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Covalent organic frameworks (COFs) are promising materials for developing the new generation of reverse-
osmosis membranes owing to their unique structure with well-defined nanoporosity and highly tunable pore-
wall chemistry. In this work, a new separation membrane was developed using the molecular dynamics (MD)
simulation method by superimposing two COF-based films: HPB-COF (0.577 nm) and TpPa-1 (1.582 nm), with a
large difference in aperture. The results showed that the new double-layer superimposition membrane could
overcome the trade-off effect, and achieve a high water flux and salt rejection rate. According to the membrane
model microanalysis, the HPB-COF divided TpPa-1 into six “petals”, thus endowing the first layer and second
layer of the membrane with a larger accessible surface area and smaller effective pore diameter, respectively. As
a result, the new composite membrane simultaneously had combined advantages of the two COF materials. The
water permeance of the TpPa-1/HPB-COF composite membrane was 1.85 times higher than that of the AB-
stacked HPB-COF membrane, which was two orders of magnitude higher than that of other conventional
reverse-osmosis membranes. The salt rejection rate was 100%, which was higher than that of AB-stacked TpPa-1
membrane (39.42%). Furthermore, the microanalysis revealed that the hydrophilic C—=O in TpPa-1 positively
improved the water flux.

1. Introduction RO is a membrane-separation technology that uses on a porous
membrane to separate solvents and solutes in solutions under pressure.
The properties of RO membranes mainly determine the separation per-

formance of RO desalination [17,18]. To date, membrane materials still

Global awareness of fresh water scarcity has attracted the attention
of most governments [1-3]. Many countries are currently faced with the

challenge of obtaining fresh water from seawater to address water
shortages. To date, various desalination methods, including distillation
[4-6]. electrolysis [7,8], forward osmosis (FO) [9,10] and reverse
osmosis (RO) [11-13], have been developed. Among these methods,
reverse-osmosis technology is known as “seawater purification tech-
nology” in the twenty-first century owing to its advantages of low energy
consumption, wide application range, and convenient operation. It is
also the mainstream technology used for alleviating the global water
crisis [14-16].
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cannot break the trade-off effect, thus making it is difficult to obtain high
water flux while maintaining the high ion rejection rate [19,20]. As a
result, further study on new reverse-osmosis membranes that can ach-
ieve higher water flux while maintaining a high salt rejection rate is
necessary.

With the development of nanomaterials, their smooth surfaces and
atom-sized nanopores have received significant interest as potential
separation membranes in recent years [21-25], and are expected to
break the trade-off effect [26]. Covalent organic framework (COF)-based
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nanomaterials have a unique structure with well-defined nanoporosity
and highly tunable pore-wall chemistry, which can be predesigned to
meet different needs [27-30]. Most COFs have an aperture of about
0.6-10.0 nm [31], however, membranes commonly used for desalina-
tion require smaller apertures to ensure efficient capturing of ions.
Hence, researchers have made efforts to develop COF-based membranes
with the requirements of excellent desalination performance. Huang
[32] et al. synthesized the IISERP-COOH-COF1 via a ring-opening re-
action to study the modified groups on desalination performance. They
found that the pore aperture was constricted through post-modification,
thus preventing the ions from passing through the membranes. Jiang [1]
et al. investigated the effect of different functional groups on desalina-
tion performance. They confirmed that hydrophilic functional groups
contribute to the increased of water flux. Further, Wang [33] et al. re-
ported that the offset channel at the interface of bilayers obtained from
the secondary growth of the COF could significantly enhance ion-
separation performance. Wang [34] et al. computationally constructed
single- and multilayered TpPa-1 COFs to investigate the influence of
multilayered TpPa-1 COFs on the transport behavior of water and salt
ions. The NEMD simulation results showed that the ion rejection rate
increased with the number of the stack layers at the expense of water
permeation. In 2019, Wang [35] et al. constructed a series of CTF
multilayers and found that the AB-stacking mode reduced the equivalent
pore size, thus improving ion rejection but lowering permeation.

