
membrane pores with sizes falling between water and ions
allow the passage of water molecules while rejecting ions. (2)
Dehydration:15−18 ions are surrounded by a shell of dipolar
water molecules, which means the ion and its hydration shell
move in the solution as a relatively stable entity. When an ion
enters a pore smaller than its hydrated size, there is no
sufficient space for the whole hydrated ion to pass, thus some
water molecules must be removed from its hydration shell to fit
the pore size. This process consumes energies, and ions can be
separated when the input energy of the system is not large
enough to overcome this energy of dehydration. (3)
Electrostatic repulsion:19−22 the charged group at the pore
entrance can effectively exclude the ion from entering the
narrow pore due to the repulsion between the like charges. (4)
Adsorption of ions on pores with specific chemical
structures,20,23 such as attraction by charged carboxyl groups,
cation−π interactions, or coordination effects. In this case, the
ions are “bound” to the specific chemical structures and are
difficult to move, resulting in rejection or separation. The first
three mechanisms listed above can all be described as ionic
sieving at the pore entrance and have no relationship with the
transport process inside the pores. They are frequently used to
describe the ion rejection of conventional RO or NF
membranes. Only the last one, adsorption, is involved with
the interior part of nanopores, but does not include the
transport process. However, it has been experimentally
revealed that there exists a transport process of ions inside
nanopores.10 None of the above mechanisms includes the
transport of ions inside the pores, and its influence on rejection
remains to be elucidated. The effect of in-pore transport
becomes pronounced for COFs as the sizes of their intrinsic
pores are comparable or larger than ions. A considerable
number of ions would enter the pores and interact with pore
walls, thus evidently influencing the rejection. However, ion
transport behaviors and ion rejection mechanism of COFs are
yet unexplored.
Understanding transport behaviors of ions in COF multi-

layers will certainly help to identify the best suited COF
compositions and structures and the realization of COF
membranes with outstanding permselectivity. In this work, a
water-stable, imine-based COF (TpHZ), synthesized from
1,3,5-triformylphloroglucinol and hydrazine hydrate, is selected
as the model to investigate the rejection mechanism of COF
multilayers. At first, apparent rejections of TpHZ multilayers
with varying layer numbers are investigated via non-
equilibrium molecular dynamics (NEMD) simulations. Then,
the main contribution to salt rejection is qualitatively studied

by independently analyzing the respective effects of cations and
anions. Na+ rather than Cl− is found to be responsible for the
apparent rejection. A rejection equation is proposed by
quantitatively considering two origins of ion rejection, i.e.,
the pore-entrance sieving effect and the in-pore transport
effect. The results demonstrate that the in-pore transport effect
inside the TpHZ nanopores is responsible for the rejection to
Na+, while the pore-entrance sieving effect is ignorable. We
then probe the main causes of the in-pore transport effect
inside the nanopores by molecular analysis. Finally, we
demonstrate that our equation is universal and is able to
conclude all existing mechanisms of ion rejection. This work
reveals the significant role of in-pore transport influencing ion
rejection in COFs and is expected to help the design of next-
generation of advanced membranes for ion separation and
desalination.

2. SIMULATION METHODS AND DETAILS
For experimental characterization of ion rejection, the filtration is
usually applied, in which there is a saline feed side as well as a
permeate side opposite to the membrane. To maintain electro-
neutrality in the feed and permeate side, once cations or anions are
rejected, the other ones would also be incidentally rejected, that is,
cations and anions would interfere with each other in their respective
transport. Therefore, it is also difficult to characterize the respective
contribution of anions or cations to apparent rejection performance
from experimental observations. Fortunately, the nonequilibrium
molecular dynamics (NEMD) have provided an effective way to study
transport characterization at the atomic level. There are two methods
in NEMD to apply the driving forces, that is “piston” and
“pump”,7,15,20,22,24−29 which are both employed in this work. The
piston method is similar to the dead-end filtration in realistic
experiments. It can simulate the experimental test of ion
rejection,22,26,27 which is called the apparent rejection performance
in this work. However, it has the same drawback as experiments that
cannot characterize the respective effect of anions and cations. To
investigate the respective contribution of anions or cations to
apparent rejection performance, the pump method is also introduced.
It connects the feed and permeate side, merging the two sides into
one. In this case, it only needs to maintain the electrical neutrality in
the whole system without keeping the respective electrical neutrality
in each side. Therefore, cations and anions could be considered to
transport independently without the interference between each other.
This method is powerful to figure out the respective contributions of
cations or anions to the apparent rejection, and hence, has been
successfully employed in numerous simulation studies to investigate
the respective rejection of anions and cations.15,20,25,28

