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Technologies that can efficiently purify nontraditional

2,4,5
’

water sources are needed to meet rising global

demand for clean water. Water treatment plants typically require a series of costly separation units

to achieve desalination and the removal of toxic trace contaminants such as heavy metals and boron. We
report a series of robust, selective, and tunable adsorptive membranes that feature porous aromatic
framework nanoparticles embedded within ion exchange polymers and demonstrate their use in

an efficient, one-step separation strategy termed ion-capture electrodialysis. This process uses
electrodialysis configurations with adsorptive membranes to simultaneously desalinate complex water
sources and capture diverse target solutes with negligible capture of competing ions. Our methods
are applicable to the development of efficient and selective multifunctional separations that use

adsorptive membranes.

scalating demand for water in agricul-

ture, energy, industry, and municipal

sectors, coupled with limited natural

freshwater, necessitates the rapid devel-

opment of technologies that will enable
access to clean water from alternative sources
(I). Nontraditional water sources, such as
wastewater, brackish water, or seawater, could
provide abundant water globally, but these
complex solutions contain high salt concen-
trations and trace toxic ions (such as heavy
metals and oxyanions), which vary by location
and type of water source (2-4). At the same
time, nontraditional water sources often con-
tain high-value ions (for example, uranyl in
seawater and precious metals and nutrients
in wastewater), but current technologies lack
the efficiency and selectivity needed for their
cost-effective extraction (5, 6). Electrodialysis,
membrane capacitive deionization, and re-
verse osmosis are among the most common
membrane-based technologies used for remov-
ing ions from water (2, 4). However, these
approaches are incapable of selectively iso-
lating individual solutes, and toxic ions are
instead returned to the environment with the
concentrated brine solutions (2). Accordingly,
developing membrane technologies with sub-
stantially improved selectivity for either water
desalination or the recovery of individual ions
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or molecules from water is considered one of
the most important objectives in the sepa-
rations industry (3-5, 7, 8).

Adsorptive membranes are an emerging
class of materials that have been shown to
exhibit improved performance in numerous
separations when compared with conventional

membranes, including for water purification
(4, 9-13). However, improvements are needed
in the capacities, selectivities, and regenerabil-
ities achievable with these materials to enable
their wide-scale use, which is also currently
hindered by the limited structural and chem-
ical tunability of most adsorptive membranes
(4). We therefore sought to develop a highly
modular adsorptive membrane platform for
use in multifunctional water-purification appli-
cations, which is based on the incorporation of
porous aromatic frameworks (PAFs) into ion
exchange membranes. Built of organic nodes
and aromatic linkers, PAFs have high-porosity
diamondoid structures with pore morpholo-
gies and chemical affinities that can be tuned
through the choice of node and linker (Fig. 1,
A and B) (14, 15). Densely functionalized PAFs
exhibit among the highest selectivities, capac-
ities, and uptake Kkinetics for the capture of
Hg>* (16), Nd>* (17), Cu>* (18), Pb** (19), UO,>*
(20, 21), B(OH); (22), Fe** (23), and AuCl,” (24)
from water. In contrast to typical inorganic or
hybrid adsorbent fillers, such as metal-organic
frameworks (25), PAFs also have extraordinary
hydrothermal stability (15) and chemical com-
positions that should facilitate incorporation
into polymer membranes. However, there are
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Fig. 1. Design of composite membranes and application in ion-capture electrodialysis (IC-ED). (A and
B) Tunable composite membranes were prepared by embedding PAFs with selective ion binding sites into
cation exchange polymer matrices. (C) We demonstrate the use of these adsorptive membranes in an
electrodialysis-based process for the selective capture of target cations (right-hand side) from water

and simultaneous desalination. Water splitting occurs at both electrodes to maintain electroneutrality.

(D and E) PAF-embedded membranes are defect-free and exhibit optical transparency and high flexibility.
(F) Cross-sectional scanning electron micrographs (expanded view in inset) revealed high PAF dispersibility
and strong, favorable interactions between the PAF and polymer matrix.
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only few examples of PAF-incorporated mem-
branes in the literature, with applications lim-
ited to antiaging gas-separation membranes,
fiber membranes, pervaporation membranes,
and thin-film layers (15, 26).

