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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Effects of hydrophilicity, shape, and size 
of pores on boron rejection are 
investigated. 

• The circular pore is the most suitable to 
reject boron with high water 
permeance. 

• The hydrophilic pore favors the boron 
rejection. 

• The mechanisms of B(OH)3 rejections 
are proposed.  
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A B S T R A C T   

Efficient boron removal is one of the key challenges for reverse osmosis membranes. Understanding the transport 
behavior of boric acid (B(OH)3) at the molecular level is of great importance to design pores with high perm
selectivity. Herein, via non-equilibrium molecular dynamics simulations, the B(OH)3 rejection is found to be 
closely related to the hydrophilicity, shape, and size of sub-nanometer pores. Among these structure parameters, 
the role of the pore shape is dominant as the slit pore has ≤20% B(OH)3 rejections regardless of the pore hy
drophilicity and slit width. It is due to the nature of the B(OH)3 molecule being plate-like, even when it is hy
drated. Such a unique structure makes the B(OH)3 rejection depend on the major diameter of the non-circular 
pores. On the other hand, the circular pore, which has the same diameter in all directions, is the most suit
able to reject B(OH)3 molecules while providing high water permeance. With a circular pore shape, hydrophilic 
pores favor the B(OH)3 rejection because the preferentially adsorbed water molecules inside pores can impede 
the passage of B(OH)3. These findings are expected to guide the rational design and screening of the nanoporous 
materials for efficient boron removal.   

1. Introduction 

Water scarcity is one of the major problems in the world due to the 

rapid population growth and industrialization. As saline water accounts 
for 97.5% of the global water resource, desalination is recognized as a 
solution to augment freshwater supply [1]. Owing to the low energy 
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consumption, easy operation, and small footprints, reverse osmosis (RO) 
has become the predominant desalination technology, which accounts 
for ~70% of the world's desalination capacity [2]. The commercial RO 
membranes can effectively remove salt ions with a rejection rate of 
>99% [3]. However, boron is identified as a toxin when the desalted 
water is firstly found to be poisonous to some crops in the Middle East 
[4]. The boron ubiquitously exists in seawater with an average con
centration of about 4.5 mg/L [5]. Some countries such as China strictly 
limit the boron concentration of 0.5 mg/L, which requires RO mem
branes having >90% boron rejection. However, the boron rejections of 
the commercial RO membranes are commonly <80% [6]. 

In seawater pH of about 8.4, boron is predominantly present as boric 
acid, B(OH)3 [5]. Unlike the salt ions, B(OH)3 is a neutral solute with 
poorly hydration shells, which results in its hydrodynamic size being 
smaller than that of the hydrated ion. This is why the commercial RO 
membranes have very high rejections to ions but poor rejections to B 
(OH)3. 

Inadequate B(OH)3 rejection by the single-stage RO process often 
necessitates additional treatment techniques such as further RO process 
[7], pH adjustment [8], adsorption [9], or ion exchange [10]. However, 
these additional treatment processes will increase energy costs and/or 
the process complexity. If the membranes of single-stage RO achieve the 
goal of the 90% boron rejection, the additional treatments will be 
avoided. 

To improve the B(OH)3 rejection of RO membranes, some progress 
has been made to modify the active polyamide layer by incorporating 
the molecular plugs. However, there is a contradiction in embedding the 
hydrophobic or hydrophilic molecular plugs. Freger group reported that 
embedding the hydrophobic glycidyl methacrylate [11] and aliphatic 
amine molecules [12,13] could facilitate the boron rejection. Wang et al. 
incorporated the hydrophobic polyisobutylene during the process of the 
interfacial polymerization, and the boron rejection was increased from 
81.36% to 93.12% [14]. Moreover, the incorporation of hydrophilic 
molecular plugs can also promote the boron rejection. Dydo et al. [15] 
reported that incorporating the hydrophilic polyol compounds could 
effectively improve the boron rejection. Zhou group [16] embedded 
hydrophilic sulfonyl molecules into the polyamide layer to improve the 
boron rejection from 82.12% to 93.10%. Liu et al. [17] reported that 
incorporating the hydrophilic UiO-66 nanoparticles can improve the 
boron rejection to 91.2%. 