In addition to the salt rejection rate, the water permeation rate is also
an important indicator for evaluating the performance of the membrane,
i.e., achieving a high salt rejection rate while maintaining high water
flux. A study was conducted to investigate the effect of graphene
nanopores with different geometries on desalination performance, and
the result showed that graphene nanopores with irregular elongated
geometries exhibited superior performance. The superior performance
of the graphene nanopores was attributed to the smaller equivalent pore
size and larger pore area [36]. As a result, we doubted if this phenom-
enon could be used to improve the desalination performance of COF
membranes. Jiang [29] et al. synthesized bilayer COF membranes
composed by COF monolayer with different functional groups. Xu et al.
successfully exfoliated the TpPa-2 into nanosheets that can match the
thickness of Polyamide (PA) layer [37]. Metal tetraphenylporphyrin-
based COF (MTPP-COF) monolayer was successfully prepared by
laminar assembly and interfacial polymerization [38]. Wang [33] et al.
proposed the secondary growth strategy is developed to build bi-layered
COF nanofilms. All the above mentioned studies show that that single-
layer or double-layer COFs films are feasible in experiments, providing
technical support for synthesizing the composite membrane. In addition,
the membrane prepared by TpPa-1 showed good performance in long-
term stability tests, and its properties remained very stable after soak-
ing in acidic and alkaline solutions [39].

To date, most related studies focused on the addition of functional
groups to COF and the stacking of COF with similar pore sizes. However,
there are still no relevant reports on the desalination performance of
composite membranes with different pore sizes. Thus, in this work,
composite membrane with small-pore HPB-COF (0.577 nm) and large-
pore TpPa-1 (1.582 nm) was constructed with irregular pores are
formed in the composite membrane. The desalination performance of
the composite membrane was evaluated using MD simulation and
compared with AB-staked bilayers. The TpPa-1/HPB-COF composite
membrane achieved a 100 % ion rejection rate and maintained higher
water permeability. The composite membrane was characterized using a
series of analyses. The TpPa-1/HPB-COF layer spacing effect on desali-
nation performance was explored. Therefore, our design work for single-
layer, double-layer and multi-layer COFs films has high experimental
guidance value.

2. Methods

Fig. 1(a-c) shows that HPB-COF [40], MPCOF [41], and TpPa-1 [42]
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with their effective pore sizes: 0.577, 0.978, and 1.582 nm, respectively.
They were selected as representatives of different pore sizes to study
their various capacities for desalination. Their structures were obtained
from the CoRE COF database [43], constructed according to the exper-
imental studies. As shown in Fig. 1d, the typical desalination model was
developed. The model comprised a feed side (saline water with 0.599
mol/L NaCl [44-46]), permeate side (pure water), and a COF mem-
brane. The model also contained two rigid graphene sheets. The gra-
phene plate on the feed side acted as a piston, applying a pressure
ranging from 50.1 to 200.1 MPa. The graphene plate on the permeate
side can apply a pressure of 0.1 MPa to maintain water density and
system stability in the simulation process. Taking the TpPa-1 model as
an example, the xy plane of the simulation box was 37.692 x 33.838 A2,
4260 water molecules, 46 Na™, and 46 Cl” formed the feed side of 0.599
mol/L NaCl solution with a length of 100 A along the Z-axis. The
permeate side contained 426 water molecules, with a length of 10 A
along the Z-axis.