The molecular structure of TpHZ is obtained from the CoRE COF
database,30 which constructs and compiles the structure from the
corresponding experimental studies.31−33 Through aldehyde−amine
condensation accompanied by enol−keto tautomerization,31−33 the
unit cells of TpHZ are locked into a stable two-dimensional layered
structure, as shown in Figure 1a. TpHZ has a uniform pore size of
around 0.8 nm, which is close to the hydrated Na+ and Cl−.
Therefore, the pore size will not significantly hinder the dehydration
of ions, making ions enter the pore easily. This implies that the pore
size would not evidently influence the rejection performance, so the
transport process of ions in the nanopore can be highlighted. A
fragment of TpHZ is chosen as the model of the membrane, which
can be extended to an infinite large membrane via periodical
boundary conditions. Rather than being a perfectly eclipsed stacking,
TpHZ monolayers exhibit a slipped eclipsed stacking according to the
experimental observation,33 in which there is a slight misalignment
between the two adjacent layers. Consequently, TpHZ multilayers are
constructed in such a slipped eclipsed stacking manner. To
understand the influence of membrane thickness, a series of
monolayer stacking numbers, i.e., 2, 4, 6, 10, 16, 20, and 26 layers,
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corresponding to the membrane thickness of 6.6, 13.2, 19.8, 33.0,
52.8, 66.0, and 85.8 Å, are investigated, respectively.
These constructed TpHZ multilayers are then moved into the

simulation cell, and two water reservoirs are placed on both sides. Na+

and Cl− are added in the water reservoir of the feed side. To obtain
more precise results for the given system size and simulation time,22,26

a salinity (1 M) higher than seawater is chosen because of the
computational cost associated with low-salinity solutions. We applied
two methods mentioned above to apply pressure drops, i.e., the
driving forces, which are named as pump and piston, respec-
tively.7,15,20,22,24−29 For the method of pump, driving forces are
directly applied to fluid atoms in a certain region (Figure 1b). For the
method of piston, there are two pistons outside the water and solution
reservoirs, to which driving forces were applied (shown in Figure 1c).
Since the periodical boundary conditions are only applied in the x and
y directions, the feed side and permeate side are separated so as to
simulate the dead-end filtration in experiments. In both cases,
pressure drops are applied along the z-direction, and consequently,
water molecules and ions pass through TpHZ multilayers along the z-
direction.
The interactions of all atoms are modeled by the Lennard-Jones

(LJ) and Columbic potentials. The SPC/E model is used to construct
the water molecules, and the corresponding parameters proposed by
Joung et al. are utilized for ions.34 To exclude the effect of water
models on results, the TIP4P-Ew is also used to compare (Figure S1).
LJ parameters from the Dreiding force field35 are adopted for TpHZ
atoms, which have been successfully applied in other COF-based
simulations.7,30,36 For all pair-wise LJ terms, the Lorentz−Berthelot
mixing rule is applied. Electrostatic potential charges, which are
calculated using the grid-based ChelpG algorithm based on density
functional theory (DFT), are employed as atomic partial charges.36

The model cluster used for DFT calculation as well as the calculated
atomic partial charges of TpHZ is presented in Figure S2 and Table
S1, respectively.
All simulations are carried out using the LAMMPS package.37 To

reduce high-frequency vibrations and save the simulation time, the

SHAKE algorithm is adopted to constrain the bonds and angles of
water molecules. The cut-off distances for calculating LJ and
Coulombic potential are 1.0 and 1.2 nm, respectively. Long-range
electrostatic interactions are computed using the particle−particle
particle-mesh algorithm with a root mean square accuracy of 10−5. A
time step of 1 fs is used and the trajectory is saved every 1 ps for all
simulations.

Each simulation is initially subjected to energy minimization with a
tolerance of 10−5. Then, the NEMD is conducted at 300 K. As
mentioned above, two different methods are employed to create the
desired pressure drop (ΔP) across the TpHZ multilayer. In the pump
method, an external force, whose direction is perpendicular to the
multilayer, is exerted to a subset of species (including ions and water
molecules). The corresponding ΔP is

P
n f n f

A
ion ion water waterΔ =

+
(1a)

f

m

f

m
ion

ion

water

water
=

(1b)

where ΔP is the target pressure drop; n is the number of species, f is
the constant force exerted on species, A is the cross-sectional area of
the TpHZ multilayer; and m is the molecular mass of species. The
subscripts, ion and water, represent the ions and water molecules in
the subset. The subset is defined as the region located at the top of the
feed side with a thickness of 1.0 nm in the z-direction (see Figure 1b).

