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Membranes tailored for selective ion transport represent a promising avenue
toward enhancing sustainability across various fields including water treat-

ment, resource recovery, and energy conversion and storage. While nano-
channels formed by polymers of intrinsic microporosity (PIM) offer a

compelling solution with their uniform and durable nanometer-sized pores,
their effectiveness is hindered by limited interactions between ions and
nanochannel. Herein, we introduce the randomly twisted V-shaped structure
of Troger’s Base unit and quaternary ammonium groups to construct ionized
sub-nanochannel with a window size of 5.89-6.54 A between anion hydration
and Stokes diameter, which enhanced the dehydrated monovalent ion trans-
port. Combining the size sieving and electrostatic interaction effects, sub-
nanochannel membranes achieved exceptional ion selectivity of 106 for CI/
CO5* and 82 for CI/S0,?, significantly surpassing the state-of-the-art mem-
branes. This work provides an efficient template for creating functionalized

sub-nanometer channels in PIM membranes, and paves the way for the
development of precise ion separation applications.

Rapid industrialization, accompanied by excessive carbon emissions,
exacerbates global warming and imposes substantial and significant
pressure on energy security'>. Efficiently recovering carbon-
containing substances and transforming them into valuable products
could substantially mitigate carbon emissions and pollution*. For
instance, converting carbon-containing organic compounds or carbon
dioxide into carbonates offers an ideal pathway for their reuse and
recycling, necessitating efficient separations of carbonates from other
species’. Among these, the separation between carbonate and chloride
ions is particularly significant in various applications, including heavy
metal extraction’, antibiotic degradation®, and the production of
battery-grade carbonates such as lithium carbonate and sodium car-
bonate. Membrane-based separation processes offer a promising
avenue for such separations of similar molecules, relying on the

development of selective transport channels’ ™. However, the similar
radii and physical properties of these coexisting ions with carbonates
complicates the separation of these ions?. Therefore, research has
rarely been reported on the separation and extraction of carbonate
with other similar ions.

As the pore size of the channels in the membranes can be confined
to the sub-nanometer scale, enhanced membrane-ion interactions
such as friction and slip flow can effectively improve the selectivity of
monovalent and divalent ions, which is promising for more accurate
separation of specific ions™". In addition, an electric field is a powerful
tool to offer ions an external driving force and promote their direc-
tional migration®™. Using the movement direction of the electric field
can facilitate the mobility of ions in nanochannels and increase ion
transport. During the electric driving process, the properties of the
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anion exchange membrane (AEM) are crucial for anion transport and
separation efficiency’®. Numerous materials based on cationic groups,
such as quaternary ammonium (QA), have been investigated to form
ion-conducting regions via microphase separation to facilitate anion
diffusion”. However, traditional polymers have mostly flexible struc-
tures with a wide range of pore size distributions. Moreover, the flex-
ible polymer backbone swells easily and collapses the membrane
pores, resulting in poor separation selectivity and stability, especially
in electrochemical processes.

Polymers of intrinsic microporosity (PIM) with shape-persistent
units show high rigidity to prevent free rotation of the main chain'®",
Their inefficiently stacked molecular chains can produce randomly
twisted nanochannels (pore size <2 nm), which possess a high free
volume fraction to facilitate the diffusion of molecules’®”. Among
them, a polymer of Troger’s Base (TB) that contains a rigid V structure
imparted by a methano[1,5]diazocine bridge is a typical example*>*,
The key TB units can make available the sub-nanometer micro-
porosities between distorted polymer chains, which are expected for
highly efficient transport of special ions and alkaline stability com-
bined with inhibition of membrane swelling®*. However, the absence of
ion-interacting groups within the sub-nanochannel increases the
energy barrier of anion entry, resulting in a reciprocal relationship
between anion selectivity and conductivity.

Herein, quaternary ammonium-functionalized TB microporous
polymer membranes with sub-nanochannels were well-designed for
ion separations. The quaternization process reduces the pore size
distribution of the microporous membrane to the range of
5.89-6.54 A, which is smaller than the hydration diameters of CI, CO5Z,
and SO,* (Fig. 1). In addition, the introduction of QA groups (with a
positive charge) to the polymer backbone facilitated the formation of
microphase separation structures and provided channels for dehy-
drated ion transport. Meanwhile, the differences in the dehydration
energies of anions and their adsorption and desorption energies on the
QA-TB framework could cause different rates of ion mobility, increas-
ing ion separation. As expected, the excellent separation performance
between monovalent and divalent anions and high chemical stability in

12 day continuous ion separation experiments are exhibited. This may
provide a material design strategy for existing ion separation tech-
nologies and significantly improve separation efficiency.