All simulations were performed using the large-scale atomic/mo-
lecular massively parallel simulator (LAMMPS) package [47]. The water
model of SPC/E [48] was selected because its diffusion coefficient was
close to the experiment value, and the SHAKE algorithm was used to
sustain the rigidity of the water molecules and save simulation time.
Nonbonding interactions are calculated using Equation (1):

0jj . 0jj ¢ 9i4i

el () (2) ]+ St ®

where the ¢; and o; represent the well depth and collision diameter
respectively, the g; and g; denote partial charge of atoms i and r in order,
the r; indicates the distance between atoms i and j. The cutoff of the
electrostatic interaction distance was set to 1.0 nm, and that of the
Lennard-Jones (LJ) was set to 1.2 nm. The LJ parameters for the mem-
brane atoms were obtained from the Dreiding force field [43,49,50],
which were successfully used in simulations of COF or metal organic
framework (MOF) materials. The other ions were taken from a previous
study [51], and the details of about parameters are displayed in Table.
S1. The Lorentz-Berthelot mixing rule was adopted for all pairwise LJ
terms. The atomic partial charges were described using electrostatic
potential (ESP) charges, which were calculated using the grid-based
ChelpG algorithm based on the density functional theory (DFT) [35].
Periodic boundary conditions were used in all three directions. The
particle—particle-particle-mesh method (PPPM) was used to calculate
the long-range electrostatic interactions with an accuracy of 107 [35].
The Nosé-Hoover thermostat was used to modulate the temperature at
300 K in the simulation process. For each simulation, energy minimi-
zation and equilibrium MD simulation were first performed to equili-
brate the model system. Then, a 20 ns NVT simulation was performed to
estimate the water flux and ion rejection rate under 50 MPa. The
external pressure is calculated using Equation (2):

f== 2

Where A is the surface area of the piston, and n is the number of
atoms that makes up the piston. The high pressure is often used in MD
simulations [34,35], and the reason for the externally applied pressure
in the piston is set much higher than the actual value to reduce thermal
noise, which ensures accurate values within a limited time scale of a
nanosecond. The time step was set to 1 fs, and the data were captured
every 1000 steps. To verify the accuracy of the result, the simulation of
TpPa-1/HPB-COF was repeated, and the result is shown in Fig. S2.
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Fig. 1. Topological scheme of (a) HPB-COF, (b) MPCOF, and (c) TpPa-1 membrane, (d) A typical desalination model embraces two compartments along with the RO
membrane. Atom color codes: water (transport blue), Na™ (yellow), CI" (green), and carbon in the two sheets of graphene at the box: edges (brown). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Result and discussion

3.1. Water permeation and salt rejection capacity of HPB-COF, MPCOF,
and TpPa-1 monolayers

The performance of HPB-COF, MPCOF, and TpPa-1 monolayers as
RO membranes under 50 MPa hydrostatic pressures was investigated,
and the change in the amount of water entering the permeate sides with
time is shown in Fig. S1. As shown in Fig. 2(a), the magnitude of the
water permeance mainly depended on pore size. Among these materials,
HPB-COF had the smallest pore size, and the water permeation rate was
73.34 L/cm?/day/MPa, while that of the TpPa-1 was 629.15 L/cm?/
day/MPa, which is about 8.6 times that of HPB-COF. Another important
criterion for evaluating membrane performance is ion rejection, which is
calculated using Equation (3):

CI’
R=1- FoA 3
where C, is the ratio of the number of ions passing through the
membrane into the permeation side to the number of water molecules,
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and the C is the initial ion concentration at the feed side. In terms of ion
interception, HPB-COF had the most outstanding performance, reaching
59.83%, the ion interception rate of MPCOF was 20.56%, and TpPa-1
could not capture ions. Consistent with the conventional view, COF
with a larger pore size improves water permeance, while COF with a
smaller pore size has a better ion trapping effect. The above results
showed that the studied COF monolayer alone is insufficient to achieve
the desired desalination effect. By considering the experimental feasi-
bility of multilayer COF materials and the possibility of improving
desalination performance, it is necessary to conduct the research on
multilayer superimposed COF materials.

3.2. Transport resistance of AB-Stacked COF bilayer

To improve the ion rejection rate of the three COF membranes, the
AB-stacking mode was selected to examine the desalination performance
of the staggered COF bilayer membranes with the same pore size. The
interlayer spacing of the constructed bilayers was adjusted to 0.34 nm
(based on the nearest carbon atom between two layers) to eliminate the
influence of layer spacing, which was set according to the experimental

801 (b) » .

