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Interference mechanism of cations on transport of lithium and magnesium inside
COF nanofiltration membranes
Decai Liao, Zhaoqin Xu, Mingjie Wei and Yong Wang

State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemical Engineering, Nanjing Tech University, Nanjing, People’s
Republic of China

ABSTRACT
Membrane technology is playing an important role in the separation of magnesium and lithium from
brines, and high Li/Mg selectivity in membrane separation is constantly pursued. However, it has been
found that there is always a selectivity variation when using individual salts to replace the salt mixture
as the feed, implying that the interference mechanism of mixed cations remains unclear. Herein, by
using covalent organic frameworks as an example, we investigate the ion transport behaviours
through nanopores with the mixed and individual feeding of LiCl and MgCl2 via molecular dynamics
simulations. There is an evident reduced Li/Mg selectivity while the mixed-salt feed is applied. It is
revealed that Li+ interacts strongly with pore-wall atoms while Mg2+ with water molecules.
Consequently, Mg2+ tends to flow with water molecules while Li+ is prone to adsorb to the pore wall.
The presence of Mg2+ inside nanopores will bring down water flux and seriously reduce the transport
of Li+ inside nanopores. The advantage of pre-adsorbing for Li+, which promotes the Li/Mg selectivity,
is completely balanced out, thus reducing selectivity. Our results also suggest that impeding the
entrance of Mg2+ into membranes will avoid the selectivity drop not only because of the sieving
effecting.
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1. Introduction

The need for grid-scale battery storage is rapidly growing as
increasing amounts of renewable energy come online [1].
Together with the exponentially growing demand for portable
equipment [2] and electric vehicles [3], thousands of cells are
required to transform lithium and electrons into enough
energy. Minerals and brines are mainly two resources of
lithium, in which more than 60% of lithium resources occur
in the aqueous solutions involving salt-lake brines and sea-
water [4]. According to the recent statistics of the production
of lithium, the contribution of brine is nearly two times than
that of minerals [5].

Except for some lithium-rich salt lakes in Chile [6], the Mg/
Li ratios are higher than 30 in most salt lakes. The success of
exploitations from brine in Chile cannot be easily duplicated
into other salt lakes due to the high Mg/Li ratios [7], as the
cost of chemicals and waste discharge is not affordable if the
existing commercial process is applied in such high-Mg/Li-
ratio brines [8]. It will be a promising strategy to reduce the
Mg/Li ratio rather than directly separating magnesium and
lithium by the membrane separation technology. Furthermore,
the growing demand for lithium production cannot be sat-
isfied by the slow rate of lithium enrichment by solar evapor-
ation. The membrane-based processes can be applied to
selectively enrich/extract the lithium from brines in less
time [9].

Up to now, there are a number of reported works on the
preparation of nanofiltration (NF) membranes for Mg/Li

separation [10–12]. Most of them are focused on the pro-
motion of Li/Mg selectivity. In order to investigate the pro-
moting mechanism of Li/Mg selectivity, the individual salt
feed solutions are usually applied. However, it is observed
that the Li/Mg selectivity will change when the mixed-salt sol-
utions are replaced by the individual-salt feed solutions, some
of which demonstrate that the Li/Mg selectivity will increase
[13,14] and some of which observe reduced selectivity [15–
17]. Molecular details as well as the underlying mechanism
can hardly be experimentally obtained because it is nearly
impossible to directly observe the molecular motion in the
NF process taking place in the time scale of 10−9 s and in
the spatial scale of sub-2 nm. Therefore, the mechanism of
changing selectivity lacks experimental investigation and
remains unclear. Moreover, the rejection performance mainly
results from two parts: pore-entrance sieving and in-pore
transport [18]. These two parts of contributions cannot be
experimentally distinguished, which brings the difficulty of
investigating the mechanism of ion rejections and Li/Mg
selectivity.

