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Understanding the lon Transport Behavior across Nanofluidic
Membranes in Response to the Charge Variations

Linxiao Hou, Weipeng Xian, Shaosuo Bing, Yanpei Song, Qi Sun,* Lin Zhang,

and Shenggian Ma*

Biological pores regulate the cellular traffic of a diverse collection of
molecules, often with extremely high selectivity. Given the ubiquity of charge-
based separation in nature, understanding the link between the charged
functionalities and the ion transport activities is essential for designing
delicate separations, with the correlation being comparatively underdeveloped.
Herein, the effect of charge density from the impact of pore structure is
decoupled using a multivariate strategy for the construction of covalent
organic framework-based membranes. How the density of charged sites in

the nanofluidic membranes affect the ion transport activity with particular
emphasis on Li* and Mg?" ions, relevant to the challenge of salt-lake lithium
mining is systematically investigated. Systematic control of the charge
distribution produces membranes with numerous advantages, overcoming
the long-term challenge of Li*/Mg?* separation. The top membrane exhibits an
outstanding equilibrium selectivity for Li* over Mg?* and operational stability

that ionic species transport profiles can be
manipulated through active regulating of
surface charge density.l To fully use such
characteristics for more delicate separation
processes, a greater understanding of the
ion transport behavior, along with the var-
ying charge distribution in the nanofluidic
membranes, is essential. However, due to
the lack of systematic exploration, such a
correlation has yet to be established.
Recent advances in material science
render opportunities to address this goal,
and a prime example is the advent of two-
dimensional covalent organic frameworks
(2D COFs).’l The programmability of
this type of material offers several essen-
tial features that are expected to improve

under diffusion dialysis and electrodialysis conditions (Li*/Mg?* up to 500),
qualifying it as a potential candidate for lithium extraction. It is anticipated
that the developed nanofluidic membrane platform can be further leveraged to

tackle other challenges in controlled separation processes.

1. Introduction

Nature has adapted over millennia to control complex processes
intelligently, with paradigmatic examples of ion transport across
the cellular membranes wherein the filter regions are enriched
with charged residues.! To mimic the functions of the bio-
logical processes, solid-state nanofluidic membranes were pro-
posed to control the transport of ionic species flowing through
them.Zl One of the fundamental factors that determine the ion
transport activity is the nanoscale control of the surface chem-
istry of channels.]’] For example, it has long been recognized
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the creation of more sophisticated, con-
trollable separation systems relative to
other currently used materials, such as:
1) uniform yet adjustable cylindrical nan-
ochannels in the range of 0.8-4.8 nm,
could, in principle, serve as a promising
nanofluidic system; 2) rigid construction could allow the pre-
cise organization of functional groups evenly spaced along a
1D channel; and 3) customized synthesis would allow access to
an infinite number of charge states in one material, thus ena-
bling control over the transport behavior of analytes. With these
attributes, COFs are expected to serve as an ideal platform for
creating biomimetic nanofluidic systems with controllable ion
transport activity in applications ranging from energy resource
recovery to water purification.[®!

To investigate the effect of the charge distribution of nano-
fluidic membranes on the ion transport behavior, we used a
multivariate (MTV) strategy, using which the population of a
specific functionality could be readily manipulated in one COF
without altering the underlying topology,”! thus allowing com-
parative studies with high fidelity. To regulate the charge popu-
lation in the membrane, two organic linkers with or without
charge were incorporated into one COF structure at various
ratios of these two monomers to produce nanochannels with
various charge densities. Lit/Mg?" separation is a critical step
in the extraction of lithium from salt-lake brines. Therefore, to
meet the increasing demand for this energy-critical element,®!
we investigated the influence of the surface charge density of
COF channels on the transport profiles of Li* and Mg?', and,
consequently, the accompanying separation factor (Figure 1). It
was shown that the ion transport process has an even higher
degree of complexity. This was inconsistent with the general
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Figure 1. a) Synthetic scheme illustration of COF-based membranes with varied charge densities via interface polymerization, and b) diagram illustra-
tion of active regulating of surface charge density to manipulate transport profile of Li* and Mg?* ions.

