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A B S T R A C T

Due to the growing demand for lithium in the new energy industry, significant attention has been focused on 
developing lithium extraction technologies from salt-lake brine. However, the high Mg/Li ratio in salt-lake brine 
presents challenges for membrane separation technology. If a membrane can allow Mg2+ and water molecules to 
pass through while retaining Li+, the retained brine will have concentrated Li+ with a reduced Mg/Li ratio, 
creating the facilitation of further lithium extraction. In this study, we discovered through non-equilibrium 
molecular dynamics simulations that strongly hydrophilic covalent organic frameworks membranes capture 
Li+ in their pores, preventing additional Li+ from entering the nanopores. Meanwhile, Mg2+ can freely penetrate 
these nanopores along with water molecules. This adsorption of Li+ and the free permeation of Mg2+ with water 
molecules result in the effective separation of Li+ and Mg2+. Consequently, the retained brine becomes lithium- 
rich with reduced Mg/Li ratio. The findings of this work provide valuable guidance for designing nanofiltration 
membranes for extracting lithium from salt lakes with high Mg/Li ratio.

1. Introduction

In recent years, the demand for lithium resources as a key raw ma
terial has surged dramatically [1–3]. Therefore, efficient separation of 
magnesium and lithium is particularly important for the development of 
lithium resources since they are widely present on the earth and often 
coexist in various minerals and salt lakes [4,5]. As magnesium and 
lithium have similar chemical properties, traditional lithium extraction 
methods, such as evaporative crystallization [6] and chemical precipi
tation [7], are often inefficient, costly, and highly time intensive [8,9]. 
Therefore, exploring efficient, low-cost, and environmentally friendly 
magnesium-lithium separation technologies has become an important 
research direction in the field of lithium extraction.

A crucial step among the technology of salt lake lithium extraction 
industry involves adding precipitants such as sodium carbonate and 
calcium hydroxide to the brine to remove impurities like magnesium 
and calcium, and then producing lithium carbonate from the refined 
brine [10]. Mg2+ can be removed due to the differing solubilities of 
carbonates of lithium and magnesium. Lithium carbonate, as one of the 
most important products in the lithium industry, serves as a critical raw 
material for producing other downstream lithium products [11]. 

However, for brines with high magnesium-to-lithium (Mg/Li) ratio, 
removing Mg2+ requires a substantial amount of precipitant, which 
significantly increases industrial production costs [12]. To reduce Mg/Li 
ratio before using the precipitation method, membrane separation 
technology has been introduced into brine treatment [13,14]. It can 
selectively retain Mg2+ while allowing Li + to pass through due to the 
pore size sieving and Donnan effect of the nanofiltration membranes 
[15]. However, water molecules pass through the membrane more 
readily than either of these two ions, which often results in a reduced 
concentration of Li+. A subsequent reverse osmosis process is needed to 
concentrate the brine further since efficient production of lithium car
bonate requires the concentration of Li+ in the refined brine to reach at 
least 10 g/L [11]. If there exists one kind of membrane which can 
preferentially permeate Mg2+ and water molecules while retaining Li+, 
it could achieve reduced Mg/Li ratio while simultaneously increasing 
the concentration of Li+ in the concentrated brine.

Covalent organic frameworks (COFs) have shown great potential in 
the field of separation science in recent years due to their unique 
structure and properties [16,17]. COFs are a class of materials made up 
of covalently bonded organic molecular frameworks, featuring highly 
ordered porous structures, uniform pore size, high surface areas, and 
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good chemical stability [18]. These characteristics make COFs widely 
promising in applications such as gas storage, separation, catalysis, and 
energy storage [19]. High selectivity in the adsorption or filtration of 
specific metal ions can be achieved through finely tuning the pore size 
and functionalizing the surface groups of COFs [20,21]. It offers a new 
solution for enhancing the efficiency and reducing the costs of lithium 
extraction from salt lakes. Since the hydrated diameters of Li+ (7.64 Å) is 
slightly smaller than that of Mg2+ (8.56 Å) and the hydration shell of Li+

is softer, the Li+ is preferable to penetrate the COFs with pore size of ~8 
Å while Mg2+ will be retained. Consequently, most research on Mg/Li 
separation request COFs of small pore size, employing size sieving to 
exclude specific Mg2+. However, researchers often overlook the impact 
of ion-COF interactions on separation efficiency during ion transport 
within the COFs. It is expected to design a kind of COFs that can pref
erentially permeate Mg2+ and water molecules because of their larger 
pore sizes and retain Li + due to their pore wall chemistry.

