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Abstract: Technologies that can efficiently purify nontraditional water sources are urgently needed to meet the
rising global demands for clean water. Water treatment plants typically require a series of costly separation units to
achieve desalination and the challenging removal of trace contaminants (e.g., heavy metals, boron) from these
complex waters. We report a new separation strategy coined “ion-capture electrodialysis™ that, for the first time in
an efficient one-unit process, can desalinate practically any water source while simultaneously recovering targeted
solutes with near-perfect selectivity. Electrodialysis membranes embedded with porous aromatic framework
adsorbents developed for this separation exhibit new properties useful for general electrochemical applications and
can be easily tuned to selectively capture virtually any contaminant. Principles established herein can also be applied
broadly to existing membrane processes to originate other unprecedently efficient and selective multifunctional
separations.

One Sentence Summary: A new class of tunable membranes are used to create one-step separations that can
desalinate any water source while recovering targeted solutes with exceptional selectivity.

Main Text: The rapidly growing demands for water in agriculture, energy, industry, and municipal sectors
necessitate the immediate expansion of sustainable clean water resources. Water stresses have caused conventional
freshwater supplies to be diminishing at faster rates than can be replaced (/). Nontraditional water sources (e.g.,
wastewater, brackish water, seawater) could alternatively provide abundant water globally. However, these complex
solutions contain high salt concentrations and trace yet toxic ionic contaminants (e.g., heavy metals, oxyanions,
fluoride), which vary by location and type of water source (2-4). At the same time, nontraditional waters often
contain high-value ions (e.g., uranyl in seawater, precious metals and nutrients in wastewater), but current
technologies lack the efficiency and selectivity needed for their cost-effective extraction (5, 6). Electrodialysis and
reverse osmosis are among the most common membrane-based technologies used for removing ions from water (2,
4). These approaches, however, are incapable of selectively isolating individual solutes, and toxic ions are instead
returned to the environment with the concentrated brine solutions (2). Accordingly, developing membranes
technologies with drastically improved selectivity for either water desalination or the recovery of individual
molecules from water are considered as two of the greatest “holy grail” objectives in the separations industry (3-5, 7,
8).



We report an unprecedented multifunctional separation strategy that recovers target ions
from water with near-perfect selectivity while simultaneously desalinating water for re-use. We
coin this water purification process “ion-capture electrodialysis” (“IC-ED”). In this approach
(Fig. 1A,B), adsorbent nanoparticles selective for targeted ions are blended into ion exchange
membranes. These composite membranes are then placed in an electrodialysis setup, where an
external electric field is applied to drive ions in a feed water stream through the membranes and
toward the receiving streams. While target ions are selectively captured by adsorbents embedded
in the membranes, competing ions (e.g., Na*, CI") permeate freely to desalinate the feed. In
typical desalination plants, a series of energy-intensive pre- and post-treatment separation units
are required to isolate components of interest from water (9). In comparison, IC-ED concurrently
achieves three major benefits in an efficient one-step process: recovered target ions that can be
re-used as high-value commodities or properly disposed as waste, desalinated and detoxified
water, and obtained non-toxic brine streams that can be returned to the environment in a safer
manner. In this report, we develop a new class of adsorptive membrane materials that can be
easily altered to shift selectivity toward virtually any targeted solute, and we elucidate the
promising potential of IC-ED processes through extensive adsorption, electrodialysis, and
diffusion dialysis studies.