Results
Tailoring TB polymers with QA groups for enhanced membrane
properties
As depicted in Fig. 2a, the TB polymers were synthesized from
o-benzidine (DMB) and dimethoxymethane (DMM) monomers via an
acid-catalyzed polycondensation reaction”, as verified by Fourier-
transform infrared spectra and 'H nuclear magnetic resonance (Sup-
plementary Figs. 1-2). The QA groups were then incorporated into the
TB polymer skeleton to provide an ion transport channel (Supple-
mentary Fig. 3-4). The structural composition of the TB units and the
incorporation of QA groups give TB/QA-TB membranes distinctive and
superior physical and chemical properties. The membranes have the
characteristic surface of dense polymer membranes without obvious
defects (Supplementary Fig. 5). As shown in Fig. 2b, dynamic
mechanical analysis (DMA) was employed to probe the thermal resi-
lience of the membranes. Both TB and QA-TB membranes exhibited a
remarkable storage modulus exceeding 1000 MPa within the tem-
perature range of 120 to 290 °C, showcasing outstanding thermo-
mechanical stability. Additionally, tensile strength plays a pivotal role
in membrane performance and mechanical stability. Given the high
rigidity of PIM materials, both membranes demonstrated substantial
tensile strength of -60 MPa (Supplementary Fig. 6). Moreover, TB
polymers with rigid backbones and pronounced hydrophobic char-
acteristics are effective in mitigating membrane swelling. As a result,
TB and QA-TB membranes exhibited low water uptake values of 4.05%
and 1.75%, respectively, accompanied by corresponding swelling ratios
of 0.99% and 1.01% (Fig. 2c). The swelling ratios for both TB and QA-TB
membranes were significantly lower at room temperature compared
with other ion exchange membranes in the literature (Supplementary
Table 1).

Polymer membranes designed for ion separation commonly
necessitate a high ion exchange capacity (IEC) to ensure superior ionic
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Fig. 1| Schematic illustration of the Troger’s Base (TB) microporous polymer
membrane for ion separations. lonized sub-nanochannels were engineered
through the strategic integration of angstrom-porous quaternized TB units with ion
adsorption sites. The randomly twisted V-shaped structure of TB provides

Microphase separation morphology

regulated membrane pores with a pore window size of 5.89-6.54 A, positioned
between the anion hydration diameter and their Stokes diameter. Additionally, the
incorporation of functional groups (quaternary ammonium groups) promoted
channel-ion interactions and improved the monovalent ion flux.
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Fig. 2 | Synthesis routes and physicochemical properties of TB and QA-TB
membranes. a Synthetic pathway for TB and QA-TB polymers. b Thermo-
mechanical analysis, (c) water uptake and swelling ratios, (d) zeta potential curves,
(e) ionic conductivity, and (f) ion fluxes of TB and QA-TB membranes. Error bars

represent the standard deviation calculated from three parallel measurements.
g Radar plot comparing the physicochemical properties of TB and QA-TB
membranes.

conductivity and effective ion separation within the designated chan-
nels. Nonetheless, the high IEC of a membrane often accompanies
increased water retention, resulting in substantial swelling ratios that
may jeopardize the integrated structure and stable performance of the
membranes®. Remarkably, in this work, the QA-TB membranes
exhibited significantly lower swelling ratios while the IEC remained at a
mere 0.0167 meqg™. This minimal value is ascribed to a strong
adsorption force of I within the membrane, hindering its release
during the ion exchange process. As illustrated by the zeta potential
spectra in Fig. 2d, the QA-TB membrane exhibited a more pronounced
negative charge, which could be attributed to the presence of absor-
bed I. However, the introduction of charged QA groups effectively
increases the ionic conductivity of QA-TB membrane (Fig. 2e). More-
over, the QA-TB membrane demonstrates a notably elevated mono-
valent anion flux, surpassing that of the TB membrane to a significant
degree (Fig. 2f). This indicates that, despite the decrease in IEC value of
the QA-TB membrane, the engineered ionized sub-nanochannels
remain capable of ensuring smooth transport of monovalent anions.
A comparison of the membrane properties (Fig. 2g and Supplementary
Table 2) indicates that the QA-TB membrane is more adept at facil-
itating the migration of monovalent ions, rendering it better suited for
the separation of monovalent and divalent anions.