thinking that when a charged surface is in contact with an elec-
trolyte solution, co-ions are strongly electrostatically repelled
when the channel size is comparable to the Debye screening
length. In addition, according to the dielectric exclusion prin-
ciple, the capability of the system to distinguish between mono-
valent ions and multivalent ions improved with an increase in
surface charge density. However, our experimental results show
that the charged groups do not always inhibit co-ions from
entering the pore channels, but play a pivotal role in facilitating
the translocation of Li* ions. The permeability of divalent Mg?*
ions is less related to the charge density of the materials, fluctu-
ating within a small amplitude when this value falls within the
range of 0.39-0.78 mmol g™'. However, by further increasing
the number of charged sites, the permeability of Mg?* greatly
increases. The established structure-performance relationship
can be applied to other separation processes and added to our
understanding of ion transport across cellular membranes.

2. Results and Discussion

We used the well-known COF constructed by triformylphlo-
roglucinol (Tp) and biphenyl diamine linkers to synthesize
MTV-COFs with varying charge densities.®! To increase the
processability, the COF active layers were grown on partially
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hydrolyzed polyacrylonitrile (PAN) ultrafiltration membranes
(Figure S1, Supporting Information). The use of PAN as the
support is mainly based on the following considerations:
1) PAN is flexible, which can increase the operability of the
resulting membrane; 2) PAN is hydrophilic and negatively
charged, which can lower the transmembrane energy of cations.
Interface polymerization was adopted (Figure S2, Supporting
Information) to achieve membranes wherein the aqueous
solution contained the amine monomers (ethidium bromide
(EB) and benzidine (BD)) and a catalyst of p-toluenesulfonic
acid (TsOH), and the dichloromethane phase contained Tp.
The resulting membranes are denoted as COF-EB,BD,/PAN
(x and y refer to the mole ratio of EB and BD in the mem-
branes synthesis, Figure 1). The color of the resulting mem-
branes ranged from dark yellow to brick red as the proportion
of EB increased (Figure S3, Supporting Information). Scanning
electron microscopy (SEM) images revealed crack-free, contin-
uous film surfaces that contoured the underlying PAN support
with a thickness around 200 nm (Figures S4 and S5, Sup-
porting Information). The surface morphology of the resulting
membranes was coarser with the increase of EB (Figure S6,
Supporting Information). The elemental mapping distribution
collected by an electron microprobe analyzer showed that Br
species were homogeneously dispersed throughout the mem-
branes (Figure S7, Supporting Information). Dye molecules
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exclusion experiments indicated that the diffusion channel size
of the resulting membranes is smaller than the size of methyl
blue (2.3 nm, see details in the Experimental Section in the
Supporting Information). The f-ketoenamine structures of the
resulting COF membranes were confirmed by Fourier trans-
form-infrared spectroscopy (FI-IR) analysis, which showed a
new peak at 1593 cm™ for —C=C along with the undetached
—C=N stretch at around 1620 cm™. The disappearance of the
stretching signals of the primary amine (Vg = 3200 cm™)
and aldehyde (Vc—o = 1642 cm™) indicated the high polymeri-
tion degree of the membranes (Figure S8, Supporting
Information).[°?! The relative intensity of C—N originated from
quaternary ammonium displayed a trend of increase along
with the proportion of EB increased from 0% to 75% in the syn-
thesis of COF-EB,BD;_,/PAN (Figure S8, Supporting Informa-
tion). The N 1s X-ray photoelectron spectroscopy (XPS) spectra
recorded from free-standing COF-EB,BD,_, (x < 1), exhibited
two peaks located at 399.6 and 401.3 eV, which are charac-
teristic N 1s signals for the amino N atoms (N—H), and qua-
ternary ammonium N atoms, respectively, suggestive of the
successful incorporation of EB species (Figure S9, Supporting
Information).”) The relative intensity of N 1s originating from
quaternary ammonium displayed an increasing trend as the
proportion of EB increased from 0% to 75% in the synthesis
of COF-EB,BD,_,/PAN. To quantify the amount of charge sites
in the membranes, we evaluated the content of Br species in
the membranes by ion chromatography. A positive correla-
tion between the stoichiometry of the starting materials and
the actual linker ratios in the resultant COF membranes was
observed (Table S1, Supporting Information), validating the
XPS and FT-IR results. Powder X-ray diffraction (PXRD) anal-
ysis of the free-standing COF-EB,BD;_, membranes revealed
crystalline structures with a prominent peak at 3.7° and a rela-
tively broad peak at 271°, assigned to the (100) and (001) facets,
respectively. The PXRD patterns for the samples were qualita-
tively identical to each other, verifying that they were isostruc-
tural (Figure S10, Supporting Information). The diffraction
patterns matched well with the calculated pattern based on the
eclipsed stacking structures. N, sorption isotherms collected at
77 K revealed that the accessible size of the free-standing COF-