Adsorptive membranes are an emerging class of materials with improved separation
performance compared to conventional membranes (4, /0-14). However, limited tunability,
capacities, and selectivities remain major challenges in their development (4). We sought to
transcend these limitations by developing membranes incorporated with porous aromatic
framework (PAF) adsorbents in our IC-ED studies. PAFs possess a high-porosity, diamondoid-
like structure composed of organic nodes covalently coupled to aromatic linkages (Fig. 1C) (15).
Pore morphologies and chemical affinities optimal for specific adsorbates can be constructed
through the rational choice of node, linker, and linker-appended chemical functionality (/6).
Indeed, functionalized PAF variants have been reported with among the highest selectivities,
kinetic rate constants, and capacities in literature for capturing Hg** (17), Nd** (18), Cu** (19),
Pb** (20), UO,* (21, 22), B(OH); (23), Fe** (24), or AuCl,” (25) from water. Meanwhile, other
highly tunable nanomaterial classes (e.g., metal-organic frameworks) often lack stability in
water and compatibility with polymer matrices due to inorganic parts (26). PAFs conversely
display exceptional hydrothermal stability and chemical compositions similar to those of
polymer matrices (/6). Few reports, however, have demonstrated PAF-incorporated membranes,
with applications mostly limited to anti-aging gas separation membranes and thin-film
composites (16, 27). PAF membranes originated herein exhibit many useful properties for new
directions in IC-ED processes and general water treatment, electrochemical, and adsorptive
membrane applications.
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Fig. 1. Design of ion-capture electrodialysis (IC-ED) and tunable membranes. (A) Upon
applying an external electric field to trigger ion migration across ion-exchange membranes, (B)
target ions (e.g., Hg?") are selectively captured by adsorbents dispersed in the membranes.
Simultaneously, common waterborne ions (e.g., Na*) permeate across the membranes to
desalinate the feed and generate non-toxic receiving solutions. The target ion is recovered for
commodity re-use or proper disposal upon controlled release from the adsorbents. Though not
shown, water splitting occurs at both electrodes to maintain electroneutrality. (C) In this work,
high-performance, highly tunable porous aromatic frameworks (PAFs) with selective ion binding
pore pockets are used as model adsorbents embedded in polymer matrices. PAF-embedded
membranes exhibit (D) defect-free and optically transparent morphologies, indicating high PAF
dispersibility, and (E) high flexibility optimal for ease in handling. (F) Cross-sectional scanning
electron micrographs (zoom-in displayed in inset) also show high PAF dispersibility and strong,
favorable interactions between the PAFs and polymer matrix.

Membranes consisting of up to 20 wt% of Hg**-selective PAF-1-SH (/7) in a sulfonated
polysulfone (sPSF) cation exchange matrix (figs. S1, S6, and S7) were fabricated and
characterized as model PAF membranes. Notably, to our best knowledge, 20 wt% is the highest
achieved PAF loading yet reported in composite membranes. Loadings were verified by
thermogravimetric analysis (fig. S17 and table S2). High PAF dispersity in the films is indicated
by their optical transparency (Fig. 1D and fig. S2), and PAF membranes can be easily bent and
distorted without damage for ease in handling (Fig. 1E and fig. S3). Dynamic light scattering and
scanning electron microscopy (SEM) images reveal that the PAFs are spherical with typical
diameters of ~200 nm (figs. S15 and S16). These particles are observed uniformly without
agglomerations, defects, or sieve-in-a-cage morphologies in cross-sectional SEM images of 20
wt% PAF-1-SH membranes (Fig. 1F and fig. S18). These observations confirm that PAF
composite membranes are uniform and robust, likely due to favorable van der Waals forces



between the PAFs and polymer, - stacking between aromatic groups, and polymer pore
plugging into PAF mesopores (27).