Based on the findings aforementioned, the understanding of the ef
fect of pore hydrophilicity on the B(OH)3 rejection is controversial. On 
the one hand, it is considered that the hydrophobic pores are helpful to 
disrupt the water-B(OH)3 association and decouple the water and B 
(OH)3 permeation [11,13]. On the other hand, the hydrophilic pore has 
a strong affinity to the B(OH)3 molecules, which will decrease the 
diffusion rate of B(OH)3 [16,17]. According to the solution-diffusion 
mechanism, the hydrophobic pore is not favorable for the process of 
the B(OH)3 solution, while the hydrophilic pore slows down the process 
of the B(OH)3 diffusion. Therefore, both hydrophobic and hydrophilic 
pores seem to favor the B(OH)3 rejection, which confuses the design of 
membranes for efficient boron removal. Moreover, it is still very chal
lenging to observe the transport behaviors of B(OH)3 in the sub- 
nanometer pores by any experimental characterizations. 

Molecular dynamics (MD) simulations are feasible and powerful 
techniques to study transport behaviors of fluids in the sub-nanometer 
pores, which can provide the molecular mechanisms for macroscopic 
observations. Via MD simulations, a number of studies investigated the 
effects of size, hydrophilicity, and shape of pores on salt rejection 
[18–20] and water-ethanol separation [21]. However, the rejection 
mechanisms of B(OH)3 are rarely investigated. Our previous study re
veals a rejection mechanism of B(OH)3. That is, a hydrophilic nanopore 
preferentially adsorbs water due to the hydrogen bonding interaction, 
and the pore occupation of water molecules will reject B(OH)3 molecules 
[22]. However, the effect of the degree of pore hydrophilicity on the B 
(OH)3 rejection is unrevealed. Besides the pore hydrophilicity, a 

comprehensive understanding of the effects of the structure parameters 
of sub-nanometer pores on B(OH)3 rejections is urgently needed. 

In this work, the effects of hydrophilicity, shape, and size of pores on 
the B(OH)3 rejections are systematically investigated via non- 
equilibrium molecular dynamics (NEMD) simulations. Firstly, to inves
tigate the effect of the pore hydrophilicity on the B(OH)3 rejection, six 
kinds of functionalized covalent organic frameworks (COFs) with 
various functional groups (COOH, NH2, OH, NO2, SH, and CH3) but 
comparable pore diameters are used as pore models. Then, compared 
with the circular COF pores, the graphene slits are used to investigate the 
effect of pore shape on the B(OH)3 rejection. After confirming that the 
circular pore shape is the most suitable to reject B(OH)3 molecules, the 
role of the diameter of the functionalized COFs is investigated by tuning 
the chain length of the side groups in the pores. 

2. Models and methods 

2.1. Models 

The size and hydrophilicity of pores were computationally designed 
based on the experimentally synthesized COF, namely TpPa-1. As shown 
in Fig. 1a, TpPa-1 is synthesized via the co-condensation of 1,3,5-trifor
mylphloroglucinol (Tp) and p-phenylenediamine (Pa) [23]. The unit cell 
was obtained from the database of CoRE COF [24]. According to the 
revealed rejection mechanism in our previous studies, the preferentially 
adsorbed water molecules inside a hydrophilic pore can impede the 
passage of B(OH)3 [22]. That is, the pore radius can be designed up to 
the size of a water molecule (~3 Å). Moreover, different functional 
groups were selected to construct the pores with various degrees of 
hydrophilicity. Therefore, six functionalized TpPa-Rs, namely -OCC
COOH, -OCCCNH2, -OCCCOH, -OCCCNO2, -OCCCSH, and -OCCCCH3, 
were built with comparable pore diameters of 6.6, 5.9, 6.6, 5.5, 5.0, and 
5.6 Å, respectively (Fig. 1b). The pore size was computationally tuned by 
changing the length of the side chain and measured by the Zeo++

package [25]. Moreover, our previous studies established the relation
ship between water contact angles and functional groups in sub- 
nanometer pores [26]. Since the water contact angle of 65◦ is regar
ded as the boundary between hydrophilicity and hydrophobicity 
[27,28], these functionalized TpPa-Rs can be categorized as hydrophilic 
(COOH, NH2, OH) and hydrophobic (NO2, SH, CH3) pores. 