We present a class of adsorptive membranes
featuring ion-selective PAF nanoparticles
blended into ion exchange membranes. Tar-
get ions (Hg?", Cu?*, and Fe®") in feedwater
solutions are selectively captured by these
adsorbent-embedded membranes, whereas
competing ions (such as Na* and Cl”) perme-
ate freely (Fig. 1C). This process allows for
desalination and detoxification of water, re-
covery of toxic or high-value target ions, and
generation of nontoxic brine streams in an
efficient one-step process. This proof-of-concept
report focuses on the selective capture of various
cationic and neutral species, but the concept
can be extended to construct more complex
separation schemes for simultaneous capture
of target cations and anions.

Model adsorptive membranes were pre-
pared with up to 20 wt % (44 vol %) of the
Hg?"-selective PAF-1-SH (16) embedded in a
sulfonated polysulfone (sPSF) cation exchange
matrix (60% sulfonation) (figs. S1, S6, and S7).
Loadings were confirmed with thermograv-
imetric analysis, helium pycnometry, and N,
gas adsorption measurements (figs. S8 and
S17 and table S2). All the films exhibit sub-
stantial optical transparency, which is indic-
ative of high PAF dispersity (Fig. 1D and fig.
S2). The films are also highly flexible and can
be contorted without damage (Fig. 1E and fig.
S3). Dynamic light scattering and scanning
electron microscopy (SEM) characterization
of PAF samples before membrane incorpora-
tion revealed the presence of spherical par-
ticles with typical diameters of ~200 nm (figs.
S15 and S16). Cross-sectional SEM images of
20 wt % PAF-1-SH membranes revealed that
these particles are uniformly dispersed with-
out agglomerations, defects, or sieve-in-a-cage
morphologies (Fig. 1F and fig. S18). The uniform
and robust nature of the composite membranes
can be ascribed to favorable van der Waals in-
teractions between the framework and polymer,
n-n stacking, and polymer filling of the PAF
mesopores (26).

Conventional charged membranes are sub-
ject to an ion permeability-selectivity trade-off,
in which swelling resulting from water uptake
decreases selectivity but enlarges free-volume
pathways, thereby increasing permeability (27).
By contrast, our composite membranes exhibit
enhanced water uptake in tandem with dimi-
nished swelling, which is due to the presence
of a highly porous filler that is capable of cross-
linking interactions with the parent polymer
(Fig. 2A). These interfacial interactions can be
seen in cross-sectional SEM images (Fig. 1F,
inset) and are reflected in an increase in the
membrane glass transition temperature (7)
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with increasing PAF loading (Fig. 2B). The
dimensional and chemical stabilities of neat
and PAF-embedded sPSF membranes were
further probed by dissolution studies, in which
each membrane was reimmersed in casting
solvents, 12 M HCI, or 12 M NaOH for 24 hours.
Neat sPSF membrane samples redissolved in
various casting solvents, as expected, but the
abundant cross-linking interactions in mem-
branes loaded with 20 wt % PAF-1-SH rendered
them fully or partially insoluble in each solvent
(fig. S20). Similarly, whereas neat sPSF mem-
branes with ultrahigh charge densities become
water soluble owing to excessive water uptake
(figs. S6, S7, and S21), incorporation of 20 wt %
PAF-1-SH into these highly charged matrices
yields freestanding membranes that exhibit
minimal swelling even after 1 year of water
immersion (fig. S21 and section 2.1 of the sup-
plementary materials).

Batch adsorption experiments revealed that
up to 93% of the Hg?* adsorption sites in bulk
PAF-1-SH (fig. S23) remain accessible upon
incorporation of 20 wt % of the framework
into a sPSF membrane (Fig. 2C and table S6).
A comparison of the Kinetics data for the bulk
framework (fig. S26) with that obtained for the
neat sPSF and 20 wt % PAF-1-SH membranes
(fig. S27) suggests that adsorption in the com-
posite membrane is rate-limited by transport

through the sPSF matrix. Bulk PAF-1-SH ex-
hibits a high affinity for Hg>* over a number
of competing ions and exceptional Hg>* selec-
tivity when exposed to environmental water
samples (fig. S28). This selectivity stems from
optimal soft acid-soft base interactions be-
tween Hg>" and the thiol groups in PAF-1-SH
(16) and is preserved in the 20 wt % PAF-1-
SH-loaded membrane (Fig. 2D). The membrane
exhibits excellent stability to adsorption-
desorption cycling, with only an 8% loss in
Hg>* capacity over the course of 10 cycles,
and the Hg>* capacity remains approximately
constant after three cycles.