Conventional charged membranes face an ion permeability-selectivity tradeoff, where
higher swelling decreases permselectivity but enlarges free volume pathways, leading to higher
permeability and water uptake (28). However, PAF-incorporated membranes advantageously
exhibit an inverse effect. While PAFs add porosity to the membranes to elevate water uptake and
ion permeability, strong PAF-polymer crosslinking interactions diminish swelling (Fig. 2A).
These interfacial interactions are observed abundantly in cross-sectional SEM images (Fig. 1F
inset) and are corroborated by drastic increases in membrane glass transition temperature (7)
upon increased PAF loadings (up to 19°C, Fig. 2B). To further probe dimensional and chemical
stabilities of the PAF membranes, dissolution studies were performed by re-immersing
membranes in casting solvents, 12 M HCI, or 12 M NaOH for 24 h. While neat sPSF membranes
expectedly redissolved in casting solvents, crosslinking interactions were so abundant in 20 wt%
PAF-1-SH membranes that they remained fully or partially insoluble in each solvent (fig. S20).
Similarly, neat SPSF membranes with ultra-high charge densities become water-soluble due to
excessive water uptake (figs. S6, S7, and S21). However, upon incorporation of PAFs into these
matrices, crosslinking interactions enable water-stable PAF membranes to be fabricated (fig.
S21, see Supplementary Text). These exciting findings suggest that PAF fillers may be applied
generally to achieve charge densities, ion conductivities, and permeabilities higher than possible
for neat membranes.
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Fig. 2. Physical and adsorptive properties of PAF-embedded membranes. (A) Increased
water uptake and swelling resistance in water by membranes with increased PAF loadings due to
PAF pore accessibility and PAF-polymer crosslinking interactions, respectively. These favorable
interactions are corroborated by (B) drastically elevated membrane glass transition temperature
(T, with increased PAF loading. (C) Equilibrium Hg** adsorption isotherms of fabricated
membranes. Solid lines represent Langmuir model fits. Expected 20 wt% (gray) data are the
theoretical Hg** uptake when all PAFs in membranes are accessible for Hg** capture. (D) Single-
ion equilibrium adsorption by PAF-1-SH powder of Hg** and common ions in various water
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sources (initial ion concentrations: 0.5 mM). The inset shows Hg** equilibrium adsorption by
membranes in solutions with 100 ppm Hg?* spiked in deionized water or common water supply
sources. (E) Hg** recovery and adsorption performance of 20 wt% PAF-1-SH membranes
regenerated using HCI and NaNO; (initial Hg** concentration: 100 ppm). All captured Hg** was
desorbed and recovered. Minimal loss in target ion uptake is observed over 10 cycles. Error bars
in each figure denote standard deviation (n > 3).

For use in an IC-ED process, adsorptive membranes must maintain high binding group
accessibilities, uptake rates, selectivities, and regenerabilities. Batch adsorption experiments
reveal that PAF membranes meet each performance standard. As high as 93% of PAF adsorption
sites were found to remain accessible within a membrane matrix. Accessibility was calculated by
comparing the measured Hg** equilibrium saturation capacity of 20 wt% PAF-1-SH membranes
(318 mg g™', Fig. 2C) to their expected theoretical maximum capacity (see table S6 and fig. S23).
Kinetic uptake measurements indicate that Hg** binding rates are nearly instantaneous in PAF-1-
SH (fig. S26) and are rate-limited in PAF membranes by diffusion through the sPSF matrix rather
than by binding to PAF-1-SH (fig. S27). PAF-1-SH as a bulk material exhibits exceptional
selectivity for Hg** over a wide assortment of common competing ions in both single-component
and complex multicomponent mixtures (Fig. 2D and fig. S28). This remarkable Hg** selectivity
stems from optimal soft acid-soft base interactions between Hg** and thiol groups in PAF-1-SH
(17) and, importantly, is preserved in PAF-1-SH-loaded membranes upon submersion in various
practical source waters spiked with Hg** (Fig. 2D inset). Captured Hg** can be completely
recovered upon exposure of Hg**-adsorbed PAF-1-SH membranes to concentrated HCI and 2 M
NaNO; (Figure 2E). Notably, only an 8% loss in Hg** adsorption capacity is observed after 10
Hg** adsorption-desorption cycles of 20 wt% PAF-1-SH membranes, and the Hg** capacity
remains approximately constant after three cycles.

To assess our proposed IC-ED process for treating practically any water source, 20 wt%
PAF-1-SH membranes were tested for Hg**-capture electrodialysis of ~5 ppm Hg** spiked in
synthetic groundwater, brackish water, and industrial wastewater (Fig. 3, A, B, and C). These
complex feed water sources were chosen for their diversity of salinity levels, ion types, and pH
(tables S4 and S5). In these proof-of-concept experiments, a custom-made two-compartment cell
was used (figs. S30 to S32), with the membrane separating the feed from the “receiving” solution
(10 mM HNO;, to maintain conductivity and prevent metal precipitation). -4 V vs. Ag/AgCl
were applied to drive feed cations through the membrane toward the receiving solution. Ion
concentrations in both solutions were periodically measured. For each water source, Hg** was
entirely captured by the adsorptive membranes, as Hg** was selectively reduced to
concentrations below detection in the feed without permeating into the receiving solution.
Meanwhile, all competing cations (Na*, K*, Mg*, Ca**, Ba**, Mn*, Fe**, Ni*, Cu*, Zn*, Cd*,
Pb**) successfully transported into the receiving solution to achieve over 97-99% desalination of
the feed. Remarkably, negligible amounts of each competing ion were captured by the
membranes (figs. S37 to S43). No appreciable Hg** was captured when using neat sPSF
membranes (figs. S34 to S36). These findings highlight the unique and extraordinarily selective
multifunctional separation capabilities of an IC-ED method utilizing high-performance
adsorptive membranes.