EB,BD; membrane is around 2 nm, in line with the eclipsed
stacking model (Figure S11, Supporting Information). The zeta
potentials of the COF-EB,BD; ,/PAN membranes were less
negative than those of pristine PAN, varying within a small
range from —25.8 to —15.6 mV for the samples containing EB,
which suggested the positive charge of the COF layers and the
homogeneous distribution of charged moieties throughout
the pore channels (Figure S12, Supporting Information). This
assumption was further supported by their greatly increased
zeta potentials in the powder form and similar surface wetta-
bility (Table S2 and Figure S13, Supporting Information)
Lithium batteries have changed the world and are ubiquitous
in modern society, and power most of the electronics that we
use. To meet the continuously growing demand for lithium, the
development of technology capable of economically extracting
lithium from low-grade deposits would ensure resource acces-
sibility, which ultimately promotes investment in this mature
energy storage technology.®! The effective discrimination
between Lit and Mg?" ions is especially problematic in lithium
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extraction from brine because of their similar properties in
terms of reactivity. Given the restriction of Donnan exclusion
and electroneutrality requirements, there are different influ-
ences of charged channels on the transport profiles of ions
with different valences, which can consequently offer ion selec-
tivity."”l These considerations prompted us to pursue the sepa-
ration of lithium and magnesium using these membranes. We
tested the initial diffusion fluxes of Li* and Mg?™ across these
membranes to quantitatively compare their transmembrane
activity. A home-made U-shaped dual-chamber diffusion cell
was used. Single ion diffusion profiles were collected with a
LiCl or MgCl, concentration of 0.1 M. The amount of ions trans-
ported from the feed chamber to the permeate chamber were
recorded using a conductivity meter. The transport kinetics
were reflected in the slope of ion concentration in the permeate
chamber versus operation time. The ion diffusion flux and
Li*/Mg?* separation factor were calculated from the slope of the
permeation curves. All tested membranes showed higher per-
meability of Li* ions than Mg?* ions. We also ran control tests of
the membrane in the absence of EB, which showed negligible
ion transport activity, highlighting the role of charged sites as
ion transporters (Figure 2a). Correlating the initial Li* and Mg?*
transport rates to the synthesized membranes showed that the
charge density was a determinant of ion transport. The trans-
port rate of Mg?" and Li" ions differed considerably in response
to the varied charge densities of the membranes. The perme-
ability of Li* ions increases with an increase in the charge pop-
ulation, as reflected by the gradually steeper slopes, whereas
the transport of Mg?* ions across the membranes was more
complicated, displaying a trend of increasing, decreasing, and
then increasing. COF-EB3;BD;/PAN, with the highest charge
density among the membranes tested, did not exhibit the best
Li*/Mg?* selectivity, and this value was not even close to the
highest (Figure 2a). This was counterintuitive because usually,
the higher the charge site concentration, the more effective
the membrane is in rejecting high-valent co-ions and, conse-
quently, the higher the Li*/Mg?" separation factor. In compar-
ison, COF-EB{BD;/PAN, with a much lower charge density,
exhibited the highest Li*/Mg?" separation factor. Considering
that the COFs were isostructural, and the resulting membranes
show a similar thickness, the impact of the dynamic resistance
of the membrane can be excluded. Therefore, we rationalized
these trends using Donnan membrane equilibrium. As elec-
trostatic forces from the charged sites on membranes cause
counter-ions to move in the direction of their concentration
gradient; this leads to the enrichment of nanochannels with
counter-ions and depleted co-ions."! In combination with the
requirement of electroneutrality, there is a competition between
electrostatic repulsion of co-ions against the charged nanochan-
nels and the electrostatic attraction from counter-ions filled in
the nanochannels. Given a balanced electrostatic interaction
with monovalent co-ions and counter-ions, the transport rate of
Li* ions accelerates as the charge density increases as more Cl™
ions are enriched. This is in stark contrast to the transport of
Mg?" ions, which exhibited an increase, decrease, and another
increase in response to the increased charge density. We pos-
tulated that the electrostatic repulsion that dominates the per-
meation of Mg?* ions with the membrane charge density falls
in the range of 0-0.59 mmol g™ (x/y in COF-EB,BD,/PAN is
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Figure 2. a) The transport rate of Lit and Mg?* across various membranes and the corresponding Li*/Mg?* selectivity under diffusion dialysis with a
LiCl or MgCl, concentration of 0.1 M, respectively. b,c) I-V curves of the synthesized membranes measured in 0.1 m salt solutions based on the con-
centration of Cl™ ions. d) The summary of V. values and their corresponding ratios obtained from (b and ).