Probing CI and CO;> ion migration

To evaluate the selectivity of the QA-TB membrane toward mono-
valent and divalent anions, an electrochemical device comprised of
four compartments was employed. The effective area of the mem-
brane inside the device was 19.63 cm? Considering the optimal
performance on targeted ion flux and selectivity, the following
conditions were employed in the subsequent ion separation

experiments: an ion concentration of 100 mM, a concentration
chamber to dilution chamber volume ratio of 1:1, and a current
density of 100 Am™ (Fig. 3a). This approach exhibits low energy
consumption in different systems, with an energy consumption
ratio of -0.42-0.48 kWh-mol™, and maintains a current efficiency
above 60% even after the continuous 24 h operation (Supplemen-
tary Fig. 7).

The migration of CI and COs> anions in 1h was examined, as in
Fig. 3b, c. Initially, CI was preferentially transported across the mem-
brane within the initial 25 min and exhibited an increase in migration
amount over time. Intriguingly, there was no discernible migration of
CO5” during this period. Although a minimal migration of CO5> was
observed within the final 35 min, amounting to less than one-fifth of
the migration of CI, it remained relatively steady (Fig. 3b). Because
CO;> exhibits greater dehydration difficulty and consequently
migrates more slowly than CI ions, especially when hydrated. Fur-
thermore, the ion flux data visually indicated the preferential migra-
tion of CI. The CI' flux peaked at 16.13x10™* molm™s™, and the
subsequent decrease (Fig. 3c) could be ascribed to the continuous
reduction in the overall concentration of CI inside the dilution
chamber. In addition, CO5? readily undergoes hydrolysis, producing a
small amount of HCO5™ that may compete with ClI' and decrease the
migration rate of CI. The pH value of the solution could influence the
hydrolysis degree and the existing form of COs*?. To mitigate the
influence of HCO5 on the separation process, the pH value of the
solution was monitored while titrating the concentration of CO5*. No
substantial alterations in pH and COs*> were found in the dilution
chamber, indicating that CO5> remained the predominant form in the
solution (Supplementary Fig. 8). Consequently, only a minimal amount
of COs* underwent hydrolysis, allowing a negligible portion to
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Fig. 3 | Short-term migration of CI' and COs* anions. a Schematic diagram of the
four-compartment electrochemical device for ion separation. The CEMs were
SPEEK membranes and the AEMs were QA-TB membranes. b Concentration profiles

in the concentration chamber and (c) ion fluxes of ClIand CO5* through the QA-TB
membrane during the 1-h experiment.

migrate. This circumstance of different migration rates enhances the
selectivity of the separation between the two ions.

Sustained separation of CI and CO;>

The sub-nanochannels in the QA-TB membrane demonstrated a
remarkable ability to promote the migration of monovalent anions and
limit the transport of divalent anions (Fig. 4a). To investigate the long-
term separation performance of the membrane, the QA-TB membrane
was tested for 12 consecutive days to monitor the ion flux and per-
meation selectivity. As depicted in Fig. 4b, although the ion flux gra-
dually decreased over time, the CI' flux remained significantly higher
than that of CO5? by an order of magnitude. As a result, the migration
amount of CI in the concentration chamber steadily increased over
12 days until it plateaued due to complete migration of CI in the
dilution chamber, whereas the slow penetration of CO5* resulted in its
migration remaining minimal and plateaued (Fig. 4c). Consequently,
the concentrations of the two ions in the concentration chamber
exhibited a tenfold difference, effectively elevating the permeation
selectivity to 106 (Fig. 4d).

Expanding applicability: CI-/SO42~ separation and literature
comparison

While the separation of ClI- and CO52~ showcased the exceptional
selectivity of the QA-TB membrane for monovalent/divalent anion
pairs, studies on this specific separation are relatively scarce in the
literature. To facilitate a more comprehensive evaluation and direct
comparison with established benchmarks, we investigated the

performance of the QA-TB membrane for separating Cl~ from another
commonly encountered divalent anion, sulfate (S042°). Industries like
petroleum, pharmaceutical plants, and paper mills often produce vast
amounts of highly saline wastewater containing sulfates and
chlorides?”. Consequently, the separation of CI and SO4* is crucial.
During CI'/SO,? separation trials, the QA-TB membrane demonstrated
outstanding separation efficiency. The migration of CI' in 1h was
markedly higher than that of SO,* (Supplementary Fig. 9), achieving a
CI' flux of 20.37x10™* molm™ s and a permeation selectivity of 82
(Supplementary Fig. 10). The ion migration rate was even faster than
that in the CI/CO5* system, with complete CI' migration achieved
within 48 h (Supplementary Fig. 11), while the optimal permeation

selectivity was slightly lower (Pg&, = 82<Pg'c;§, =106). This difference
arises from that a small amount of HCOj; initially reduces the CI flux,
while CO5” has larger size and higher hydration free energy compared
to CI' and SO4*. Consequently, CO;* dehydrates and migrates at the
slowest rate, resulting in higher selectivity for separation from CI.
However, the CI and SO,* separation performance of the QA-TB
membrane far exceeds those reported in the literature (Fig. 4e and
Supplementary Table 3).