0.59nm 410

Ion rejection

Water permeation rate (Lit/cm*/day/MPa)

HPB-COF MPCOF TpPa-1

Fig. 2. Water permeation rate and ion rejection rate of (a) HPB-COF, MPCOF, and TpPa-1 monolayers membrane and (b) AB-stacked HPB-COF, MPCOF, and TpPa-1

bilayer membrane.
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data of TpPa-1 double-layer membrane. The construction of AB-stacked
HPB-COF, MPCOF, and TpPa-1 bilayer membranes is shown in Fig. 3.
The equivalent pore diameters of the AB-stacked HPB-COF, MPCOF, and
TpPa-1 bilayer membranes were reduced to 0.49, 0.36, and 0.59 nm,
respectively, using Zeo++ software [52]. The hole of MPCOF was
divided into three small regular pores, while the AB-stacked HPB-COF
exhibited a large rhombic pore and two small triangular pores, which
resulted in the larger equivalent pore size of AB-stacked HPB-COF. As
expected, the AB-stacking mode significantly contributed to the
improvement in ion rejection rate. AB-stacked HPB-COF and MPCOF
exhibited excellent ion repellency (about 100% desalination). As shown
in Fig. S4, when AB-stacked HPB-COF and MPCOF were used as RO
membranes, almost all ions stayed in the feed chamber, and only a few
ions entered the membrane region. However, the ion rejection rate
(39.42%) of the AB-stacked TpPa-1 bilayer was unsatisfactory.
Furthermore, more ions flowed through the membrane and eventually
entered the pure water side, indicating that “AB-stacking” might not be
suitable for large-pore COFs. However, the AB-stacking mode has a
significant negative effect on water infiltration. As shown in Fig. 2b, the
water permeability of HPB-COF, MPCOF, and TpPa-1 bilayer mem-
branes decreased to 15.72, 14.06, and 75.19 L/cmz/day/MPa.

3.3. Transport resistance of different types of COF stacks

By placing TpPa-1 on the feed side, the HPB-COF and TpPa-1 were
stacked as a composite RO membrane (denoted as TpPa-1/HPB-COF) to
investigate whether they could be used to achieve higher water flux
while maintaining a high salt rejection rate than using AB-stacked HPB-
COF and MPCOF. As shown in Fig. 4(a), each large pore of TpPa-1 was
segmented into six “petals” with HPB-COF, and the equivalent pore
diameter was reduced to 0.525 nm, which is 12% less than the AB-
stacked TpPa-1. Then, the desalination performance of the composite
membrane under different pressure was then tested, and the water
permeation rate of the membrane as a function of AP was plotted
(Fig. 4d). As the pressure increased from 50 to 200 MPa, the water flux
increased from 125 to 473 #/ns, which positively correlated with AP.
When the pressure was below 200 MPa, the salt rejection rate of TpPa-1/
HPB-COF remained above 90%. As the external pressure increased, the
water flux linearly increased, while the salt rejection rate decreased to
some extent due to higher AP leading to stronger dehydration of ions
[35]. The results showed that the TpPa-1/HPB-COF membrane exhibi-
ted better desalination performance at lower pressure, indicating that
the composite membrane would exhibit superior performance under
lower experimentally applied external pressure. Compared with the
original AB-stacked HPB-COF, the water flux is increased by 1.85 times,
and the salt rejection rate still remains 100 % under 50 MPa. Compared
with the original AB-stacked TpPa-1 membrane, the salt rejection rate of
the TpPa-1/HPB-COF membrane significantly improved, meaning that
COF superimposed by large and small pore sizes simultaneously
improved water flux and salt interception rate.
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3.3.1. Ion rejection