less than 1). This is because of the dielectric exclusion con-
trols; the exclusion from a charged layer is more rigorous for
a bivalent co-ion compared to a monovalent ion. However, as
the charge density increases further, the attraction of enriched
counter-ions dominates over the repulsion of high-valent co-
ions, thereby accelerating the transmembrane permeation of
Mg?* ions. These factors cause the Li*/Mg?" separation factor to
increase first and then decrease. COF-EB;BD;/PAN appears to
be the best material among this series.

To quantitatively evaluate the preferred transport of Li*
over Mg?* ions, their relative transmembrane permeability
was evaluated. Given that the potential of zero current (V,)
is related to the permeability of ions in the contact solutions
located at the two sides of the membrane, current-voltage (I-V)

curves were collected. To obtain the relative permeability of
cations, salt solutions with the same gradient of anions were
employed. Upon evaluating the V,. in response to the EB pro-
portion in the membrane, a remarkably sharp volcano-type
effect was observed (Figure 2b—d). COF-EB,BD;/PAN exhibited
the highest selectivity for lithium over magnesium, according
to the Goldman-Hodgkin-Katz equation, which is consistent
with the aforementioned results.[?

To further explore the relationship between the membrane
charge density and apparent mass transport for Li* and Mg?*
ions that traverse the membranes under various feed concen-
tration conditions, the ion transport profiles of each COF mem-
brane were plotted against the operation time (Figures S14-S19,
Supporting Information). All data points converged to reveal a
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linear relationship. Figure 3 depicts the feed solution concen-
tration-profiled diffusion flux values. The transport patterns of
Li* and Mg?" depending on the change in the ionic strength of
the solution were similar to those of the membranes with
different charge populations. Except for the neutral membrane,
the ion transport rate was not proportional to the feed concen-
tration, suggesting a crucial role of electrostatic interactions in
ion transport. The Li* ion diffusion rates for the COF-EB,BD,_,/
PAN membranes were nearly linearly increased when the con-
centration of feed solution increased from 0.05 to 1.0 m. Con-
versely, the Mg?* transport profile slightly increased when the
salt concentration increased from 0.05 to 0.2 M, displayed a
trend of smoothing when the salt concentration was in a range
from 0.2 to 0.5 M, and then greatly increased when the salt con-
centration further increased from 0.5 to 1.0 m. Therefore, there
is a dramatic rise in the Li*/Mg?" separation factor from 60 to
353 upon increasing the salt concentration from 0.05 to 0.5 M,
which reveals that variations in the ion concentration produce
significant changes in the membrane selectivity (Figure S20,
Supporting Information).