IC-ED breakthrough experiments reveal the outstanding target ion capture efficiency of
IC-ED processes (Fig. 3D). Here, a feed containing a high Hg** concentration (~100 ppm) in a
0.1 M NaNOs; supporting electrolyte was employed along with a 1 mM HNO; receiving solution.
Hg?* concentrations were periodically tracked to identify the “breakthrough time” at which Hg**
was first detected in the receiving solution instead of captured in the membrane. As expected,
Hg** immediately permeated through a neat SPSF membrane (Fig. 3D inset). Conversely, the
breakthrough time by a 20 wt% PAF-1-SH membrane was approximately twice of that by a 10
wt% membrane, indicating high adsorbent utilization rates. To quantitatively evaluate the
percentage of membrane-embedded adsorbents that are utilized before breakthrough in an IC-ED
setup, the receiving Hg** concentrations were plotted against the amount of Hg** captured by
PAFs in the membrane. Astonishingly, both the 10 wt% and 20 wt% PAF membranes
experienced breakthrough after nearly all (97%) of the embedded adsorption sites were utilized.
Utilization rates were calculated by comparing the Hg** capacity at breakthrough to the Hg**
equilibrium capacity attained by accessible PAF-1-SH powder at approximately equivalent
testing conditions (see fig. S28 and Supplementary Materials Section 1.9).
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Fig. 3. IC-ED of diverse water sources. IC-ED by 20 wt% PAF-1-SH membranes of 5 ppm
Hg?* spiked in simulated (A) groundwater, (B) brackish water, and (C) industrial wastewater. All
Hg** was selectively captured from the feeds (open circles) without detectable permeation into
the receiving solutions (closed circles). (Insets) All other cations concurrently transported across
the membranes to desalinate the feeds. -4 V vs. Ag/AgCl were applied. The long durations of the
IC-ED tests are an artifact of the experimental setup rather than the materials or IC-ED method
(see Supplementary Text). (D) IC-ED breakthrough. Receiving Hg** concentrations are plotted
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against the amount of Hg** captured at different time intervals per gram of dry PAF-1-SH in 10
wt% (green) and 20 wt% (blue) PAF-1-SH membranes. The theoretical PAF-1-SH capacity
(gray dotted line) corresponds to the Hg?* uptake achieved by accessible PAF-1-SH powder at
analogous testing conditions (see Supplementary Materials). (Inset) Receiving Hg*
concentrations plotted against time normalized by the breakthrough time by a 20 wt% PAF-1-SH
membrane (7, time when Hg?* is detected in the receiving solution). Initial feed: 100 ppm Hg* in
0.1 M NaNO;; applied voltage: -2 V vs. Ag/AgCl. Error bars denote the range of values
measured over duplicate experiments.