Alternatively, non-equilibrium molecular dynamics
(NEMD) simulations provide the possibility to observe the
molecular motion of NF and to understand the rejection
mechanism of ions from the molecular level. Ruan et al. inves-
tigated the rejection mechanism of Mg2+ and Li+ through por-
ous graphene with various diameters [19]. They concluded
that the second hydration layer of Mg2+ and Li+ will dominate
the entrance process of those ions. They subsequently

© 2022 Informa UK Limited, trading as Taylor & Francis Group

CONTACT Mingjie Wei mj.wei@njtech.edu.cn
Supplemental data for this article can be accessed online at https://doi.org/10.1080/08927022.2022.2094372.

MOLECULAR SIMULATION
2022, VOL. 48, NO. 15, 1369–1377
https://doi.org/10.1080/08927022.2022.2094372

http://crossmark.crossref.org/dialog/?doi=10.1080/08927022.2022.2094372&domain=pdf&date_stamp=2022-09-01
mailto:mj.wei@njtech.edu.cn
https://doi.org/10.1080/08927022.2022.2094372
http://www.tandfonline.com


modified the pore wall of nanopores with hydroxyl or carboxyl
groups and found that the interactions of the polar groups with
Mg2+ are stronger than with Li+ and the selectivity of Li/Mg is
reduced by such modifications [20]. Li et al. investigated the
motions of hydrated Mg2+ and Li+ by applying the external
electric field in their NEMD simulations and found that the
presence of an external electric field will drive the cations
and anions to form clusters. Such ion clusters are much larger
than the single hydrated ions and consequently are prevented
by the pore mouth [21]. Xu et al. charged the surface of mem-
branes to prevent the ions from entering the membranes, and
found that moderate surface charging can enhance the Li/Mg
selectivity as the electrical repulsion effect is prominent for
bivalent Mg2+. However, Mg2+ and Li+ will be both fully
rejected if the surface charge is further raised [22].

Most previous works attribute the rejection of Mg2+ by the
pore mouth to the enhancement of Li/Mg selectivity. However,
those findings cannot explain the mechanism of selectivity
variation for the cases using salt mixtures as the feed solution.
Moreover, the above-mentioned works used two-dimensional
monolayers as the membrane, which only considers the mem-
brane entrance process and does not allow investigations on
the transport of ions inside the membrane. Since hydrated
Mg2+ and Li+ have highly closing diameters (0.99 vs.
1.05 nm, Figure S3), the pore mouth sieving of these two
types of cations requires membranes with sub-angstrom-
level tunable pore sizes which are extremely difficult to be
experimentally realised. Therefore, the presence of both Mg2
+ and Li+ inside membranes is inevitable. Our previous
works [18,23] indicate that the in-pore transport of ions
plays an important role in the rejection of ions and conse-
quently influences the selectivity in the salt mixture cases. It
is worthy of investigating the effect of in-pore transport of
Mg2+ and Li+ as the understanding of the transport mechan-
ism would help to design advanced membranes for improved
Li/Mg selectivity. Since most NF membranes are composed of
polymers, it is better to model the membrane with polymers of
disordered pore structure. However, such a disordered struc-
ture will bring more difficulties to identify the influence of
pore size and dehydration degrees of ions. Carbon nanotubes
are usually utilised to model membranes, however, they are
distinct from polymers in chemistry. Fortunately, covalent
organic frameworks (COFs) are polymers that have a uniform
pore structure, which is ideal for modelling the NF mem-
branes. Moreover, there are several efforts to prepare NF mem-
branes with COFs [24,25], therefore, it is worthy to investigate
the separation mechanism of Li/Mg by COFs NF membranes.