While the rich designability of COFs opens up many possibilities, it 
also presents significant challenges in screening COF materials. Identi
fying one kind of COFs that can achieve specific ion permeation goals 
from tens of thousands of possibilities is extremely difficult for experi
mental works. Analyzing the structure and chemical features of COFs 
and understanding the permeation mechanisms of different ions through 
these frameworks can facilitate the selection of COFs tailored to specific 
separation tasks. Non-equilibrium molecular dynamics (NEMD) simu
lations as an important complement to experimental and theoretical 
approaches offer unique advantages in exploring the mechanisms of ion 
transport through membrane pores. For instance, Wang et al. [22] uti
lized the NEMD method to study the separation efficiency of carbon 
nanotube (CNT) membranes functionalized with different groups in a 
mixed solution of MgCl2/LiCl. They found that CNT membranes coated 
with carboxyl groups exhibited a stronger attraction to Mg2+ relative to 
Li+, thereby enhancing the permeability of Mg2+ over Li+. Furthermore, 
Zhang et al. [23] examined the detailed structure and dynamics of ion 
and water molecule transport in the channels of 3D–OH–COF mem
branes. Their findings indicated that the high-density rectangular 
channels in 3D–OH–COF membranes contributed to its high perme
ability for water and the presence of charged hydrogen atoms on the 
channels led to the exclusion of Na+ and the adsorption of Cl− .

NEMD is proven to be a powerful tool for understanding the trans
port behaviors of Mg2+ and Li+ in the pores of COFs. In this work, we use 
NEMD simulations to investigate the transport behaviors of Li+ and 
Mg2+ through COF membranes with varying hydrophilicity and hy
drophobicity. The simulation results reveal that highly hydrophilic COF 
membranes can trap Li+ within their pores, where the tightly adsorbed 
Li+ prevents the further entry of additional Li+ into the nanopores. 
Meanwhile, Mg2+ can freely permeate through the COF pores along with 
water molecules. This process selectively permeates Mg2+ and water 
molecules while intercepting Li+, thereby achieving the goals of 
reducing the Mg/Li ratio and enhancing the concentration of Li+ in 
brine. The findings of this work have implications for the design of 
nanofiltration membranes intended for lithium extraction from salt 
lakes with high Mg/Li ratio.

2. Simulation details

We chose TpPa with a theoretical pore size of as large as ~15.8 Å 
because this size was much larger than the hydrated diameters of Li+

(7.64 Å) and Mg2+ (8.56 Å). Such pore size would result in the free 
permeation of Li+ and Mg2+ if only pore size sieving effect was 
considered. The atomic configuration of TpPa was obtained from the 
CoRE COF database [24]. The p-phenylenediamine (Pa) in the TpPa 
synthesis monomer is easily grafted and modified, facilitating the 
adjustment of the hydrophilicity and hydrophobicity of the COF. Firstly, 
optimization calculations using density functional theory (DFT) were 
conducted using the Cambridge Sequential Total Energy theory 
(CASTEP). The TpPa unit cell was optimized using the generalized 

gradient approximation (GGA) exchange-correlation functional defined 
by Perdew, Burke, and Ernzerhof (PBE). The atomic charges of TpPa 
were calculated using the restrained electrostatic potential (RESP) 
method, at a computational level based on DFT with B3LYP/6-311G**. 
DFT calculations were performed using Gaussian09 software, consid
ering water solvent effects with the solvation model based on density 
(SMD) method. RESP charge fitting utilized Multiwfn software [25]. All 
the NEMD simulations were carried out using the Large-scale Atom
ic/Molecular Massively Parallel Simulator (LAMMPS) package [26]. 
Interatomic interactions included 12-6 Lennard-Jones and Coulombic 
potentials. The LJ parameters for TpPa atoms were taken from the 
Dreiding force field, which has been extensively applied in simulations 
related to COFs [27–30]. The cut-off distances for LJ and Coulomb in
teractions were set to 1.0 and 1.2 nm, respectively. Long-range elec
trostatic interactions were calculated using the particle− particle 
particle-mesh (PPPM) algorithm with an accuracy of 10− 4. Water mol
ecules were modeled using the SPC/E model [31] and the SHAKE al
gorithm was used to constrain bonds and angles. Ion parameters were 
referenced from literature appropriate for the SPC/E water model [32,
33]. Periodic boundary conditions were applied in the x, y, and z di
rections, with the feed side and permeation side interconnected.