We also show that IC-ED is a generalizable approach applicable for the recovery of any
target ion, provided that an adsorbent selective for the target ion exists. This generalizability
allows IC-ED processes to be designed according to whatever target ions are present in desired
feed water sources. To validate this versatility, we tuned the ion selectivity of sPSF composite
membranes by incorporating other PAF adsorbents highly selective for other common
waterborne contaminants (PAF-1-SMe for Cu®** (/9) and PAF-1-ET for Fe** (24), see
Supplementary Materials). Notably, membranes embedded with these PAFs each feature
excellent optical transparency (fig. S4), flexibility (fig. S5), dispersibility (figs. S16 and S19), and
polymer matrix compatibility (fig. S19 and table S3), indicating that a multitude of PAFs can be
easily incorporated into ion exchange or water treatment membranes. Membranes composed 20
wt% of PAF-1-SMe or PAF-1-ET were then tested in our IC-ED setup. Feed solutions consisted
of 6 ppm Cu?** or 2.3 ppm Fe*, respectively, in 0.1 M HEPES buffer (to supply competing ions
and prevent precipitation upon OH~ generation). Excitingly, both membranes selectively
captured their respective target ions without capturing competing ions, as feed concentrations of
each target ion were reduced below detection without permeation into the receiving solutions
(Fig. 4, A and B). Reusable water was simultaneously produced as the membranes achieved
>96% desalination of the feeds. Negligible target ion capture was obtained when neat sPSF
membranes were tested (figs. S47 and S48).
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Fig. 4. Tuning membranes to selectively recover various target solutes. (A) Cu*- and (B)
Fe**-capture electrodialysis (applied voltages: -2 V and -1.5 V vs. Ag/AgCl, respectively) using
membranes composed 20 wt% of the Cu**-selective PAF-1-SMe or the Fe**-selective PAF-1-ET,
respectively. HEPES buffer (0.1 M) was used as the source water in each solution to supply
competing ions and maintain constant pH. (Insets) All competing cations transport across the
membrane to desalinate the feed. (C) B(OH);-capture diffusion dialysis of groundwater
containing 4.5 ppm boron using membranes comprised 20 wt% of the B(OH);-selective PAF-1-



NMDG or (inset) using neat SPSF membranes for comparison. No voltage was applied. Error
bars in each figure denote the range of values measured over duplicate experiments. Gray dotted
lines indicate recommended maximum contaminant limits imposed for each contaminant in
water (guidelines: U.S. Environmental Protection Agency (EPA) for Cu®* (29), U.S. EPA and
World Health Organization for Fe** (29, 30), agricultural restrictions for sensitive crops for
B(OH); (317)). Open and closed circles denote feed and receiving concentrations, respectively.

Finally, fundamentals uncovered in our IC-ED analyses can also be applied broadly to
create other new multifunctional membrane processes. To this end, we tuned membranes to
contain the B(OH);-selective adsorbent PAF-1-NMDG (23) and developed a solute-capture
diffusion dialysis (SC-DD) process with B(OH); as the target solute. In this process,
concentration gradients, rather than electric potential gradients, drive solute transport across the
membrane. Membranes composed 20 wt% of PAF-1-NMDG in sPSF were placed in a diffusion
dialysis setup (fig. S33). Synthetic groundwater with 4.5 ppm B(OH); was inserted into the feed
half-cell, while the receiving half-cell was charged with deionized water. To our excitement, the
20 wt% PAF-1-NMDG membranes selectively captured B(OH); as it transported through the
membrane, as B(OH); was reduced to concentrations below detection in the feed without any
measured permeation into the receiving solution (Fig. 4C). No appreciable B(OH); was captured
when a conventional neat sPSF membrane was used (Fig. 4C inset). Membranes tuned with
Hg**-selective PAF-1-SH likewise exhibited selective Hg** capture when employed in a SC-DD
setup (fig. S52). These results indicate that a wide array of efficient multifunctional processes
like IC-ED and SC-DD can be developed through the modification of traditional membrane
processes, regardless of the transport driving force required.

In conclusion, to the best of our knowledge, we report the first one-step process that can
desalinate water for re-use and concurrently recover ions of interest selectively. We also report
the first water treatment and ion exchange mixed matrix membranes incorporated with PAFs.
This new class of composites exhibits excellent dispersibility, compatibility, stability, and
tunability. Furthermore, we showed the high efficiency and versatility of an IC-ED strategy
through adsorption and electrodialysis studies using diverse source waters (groundwater,
brackish water, industrial wastewater, seawater) and common target contaminants (Hg**, Cu?*,
Fe**, B(OH);). As validated by SC-DD, IC-ED principles developed in this report can also be
applied widely to originate efficient multifunctional processes stemming from practically any
traditional membrane process. For example, adsorbent-embedded membranes may be used to
supplant traditional membranes used in gas separations, direct air capture, blood dialysis, organic
solvent nanofiltration, and fuel cell operations to simultaneously achieve traditional membrane
operations while selectively capturing contaminants like Hg, CO,, blood toxins, and CO. We
have begun to investigate these promising possibilities and to devise other new classes of
exceptionally selective and tunable adsorptive composites.
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