In this work, we select an imine-linked, stable covalent
organic framework (COF), TpPa (synthesised by 1,3,5-trifor-
mylphloroglucinol and p-phenylenediamine) [26], with var-
ious numbers of monolayers to build up the membranes.
The pore size of TpPa is 1.58 nm, so that the contributions
of pore-mouth sieving and in-pore transport effects can be
both investigated. The feed solutions of individual-salt LiCl
or MgCl2, as well as mixed-salt LiCl and MgCl2 are separately
set up. NEMD simulations with pressure drop as driving force
are applied to simulate the pressure-driven NF processes. After
finishing the simulations, the rejections of two cations are
firstly obtained, in which the reduced Li/Mg selectivity is

discovered while the feed solutions are replaced from individ-
ual to mixed salts. From the analysis of the rejection mechan-
ism based on the separate two factors, namely pore-entrance
sieving and in-pore transport, it is impossible to explain the
dropping selectivity. By establishing the equation of describing
the relationship of Li/Mg selectivity, the mechanism of
reduced selectivity, as well as its origin at the molecular
level, is clearly revealed. Also importantly, the results obtained
in this work warn us that selectivity mechanism analysis deter-
mined in the lab by comparing the rejection to individual Li
and Mg may not reliably represent the ‘true selectivity’ in
real-world applications in which Li and Mg are simultaneously
present in the feed. The interference effect should not be
ignored.

2. Models and methods

2.1. Construction of models

The multilayered TpPa, which is well introduced in our pre-
vious work [26,27], is selected to act as the membranes because
it has the chemical structure close to commercial polyamide
NF membranes. At the same time, its uniform morphological
frame provides an opportunity to hold the pore structure-
related parameters, with which the relationship of molecular
properties can be easily quantified. Moreover, the pore size
of TpPa (1.58 nm) is also near to that of most commercial
NF membranes. Therefore, the findings obtained from TpPa
membranes should also be valid to polyamide NF membranes,
and are expected to be helpful in the development of advanced
NF membranes with high Mg/Li selectivity. Moreover, the
main purpose of this work is investigating the whole transport
process, including the in-pore transport, therefore, the enter-
ing of two types of cations should not be completely avoided.
The pore size of TpPa is proper for the hydrated cations as they
could permeate into TpPa nanopores while there is dehy-
dration process of these cations.

The atomic structure of TpPa used in this work is obtained
from the CoRE COF database [28], which contains many
structures constructed from experimental characterisations
[29–31]. Multilayered TpPa is selected in this work to perform
simulations, the effective aperture of these structures is
1.58 nm. More details on constructing the molecular model
of TpPa membranes are described in our previous work [26].

Two reservoirs are then placed on each side of the mem-
brane that serve as feed side and permeate side, respectively
(Figure 1). The concentration of the individual-salt system
(LiCl + H2O or MgCl2 + H2O) is 0.98 mol L−1. For the
mixed-salt system (LiCl +MgCl2 + H2O) with Li/Mg ratio is
1:1 (molar ratio, denoted as XLi/Mg= 1:1), the concentrations
of LiCl and MgCl2 are both 0.5 mol L−1. For the cases of XLi/

Mg = 1:4, the solution is the mixed solution of 0.2-mol L−1

LiCl and 0.8-mol L−1 MgCl2.

2.2. Simulation details

The interactions of all atoms include the Lennard-Jones (L-J)
van der Waals (VDW) and the Columbic potentials. The
SPC/E model is selected for water molecules and The Dreiding
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force field [32] are applied for TpPa atoms, which are usually
adopted in most COFs-based simulations [28,33,34]. The
interaction parameters of ions are referred to the optimised
parameters [35,36]. Lorentz-Berthelot mixing rule is applied
for all pair-wise VDW terms. Density functional theory of
the grid-based ChelpG algorithm is performed to obtain elec-
trostatic potential charges, which are employed as atomic par-
tial charges [34].