Firstly, the unit cell of each TpPa-R was optimized by using Cam
bridge Sequential Total Energy Package (CASTEP). The generalized 
gradient approximation (GGA) formulated by Perdew-Burke-Ernzerhof 
(PBE) was used to calculate the electronic exchange and correlation. 
Then, a TpPa-R membrane composed of four pores was used as models 
for the following NEMD process. 

The snapshot of B(OH)3 and water transport through a TpPa-R 
membrane is shown in Fig. 2. The B(OH)3 solution in the feed side 
contains 20 B(OH)3 molecules and 3000 water molecules, corresponding 
to the boron concentration of 4.0 g/L. A higher boron concentration 
than seawater (~4.5 mg/L) was used to collect sufficient transport 
events of B(OH)3 and obtain more precise results in the nanosecond 
timescale of simulation, which is commonly used in simulation works 
[29–31]. The number of water molecules in the permeate side was 607. 
Besides, the transmembrane ΔP in the z-axis is generated by applying 
forces on the two graphene pistons at each side of the system. 

2.2. Methods 

All the molecular dynamics simulations were performed using the 
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
package [32]. The interactions of atoms are composed of the Lennard- 
Jones (LJ) and Coulombic interactions. The B(OH)3 parameters were 
proposed by Risplendi et al. [29]. To match the B(OH)3 model, the water 
model of TIP4P-Ew [33] was used. The bonds and angles of water were 
constrained by the SHAKE algorithm. The LJ parameters from the 
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Dreiding force field were used for TpPa-Rs [34], which were widely used 
in COF-based membranes [35–37]. Restrained electrostatic potential 
(RESP) charges were used to describe the atomic partial charges of TpPa- 
Rs, which were given in Table S1. The RESP charges were calculated 
under the implicit solvent environment of water using B3LYP exchange- 
correlation functional in conjunction with 6-311G** basis set and 
analyzed by the Multiwfun [38]. The LJ and Coulombic parameters of 
graphene slits were described by the optimized potentials for liquid 
simulations-all atoms (OPLS-AA) [39]. The Lorentz-Berthelot mixing 
rule was used to calculate pair-wise LJ parameters. Particle-particle 
particle-mesh (PPPM) solver with a root-mean-square error of 10− 4 

was used to calculate long-range electrostatic interactions [40]. Only x 
and y directions were set to periodic boundary conditions. 

Firstly, energy minimization was performed for each simulation. 
Then, to let water molecules wet the pores, a 1 ns equilibrium MD 
simulation was carried out at 0.1 MPa and 300 K. In the NEMD process, a 
constant pressure (P) is generated by applying an external force (f) on 
the piston, which can be calculated as: 

P =
nf
A

(1)  

where A represents the membrane area and n represents the atom 
number of the piston. The two rigid pistons will self-adjust their posi
tions under the pressures to generate the ΔP across the membrane: 

ΔP = Pfeed − Ppermeate (2) 

Pfeed was set to 50.1 MPa and Ppermeate was set to 0.1 MPa (ambient 
pressure). The ΔP of 50 MPa was higher than the experimental value, 
which is commonly used to increase the signal/noise ratio in the limited 
simulation time [30,31,36]. The system temperature was set to 300 K 
using the Nosé-Hoover thermostat. The simulation time of the NEMD 
process is 10 to 120 ns, which allows half of the feedwater to permeate 
through the membranes. The time step was set to 1 fs. The results were 
averaged by three parallel runs with different sets of initial 
configurations. 

Fig. 1. (a) Schematic of the synthesis of TpPa-1. (b) The atomic structures of TpPa-Rs with terminal groups of COOH, NH2, OH, NO2, SH, and CH3. The yellow 
circular area represents the location of the pore. The pore diameters are labeled. Atomic colors: C, gray; H, white; O, red; N, blue; S, yellow. 
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2.3. Permeance and rejection calculations 

As shown in Fig. S2, with the increased sampling time, the number of 
filtered water molecules is increased linearly, which indicates the 
steady-state water flows. Water permeance (Q) can be calculated as: 

Q =
V

AtΔP
(3)  

where V is the volume of permeated water and t is the permeating time. 
The rejection (R) can be calculated as: 

R = 1 −
cp

cf
(4)  

where cp and cf represent the concentrations of B(OH)3 in the feed and 
the filtrate solutions, respectively. 