Unveiling separation mechanisms: ion dehydration, microphase
separation, and ion interactions

The excellent selectivity of the QA-TB membrane for monovalent and
divalent anions could stem from the size effect and the presence of the
induced QA groups. On the one hand, the constructed ion channels are
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unable to accommodate the migration of hydrated ions, resulting in
dehydration. The dehydration ability of ions directly influences their
diffusion speed through sub-nanochannels®. On the other hand, the
distinct hydrophilic and hydrophobic properties between the polymer
backbone and the introduced QA groups facilitate the formation of a
microphase separation structure within the membrane, which pro-
vides channels for the migration of ions®. Meanwhile, different
degrees of electrostatic interaction between the QA-TB framework and
ions help ions with different free energies and transfer along the pore
walls at different speeds. Greater disparity in migration rates could
lead to higher selectivity in the separation process.

Appropriate characterizations were conducted to support this
mechanism. First, the dense nature of the material impedes the
smooth migration of hydrated ions through the constructed ion

channels based on the size sieving effect. The microporosity of the
membranes was characterized using positron annihilation lifetime
spectroscopy (PALS). As depicted in Supplementary Figs. 12-13 and
Fig. 5a, the pore size of the QA-TB membrane is smaller than that of the
TB membrane, which can be attributed to quaternization enhancing
ionic/polar chain interactions®. Therefore, the fractional free volume
(FFV) decreased, and the membrane cavities were reduced (Supple-
mentary Table 4). In Fig. 5b and Supplementary Table 5, a comparison
of the ion sizes reveals significant differences between bare ions and
hydrated ions, with the pore size of the QA-TB membrane falling
between their hydration diameter and the Stokes diameter. Addition-
ally, significantly different hydration free energies are observed for CI,
CO03%, and SO4*. The minimal hydration-free energy of CI eases the
shedding of the surrounding H,O molecules. However, SO,* and COs*
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Fig. 6 | Anion separation across the ionized sub-nanochannels. a Water sorption
behavior of TB and QA-TB membranes investigated using dynamic vapor sorption
(DVS). Atomic force microscopy (AFM) images of the (b) TB membrane and (c) QA-
TB membrane. The bright regions in (c) represent the hydrophobic segments of the
polymer backbone, whereas the dark regions correspond to the hydrophilic por-

tions of the QA groups. The partitioning calculation using ImageJ software reveals

that the percentage of hydrophilic region is about 22.71% and the percentage of
hydrophobic region is about 77.29%. d Electrostatic potential diagrams and cal-
culations of adsorption and desorption energies for Cl/S0427/CO52" on the surface
of QA-TB. The CO5* exhibits greater negative adsorption energy, indicating
stronger adsorption to QA-TB, and has higher desorption energy, hindering des-
orption. Conversely, CI' shows the lowest free energy, resulting in faster migration.

possess considerably higher hydration free energies and form stronger
bonds with water molecules®. In particular, CO5> demonstrates facile
hydrolysis and strong polarity. It easily binds to polar water molecules
and needs to overcome the larger dehydration resistance to pass
through sub-nanochannels, which leads to its slower diffusion and
lower ion flux. This substantial variation in migration rates significantly
enhances the ion separation selectivity.

In addition, the hydrophilicity of the QA groups promotes the
formation of a dual-phase structure within the membrane which
increases the interaction with dehydrated ions*. To confirm the
hydrophilic attributes of these groups, the water sorption character-
istics within the membrane were investigated via dynamic vapor
sorption curves (DVS) under varying relative humidity conditions
(Fig. 6a). The findings indicate a slightly elevated water sorption rate in
the QA-TB membrane compared to the TB membrane. However, the
water sorption rate in both membranes remains low, not exceeding
20%, indicating that the membranes retain a considerable degree of
hydrophobicity, as evidenced by their minimal swelling (Fig. 2c). The
atomic force microscopy (AFM) results depicted in Fig. 6b-c clearly
show that the TB membrane exhibits a uniform structure comprising
solely hydrophobic polymer backbones. In contrast, the QA-TB
membrane displays distinct light and dark regions due to the differ-
ent hydrophilicity of the polymer and functional groups. The bright
regions represent the hydrophobic segments of the polymer back-
bone, whereas the dark regions correspond to the hydrophilic por-
tions of the quaternary ammonium groups®. The rigid and twisted