All simulations are performed using the large-scale atomic/
molecular massively parallel simulator (LAMMPS). The cutoff
distances of L-J and Columbic potentials are set to 1.0 and
1.2 nm, respectively. The accuracy of particle-particle par-
ticle-mesh for computing long-range electrostatic interactions
is 10−5. A pump method is selected to drive the flow in this
work [18]. For every simulation case, we first perform an
energy minimisation with a tolerance of 10−5, then pre-equili-
bration is performed so as to ensure that the pore is saturated
with water molecules and the ions reach adsorption equili-
bration inside the nanopores.

After that, NEMD simulations are performed at 300 K. The
pressure drop (DP) is set to 200 MPa, which is much higher
than the experimental values, because a large DP helps to

keep a high signal-to-noise ratio and save simulation time,
which has been extensively used [37–39]. External forces are
applied to the atoms in selected region. The DP is described as,

DP = nionfion + nwaterfwater
A

(1a)

fion
mion

= fwater
mwater

(1b)

where n is the number of species in the selected region, f is the
external force, A is the selected area;m is the molecular mass of
species. Equation 1(b) indicates that we apply the same accel-
eration for each atom in the selected region. The region
selected to apply acceleration is located at the left edge of
feed size, which is 0.5 nm wide.

Each simulation case runs for 40–50 ns with a time step of
1 fs. After the systems reach a steady state, we update the tra-
jectory file every 1 ps which is used for further analysis. The
ion rejection is calculated as,

R = 1− Cpermeat

Cfeed
(2)

where Cpermeate and Cfeed denote the concentration of permeate

Figure 1. (Colour online) (a) molecular model of simulations and (b) hydrated Li+, (c) hydrated Mg2+ and (d) pore structure of TpPa.
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side and feed side, respectively. No clear boundary exists
between the feed and permeate side because of the existence
of periodical boundary conditions. Therefore, the rejection
can be calculated by [40,41]

R = 1− Fi
ni
/
Fw
nw

(3)

where the Fi and Fw are the fluxes of ions and water molecules,
respectively, while ni is the number of ions in the simulation
box, and nw is that of water molecules.

3. Results and discussions

3.1. The apparent ion rejection

Since the selectivity of membranes for Li+ over Mg2+ is defined
by the rejection results of these two types of cations as,

SLi/Mg =
CLi,p/CMg,p

CLi,f /CMg,f
= (1− RLi)/(1− RMg) (4)

it is necessary to present the apparent rejection results of Li+

and Mg2+. For the cases of individual salt (shown in Figure 2
(a)), the rejections of Li+ and Mg2+ are close regardless of
the number of COF monolayers. As indicated in our previous
work [42], the rejection will not change while the membrane
thickness reaches and gets larger than the diameter of hydrated
ions. In this work, the thickness of 10-layered TpPa mem-
branes is 3.22 nm, which is much larger than the diameter of
all hydrated ions in this work, consequently the rejection of
ions is almost independent of the membrane thickness as
shown in Figure 2. Since the selectivity is calculated based
on the rejection results of ions, it is independent of the mem-
brane thickness as well.

In Figure 2(a), the selectivity keeps around 1.1, indicating
that such membranes are permselective to Li+ rather than
Mg2+, or that Li+ can pass through TpPa membranes more
easily and rapidly than Mg2+. For mixed-salt cases of XLi/

Mg = 1:1 (Figure 2(b)), the rejection of Li+ is surprisingly higher
than that of Mg2+. Therefore, the selectivity of membranes for
Li+ over Mg2+ is reducing compared to the individual-salt
cases. When the molar ratio is tuned to 1:4(Figure 2(c)), the
selectivity remains at around 0.9, confirming that there is
reduced selectivity when two types of cations are mixed,
which is also observed in experiments of similar conditions

[17], that is the concentration of feed solution is the same
for individual- or mixed-salt cases.