To further explore the superior ion rejection rate of the composite
membrane, the microscopic behavior of ions was studied. Fig. S5a shows
the density profiles of ions along the Z-axis of the simulation system
when an external pressure of 50 MPa is applied. The ions were trapped
and remained in the feed chamber, and ions could not pass through the
membrane region. Because the distribution of ions was affected by both
ion and pore sizes, the ion-water radial distribution function (RDF) was
subsequently studied to obtain the hydration radius of Na* and CI". As
shown in Fig. S6, the X-axis value corresponding to the first groove of the
cross section of the ion-water RDF was the hydration radius of the ion.
The hydration radii of Na* and CI" were 0.32 and 0.395 nm, respectively,
and their hydration diameters were 0.64 and 0.79 nm, respectively.
However, the TpPa-1/HPB-COF equivalent pore diameter was 0.525
nm. As shown in Fig. 5, hydration shells surrounding the ions, rendered
the ions too large, thus preventing them from passing small cavities as in
“petal” nanopores of TpPa-1/HPB-COF composite membrane freely.
When the ions were subjected to external pressure, more ions gathered
close to the membrane, and only a few ions could pass through the TpPa-
1 membrane and enter the composite membrane area. However, the ions
could not enter the pure water side, which was consistent with the
observation that only a few ions were in the membrane region.

This “petal” pore was attributed to the significant difference between
AB-stacked TpPa-1 and TpPa-1/HPB-COF membrane ion retention rate.
The effective pore size of the AB-stacked TpPa-1 membrane was smaller
than the hydration diameter of the membrane, while its ion rejection
rate was only 39.42%. In the model diagram of AB-stacked TpPa-1 in
Fig. 3c, the hole of TpPa-1 was divided into three large “diamond” pores.
The “petal” pore was more irregular than the “diamond” pore, thus
allowing only water molecules to pass through. Hence, the ion rejection
rate of TpPa-1/HPB-COF was 100%, which was consistent with the study
of Amir et al., which found that nanopores with irregular elongated
geometries exhibited a superior ion rejection rate [36]. In addition, the
number of water molecules in the solvation shell of Cl" and Na™ ions in
different membranes demonstrates the difference between AB-stacked
TpPa-1 and TpPa-1/HPB-COF membranes. As shown in Figure S7, the
coordinate number of ions close to the membrane was smaller than the
value in the bulk solution, indicating that dehydration of the first hy-
dration layer for the ions occurred when ions were pressured through
the membrane, and the degree of dehydration for ions in TpPa-1/HPB-
COF membrane simulation system was larger than that of AB-stacked
TpPa-1 membrane. From the perspective of ionic hydration structure
change, more energy loss for ions to pass through the TpPa-1/HPB-COF
membrane, indicating the ions was more difficult to pass through TpPa-
1/HPB-COF.

To verify the superior ion rejection rate of TpPa-1/HPB-COF, one
random Na' and Cl" was chosen to display tracking paths during the MD
simulation. As shown in Fig. S8, the Na® and CI', which cannot
completely pass through the composite membrane, moved closer to the
middle region of the TpPa-1/HPB-COF along the Z-axis. As shown in

Fig. 3. Illustration of AB-stacking mode of (a) HPB-COF, (b)MPCOF, (c)TpPa-1 multilayers.
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Fig. 4. Illustration of the (a) TpPa-1/HPB-COF, (b) HPB-COF/TpPa-1 composite membrane (c) The number of water molecules filtered through the TpPa-1/HPB-COF
membranes and (d) Water flux and salt rejection rate of TpPa-1/HPB-COF with different pressure.

Fig. 5. Scheme of ions with hydration shells being blocked by small cavities in
the “petal” pore of TpPa-1/HPB-COF. The blue dashed line represents the extent
of the ionic hydration layer. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6a, the potential of mean force (PMF) of Na™ and Cl" was determined
using the Adaptive Biasing Forces (ABF) method [53]. The result showed
that the PMF of ions along the Z axis had a high peak in the middle of the
membrane, indicating that a high energy barrier prevents the ion from
passing through this region.