In the piston method, a constant force along z-direction is applied
to each atom of two pistons to reach the desired pressures on pistons.
The relationship is described as

P
nf

A
piston=

(2)

where P denotes the desired pressure on the piston, A is the area of
the piston, and n represents the atom number of the piston. Hence,
ΔP could be calculated by

P P Pfeed permeateΔ = − (3)

where Pfeed and Ppermeate are the pressures on feed and permeate
pistons, respectively. To enhance the signal/noise ratio within a
nanosecond simulation time scale and accelerate NEMD simulations,
we adopt a high and constant ΔP (500 MPa if not noted specifically)
in both methods, which is higher than the practical experimental
usage but is commonly used in simulation studies.22,24,26 Each
simulation is performed for at least 50−100 ns and the results are
analyzed using self-compiled codes after the simulation reaches a
steady state.

Ion rejection (R) is commonly defined as

R
c

c
1 permeate

feed
= −

(4)

where cpermeate and cfeed are the ion concentrations in the permeate and
feed side, respectively. Due to the limitation of length and time scales
for MD simulations, the rejection in the piston cases is based on the
concentration of the permeated solution at t = t1/2 (the time that half
of the initial water molecules in the feed side have passed into the
permeate side) and the initial concentration in the feed side.27,38 For
R = 100%, only water molecules can pass the multilayer, while R = 0%
denotes that ion concentrations of the permeated solution and the
feed are the same. The ion needs to spend quite some time passing
through the multilayer with a relatively long pore length. Therefore, to
exclude the situation where t1/2 cannot exceed the time that the ion
needs to pass through the multilayer completely, the pores are first
saturated in equilibrium by ions.

In the pump method, there is no clear definition between feed and
permeate sides due to the periodic boundary conditions. Following
previous studies,15,39 the rejection is defined as

Figure 1.Modeling of the simulations. (a) Atomic structure of TpHZ.
The segment in the dotted box is selected as the simulation model.
(b) Simulation cell for the pump method. The shading on the left of
the simulation system represents the region where the external force is
applied. (c) Schematic illustration of the piston method. All of the
compositions are labeled in each drawing.
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R
F
n

F
n

1 /i

i

w

w
= −

(5)

where Fi and Fw are the fluxes of ions and water during the sampling
period, respectively, while ni and nw are the total numbers of ions and
water molecules in the simulation cell, respectively.

3. RESULTS AND DISCUSSION
3.1. Apparent Rejection of TpHZ Multilayers to NaCl.

To simulate the ion rejection in practical membrane processes,
the piston method, which is similar to the dead-end filtration in
realistic experiments, is applied to test the rejection perform-
ance. In this case, the numbers of water molecules and ions in
three regions, i.e., the feed side, pore inside, and permeate side,
are tracked over the simulation time. Figure S3a shows an
exemplificative evolution of the number of permeated water
molecules over the sampling period for the 20-layered TpHZ.
The linear relationship indicates that water molecules pass
through the multilayer at a constant rate, which could justify
the steady state of the simulation.
The rejections against the layer numbers are plotted in

Figure 2a. Rejections to Na+ and Cl− in the piston cases are
identical due to the law of electroneutrality in the feed and
permeate side. It is clear that the thinnest multilayer (2 layers)
exhibits no rejection to NaCl, whereas the rejection increases
and finally reaches around 45% when the layer number
increases to 16. Such a trend was also observed in previous
MD simulations,17,40 which was attributed to a higher degree
of dehydration, and consequently, a higher energy barrier for
ions crossing the thicker membrane. However, this explanation
cannot fully cover the findings in this work. The calculated
energy barrier of all TpHZ multilayers for ions is ∼1.0 kcal
mol−1, which are only slightly larger than the average kinetic
energy of ion thermal motion at room temperature (3/2 kBT:
∼0.9 kcal mol−1, kB is the Boltzmann constant, and T equal to
300 K), implying that the TpHZ multilayers exhibit ultralow
energy barriers for Na+ and Cl− to pass. Therefore, the ions
could enter the pore with little hindrance. Furthermore, the
pore-entering ability of ions is extremely sensitive to the ΔP’s.
Hence, we also apply a ΔP of 10 MPa to test the ion rejection
through the thinnest multilayer, and there is still no rejection
to NaCl, confirming the neglectable effect of energy barrier on
the ion rejection.
Although it is commonly considered that ion rejection is