The transport numbers of cations and fluxes of water are
then calculated because the apparent rejection is highly depen-
dent on water flux, according to Equation (3). As shown in
Figure 3(a–c), the transport numbers of Li+ are obviously
higher than those of Mg2+ for the cases of individual salts.
When two types of salts are mixed, the ion fluxes all drop
much. Compared to the drop degree for Mg2+, the transport
numbers of Li+ decline even more. Consequently, the fluxes
of Li+ are lower than those of Mg2+, which are in accordance
with rejection results and confirm the existence of reduced
selectivity.

3.2. The contribution of pore-entrance sieving effect

In order to further understand the mechanism behind the
phenomenon of reduced selectivity, we take the rejection
mechanism of Li+ and Mg2+ into consideration. In our pre-
vious work, the contribution of rejection can be divided into
two parts,

R = 1− cin
c0

· vi
vw

(5)

where cin/c0 is the concentration ratio of the in-pore ions and
outside those, which represents the pore-entrance-sieving
effect. Higher values of cin/c0 will result in lower rejection
rates, which indicates a weaker pore-entrance-sieving effect.
vi/vw is the ratio of ion flow rates to water those inside nano-
pores, and this part can be recognised as the in-pore-transport
effect. Larger values of vi/vw suggest less pronounced in-pore-
transport effects as it will cause lower rejection rates.

The contribution of the pore-entrance-sieving effect (cin/c0)
is first considered. As shown in Figure 4, the cin/c0 values of Li

+

for all cases are higher than those of Mg2+, indicating the
weaker pore-entrance-sieving effect for Li+. These results can
be accounted that Li+ are more favourable to get into TpPa
nanopores. In order to figure out the reason behind, we turn
to focus on the structure of hydration shell when these two
types of cations are inside TpPa nanopores.

Since the cations are hydrated in the aqueous solutions, the
change of hydration numbers when they try to enter the nano-
pores will significantly influence the possibility of entrance.
Similar to our previous work [43], we calculated the

Figure 2. (Colour online) Ion rejections and Li/Mg selectivities of TpPa membranes for the cases of (a) individual-salt solution, (b) mixed-salt solution of XLi/Mg = 1:1, (c)
mixed-salt solution of XLi/Mg= 1:4. The dash line indicates the value of selectivity being 1.
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dehydration degree (ηd) of these two types of cations inside
TpPa noanopores as,

hd = 1− nin
n0

(6)

where nin is the minimum number of water molecules inside
ion-hydration shells when they are inside nanopores; n0 is
the average number of water molecules inside the hydration
shells of ions when they are in the bulk aqueous solutions.

From Figure 5, it is obvious that the values of ηd for Li
+ are

all higher than those of Mg2+, indicating the higher dehy-
dration degree for Li+. Such phenomena can be interpreted
as hydrated Li+ are softer balls compared to those of Mg2+,
due to the monovalent of Li+ has a weaker attraction to hold
water molecules around them. When cations try to enter
TpPa nanopores, it is easier for Li+ to peel off some water mol-
ecules in their hydration shell and then move into the
nanopores.

It is puzzled that the diameters of hydrated Li+ and Mg2+

are no more than 1.05 nm while the effective diameter of
TpPa nanopores is 1.58 nm, illustrating the needlessness for
cations to peel off their hydration shells. The hydrophilicity
of TpPa results in a hydration shell around pore walls [26],
thus the pre-occupying water molecules around pore walls
consequently reduced the effective diameter of TpPa for
cations. When water molecules pass through such nanopores,
the water molecules around the pore wall can exchange with
those in the central of nanopores, thus will not significantly
influence the entrance of water molecules as well as their trans-
port through the nanopores. However, when hydrated cations
reach the pore mouth, the water molecules in the hydration
shell of cations cannot easily exchange with those in pore
wall shells. Such an exchange process is certainly related to
the dehydration degree of cations. If the hydration shell is
rigid (e.g. Mg2+), the possibility of exchange is lower, therefore,
it is more difficult for cations with rigid hydration shells to
enter the nanopores.