The built model for NEMD simulations is shown in Fig. 1. The 
membranes were modeled by 10 layers of TpPa. The feed side consists of 
a mixed solution of LiCl and MgCl2, with ion concentration of 1 M, and 
the permeate side contains pure water. The actual Mg2+/Li+ ratio in 
China’s Salt Lake is up to 95. However, in our simulations, higher ratio 
will cause very few numbers of Li+ due to the length limitation of MD 
simulations. The few numbers of Li+ will then dramatically reduce the 
signal-noise-ratio for Li+. If higher Mg2+/Li+ ratio is applied, the 
numbers of Li+ will be extremely low, and the mechanism of Li+

transport through membrane will be hardly observed. In addition, since 
the permeate component is Mg2+, the lower Mg2+/Li + ratio will not 
prevent the observation of Mg2+ transport through membranes as there 
are enough Mg2+ in our simulations. We believe if Mg2+/Li+ ratio is 
applied, the selectivity of Mg/Li will be further promoted as the con
centration of Li+ adsorbed inside membranes is much higher than that in 
feed side, which will prevent additional Li+ entering membranes more 
efficiently.

Each simulation began with a process of energy minimization con

Fig. 1. Simulation model for studying the mixed salt solution transport through 
the TpPa membrane using the “pump” method.
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ducted with a precision of 10− 5. Subsequently, the system temperature 
was controlled at 300 K using Nose-Hoover thermostat. The “pump” 
method was used to apply force to all atoms within a 10 Å width on the 
feed side, causing the membrane to withstand a ΔP of 100 MPa. The salt 
solution was drove through the membrane in the z-direction. The for
mula for ΔP calculation is described as 

ΔP=
nionfion + nwaterfwater

A
(1) 

where ΔP is the required pressure difference, n is the number of ions or 
water molecules in the selected region, f is the force applied to the 
selected area, and A is the cross-sectional area of the membrane. This 
calculation method has also been introduced in our previous works [29,
34,35]. The ΔP values used in the simulations are much higher than 
those in actual systems, the purpose of which is to enhance the 
signal-to-noise ratio and improve computational efficiency. This prac
tice is also widely used in simulation studies [36,37].

Each simulation contained a pre-equilibration process first to ensure 
the adsorption equilibrium of ions within the membrane. Each NEMD 
simulation ran for at least 30–50 ns with a time step of 1 fs. The results 
were visualized using the VMD [38] and the simulation trajectories are 
saved every 1 ps. The obtained simulation trajectories were analyzed by 
self-compiled code. Ion rejection (R) is defined as 

R=1 −
Fi

ni

/
Fw

nw
(2) 

where Fi and Fw represent the number of ions and water molecules 
passing through the membrane during the simulation, respectively, ni 
and nw represent the total number of ions and water molecules in the 
simulation system, respectively. The formula for the selectivity of Mg/Li 
is as follows: 

SMg/Li =
1 − RMg

1 − RLi
(3) 

where RMg and RLi represent the retention rate of Mg2+ and Li+, 
respectively.

3. Results and discussion

3.1. Hydrophilicity adjustment based on partial charge

Our previous works indicates that changes in hydrophobicity and 
hydrophilicity significantly affect the microstate of ions within the 
membrane [37]. Additionally, adjustments to the atom partial charges 
on the pore walls can indeed alter the hydrophobicity and hydrophilicity 
[39,40]. Therefore, we adjust the hydrophilicity of membranes by 
multiplying the atom charges of TpPa with various coefficients. By this 
method, the influence of hydrophilicity can be exclusively investigated 
as the pore size of TpPa is maintained. In order to evaluate the strength 
of membrane hydrophilicity in molecular dynamics (MD) simulations, 
the self-diffusion coefficient of water molecules within the membranes is 
usually applied [34]. We thereby perform equilibrium MD simulations 
to examine the self-diffusion coefficients of pure water molecules in 
COFs with various adjusted charges. Since the movement of water 
molecules is restricted in the x and y directions due to the formation of 
one-dimensional pore structures in the TpPa membranes, the mean 
square displacement of water molecules along only the z-direction 
(MSDz) is calculated within the TpPa membranes. After that, the 
self-diffusion coefficient (Dz) is calculated using the following formula, 

Dz =
lim
t→∞

MSDz(t)

2t
(4) 

Results of MSDz under diverse charge conditions are shown in 
Fig. 2a. The MSDz curves are approximately linear, and the slope of each 
curve represents its respective Dz. The Dz values for each system under 
different charge conditions are calculated by Eq. (4), and the results are 
displayed in Fig. 2b. It is noticeable that the Dz values decrease as the 
atom partial charges of membranes gradually increase, indicating the 
enhanced hydrophilicity of the membranes.