3.3.2. Water permeance

To better present the superior desalination performance of the TpPa-
1/HPB-COF composite membrane, we further compared the water
permeation rates of AB-stacked HPB-COF, TpPa-1/HPB-COF and AB-
stacked TpPa-1. As shown in Fig. 7(a), although the AB-stacked TpPa-
1 exhibited the highest water permeation rate, the ion rejection rate was
only 39.42%. The number of coordinates for ions in different mem-
branes was calculated to know the reason for the poor ion rejection rate
of the AB-stacked TpPa-1 membrane. As shown in Fig. S16, the coor-
dinate number of ions close to the membrane was less than the value in
the bulk solution, indicating that dehydration of the first hydration layer
for the ions occurred when ions were pressured through the membrane.
Compared with the AB-stacked TpPa-1 membrane, the ions required
more energy to dehydrate when they passed through the TpPa-1/HPB-
COF membrane. The TpPa-1/HPB-COF exhibited a higher water
permeation rate while maintaining a 100% ion rejection rate, which is
about 1.85 times that of AB-stacked HPB-COF. However, little difference
was observed between AB-stacked HPB-COF and TpPa-1/HPB-COF in
the effective pore size. In addition, a significant difference was observed
in the water permeance, indicating that other factors different from
effective pore size affect water permeance.

To better investigate the reasons for the difference between AB-
stacked HPB-COF and TpPa-1/HPB-COF in water permeance, the num-
ber of water molecules along the Z-axis is plotted in Fig. 7(b). The
density of water molecules density in the pores of the TpPa-1/HPB-COF
was relatively high, especially in the TpPa-1 part toward the brine side.
The high density of water might be attributed to the larger pore size of
TpPa-1/HPB-COF. The pore size of TpPa-1/HPB-COF was larger than
that of the AB-stacked HPB-COF, and TpPa-1 with a large pore size was
located in the first layer with a larger accessible surface area, facilitating
the movement of more water molecules to the membrane area at the
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same time. Except for the large pore size, according to the character-
ization of TpPa-1 structure by Thomas et al., the existence of hydrophilic
group C—=O0 in TpPa-1 was verified [42]. The hydrophilic group C=0 in
the TpPa-1 membrane is attributed to the presence of higher peaks, and
its hydrophilic characteristics attract more water molecules to gather
close to the membrane, which is beneficial to improve the water flux.
Further evidence for the hydrophilicity of C—=0 was obtained by plotting
the RDF between the groups and the water molecules (Fig. 7¢). The C=N
on HPB-COF was compared with the C=O0, and the peak of the C=0 was
higher than that of C=N. The higher peak indicates that the interaction

between the C=0 and water molecules is stronger than C=N and at-
tracts more water molecules into the membrane region.

The distribution density of water molecules inside the composite
membrane was further analyzed using Multiwfn [54], (Fig. 8). The
analysis revealed that the density distribution of water molecules in the
TpPa-1/HPB-COF composite membrane was higher than that of the AB-
stacked HPB-COF. Compared with the density map of the TpPa-1 and
HPB-COF monolayers (Fig. 8a-b), the density map of the TpPa-1/HPB-
COF showed that the “hexagonal star” of TpPa-1 was divided into a
“round stamen” and six “small petals”. The path of water molecules
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Fig. 8. The x-y plane average density distribution of water molecules inside the (a) TpPa-1, (b) HPB-COF, (c) AB-stacked HPB-COF, and (d) TpPa-1/HPB-COF.

through the composite membrane can be determined by comparing the
density distribution. In particular, a high-density region was observed
around each C=O0, indicating that more water molecules were gathered
nearby, further confirming that C—=0 was more hydrophilic and could
attract water molecules into the membrane area.

In addition to the contributions of hydrophilic C=0 and the pore size
of TpPa-1, the other characteristics contributing to the superior water
permeance of TpPa-1/HPB-COF were deeply explored. The available
surface area of the TpPa-1/HPB-COF was larger than that of the AB-
stacked HPB-COF. As shown in Fig. 7(d), the available surface area of
the TpPa-1/HPB-COF was up to 2743.70 m?/g, while that of the AB-
stacked HPB-COF was 1844.18 m2/g, which is about 1.49 times larger
discrepancy. The larger available surface area provides a bigger plat-
form allowing the water molecules to enter the pure water sides, thus

2500
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improving the water permeation rate.