Figure 3. (Colour online) Ion transport numbers of Li+ and Mg2+ for the cases of (a) individual-salt solution, (b) mixed-salt solution of XLi/Mg = 1:1 (c) mixed-salt solution
of XLi/Mg = 1:4; water flux of (d) individual-salt solution (e) mixed-salt solution and (f) RDF for Li+ and Mg2+ with pore-wall atoms

Figure 4. (Colour online) Values of cin/c0 in multilayered TpPa membranes for the cases of (a) individual-salt solution, (b) mixed-salt solution of XLi/Mg = 1:1, (c) mixed-
salt solution of XLi/Mg = 1:4
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Moreover, the polar atoms at pore walls will also be
involved with the hydration shell of cations [18], therefore,
we calculate the radial distribution function (g(r)) of cations
with oxygen atoms on pore walls (shown in Figure 3(f)) to
investigate the influence of pore-wall atoms. There are two
peaks for Li+, indicating that the pore-wall atoms are involved
in the first and second shells of hydrated Li+. The only one
peak for Mg2+ at r of 0.42 nm represents the pore-wall atoms
being only involved in the second shell of hydrated Mg2+.
Moreover, the height of the two peaks for Li+ is obviously
large compared to the one for Mg2+. Higher peaks or larger
peak area represents more pore-wall atoms involved in the
hydration shell of cations. As discussed in our previous work
[18], the involved pore-wall atoms will help the hydrated
cations to enter the nanopores because the dehydration of
cations is somehow compensated by the pore-wall atoms.

To quantify the compensation degree of pore-wall atoms on
dehydration, the hydration recovery rate (Rec) is calculated,
which is defined as

Rec = nPW
n0 − nin

(7)

where nPW is the average hydration number of pore-wall atoms

for cations. A higher Rec value for Li+ represents that the dehy-
dration is compensated in a higher degree by pore-wall atoms,
compared to Mg2+.

Both the dehydration and compensation results promise
the easiness for Li+ to enter the TpPa nanopores, which is in
accordance with higher values of cin/c0 in Figure 4. However,
all the results above cannot explain the reduced selectivity as
the values of Li+ are all higher than those of Mg2+ no matter
of individual- or mixed-salt cases. It is necessary to figure
out the other contribution to rejection, such as the in-pore-
transport effect.

3.3. The contribution of in-pore transport

The in-pore-transport effect (vi/vw) is obtained from calculat-
ing the residence time of water molecules and ions inside
nanopores (shown in Figure 6), as the velocity can be easily
calculated by dividing the membrane thickness by the resi-
dence time. From Figure 6, we observe that the values of resi-
dence time for Li+ are shorter than those for Mg2+, predicting
the weaker interaction of Li+ with pore-wall atoms. However,
the results in the above section predict that the hydrated Li+

has a stronger interaction with pore-wall atoms, which is

Figure 6. (Colour online) Residence time of cations and water molecules inside TpPa nanopores for the cases of individual salts.

Figure 5. (Colour online) Dehydration degree and hydration recovery rate results: (a) dehydration degree of 1st shell on cations; (b) dehydration degree of 2nd shell on
cations; (c) hydration recovery rate due to the pore wall compensation
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contradictory to the results of residence time. If we further
compare the residence time of water in two distinct individ-
ual-salt cases. The residence time of water in Li+ cases is evi-
dently shorter than that in Mg2+ cases. Moreover, the
residence time of water in Mg2+ cases (3rd column in Figure
6) is longer than that of Li+ (2nd column in Figure 6). Since
the vi/vw rather than vi represents the effect of in-pore trans-
port, the values of vi/vw are calculated and listed in Table 1.