caused by the energy barrier arising from the ion dehydration
effect at pore entrance,13,14,16−18 the findings in this work
imply that there should be another effect on ion rejection for
TpHZ multilayers as the rejection actually varies with the layer
number. To unveil this effect, it is of great importance to

understand molecular details in ion rejection. However, the
piston method is not competent anymore due to the influence
of the law of electroneutrality on each side, where the Na+ and
Cl− cannot exhibit their independent transport character-
ization. The pump method is then adopted since the intrinsic
transport behaviors of Na+ and Cl− through the multilayers can
be separately investigated.
In the pump method, the permeate and feed sides are

merged into one due to the periodic boundary conditions in
the flowing direction. Therefore, the influence of electro-
neutrality on each side can be avoided. Consequently, the
transport of cations and anions will not interfere between each
other, then Na+ and Cl− ions could exhibit their own respective
transport behavior through the multilayer. In this case, the
number of species that pass through the multilayer per unit
time is used to describe the fluxes of both ions and water
molecules. As shown in Figure S3b, the number of water
molecules that passed the 20-layered multilayer increases
linearly with the simulation time, confirming that the
simulations reach the steady state as well.
As shown in Figure 2b, the rejection to Na+ enhances from

nearly 0% to approximately 45% with the increasing layer
number, which is similar to the NaCl rejection in the piston
method. This similarity implies that the rejection of the TpHZ
multilayer to NaCl is contributed by its rejection to Na+. In
contrast, the rejection to Cl− in the pump method always
remains to be zero, which means Cl− does not contribute the
rejection of the TpHZ multilayer to NaCl. In the piston
method, the TpHZ multilayer first rejects Na+, and then Cl− is
incidentally rejected to maintain the electroneutrality in feed
and permeate sides, resulting in an apparent rejection to NaCl
of the multilayer.
However, the hydration shell radii for Na+ and Cl− are

calculated to be 2.375 and 3.125 Å, respectively, which are in
good agreement with the literature.34 It should be noted that
the hydration shell radii mentioned here denote the first
hydration shell radii. In general, the hydrated ions contain two
hydration shells. But the equivalent pore radius of the
membrane used in this work is less than 4.0 Å. Therefore, it
is more meaningful to investigate the first shell than the second
shell because the second one can inevitably include the pore
atoms. If not specially noted, anything with respect to the ionic
hydration in the following text stands for those regarding the
ionic first hydration shells. Intuitively, the rejection to NaCl
should be caused by the rejection to Cl− instead of Na+ as the
hydrated Cl− is larger than hydrated Na+. The fact that no
rejection to Cl− as revealed by the pump method indicates that
the dehydration effect has very little effect on the rejection

Figure 2. Ion rejections of TpHZ multilayers with various layer numbers determined by the (a) piston method and (b) pump method. Rejections
to Na+ and Cl− in the piston method are identical, so the rejection denotes the salt rejection.
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under this pore size. This is consistent with that mentioned in
the piston method, therefore there should be another effect
governing ion rejection.
3.2. Origins of Ion Rejection.We then turn to analyze the

ion transport inside the TpHZ multilayers. The residence time,
which is defined as the time of a molecule or ion spending on
transporting from pore entrance to exit, is used to characterize
the transport rate inside the nanopore.

t tRT outlet inlet= − (6)

where tinlet and toutlet are the moments when a molecule enters
and leaves the pore completely, respectively. The RTs of H2O,
Na+, and Cl− vs the layer number are shown in Figure 3. The

RTs of Na+ is apparently greater than those of H2O for all
multilayers, while all of the RTs of Cl− are slightly less than
those of H2O. It manifests that the flow rates through the
multilayer follow the order Cl− > H2O > Na+.
Behind the above apparently qualitative analysis, we then

investigate the mechanism of ion rejection. In general, the
water and ion flux of a steady-state flow through a
homogeneous membrane can be described as

F vww wρ= (7)

F vii iρ= (8)

where Fw and Fi represent the water and ion fluxes,
respectively; vw and vi denote the flow rates of water and
ions, respectively; ρw and ρi are the molar densities of water
and ions inside the pore, respectively. According to eq 5, the
definition of ion rejection can be expressed as

R
F n

F n c
v
v

1
/
/

1
1i i

w w 0

i

w

i

w

ρ
ρ

= − = −
(9)

where c0 = ni/nw, representing the original ion concentration in
the simulation cell. If we denote ρi/ρw as the interior ion
concentration (cin), then the derived form of the rejection
formula is as follows