The interaction between the pore wall and water molecules is a
major factor in the dynamic random motion of water molecules. The
dynamics of in-pore water molecules can be characterized using the self-
diffusion coefficient along the z-direction (Dz). The mean-squared dis-
placements of all in-pore water molecules in the z-direction (MSDz)
should be first measured to calculate Dz. Dz can be calculated using
Equation (4):

limMSDz(1)

_ 1>
Dz = N ()]

The alteration of MSDz with time in the AB-stacked HPB-COF and
TpPa-1/HPB-COF composite membrane is shown in Fig. 9a. The Dz
value of the TpPa-1/HPB-COF composite membrane was 0.124-10°

5
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Fig. 9. (a) Mean-square displacements along the z direction of water molecules and (b) PMF for water molecules of AB-stacked HPB-COF and TpPa-1/ HPB-COF.
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m2s~!, while the Dz value of AB-stacked HPB-COF was 0.066-10"°
m?s~1, which is about 1.88 times higher than that of AB-stacked HPB-
COF.

The PMF of the water molecules along the Z-axis was calculated to
describe the free energy profile of water molecules transported through
the TpPa-1/HPB-COF, as shown in (Fig. 9b), and the peak of PMF curves
spanning the AB-stacked HPB-COF was higher than that of the TpPa-1/
HPB-COF, indicating that AB-stacked HPB-COF had a stronger energy
barrier when water molecules passed through the membrane, resulting
in poor water permeation.

3.3.3. Comparison between HPB-COF/TpPa-1 and TpPa-1/HPB-COF
membrane

The model with the HPB-COF of the composite membrane placed
toward the feed side (referred to as HPB-COF/TpPa-1), shown in Fig. 4b,
was also established to explore whether the position of the membrane
with different pore sizes would affect desalination performance. The
water permeance and ion rejection rate are calculated from the data
after 10 ns, indicating that the desalination performance is not affected
by the position of the membrane with different pore sizes (Fig. S11).
Almost all ions remained in the feed chamber, and few ions were
observed in the membrane zone (Fig. S5b). As shown in Fig. 6b, the PMF
of ions along the Z-axis also had a high peak in the middle of the HPB-
COF/TpPa-1, reflecting the excellent ion rejection of HPB-COF/TpPa-
1. Ben et al. reported that the free energy barriers could be attributed
to the energy needed to (partially) dehydrate the ions [55]. By
comparing the calculated coordination number of water molecules of
ions in bulk solution and ions close to the HPB-COF/TpPa-1 membrane,
the number of coordinates for ions close to HPB-COF/TpPa-1 membrane
was less than that of the bulk solution, indicating the dehydration
occurred when the ions accessed the membrane (Fig. S10). The existence
of high energy barrier in the middle of HPB-COF/TpPa-1 indicated that
more energy loss for ions to pass through the composite membrane.
Hence, ions could not pass through the membrane region. In addition,
the variation in MSDz of the HPB-COF/TpPa-1 is similar to that of the
TpPa-1/HPB-COF composite membrane (Fig. S14). The similarity in
MSDz variation confirms that the performance of HPB-COF/TpPa-1 is
not affected when the position of the membrane with different pore sizes
changes. As shown in Fig. S9, the water flux of HPB-COF/TpPa-1 is low
before 10 ns, and the performance tends to be stable after 10 ns. The
early performance of membrane HPB-COF/TpPa-1 is not stable, which
may be attributed to the small HPB-COF pore and the lack of hydrophilic
C=0O0, resulting in insufficient water molecules entering the membrane
region. When TpPa-1 is located on the brine side (Fig. S12), its density is
significantly higher than that of HPB-COF, which allows more water
molecules to enter the membrane area in the same amount of time to
quickly reach a steady state. Apart from this, a similar finding is also
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displayed in Fig. S13. From the density distribution of water molecules
along the Y axis, we can obtain the location of the interlayer pathways of
water molecules. A higher density region was observed close to the
TpPa-1 of TpPa-1/HPB-COF, which was consistent with the above
observations.