3. Results and discussion 

3.1. The effect of functional group on rejection 

According to our previous work, the hydrophilicity of the sub- 
nanometer pores plays a significant role in the B(OH)3 rejection [22]. 
Therefore, we firstly investigate the B(OH)3 rejections of TpPa-R mem
branes with various functional groups but comparable pore diameters of 
~6.0 Å. As shown in Fig. 3, the B(OH)3 rejections of the hydrophilic 
pores with functional groups of COOH, NH2, and OH are 93.4%, 100%, 

and 100%, respectively. However, the hydrophobic pores with func
tional groups of NO2, SH, and CH3 have B(OH)3 rejections of 12.8%, 
19.8%, and 0.1%, respectively. All the hydrophilic pores can meet the 
standard of the 90% B(OH)3 rejection. However, the B(OH)3 rejection 
shows a sharp decrease when the pore chemistry changes from hydro
philicity to hydrophobicity. Moreover, taking OH- and H-functionalized 
TpPa-Rs as examples, the B(OH)3 rejections of the five-layered TpPa-R 
nanosheet are consistent with those in the monolayer (Fig. S3). 

Furthermore, we turn to investigate the separation mechanisms. Our 
previous work indicates that the B(OH)3 has a very weak hydration shell 
[22]. Therefore, the effect of dehydration cannot explain the huge dif
ference in rejections between hydrophilic and hydrophobic pores. 
Moreover, it is reported that the B(OH)3 molecule has the Stokes 
diameter of 3.1 Å [11,41], which is smaller than the diameter of the 
hydrophilic pores, 5.9–6.6 Å. Therefore, the size exclusion cannot be 
used to explain the B(OH)3 rejection mechanisms. 

Such a huge difference in rejections between the hydrophilic and 
hydrophobic pores is likely to be caused by the different pore affinities to 
B(OH)3 and water molecules. Moreover, the breaking and formation of 
hydrogen bonds (HBs) is reported to play a key role in water transport 
through nanopores [37]. Therefore, the profiles of the average HB 
number (nHB) per water molecule along the z-axis in TpPa-R membranes 
with different functional groups are plotted in Fig. 4. A HB is judged to 
exist by the geometrical criterion [42]. nHB is ~3.5 in the bulk solution 
for all cases. In the case of the TpPa-R membrane with the functional 
group of COOH, nHB between water molecules decreases from 3.5 to 1.6 
while water enters the pore. Meanwhile, this HB loss will be compen
sated by the atoms of the pore wall (PW). nHB from the compensation of 
the oxygen atoms of the PW (OPW) increases from 0 to 1.1. nHB from the 
compensation of the hydrogen atoms of the PW (HPW) shows a slight 
increase near the pore. Considering the HB compensation from the PW 
atoms, the decrease of total nHB is on a relatively small scale. nHB's of the 
HB compensations from COOH, NH2, and OH are 1.1, 1.0, and 1.0, while 
those from NO2, SH, and CH3 are 0.7, 0.4, and 0.0, respectively. More
over, the HB lifetimes between water molecules and the functional 
groups are calculated by HB autocorrelation functions (Fig. S4). The HB 
lifetimes of water with COOH, NH2, and OH are 2.1, 16.2, and 5.1 ps, 
while those of water with NO2 and SH are 1.5 and 1.2 ps, respectively. 
The HB lifetime between water and CH3 was not calculated because 
there are nearly no HB numbers between them (Fig. 4). By considering 
the HB numbers and lifetimes, the HB interactions of water molecules 
with the PW atoms are stronger in the hydrophilic pores. Due to this HB 
effect, water molecules preferentially adsorb inside the pores, and the 
occupation of water molecules inside the pore will impede the path of B 
(OH)3 transport. 