R
c
c

v
v

1 in

0

i

w
= −

(10)

From eq 10, the ion rejection clearly stems from two parts:
cin/c0 and vi/vw. The first part cin/c0 is the ratio of the interior
ion concentration to the original concentration, which can be
considered as the pore-entrance sieving effect of the
membrane. In the case of cin/c0 < 1, it is more difficult for
ions than water to enter the nanopores. In contrast, ions enter

nanopores without hindrance relative to water molecules when
cin/c0 ≥ 1. The second part vi/vw is the ratio of ion flow rate to
water flow rate inside nanopores, and this part can be
recognized as an in-pore transport effect. If vi/vw = 1, the ion
flow rate is identical to the water flow rate, implying that this
part has no influence on the rejection. When vi/vw ≠ 1, the
apparent ion rejection will be certainly affected by the in-pore
transport effect. Based on the above analysis, we conclude that
the rejection of the porous membranes like COFs is not merely
caused by the pore-entrance sieving effect, but may also
originate from the in-pore transport effect.
The parameters in eq 10, cin/c0 and vi/vw, for TpHZ

multilayers are listed in Table 1. The vNa+/vH2O values are

around 0.6, indicating that Na+ transports slower than water
molecules. Moreover, the vNa

+/vH2O values are almost
unchanged regardless of the layer number, implying that the
layer number has little effect on the in-pore transport part in eq
10. It is clear that the interior concentrations of Na+ in the case
of 4- and 6-layered multilayers are obviously higher than the
original concentration, resulting in a cin,Na+/c0 value of ∼1.5 and
1.3, respectively. The fact that cin,Na+/c0 is greater than 1 implies
that the Na+ tends to be enriched inside these multilayers,
probably due to the compensation to the Na+ hydration shell
by TpHZ. This will be discussed in the next section. The value
of cin,Na+/c0 rapidly drops to around 1.0 and then gently moves
to 0.93 when the layer number increases. All values of over or
around 1.0 manifest the little influence of the pore-entrance
sieving effect on apparent ion rejection. Therefore, the
difference of the transport rate between Na+ and water
molecules mainly contributes to the apparent rejection.
According to eq 10, such a trend together with the unchanged
vNa+/vH2O will result in a rapid increase followed by a gentle
variation of Na+ rejection, which is in good consistency with
the results shown in Figure 2b. Therefore, it can be concluded
that the rejection of TpHZ multilayers to Na+ comes mainly
from the in-pore transport effect (vNa+/vH2O), while its variation
with the layer number is due to the pore-entrance sieving effect
(cin,Na+/c0).
It should be noted that all results are analyzed after

simulations reach the steady state, in which the data does not
change with the simulation time. Ions enter and leave the pore
in an equilibrium state when NEMD reaches the steady state,
where the nanopores are always saturated by ions. Therefore,
although the transport of Na+ is slower than water molecules,
the Na+ would not continuously accumulate inside the
nanopores.
In contrast, Cl− transports faster than water inside TpHZ

nanopores by ∼10% in all multilayers with various layer
numbers. Moreover, cin,Cl−/c0 exhibits a slight drop from 1.0 to

Figure 3. Residence times of three species (H2O, Na
+, and Cl−)

inside TpHZ multilayers with various layer numbers.

Table 1. cin/c0 and vi/vw in Multilayers with Varying Layer
Numbers

number of layers
c

c
in,Na

0

+ v

v
Na

w

+ c

c
in, Cl

0

− v
v
Cl

w

−

4 1.5000 0.6090 0.9895 1.0938
6 1.3476 0.6206 1.0011 1.1559
10 1.0825 0.6281 0.9593 1.1690
16 0.9763 0.6010 0.9202 1.1458
20 0.9769 0.5942 0.9279 1.0959
26 0.9384 0.6173 0.9015 1.1121
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0.9. In addition, the independent value of vCl−/vH2O on layer
number indicates that the layer number has little effect on the
in-pore transport part as shown in eq 10. According to eq 10,
the rejection to Cl− should be close to 0% based on both parts,
which is also in accordance with the results in Figure 2b. The
difference between the values of vCl−/vH2O and vNa

+/vH2O

certainly results in the distinct rejection performance of Na+

and Cl−.
3.3. Molecular Analysis of the In-pore Transport

Effect. As analyzed above, the NaCl rejection of the TpHZ
multilayer is determined by the rejection to Na+, which mainly
results from the difference of in-pore transport between Na+