As indicated by the work of Xu et al. [41], membrane permeability 
generally decreases while the membrane hydrophilicity is promoted. 
Therefore, the water flux of the membranes with various hydrophilic
ities is calculated and presented in Fig. 2c. To confirm that NEMD sim
ulations has reach the steady state, we plot the dependence of 

Fig. 2. (a) Mean square displacement and (b) self-diffusion coefficient of water molecules along the z-direction inside membranes of various hydrophilicity. (c) 
Number of water molecules passing through TpPa membranes of various hydrophilicity per unit time (ns). (d) Relationship between the retention rate of Li+ and 
Mg2+ and SMg/Li.

M. Liu et al.                                                                                                                                                                                                                                      Journal of Membrane Science 712 (2024) 123247 

3 



permeance of water molecules and ions at case of 0.5q and 1.6q in 
Fig. S2. The curve results show the steady state of the flow. It is evident 
that the water flux gradually decreases as the atom partial charges are 
enhanced. In the case of 0.5q, the water flux is significantly higher than 
that in other cases. The water flux drops sharply as the atom partial 
charges increase from 0.5q to 0.8q and then the decrease tendency slows 
down. The comparison of hydrophilicity based on membrane perme
ability aligns with the results obtained from comparing Dz values, 
indicating that the promoted hydrophilicity of membranes will reduce 
the water flux, which is also found in other NEMD simulation works [34,
41,42].

Since the separation of Li+ and Mg2+ is the most concerns in this 
work, we then focus on the impact of hydrophilicity on the retention rate 
and selectivity of Mg2+/Li+ after confirming that hydrophilicity of the 
TpPa membranes can be adjusted by charge modification. The depen
dence of ion retention rate and Li+/Mg2+ selectivity on the membrane 
hydrophilicity is illustrated in Fig. 2d. It can be observed that the 
retention rate of Li + rises promptly from 13.7 % to 72.0 % as hydro
philicity increases from 0.5q to 0.8q. Subsequently, the increase in 
retention rate of Li+ slows down as membrane hydrophilicity continues 
to increase and reaches a maximum of 90.3 %. Meanwhile, the retention 
rate of Mg2+ is lower than 10 % when the membrane hydrophilicity is 
weaker than 1.2q. The permeation of Mg2+ starts to be hindered as the 
hydrophilicity increases to 1.2q. The retention rate of Mg2+ rises to the 
highest value of 28.4 % with hydrophilicity of 1.4q. It then decreases to 
13.3 % when the membrane hydrophilicity reaches maximum (1.6q). 
Based on the retention rates of these two ions, the Mg2+/Li+ selectivity 
(SMg/Li) can be calculated by Eq. (3). The purple circles in Fig. 2d shows 
that SMg/Li gradually increases with the membrane hydrophilicity, from 
1.2 when 0.5q to 9.0 at 1.6q.

The results of selectivity reveal that the strongly hydrophilic TpPa 
membrane indeed achieves the goal of selectively permeating Mg2+

while retaining Li+. It can be also observed from the retention data that 
the enhancement of SMg/Li is correlated with the continuous increase in 
retention rate of Li+. To elucidate the reason why the strongly hydro
philic TpPa membrane impedes the passage of Li+, we calculate the xy- 
plane density distribution of Li+ within the membrane and analyze the 
transport behavior of Li+ within the membrane. As shown in Fig. 3a, 
there exists high-density regions of Li+ near the oxygen atoms on TpPa 
and it contains an average of three sites, rather than six, in each pore. To 
further understand the interaction between Li+ and TpPa pore walls, we 
analyze the radial distribution functions (RDFs) between Li+ and oxygen 
atoms on TpPa of various hydrophilicity (shown in Fig. 3b). For the case 
of 0.5q, there is almost no peak, suggesting that the mobility of Li+

within this membrane is rarely affected by the pores, hence the low 
retention rates for both cations. The first peak of RDF appears at 
approximately 2 Å as the membrane hydrophilicity increases to 0.8q. 