For the individual-salt cases of the same membrane thick-
ness, the values of vLi/vw and vMg/vw are close, indicating
that relative transport rates (compared to water molecules)
are almost the same for both two types of cations. While two
types of cations are mixed, the values of vLi/vw are much
lower than those of vMg/vw. These are in accordance with
the results of hydration compensation in the above section,
that the interaction of Li+ with pore-wall atoms is stronger
and thus Li+ has lower transport velocity. From Table 1, the
values of vMg/vw are all larger than those of vLi/vw no matter
of individual- or mixed-salt cases. Therefore, it is impossible
to figure out the mechanism of reduced selectivity by separ-
ately analyzing the contributions of pore-entrance sieving
and in-pore-transport effects. Moreover, the strong interaction
of Li+ with pore wall is harmful to the in-pore transport but
favourable for the contribution of cin/c0 at the same time.
Therefore, it is necessary to consider these two contributions
at the same time.

3.4. Analysis of reduced-selectivity mechanism

From Equations (4) and (5), we can obtain the relationship
between selectivity and two contributions of rejection as,

SLi/Mg = cin,Li
cin, Mg

/
c0, Li
c0,Mg

( )
· vLi

vMg
/
vw, Li
vw, Mg

( )
= fc · fv (8)

The calculated S are listed in Table 2. From Table 2, the
reduced selectivity is evidently present, as the values of S are
larger than 1 for individual-salt cases but lower than 1 for
mixed-salt those.

Furthermore, in order to figure out the mechanism of
reduced selectivity, we separate the selectivity into two parts
as contributions of ion concentration and transport, which
are denoted by fc and fv, respectively. The values are calcu-
lated for all cases and listed in Table 2 as well. It is evident
that the contribution of ion concentration (fc) maintains at

around 1.2 no matter of the individual- or mixed-salt cases.
However, the contribution of transport (fv) for individual-
salt cases is close to 1 but is no more than 0.8 for mixed-salt
cases. vw, Li/vw, Mg equals 1 for the mixed-salt cases because
there is only one water flux. However, for the individual-salt
cases, vw, Li/vw, Mg is obviously lower than 1. The reduced selec-
tivity might result from the water fluxes for distinct individual-
salt cases.

From Figure 6, the residence time of water inside TpPa
membranes is longer for individual-MgCl2 cases. Moreover,
the permeance of water (1154 L m−2 h−1 bar−1) is much
reduced compared to that of pure water cases (3736 L m−2

h−1 bar−1) [26]. Furthermore, the water permeances of
mixed cases (Figure 3(e)) are close to those of individual-
MgCl2 (Figure 3(d)). It is very possible that the existence of
Mg2+ inside TpPa membranes will significantly reduce the
water permeability. In the cases of individual-LiCl (Figure 3
(d)), the water permeability is slightly reduced compared to
pure water permeance, because the hydration shell of Li+ is
soft and water molecules can easily exchange during they
pass through TpPa nanopores. Therefore, the water molecules
will not be significantly hindered when the Li+ exists inside
TpPa nanopores.

Moreover, the self-diffusion coefficients of Li+ and Mg2+

in bulk water are calculated based on the mean square dis-
placement results (shown in Figure S1) and are listed in
Table 3. The self-diffusion coefficients of Li+ are higher
than those of Mg2+, indicating that the Li+ will move freely
rather than follow the water molecules when the solution is
in the state of flow. In other words, the Mg2+ tend to follow
the water flow while Li+ will not. Together with the under-
standing of stronger interaction of Li+ with pore wall, it
can be concluded that, during the process of cations passing
through the TpPa nanopores, Li+ would like to interact with
pore wall rather than flow with water, on the other side, the
Mg2+ will follow the water molecules to pass through the
TpPa nanopores. The results of vw, Li/vw, Mg can also
confirm this conclusion.