To further verify the HB compensation from the PW, the xy-plane 
density maps for water in the TpPa-R pores are shown in Fig. 5. Inside 
the hydrophilic pores with the functional groups of COOH, NH2, and 
OH, there exist high water densities near the functional groups, which 
results from the HB interaction between water and the functional 
groups. These occupied water molecules inside the pore make no room 
for other molecules to stay, thus making high rejections to B(OH)3. 
However, inside the hydrophobic pores with the functional groups of 
NO2, SH, and CH3, water densities are relatively uniform near the PW. 
These water molecules can be replaced by the B(OH)3 molecules because 
of the weak HB interactions of water molecules with the PW atoms. 
Moreover, in each TpPa-R membrane, there are also six small pores 
surrounding the center pores. These small pores do not affect the re
jections because they are too small compared to the center pores. 

3.2. The effect of pore shape on rejection 

As discussed above, the hydrophilic pores with diameters of 5.9–6.6 
Å have >90% rejections of B(OH)3. However, the hydrophilic COF-TpTG 
monolayer with a diameter of 3.9 Å, in our previous work, emerges as 
low as 64.2% B(OH)3 rejection [22]. It might result from the definition 

Fig. 2. The snapshot of B(OH)3 and water transport through a TpPa-R mem
brane. The compositions of the simulation system are labeled. 
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Fig. 3. The rejections of B(OH)3 of the TpPa-R membranes with various func
tional groups. 
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of pore diameter measured by Zeo++ software. The TpPa-Rs pores are 
circular but the TpTG pore is triangular (Fig. S5). The diameter is 
defined by the inscribed sphere in TpTG pores. This reminds us that the 
shape of the pore should be taken into consideration when investigating 
the rejection mechanism of B(OH)3. 

To further investigate the effect of the pore shape, an extreme case of 

silt pore is selected in comparison with the above-used circular pores. As 
shown in Fig. 6a, using typical graphene slits as pore models, the hy
drophilic and hydrophobic slits are built by grafting the hydroxyl and 
hydrogen inside the slits. The B(OH)3 rejections of the slit pores are 
investigated as shown in Fig. 6b. When the pore diameter is 3.7 Å, the 
hydrophilic and hydrophobic slits have the B(OH)3 rejections of 20.0% 
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Fig. 4. The profiles of the average HB number (nHB) per water molecule along the z-axis in TpPa-R membranes with different functional groups. W-W denotes the 
HBs between water molecules. OPW, HPW, NPW, and SPW denote the HBs of water molecules with the oxygen, hydrogen, nitrogen, and sulfur atoms of the pore wall 
(PW), respectively. Total denotes both the two kinds of HBs. The gray dashed line represents the location of the membrane. 

Fig. 5. The xy-plane density maps of water in TpPa-R pores with different functional groups.  
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and − 2.5%, respectively. When the pore diameter is decreased to 2.7 Å, 
the hydrophilic and hydrophobic slits have B(OH)3 rejections of 20.2% 
and 10.6%, respectively. If the pore diameter continues to decrease, the 
water flux becomes nearly zero. Since water molecules can hardly pass 
through the membrane, the investigation of the B(OH)3 rejection per
formance makes no sense. Therefore, it is considered that the slit pore 
cannot effectively reject B(OH)3 molecules regardless of the pore hy
drophilicity and the slit width. 

It is recognized that the dehydration of ion passage through a narrow 
pore leads to the energy barrier, which hinders the ion passage. Simi
larly, a water molecule can also be regarded to have a hydration shell 
because of the HB interaction. To enter an extremely confined pore, 
water molecules will rearrange their hydrogen bonds. This so-called HB 
rearrangement is often accompanied by the loss of some HB number, 
which results in the energy barrier for water passage [43,44]. Similarly, 
the B(OH)3 rejection should be dependent on not only its molecular 
shape but also its HB interactions with water molecules, i.e., its hydra
tion state. 