The height of the first peak rises with the promoted membrane hydro
philicity, indicating the enhanced forces between Li+ and TpPa pore 
walls due to the promoted membrane hydrophilicity. This strong inter
action leads to the restricted movement of Li+ in TpPa pores, and 
consequently results in a decrease in permeation rate of Li+ and a rapid 
increase in retention rate of Li+. The peak height slightly increases as 
hydrophilicity further increases and it is consistent with the trend of 
slower increase in the retention rate of Li+.

To further elucidate the relationship between the variation in 
retention rate and the interaction between Li+ and TpPa, we then pay 
more attention to the molecular details of ions and water inside mem
branes. Since retention rate of ions arises from both pore sieving and 
intra-pore diffusion effects [29], we then distinct the pore sieving effect 
from the intra-pore diffusion one. According to Eq. (2), the sources of ion 
retention can be divided into two parts: pore sieving effect (cin/c0) and 
intra-pore diffusion effect (vi/vw), expressed as follows: 

R=1 −
cin

c0

vi

vw
(5) 

where the first part (cin/c0) represents the ratio of intra-pore ion con
centration to initial ion concentration, indicating the pore sieving effect. 
The second part (vi/vw) represents the flow rate ratio of ion to water 
molecule within the membranes, indicating the intra-pore diffusion ef
fect. The intra-pore diffusion effect is calculated by determining the 
residence time of ions and water molecules within the membranes [29]. 
As discussed above, some cations have strong interaction with TpPa pore 
walls, resulting in the adsorption of cations onto pore walls. Conse
quently, the vi/vw values are close to zero for some cations in our cases, 
which is unfavorable for the subsequent analysis. Therefore, we directly 
record the average distance traveled by ions and water molecules within 
a unit time (10 ps) based on simulation trajectories and then calculate 
their flow rates. By this method, we can determine the main factors 
influencing ion retention by analyzing the magnitudes of cin/c0 and 
vi/vw.

Fig. 4a shows the results of pore sieving effect for each case. For 
Mg2+ (blue line), the cin/c0 value is close to 1.0 when the membrane 
hydrophilicity is weak (0.5q). It indicates that the resistance for Mg2+

entering the pores is similar to that of water molecules. The cin/c0 value 
for Mg2+ remains around 0.6 as membrane hydrophilicity increases. It 
suggests that Mg2+ has higher pore entry resistance compared to water 
molecules for these cases. The blue line in Fig. 4b represents the flow 
rate ratio of Mg2+ to that of water molecules within membranes (i.e., 
intra-pore diffusion effect). This ratio does not change significantly with 
membrane hydrophilicity variations. It is slightly higher than 1.0 for all 
cases, indicating that the flow rate of Mg2+ within the membrane is 
slightly higher than that of water molecules. This can be attributed to the 
fact that Mg2+ is divalent ion with a well-defined and rigid hydration 

Fig. 3. (a) xy-plane density distribution of Li+ within the membrane in the case of 1.0q. (b) Radial distribution functions (RDFs) between Li+ and oxygen atoms of 
TpPa of various hydrophilicity. The inset shows an enlarged display of the region r = 1.6–2.3 Å.
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shell. The microstate of their hydration will not change much from the 
attraction from atoms of pore walls, thus avoiding a decrease in 
mobility. In contrast, water molecules can form hydrogen bonds with 
TpPa pore walls, resulting in attraction that can reduce the flow rate of 
water molecules within membranes.

The green symbols in Fig. 4a represents the ratio of all Li+ within the 
membrane to the initial Li+ concentration, which approaches 1.0 in 
TpPa membranes with the weakest hydrophilicity. This ratio rapidly 
rises to nearly 1.9 as membrane hydrophilicity increases to 0.8q and 
remains around this value. It indicates the higher concentration of Li+

within membranes of stronger hydrophilicity compared to the one 
outside membranes. This finding is consistent with the findings in our 
previous work, indicating that Li+ with weaker hydration structures are 
more likely to enter TpPa membranes [35].