(rather than Cl−) and water. Therefore, we focus on the cause
of flow rate difference toward the three species (Na+, H2O, and
Cl−) from the molecular details in this section. Figure 4 shows

the density distributions of ions inside the pore. The Na+

prefers to stay near the pore wall, while the Cl− prefers the
central region of nanopores. Therefore, when ions transport
through the pore, the region inside the pore can be divided
into two parts: the pore-wall (PW) vicinity and the pore-center
region.
We first investigate the affinity of ions and water molecules

to the pore wall. According to the orientation of water
molecules in Na+ and Cl− hydration shells (Figure S4), the
oxygen atom of water molecules in the Na+ hydration shell
prefers to stay around the Na+, while the hydrogen atom of
water molecules in the Cl− hydration shell prefers being near
the Cl−. Therefore, we speculate that Na+ has a chance to
hydrate the oxygen atoms on the pore wall, and Cl− may
hydrate its hydrogen atoms. Radial distribution functions
(RDFs) for three species with PW atoms are calculated (Figure
5a), which are good criteria to characterize the distance of ions
away from the pore wall when ions pass through the
membrane. The peak position of Na+-Opore is at the distance
of 2.375 Å, which is surprisingly consistent with the hydration
distance between Na+ and the oxygen atoms of water
molecules. This consistency means that oxygen atoms on the
pore wall have a high probability to substitute water molecules
in the Na+ hydration shell. Similar RDFs for water molecules
with the PW atoms are discovered, indicating that the PW
atoms contribute the hydrogen bond (HB) formation to water
molecules. However, no peak can be detected for Cl−-Hpore
within the hydration shell of Cl−, which implies that there is
little possibility for PW atoms to enter the hydration shell of
Cl−. We herein designate this effect as the “PW-involved”
hydration, as schematically illustrated in Figure 5b. From the

RDFs, we can conclude that PW-involved hydration occurs for
Na+ and water molecules, whereas does not occur for Cl−.
It has been reported that PW atoms could compensate for

the ionic hydration shell, decreasing the energy barrier and
enhancing the ionic passages across single-layered mem-
branes.26,41,42 However, this is the special case for the
atomically thin nanopores without the recognized in-pore
transport part, where ions can pass the membrane by merely
overcoming the energy barrier at the pore entrance. While in
the case of nanopores with some certain lengths, this
“compensation” effect may facilitate ions to enter nanopores
but not beneficial to the ion transport, which happens to
increase the rejection in turn. Moreover, to investigate the
difference of the in-pore transport effect between ions and
water molecules, the hydration of water molecules also needs
to be defined. In this work, we denote the HBs between water
molecules, which is calculated by the geometric definition,43,44

as the water hydration.
As demonstrated in Figure 5b, the bulk, inside-pore, and

PW-involved represent the hydration in the bulk, inside the
pore without compensation by PW atoms, and inside the pore
with compensation, respectively. The hydration number
distributions for ions and water molecules in three cases are
shown in Figure 5c. Some reductions are observed in the
hydration number from bulk to inside-pore, indicating that all
three species need to dehydrate some water molecules to enter
the pore. However, if PW atoms are involved, three species
perform differently. For Na+, the blue peak almost covers the
green one, indicating that the Na+ hydration shell is completely
compensated by PW oxygen atoms. In contrast, the PW-
involved hydration profile of Cl− is extremely similar to the
inside-pore one, manifesting that no PW atom could enter the
Cl− hydration shell and no compensation occurs. To illustrate
the degree of PW-involved hydration quantitatively, an index
named by hydration recovery rate (Rec) is introduced. The
Rec is defined as

H H

H H
Rec PW involved inside pore

bulk inside pore
=

−
−

− −

− (11)

where HPW‑involved, Hinside‑pore, and Hbulk are the average
hydration numbers for PW-involved, inside-pore and bulk,
respectively. The Rec’s of three species are listed in Table 2. It
can be observed that the Rec’s follows the order of Na+ > H2O
> Cl−, which is in line with the inside flow rate order (Na+ <
H2O < Cl−). A higher Rec accounts for a greater resistance for
a species to transport inside the pore. These results explain the
cause of the in-pore transport difference between ions and
water molecules when they are in the PW vicinity.
After considering the PW-involved hydration, we turn to the

second possibility that ions are at the central region of
nanopores. Under these conditions, the hydration shells of ions
can be maintained relatively intact, and it seems the ion
transport would not be influenced by the pore wall. However,
our simulation results confirm that the pore wall also indirectly
affects the ion transport via HBs between water molecules in
the ionic hydration shell and PW atoms (N, O, and H atoms).
As illustrated in Figure 6a, water molecules can form two types
of HBs between PW atoms in this work: N−H···O−H and O−
H···OTpHZ, where N−H is nitrogen−hydrogen covalent bonds
in the TpHZ multilayer, O−H denotes oxygen−hydrogen
covalent bonds of water molecules, and OTpHZ represents
oxygen atoms in the TpHZ multilayer. To compare the