3.4. Effect of layer spacing on performance

The interlayer spacing of the TpPa-1/HPB-COF membrane was
adjusted to determine the optimal separation size for desalination per-
formance. Fig. 10a shows the time evolution of the number of water
molecules passing through the TpPa-1/HPB-COF membrane with
different interlayer spacing under a pressure of 50 MPa. The slope
increased as the layer spacing increased. Fig. 10b shows the excellent
desalination performance of the TpPa-1/HPB-COF membrane when the
layer spacing is adjusted at 0.44 nm.

To better understand the effect of layer spacing on desalination
performance, the number density of water molecules is plotted in
Fig. S15. The density in the composite membrane region increased as the
layer spacing increased, particularly at 0.54 nm. A higher peak was
observed in the membrane region, indicating more water molecules
entered the membrane region simultaneously and also indicated that the
water permeability of the membrane region improved. As shown in
Fig. S16, the density distribution widened with the increasing layer
spacing, which is consistent with the above results.

The number density of ions along the Z-axis was also plotted to
provide more detailed information about the effect of the layer spacing
on ion rejection rate. As shown in Fig. S17, no ion was observed on
permeation sides when the layer spacing was 0.34 and 0.44 nm. When
the layer spacing increased to 0.54 nm, a few ions completely passed
through the composite membrane to the permeation side. As shown in
Fig. S17d, as the layer spacing increased, the degree of ion dehydration
in the membrane decreased. This phenomenon is because the increase in
the distance between two layers of the film reduces the influence on
ions.

To comprehensively show the significant potential of the TpPa-1/
HPB-COF composite membrane used as an RO membrane, we further
compared the desalination performance of the composite membrane
with that of commercial membranes (MFI-type zeolite [56], and com-
mercial RO [24]) and other nanomaterials (MoS, [57], MoSe,[24], Asn
func. SWCNTs [58], AISINT [59], and Graphene [57]). TpPa-1/HPB-
COF composite membrane with a layer spacing of 0.44 nm exhibited
superior salt rejection rate and water permeation rate (Fig. 11), with
water permeation rate is increased at 40.04 L/cmz/day/MPa.
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Fig. 10. (a) The number of water molecules filtered through the TpPa-1/HPB-COF membrane. (b) Desalination performance of TpP-1/HPB-COF membrane with

different layer spacing.
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Fig. 11. The comparison in desalination performance of TpPa-1/HPB-COF with
various membranes.

4. Conclusion

In this study, we investigated the properties of the petal-shaped
composite membrane formed by superimposing COF with a large aper-
ture difference from a microscopic perspective. Through NEMD simu-
lations, the desalination performance of COF multilayer membranes
with different pore sizes was investigated. HPB-COF, MPCOF and TpPa-
1 with intrinsic pores of 0.577, 0.978 and 1.582 nm, respectively, were
chosen to represent COFs with different pore sizes for desalination.
However, the ion rejection rate of monolayer COF as an RO membrane
was poor. The AB-stacked mode reduced the effective pore size and
increased the ion retention rate, thereby reducing water permeability.
The TpPa-1/HPB-COF membrane exhibited a salt rejection rate of 100%
and water permeance of 29.00 L/cm?/day/MPa, which is about 1.85
times that of the AB-stacked HPB-COF. Through simulation analysis, we
found that stacking COF materials with different pore sizes and types to
form composite membranes could simultaneously achieve high water
permeance and salt rejection rate. The separation performance of the
composite was affected by the available surface area, pore size, and
functional group nature of the COF membrane. The optimal interlayer
spacing of the TpPa-1/HPB-COF composite was 0.44 nm for seawater
desalination. Hence, this study may help researchers to understand the
effect of material designs on desalination performance at different
operating conditions and from molecular perspectives.
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