According to Eq. (5), the increase in cin/c0 leads to the decrease in 
retention rate. However, in this study, the retention rate of Li+ increases 
with the increase in cin/c0 values. As discussed above, Li+ has strong 
interaction with TpPa pore walls, resulting in the adsorption of Li+ onto 
pore walls. Consequently, the vi/vw values are close to zero for some 
cases. The green symbols in Fig. 4b represents the flow rate ratio of all 
Li+ to water molecules within the membrane. It can be observed that the 
vi/vw values of Li+ gradually decrease to close to zero as membrane 
hydrophilicity increases, confirming the state of significant Li+ adsorp
tion. The adsorbed state does not contribute to the flux of Li+ in spite of 
higher Li+ concentrations within the membrane, so they are unfavorable 
for the subsequent analysis. Therefore, we cin/c0 vi/vw calculated the 
flow rate for each Li+, and plot the distribution of flow rate in Fig. S1. It 
is found that most flow rate locates at less than 0.03 Å/ps, and there is an 
obvious gap between lower and higher flow rate. Based on Fig. S1, we 
prefer to selecting value of 0.03 Å/ps to distinguish adsorbed Li+ and 
mobile Li+, and then exclude adsorbed Li+ when calculating the pore 
sieving and intra-pore diffusion effect. The cin/c0 values of mobile Li+

shown in Fig. 4a as the red line are much lower compared to cin/ c0 of 
Mg2+, which is the reason for much higher retention rate of Li + than 
that of Mg2+.

In terms of the flow rate of mobile Li+ within membranes, it is close 
to the flow rate of water molecules when the membrane hydrophilicity is 
weak (0.5q). This indicates that the resistance for Li+ to pass through the 
membrane is comparable to that for water molecules as both Li+ and 
water molecules have very little interaction with TpPa pore walls. The 
vi/vw values of mobile Li+ become significantly greater than 1.0 as the 
membrane hydrophilicity increases to 0.8q and then slightly increase 
with promoted hydrophilicity. According to Eq. (5), these Li+, which 
move faster than water molecules and Mg2+, should lead to a decrease in 
retention rate of Li+. However, it is evident from Fig. 2d that the 
retention rate of Li+ is significantly higher than that of Mg2+. This in
dicates that the high retention rate of Li+ is significantly influenced by 

the pore sieving effect rather than the intra-pore diffusion effect when 
the membrane hydrophilicity increases. In other words, the large 
amount of adsorbed Li+ inside the membrane prevents the entrance of 
additional Li+ into the membrane due to the high concentration of Li+

already present inside.
Compared to the non-adsorbed case (0.5q), the adsorbed Li+ within 

the membrane exhibits a certain enhancement in the mobility of other 
mobile Li+ and Mg2+. This may be attributed to the co-ion repulsion 
effect, known as the Donnan effect. We calculate the radial distribution 
functions (RDFs) between different ions at weak hydrophilicity (0.5q) 
and strong hydrophilicity (1.6q). From Fig. 5a, the first peak positions of 
Li+ with Li+ and Mg2+ within the membrane are 5.9 Å and 6.8 Å, 
respectively. However, these two peaks come to 7.1 Å and 7.6 Å at 
strong hydrophilicity, respectively. The smaller peak positions at weak 
hydrophilicity indicate closer distances between ions of the same charge 
and it suggests a weaker repulsion effect between ions with the same 
charge. On the other side, the larger peak positions suggest a stronger 
repulsion effect of adsorbed Li+ against mobile Li+ and Mg2+ at strong 
hydrophilicity. It counteracts the attraction of the pore walls on mobile 
Li+ and Mg2+ and thereby enables mobile Li+ and Mg2+ to exhibit higher 
mobility within the pore compared to water molecules. This increase in 
the mobility of mobile Li+ and Mg2+ within the membrane due to co-ion 
repulsion effects can also be attributed to the Donnan effect.

The Donnan effect helps understanding the reason for more quick 
transport of Mg2+. In order to find out why it is harder for Li+ to enter 
Li+-adsorbed membranes, we calculate the potential of mean force 
(PMF) for Li+ and Mg2+ when they enter the Li+-adsorbed membrane 
(shown in Fig. S4). It is evident that Li + has higher energy barrier to 
enter the membrane than Mg2+. It can be seen from Fig. S5 that more 
water molecules need to be removed from the hydration layer when Li+

enter the membrane. Furthermore, we focus on the reason for such high 
energy barrier for Li+. The Li+-adsorbed membrane has positive charge 
due to the additional charged particle (Li+) adsorbed in onto pore wall. 
The extra positive charge of membranes is expected to repel Mg2+ due to 
the nature of divalence for Mg2+. However, when we take close in
vestigations of Mg2+ in solution, it is found that, the Mg2+ will form ion 
pair with Cl− to reduce its valence state (Fig. S6). To confirm this 
observation, we calculate the RDF of Mg2+-Cl- and Li+-Cl- when all three 
ions are coexistence in solution of water but without membranes. 
Although the concentration of Mg2+ is as low as 0.141 mol L− 1, the first 
peak in Fig. S8 indicates the ion pair of Mg2+-Cl-. This result is similar to 
the condition when ions are in the TpPa membranes (Fig. S7). This ion 
pair is hard to observe for Li+-Mg2+. We believe the existence of Mg2+- 
Cl- ion pair result in the lower energy barrier for Mg2+ to enter the Li +

-adsorbed membrane.