Figure 4. Density distributions of (a) Na+ and (b) Cl− inside the
TpHZ pore. The nanopore is displayed by the two adjacent layers
from the top view, which is exhibited by colors with different
transparency.
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difference between ions and water molecules, Figure 6b shows
the average HB number that a water molecule in hydration
shells of Na+ and Cl− can form with PW atoms, which could
reveal the ability of water molecules in the hydration shell to
form HBs with the pore wall. The ability of water molecules in
the Na+ hydration shell to form HBs is higher than the average
level of all water molecules inside the pore, while those in the
Cl− hydration shell are less capable. Furthermore, the HB
lifetimes for three types of water molecules with PW atoms are
calculated by HB autocorrelation functions shown in Figure 6c.

The values of HB lifetime are 7.73, 2.18, and 2.48 ps for
hydrated Na+, Cl−, and all water molecules inside the pore with
PW atoms, respectively. We can see that the HBs formed by
hydrated Na+ are significantly stronger than that of hydrated
Cl− and the average level of all water molecules. The ionic
hydration shell will be more “stuck” if its water molecules are
capable of forming more and stronger HBs with the pore.
Therefore, this observation can elucidate the cause of the in-
pore transport difference between ions and water molecules
when they are in the pore-center region.
Previous references have confirmed that surface properties

are crucial to ion transport inside nanopores in the electrical
systems.45,46 As an inspiration, we suppose that the in-pore
transport difference between various species comes from the
polarity of PW atoms. To confirm this assumption, the
nonpolar pore (exclude the polar interaction between PW
atoms and three species by removing the atomic partial charges
of TpHZ) is also used to simulate the in-pore transport effect
through the 16-layered multilayer. The RTs are shown in

Figure 5. “Bulk”, “inside-pore”, and PW-involved hydrations. (a) RDFs for three species with PW atoms. Profiles of Na+ with the oxygen atoms of
water molecules and the PW atoms; profiles of Cl− with the hydrogen atoms of water molecules and the PW atoms; profiles of the oxygen atoms in
water molecules with those on the pore wall. All of the dash lines and arrows represent the corresponding distance at the peak of each RDF profile.
(b) Schematic diagram of three hydrations. All elements are labeled directly in the figure. (c) Hydration number distributions for Na+, Cl−, and
H2O in three cases.

Table 2. Average Hydration Numbers and Rec’s of Three
Species

average hydration number

species bulk (#) inside-pore (#) PW-involved (#) Rec (%)

Na+ 6.00 5.47 5.92 84.91
Cl− 7.43 6.98 6.98 0.00
H2O 3.32 2.37 2.95 61.05
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Figure S5a, and the close values of the three species signify that
their flow rates inside the nanopore are apparently similar. The
two observations in the corresponding pore region mentioned
above (PW vicinity and pore center) are also studied to
compare with those of the authentic pore. It should be noted
that the PW-involved hydration and HB effects are drastically
weakened in Figure S5b−d and Table S2. These results
indicate that the in-pore transport effect is primarily caused by
the polarity of the PW atoms.
3.4. Discussions on Mechanisms of Ion Rejection. As

mentioned earlier in the Introduction section, the existing
rejection mechanisms include (1) size exclusion,13,14 (2)
dehydration,15−18 (3) electrostatic repulsion,19−22 and (4)
adsorption of ions on pores with specific chemical
structures.20,23 The first three mechanisms are focused on
the ionic sieving at the pore entrance, corresponding to the
pore-entrance sieving (cin/c0) in eq 10. Only the adsorption
mechanism is involved with the pore wall. The so-called
adsorption is actually an extreme in-pore transport effect,
where vi/vw = 0. It seems that adsorption will bring about a
100% rejection, but it will also block the nanopore with a
diameter of less than 1 nm due to the hindrance of unmovable
ions. Consequently, the water permeance will dramatically
decrease even to 90% due to the shrink of equivalent pore size.
In contrast, the reduction of water permeance for the in-pore
transport effect (∼30%) is equivalent to the decrease caused by
osmotic pressures of saline water, which will not plug the
nanopore. The results in this work reveal the considerably
significant influence of in-pore transport effect on ion rejection,
especially when ions transport through the nanopores whose
size is comparable with hydrated ions.
Although this mechanism is investigated under simulation,