In the bulk aqueous solution, there exist HBs between the three hy
droxyls of one B(OH)3 molecule and the surrounding water molecules. It 
was calculated that nHB per B(OH)3 molecule in the planar direction of 
the B(OH)3 molecule is 2.2, while that in the axial direction of the B 
(OH)3 molecule is 0.0. HBs of B(OH)3 with water molecules can only be 
formed in the planar direction of the B(OH)3 molecule, which is 
consistent with the previous literature [45]. The schematic illustration 
of a B(OH)3 molecule with its HB structure with the surrounding water 
molecules is shown in Fig. 6c. nHB per B(OH)3 molecule between B(OH)3 
and water molecules along the z-axis is shown in Fig. 6d. In the 

extremely confined slits with the width of 2.7 Å, nHB per B(OH)3 mole
cule is nearly unchanged when it passes through the hydroxylated and 
hydrogenated graphene slits. To maintain this HB interaction with 
water, the B(OH)3 molecule will pass through the membrane with the 
molecular plane vertical to the membrane surface. Therefore, it can be 
concluded that slit-like pores can hardly reject B(OH)3 molecules. As the 
B(OH)3 and its HB structure with the surrounding water molecules are 
plate-like, it can also be concluded that the B(OH)3 rejection is depen
dent on the major diameter of the non-circular pores (Fig. 6e). There
fore, the circular pore is the most suitable pore, which offers the 
narrowest major diameter to reject B(OH)3 and the largest area for water 
permeation at the same time. 

3.3. The effect of pore size on rejection 

Using the circular TpPa-Rs pores, we then investigate the effect of 
pore size on the B(OH)3 rejection. As discussed above, with comparable 
pore size of ~6 Å, the hydrophilic pores have >90% B(OH)3 rejections, 
while the hydrophobic pores have <20% B(OH)3 rejections (Fig. 3). In 
the hydrophilic pores with the terminal groups of COOH, NH2, and OH, 
when the pore diameters are increased to ~8 Å, the B(OH)3 rejections 
are decreased to 40.7%, 50.3%, and 37.2%, respectively (Fig. 7a). In the 
hydrophobic pores with the terminal groups of NO2, SH, and CH3, when 
the pore diameters are decreased to 2.9, 3.1, and 3.4 Å, respectively, the 
B(OH)3 rejections are all increased to 100% (Fig. 7b). Therefore, to 
effectively reject B(OH)3, the major diameters of the hydrophilic pores 
are ~6.4 Å, while those of the hydrophobic pores are ~3.1 Å. The 
rejection mechanism of the hydrophilic pores is discussed above. The 

Fig. 6. (a) The atomic structures of hydroxylated (left) and hydrogenated (right) graphene slits. (b) The B(OH)3 rejections of hydroxylated and hydrogenated 
graphene slits with different slit widths. (c) Schematic illustration of the B(OH)3 molecule with its HB structure with the surrounding water molecules. (d) The 
profiles of the average HB number (nHB) per B(OH)3 molecule between B(OH)3 and water molecules along the z-axis in the hydroxylated and hydrogenated graphene 
slits with the width of 2.7 Å. The vertical gray dashed line represents the position of the membrane, and the horizontal gray dashed line is y = 2.2 (nHB per B(OH)3 
molecule in the bulk solution). (e) The schematic illustration for the major and minor diameters (Dmajor and Dminor) of a slit pore. 
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rejection mechanism of hydrophobic pores can be ascribed to the size 
exclusion. This is because the diameters of the NO2- and SH- 
functionalized pores are smaller than or equal to the Stokes diameters 
of B(OH)3, 3.1 Å [11,41]. Besides, the CH3-functionalized pore with a 
diameter of 3.4 Å shows a complete B(OH)3 rejection because the very 
hydrophobic character of the pore wall provides smaller transporting 
paths (Fig. 5). 

3.4. Water permeance 

After investigating the effects of hydrophilicity, shape, and size of the 
pores on the B(OH)3 rejection, we then analyze the water permeance. To 
reach >90% B(OH)3 rejections, the circular pores functionalized by 
COOH, NH2, OH, NO2, SH, and CH3 are 6.6, 5.9, 6.6, 2.9, 3.1, and 3.4 Å, 
respectively. The corresponding water permeances are shown in Fig. 8. 
The permeances of the hydrophilic pores are much higher than those of 
the hydrophobic pores. There are two reasons: i) the hydrophilic pores 
have larger pore diameters; ii) the hydrophilic pores provide higher 
water densities inside the pore (Fig. 5), resulting in more water paths 
[46,47]. The water permeance of the hydrophilic pores is 255–1778 L 
m− 2 h− 1 bar− 1, which is two to four orders of magnitude than the 
experimental polyamide membranes [14,16,17]. 