Fig. 4. (a) Pore sieving effect and (b) intra-pore diffusion effect in TpPa membranes of various hydrophilicity. The green squares represent all Li+, the red squares 
represent mobile Li+, and the blue squares represent Mg2+ inside the membranes. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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3.2. Hydrophilicity adjustment based on chemical groups

In the previous sections, the variations of membrane hydrophilicity 
by adjusting atomic charges concluded that strong hydrophilicity can 
reach the goal of Mg2+ permeation and Li + retention in TpPa mem
branes. Although this method of adjusting atomic charges can study the 
influence of membrane hydrophilicity on ion-rejection mechanism by 
single factor, it is difficult to replicate this process in practical experi
ments. In practice, common experimental methods for modulating the 
hydrophilicity and hydrophobicity of COFs membranes involve grafting 
functional groups onto the pore walls [43,44]. Therefore, we modify the 
TpPa membrane by grafting different hydrophilic functional groups 
such as amino, carboxyl, and sulfonic acid groups onto the TpPa pore 
walls.

Pore size of grafted TpPa is significantly affected due to the differ
ences in molecular size of the grafted functional groups. To understand 
the changes in pore size, we use Zeo++ software [45] to calculate the 
minimum pore size of the membranes of various grafting. As shown in 

Fig. 6a, the minimum pore size of TpPa-NH2, TpPa-COOH, TpPa-SO3H 
are 13.68, 11.57 and 10.84 Å, respectively, which are all significantly 
larger than the hydrated diameters of Li+ and Mg2+. However, it should 
be noticed that there still exist gaps close to the TpPa-R pore walls. It 
means that relying solely on the minimum pore size to determine the 
region inside the membrane where ions and water molecules can pass 
may cause some deviations.

Multiple factors would have impact on comparing the hydrophilicity 
of TpPa-NH2, TpPa-COOH, and TpPa-SO3H. Therefore, we compute the 
density distribution of water molecules along the xy-plane within the 
membrane and calculate the effective mass transfer area of the mem
brane pores based on this. As illustrated in Fig. 6b, taking TpPa as an 
example, all regions where water molecules have appeared are defined 
as the effective mass transfer area. The calculation results, as shown in 
Fig. 6c, indicate that the pore area of the three grafted TpPa-R is all 
around 210 Å2. Comparisons of water flux can be attributed to the in
fluence of membrane hydrophilicity since the effective area for water 
molecules to pass through is approximately the same.

Fig. 5. Radial distribution functions (RDFs) of adsorbed Li+ with mobile Li+ and Mg2+ at (a) weak hydrophilicity (0.5q) and (b) strong hydrophilicity (1.6q). The 
inset in (b) shows a magnified view of the RDF between adsorbed Li+ and mobile Li+.

Fig. 6. (a) Models and pore diameter of different modified TpPa-R. (b) xy-plane density distribution of oxygen atoms in water molecules within the TpPa membrane. 
(c) The pore area of each TpPa-R membrane.
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Similar to the previous analysis, we compute the mean square 
displacement of water molecules in the z-direction within the modified 
TpPa-R membranes, as shown in Fig. 7a. The curves approximately form 
straight lines. Their slopes represent the self-diffusion coefficients (Dz) of 
each TpPa-R membrane, respectively. Four TpPa-R membranes are ar
ranged on the x-axis of the graph based on the magnitude of their slopes, 
as depicted in Fig. 7b. The decreasing values of Dz of four TpPa-R 
membranes indicate that the membrane hydrophilicity gradually in
creases. Fig. 7c displays the number of water molecules passing through 
four TpPa-R membranes in unit time (ns). The water flux of TpPa-NH2 is 
much higher than that of TpPa despite its smaller pore area. This in
dicates that TpPa-NH2 is more hydrophobic than TpPa without grafting. 
On the other hand, the effective mass transfer areas of TpPa-COOH and 
TpPa-SO3H are similar. However, TpPa-SO3H is more hydrophilic and 
this results in a lower water flux compared to TpPa-COOH.