We also tested the transmembrane activities of other cations.
Given the superior performance of COF-EB;BD;/PAN, it was
chosen for further studies, which revealed the preferred mono-
valent cation transport over that of divalent cations. Specifically,
the separation factors for H*/Mg?*, Na*/Mg?!, Li*/Mg?", and
Ca’*/Mg?* were 3094, 360, 353, and 0.62, respectively, under
electrolyte concentrations of 0.5 M (Figure S21, Supporting
Information). These results can be rationalized by the mobility
for the cation ions, following the trend of H" > Na* > Li* >
Mgt > Ca2* 3

These results are a promising proof-of-principle that shows
that these membranes can be used for Li* extraction from salt
lakes. According to the established corrections between the
salt concentration and Li*/Mg?" separation factor, an equi-
molar binary mixture of LiCl and MgCl, (0.5 M each) was
applied to test the separation performance of COF-EB;BD,/
PAN. To obtain critical mechanistic insight, we tracked the
kinetics of ion permeation through these membranes as a
function of time (Figure S22, Supporting Information). As
expected, the concentrations of Li* and Mg?" in the permeate
increased linearly with time. The comparison of flux and selec-
tivity between single and binary salt mixture measurements
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over the COF-EB;BD;/PAN membranes showed that the
fluxes of both Li* and Mg?" ions decreased under binary salt
conditions. The greater decline of Mg?" flux relative to Li* ions
resulted in higher binary Lit/Mg?* selectivity, compared to
the ideal selectivity (505 and 353), placing it among the top
materials (Table S3, Supporting Information). We ascribed
the decreased flux to the concentration polarization. This is
probably due to the negative zeta potential of the membranes
causing local accumulation of cations, resulting in lower
solute permeance. Further research is required to attenuate
the concentration polarization and to understand the impact
of the support charge on the performance of the active layer.
However, the more significant Li*/Mg?* selectivity can most
likely be attributed to the competition mechanism in which
Li* ions can more easily penetrate the positively charged
pore channel than Mg?*, and once Li* ions are present in the
channel, Mg?* ions are excluded.

The outstanding separation performance under high ionic
strength conditions makes COF-EB;BD;/PAN promising for
extracting lithium from salt lakes. To evaluate the lithium and
magnesium separation performance in the real system, an arti-
ficial brine with a mass ratio of magnesium (29.9 g L) and
lithium (0.85 g L) of =35 was prepared. This ratio was =28.1/1
(mole ratio of Lit/Mg?*) in the second permeate chamber after
a single pass through COF-EB;BD;/PAN, approaching the
battery-grade purity.

To explore the potential of COF-EB;BD;/PAN in practical
operation, electrodialysis was conducted for Li*/Mg?* sepa-
ration using a setup relevant to the industry (Figure 4; see
details in the Experimental Section in the Supporting Infor-
mation). Excellent selectivity was achieved with Lit/Mg?
and Na*/Mg?" separation factors of 443 and 827, respectively,
for the 1:1 binary solution (0.1 M each) at a current density
of 0.5 mA cm™. Accordingly, the mole ratio of Li*/Mg?* in
the simulated Yiliping brine (Qinghai province in China
with magnesium and lithium concentrations of 0.83 mol L™}
and 0.031 mol L7}, respectively) significantly increased from
0.0377 to 385 after electrodialysis. In addition to the separa-
tion factor, long-term stability is another essential criterion
for practical applications. Negligible loss in permeability
and selectivity was observed for COF-EB;BD;/PAN after
continuous operations under electrodialysis conditions for
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10 h as well as 2 months under various dialysis conditions.
The comprehensive stability under various harsh conditions
makes COF-EB;BD;/PAN a promising candidate for practical
lithium extraction.

3. Discussion

In summary, we demonstrated that the high intrinsic modularity
of COFs allows for precise compositional tuning for the optimi-
zation of a membrane’s ion-transport activity. This culminated
in the discovery of high-performance nanofluidic separation sys-
tems, by identifying the critical parameters for improving the
separation performance of membranes. In this contribution, we
built on the isoreticular principle to show that the ion transport
profiles across nanofluidic membranes can be tuned by system-
atically introducing ionic functionality, as demonstrated by how
the charge site distribution could be used to control the trans-
port profile of ions with different valences. This work provides
critical mechanistic insights into ion transport at the nanoscale
and a rational approach for optimizing membrane performance,
with implications for achieving a greater understanding of the
functions of ion channels in cell membranes, which ultimately
enhances the development of membrane science.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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