structure of the TB polymer hampers the neat stacking of their main
chain, resulting in a greater accumulation of hydrophobic skeletons in
different directions and an increased hydrophobic area within the
membrane. This structural arrangement creates ionized sub-
nanochannels that enable dehydrated ions to rapidly migrate from
these regions driven by an electric field**. To further explain the
migration rates of different dehydrated anions within the ionized sub-
nanochannels, the adsorption and desorption properties of CI'/SO42~/
CO52" along the polymeric backbone of QA-TB were analyzed by the
density-functional theory (DFT)* calculation (Fig. 6d, Supplementary
Figs. 14-15 and Supplementary Table 6). The adsorption and deso-
rption of ions in the sub-nanochannels were attributed to the presence
of electrostatic interaction forces between CI/SO427/CO52~ and the
quaternary ammonium groups on the pore walls. The results show that
dehydrated CI has the lowest free energy, resulting in the shortest
residence time and the fastest migration. This aligns well with the ultra-
high selectivity between CI' and CO3*/SO,* in ionized QA-TB
membranes.

Discussion

In summary, a quaternized TB microporous polymer membrane was
prepared with exceptional separation selectivity for monovalent and
divalent anions. The rigid V-shaped structure of the TB unit and the
incorporation of specific QA groups construct ionized sub-
nanochannels within the membrane, which optimize the size of the
channels between the anion hydration diameter and their Stokes
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diameter. Further investigation into the ion transport behavior with
adsorption and desorption energies on the QA-TB framework
revealed that the electrostatic interaction had a limited effect on CI
migration but greatly slowed the transfer of COs%, resulting in
remarkable separation performance of monovalent and divalent
anions. Overall, this research highlights opportunities to develop
microporous polymer membranes for precise ion separation and
provides a facile method to construct well-defined sub-nanochannels.
These advancements may have broad applications in efficient, eco-
friendly utilization of carbonate sources, water purification, and
chemical separation.

Methods

Preparation of Anion Exchange Membranes (AEMs) and Cation
Exchange Membranes (CEMs)

Here, 4 wt% TB/QA-TB microporous polymers and 2 wt% DOP were
thoroughly dissolved in an NMP solution to prepare the casting solu-
tion. DOP was used to improve the flexibility of the membranes™®.
Subsequently, this solution was filtered through a 0.45 pm injection
filter, and the filtrate was uniformly coated onto a glass plate. The
phase inversion was performed at 60°C. Following the evaporation of
the solvent, the glass plate was immersed in deionized water for the
membrane to detach naturally. Similarly, 5 wt% SPEEK was dissolved in
an NMP solution for the preparation of CEMs.

Membrane performance evaluation

lon flux (J;) and perm-selectivity (P). lon separation experiments were
performed in a laboratory-scale electrochemical device consisting of
four compartments, a dilution chamber filled with a mixed salt solu-
tion of 0.1 mol L* NaCl and Na,CO3/Na,SO,, a concentration chamber
containing a salt solution of 0.lmolL" Na,SO,/Na,COs, and two
electrode chambers both circulating a 0.2mol L™ Na,SO, solution.
Each test assessed one anionic membrane and two cationic mem-
branes, striking a balance between the concentration pressure
difference of the system where the testing area of each membrane in
the device spanned 19.63 cm? The ion concentrations of CI and SO4*
were determined using ion chromatography (Shenghan CIC-D100,
Qingdao), while the concentration of COs* was calculated using
an acid-base titrator (Leici ZDJ-4B, Shanghai). The ion fluxes /-, /cogf ,
and g2 of the membranes could be calculated by the following
Eq. (1):

Ji= % @
where v is the volume of the dilution chamber solution (L), dt is the test
time (s), dc; is the concentration change of the target ion in the dilution
chamber during the test time (mol L), and A is the test area of the
samples (m?).

The perm-selectivity (P) of the membrane was calculated by the
following Eq. (2):

o _Jar - Ceor ysor

P Cco% /s0} ~

2

Car ~Jeor sor

where J- and J¢pz- 50z are the ion fluxes (mol m?s”), and cg- and
Ccoz 50z are the ion concentrations in the dilution chamber (mol L.

Data availability

All data supporting the findings of this study are available in the article,
the Supplementary Information. Source Data including the coordi-
nates of the optimized structures obtained by density functional the-
ory calculation are provided via figshare (https://doi.org/10.6084/m9.
figshare.25934497).
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