Fig. 7c shows the relationship between the retention rate of Li+ and 
Mg2+ and SMg/Li of TpPa and modified TpPa-R. TpPa-NH2 maintains a 
high water permeability while exhibiting low retention rate for both 
cations. It is similar to the results obtained from TpPa in cases of weak 
hydrophilicity as shown in Fig. 2. TpPa grafted with carboxyl and sul
fonic acid exhibit retention rate for Li+ of approximately 84.3 % and 
94.1 %, respectively. TpPa-SO3H achieves a retention rate for Mg2+ of 
53.0 %. The results of SMg/Li are similar to TpPa with different hydro
philicities. TpPa-NH2 shows low selectivity for both Li+ and Mg2+ when 
the membrane hydrophilicity is weak. There exists a sharp increase in 
the retention rate of Li+ as the membrane hydrophilicity increases. SMg/Li 

of TpPa-SO3H reaches highest of approximately 8.0.
To corroborate the mechanism of TpPa membrane’s retention of Li+

as discussed earlier, we also analyze pore sieving effect and intra-pore 
diffusion effect of three grafted TpPa-R membranes, as shown in 
Fig. 8. The cin/c0 values of ions inside the TpPa-NH2 membrane are all 
around 1.0, indicating that the ion concentration inside the membrane is 
approximately equal to the initial concentration. At the same time, ions 
move faster than water molecules. This result is similar to the findings 
shown in Fig. 4 due to the weakest hydrophilicity of TpPa-NH2 

membranes among the four kinds of membranes. The variation trend of 
cin/c0 values for TpPa-COOH and TpPa-SO3H is similar to TpPa with 
different hydrophilicities. A large number of Li + aggregates in the 
membrane and is adsorbed on the pore walls. This results in few Li+

passing through the pores. The concentration of Li+ inside the mem
brane is higher than that in the bulk phase. This makes it difficult for Li+

outside the membrane to enter the pores and leads to a higher retention 
rate of Li+. In Fig. 8b, the hydrophilicity of three grafted COF mem
branes gradually increases. It leads to a gradual decrease in the flow rate 
of Li+ passing through the membrane and results in a slight increase in 
the membrane’s retention rate of Li+. It is in accordance with the results 
observed in Fig. 7d. The decrease in the vi/vw of Mg2+ in TpPa-SO3H 
membranes makes the retention rate of Mg2+ grow up to 53.0 %.

4. Conclusions

In this study, we use NEMD simulations to conduct an in-depth 
investigation into the influence of hydrophilicity on the Li+ and Mg2+

permeation through COF membranes. Firstly, the TpPa is selected 
because it has enough large pore size for the free penetration of Mg2+

and water molecules. The hydrophilicity of TpPa membranes is then 
tuned by adjusting the partial charge intensity of each atom of TpPa. 
Such method could exclude other influence but only hydrophilicity. It is 
found that enhanced hydrophilicity facilitates the achievement of goals 
for Mg2+ exclusion and Li+ retention. The membrane hydrophilicity 
gradually increases with increasing charge, significantly enhancing the 
retention rate of Li + while impeding Mg2+ to a lesser extent. Further 
analysis reveals that the interaction force between Li+ and TpPa pore 
walls is strengthened in highly hydrophilic membranes. It restricts the 
entry of Li+ from outside the membrane and leads to an increase in its 
retention rate. The adsorption of Li+ within the membrane enhances the 
mobility of mobile Li+ and Mg2+ due to the Donnan effect. Meanwhile, 
we take the method of grafting functional groups to alter the hydro
philicity of TpPa membranes (denoted as TpPa-R), which is corre
sponding to the modification methods usually used in experiments. 

Fig. 7. (a) Mean square displacement and (b) self-diffusion coefficients of water molecules along the z-direction for four TpPa-R membranes at the equilibrium MD 
simulations of the pure water case. (c) The number of water molecules passing through the membranes per unit time (ns). (d) The relationship between the retention 
rate of Li+ and Mg2+ and SMg/Li for the four TpPa-R membranes.
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Grafting various groups results in changes in pore area, thereby influ
encing water permeability and ion retention rate. We further elucidate 
the mechanism of ion permeation for various TpPa-R membranes 
through analysis of pore sieving effect and intra-pore diffusion effect. 
The conclusion that the adsorption of Li + onto hydrophilic pore walls 
will lead to higher Mg2+/Li+ selectivity is also found in these cases. 
These findings in this work provide an important guidance for designing 
COF membranes with specific selectivity and permeability.
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