Since the reverse osmosis membranes need to effectively remove 
salts and B(OH)3, as well as to achieve the goal of maximizing the water 
permeance simultaneously, the effects of pore hydrophilicity and pore 
shape should be discussed. With regards to the pore hydrophilicity, the 
hydrophilic pores are not beneficial to reject the salt ions because the 

PW atoms will compensate for their hydration shell, which reduces the 
energy barrier for ion passage [46]. However, the hydrophilic pores 
achieve higher water permeance due to the preferential water-pore 
interaction [46,47]. Balancing salt rejection and water permeance, the 
hydrophilic pores will achieve a better desalination performance 
[46,47]. Moreover, the hydrophilic pores are more effective at the B 
(OH)3 rejection as discussed above. Therefore, considering salt rejection, 
water permeance as well as B(OH)3 rejection, the hydrophilic pores are 
more likely to achieve a better comprehensive performance. Moreover, 
it should be noted that the interior resistance of hydrophilic channels to 
water should be considered when the effect of the pore length is 
considered [26]. 

With regards to the pore shape, the circular pore is the most suitable 
pore shape for the B(OH)3 rejection as discussed above. Compared to the 
shape dependence, the salt rejection is primarily dependent on the en
ergy barrier for the ion passage through a pore due to the dehydration of 
the strong and spherical hydration shell. Both the circular and slit pores 
can effectively reject salt ions [46,48]. Unlike rejecting B(OH)3, the slit- 
like pore such as the elliptical pore may be more suitable for both the ion 
rejection and the water permeance. It was reported that increasing the 
area of the elliptical pore with a controlled minor diameter can enhance 
the water permeation without sacrificing the salt rejection [49]. 

4. Conclusions 

The effects of hydrophilicity, shape, and size of sub-nanometer pores 
on the B(OH)3 rejection are systematically investigated via NEMD sim
ulations. Six types of functionalized COFs, namely TpPa-Rs, with 
different functional groups but comparable diameters of ~6.0 Å are used 
as models. It is found that the B(OH)3 rejections of the hydrophilic pores 
with the functional groups of COOH, NH2, and OH are >90%, while 
those of the hydrophobic pores with the functional groups of NO2, SH, 
and CH3 are <20%. The hydrophilic pores favor the B(OH)3 rejection 
because they can preferentially adsorb water molecules due to the 
hydrogen bonding interaction, and the occupation of water molecules 
inside pores will block the B(OH)3 molecules. To investigate the effect of 
the pore shape, the typical graphene slits are used as models in com
parison with the circular TpPa-R pores. It is found that the B(OH)3 re
jections of the slit pores are ≤20% regardless of the hydrophilicity and 
slit width. The reason is that the B(OH)3 and its HB structure with the 
surrounding water molecules are plate-like. Based on this unique 
structure, the circular pore is considered to be the most suitable for both 
high rejection of B(OH)3 and high water permeance. Then, the effect of 
the size of the circular TpPa-R pores is investigated. To reach >90% 
rejection of B(OH)3, the major diameters of hydrophilic pores with the 
functional groups of COOH, NH2, and OH are 6.6, 5.9, and 6.6 Å, while 
those of the hydrophobic pores with functional groups of NO2, SH, and 

Fig. 7. The B(OH)3 rejections of hydrophilic (a) and hydrophobic (b) pores of the TpPa-R membranes with various diameters.  
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Fig. 8. Water permeance of TpPa-R membranes with different functional 
groups when the B(OH)3 rejections are >90%. 
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CH3 are 2.9, 3.1, and 3.4 Å due to the separation mechanism of the size 
exclusion. This work suggests using circular and hydrophilic pores for 
efficient boron removal, which will be helpful to experimentally design 
and screen the next-generation membrane materials. 
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