we believe that it is still valid for the experimental conditions.
Rejection origins from the pore-entrance sieving and the in-
pore transport effect. As mentioned in Section 3.1, we found

that TpHZ shows no hindrance for ions to enter due to the
low energy barrier, which is independent of ΔPs. Therefore,
TpHZ exhibits no pore-entrance effect for ions even under the
experimental conditions. Then, according to the Hagen−
Poiseuille (HP) and Nernst-Planck equations, the flow rates of
water and ions that transport inside the pore are proportional
to ΔP. Therefore, their ratio vi/vw should be unchanged, no
matter how ΔP varies. Hence, both parts for TpHZ are
independent of ΔP’s.
Therefore, the rejection can be predicted once the respective

effect of the two parts is measured from eq 10. Assuming such
a situation, an original membrane with cin/c0 = 0.5 (a pore-
entrance sieving effect of 50%) and vi/vw = 1.0 (an in-pore
transport effect of 0%) exhibits an apparent rejection of merely
50%, but if we decrease vi/vw to 0.1 (i.e., the enhanced in-pore
transport effect) while keeping cin/c0 unchanged (i.e., the
unchanged pore-entrance sieving effect), then the apparent
rejection will increase to 95%. This is an effective way to
enhance rejection without sacrificing the pore size, and
consequently, water permeance.
Based on the fact that the in-pore transport is primarily

determined by the polarity of pore walls, we believe that this
effect also plays a significant role in ion rejections for other
nanoporous membranes beyond COFs. This is because many
nanomaterials, e.g., graphene oxide, MOFs, Zeolite, etc.,
possess two similar characteristics like COFs: carry polar
groups on pore walls and their pore sizes are comparable to the
sizes of hydrated ions. Therefore, as a universal mechanism,
this equation can be used to predict the rejection performance
of membranes with specific compositions and is expected to
help the rational design of next-generation membranes for ion
separation or desalination.

4. CONCLUSIONS
In summary, TpHZ, a water-stable, imine-based COF, is used
as a model to investigate the ion rejection behavior through
COF multilayers. By performing nonequilibrium molecular
dynamics simulations on TpHZ multilayers with varying
thicknesses, we find that the salt rejection increases first with
the thickness and then levels off when the thickness reaches ∼5
nm. The NaCl rejection of TpHZ is actually determined by its
rejection to Na+. However, little size-sieving effect at the pore
entrance is observed. We establish a rejection equation by
identifying two origins of rejection: the pore-entrance sieving
effect and the in-pore transport effect. The latter one has long
been overlooked in commonly used polyamide membranes as
their pores are too small to allow the penetration of any ions.
By analyzing the rejection equation, the rejection to Na+

originates from the dominant in-pore transport effect, that is,
Na+ transports evidently slower than water molecules inside
the pore. Furthermore, the in-pore transport effect has a strong
relationship with (a) more significant pore-wall-involved
hydrations of Na+ and (b) stronger hydrogen bond-forming
ability of the Na+ hydration shell with pore wall atoms, both of
which are primarily caused by the polarity of TpHZ. Finally, as
a universal mechanism, this equation can be extended to
various nanoporous membranes since many types of building
blocks carry polar groups. Hence, the process of ion separation
through a homogenous nanoporous membrane can be
summarized into two steps: first, ions are sieved from water
molecules at the pore entrance due to various pore-entrance
sieving effects; second, the ion is then partitioned from water
molecules inside the pore due to the in-pore transport effect,

Figure 6. HBs of ionic hydration shells with the pore wall. (a)
Schematic diagram of HBs between ionic hydration shells and the
pore. The legend shows the corresponding illustrations. (b) Average
HB numbers that a water molecule in the hydration shell of Na+ and
Cl− can form with PW atoms. The dash line is the average level of all
water molecules inside the pore. (c) HB autocorrelation functions for
three types of water molecules.
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which had long been overlooked in traditional desalination
membranes. According to the equation, both parts contribute
to rejection, and thus we have a chance to enhance rejection
without sacrificing the pore size by enhancing the in-pore
transport effect. The ion rejection mechanism inside the TpHZ
multilayers revealed here increases our understanding on ion
rejection in nanoporous membranes, which is expected to help
the design and experimental realization of next-generation
membranes for ion separations or desalination.
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