When the ions transport through nanopores, there is
mainly one driving force and one dragging force. The driv-
ing force comes from the water flow while the dragging force
originates from the interaction of ions with pore wall atoms.
For the mixed-salt cases, the presence of Mg2+ inside TpPa
nanopores will reduce the water flux, the driving forces,
while the water permeability is determined by the Mg2+

(similar to the individual MgCl2 cases). As discussed
above, the Mg2+ will follow the water flow although the
flow rate is reduced. However, the Li+ prefer to interacting
with pore walls rather than flow with water. The driving
force is reduced but dragging force remains, resulting in a
further reduction of Li+ flux. If the membrane thickness is
enlarged, such reduction effect will be promoted as the per-
meance of Li will encounter more high energy barriers while
Mg2+ will not (shown in Figure S2).

Table 1. Values of vi/vw for all cases.

Cases

Individual salt XLi/Mg = 1:1 XLi/Mg = 1:4

10 layers 20 layers 10 layers 20 layers 10 layers 20 layers

vLi/vw 0.849 0.753 0.738 0.689 0.715 0.686
vMg/vw 0.873 0.775 0.975 0.919 0.907 0.858

Table 2. Values of fc, fv and calculated SLi/Mg for all cases.

Cases

Individual salt XLi/Mg = 1:1 XLi/Mg = 1:4

10 layers 20 layers 10 layers 20 layers 10 layers 20 layers

fc 1.211 1.148 1.214 1.214 1.247 1.115
fv 0.973 0.972 0.757 0.750 0.788 0.780
SLi/Mg 1.178 1.116 0.919 0.911 0.982 0.870

Table 3. Self-diffusion coefficients (D, 10−9 m2 s−1) of cations in bulk solution.

Li+ (LiCl) Li+ (1:1) Li+ (1:4) Mg2+ (MgCl2) Mg2+ (1:1) Mg2+ (1:4)

D 0.332 0.184 0.293 0.175 0.085 0.092
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4. Conclusions

In order to uncover the reason for the variation of Li/Mg selec-
tivity when the feed solution is replaced from mixed salts to
individual salt, we perform a series of NEMD simulations of
Li+ and Mg2+ transport through multilayered TpPa mem-
branes with individual- or mixed-salt feed solutions. The rejec-
tion performance for Li+ and Mg2+ as well as Li/Mg selectivity
are firstly investigated. It is evident that the Li/Mg selectivity
drops from ∼1.1 to ∼0.9 while two types of salts are mixed
in the feed solution. Moreover, the selectivity is surprisingly
reduced, indicating the membrane prefers to permeate Mg2+

rather than Li+ in the mixed-salt condition, which is opposite
to the result of the individual-salt condition. The analysis of
both pore-entrance-sieving effects as well as the in-pore-trans-
port effects indicates that Li+ has a stronger interaction with
pore-wall atoms resulting in the convenience of Li+ to enter
nanopores but lower transport ability inside them. However,
the separate analysis of these two contributions cannot explain
the phenomenon of reduced selectivity. By coupling the influ-
ence of them, we conclude that the reduced selectivity mainly
originates from the reduced water flux in mixed-salt cases,
which is due to the presence of Mg2+ inside nanopores. The
molecular characterisations also reveal that Mg2+ prefers to
flow with water while Li+ is more likely to adsorb onto the
pore walls. Therefore, the reduced water flux, or the driving
force, plays a distinctly negative role in the transport of Li+

but rarely in that of Mg2+. The flux of Mg2+ is then evidently
larger than the one of Li+ in the mixed-salt cases, leading to
the selective permeate of Mg2+, which is opposite to the results
in the individual-salt cases. The findings in this work reveal the
mechanism of the reduced Li/Mg selectivity in experiments
when mixed-salt feed solution is applied. It could be deduced
that impeding the entrance of Mg2+ into membranes might
avoid the selectivity drop in experiments, not only because
of the pore-entrance sieving effect. This conclusion is still
valid if the membranes are thick enough, i.e. thicker than
3.0 nm, as the mechanism is the same for the cases with dis-
tinct membrane thickness in this work. The interference
effect of cations, especially its influence on the transport of
cations inside membranes should not be ignored, which is
helpful for the design of high-performance NF membranes
for Li/Mg separation.
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