Composite membranes with 20 wt % PAF-1-
SH were evaluated for Hg>*-capture electro-
dialysis of synthetic groundwater, brackish
water, and industrial wastewater samples with
5 parts per million (ppm) added Hg>* (Fig. 3, A
to C). These complex feedwater sources were
chosen for their diversity in salinity levels, dis-
solved ions, and pH values (tables S4 and S5).
For these proof-of-concept experiments, we used
a custom-made, two-compartment cell with
the membrane separating the feed from the
receiving solution (figs. S30 to S32). Notably,
the Hg®* concentration in the feed solution
was selectively reduced below levels detect-
able with inductively coupled plasma optical
emission spectrometry (ICP-OES), and no Hg**
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Fig. 2. Properties of PAF-embedded ion exchange membranes. (A and B) Composite membranes

exhibit increasing water uptake, swelling resistance, and glass transition temperature (T,) with increasing
PAF-1-SH loading. (C) Comparison of equilibrium Hg?* uptake in neat sPSF and sPSF with 20 wt % PAF-1-SH.
Solid lines represent fits with a Langmuir model. Mercury ion uptake in the composite membrane closely
approaches the predicted saturation uptake (329 mg/g), assuming all binding sites in the PAF particles are
accessible. (D) Equilibrium uptake of Hg?* in neat sPSF and sPSF with 20 wt % PAF-1-SH exposed to
deionized (DI) water and various synthetic water samples with 100 ppm added Hg®". (E) Mercury ion uptake
in 20 wt % PAF-1-SH membranes as a function of cycle number. Minimal decrease in Hg* uptake occurs
over 10 cycles. The initial Hg”* concentration was 100 ppm for each cycle, and all Hg”* captured in each
cycle was recovered by using HCl and NaNOs. Error bars denote +1 SD around the mean from at least

three separate measurements.
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was detected in the receiving solution, indicat-
ing the complete capture of Hg>" during treat-
ment of each water sample. Meanwhile, all
competing cations (Na*, K*, Mg>*, Ca®*, Ba>*,
Mn?*, Fe?*, Ni**, Cu®*, Zn**, Cd**, and Pb*")
were successfully transported into the receiv-
ing solution, resulting in >97 to 99% feed
desalination (Fig. 3, A to C, insets). Negligible
quantities of each competing ion were captured
by the membrane (figs. S37 to S43). These
selective, multifunctional performances were
also maintained upon integrating the PAF-1-
SH membranes into a practical stack electro-
dialysis device (figs. S54 to S57 and section 1.9
of the supplementary materials). By contrast,
no appreciable Hg** was captured when using
neat sPSF membranes (figs. S34 to S36 and S58).
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Breakthrough experiments further revealed
the outstanding Hg>* ion-capture efficiency of
the adsorptive membranes in an ion-capture
electrodialysis (IC-ED) process. Both 10 and
20 wt % PAF-1-SH membranes achieved 96%
of their theoretical capacities before Hg>* was
first detected in the receiving solution (Fig. 3D
and section 1.10 of the supplementary mate-
rials). By contrast, Hg>" immediately perme-
ated through a neat sPSF membrane (Fig. 3D,
inset). Furthermore, the breakthrough time in
the case of the 20 wt % PAF-1-SH membrane
was approximately double that achieved with
the 10 wt % membrane. Because of this high
attainable efficiency, 1 kg of 20 wt % PAF-1-SH
membrane material may treat up to 34,500
liters of water contaminated with 5 ppm Hg>*
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Fig. 3. IC-ED of diverse water sources. (A to C) Results from IC-ED of synthetic (A) groundwater,

(B) brackish water, and (C) industrial wastewater containing 5 ppm Hg®* by using 20 wt % PAF-1-SH in sPSF
(applied voltage, -4 V versus Ag/AgCl). All Hg®*" was selectively captured from the feeds (open circles)
without detectable permeation into the receiving solutions (solid circles). (Insets) All other cations were
transported across the membranes to desalinate the feeds. The long duration of the IC-ED tests is an artifact
of the experimental setup rather than the materials or IC-ED method (section 2.2 of the supplementary
materials). (D) Breakthrough data for IC-ED using sPSF embedded with 10 or 20 wt % PAF-1-SH.
Receiving Hg?* concentrations are plotted against the amount of Hg®* captured at different time intervals
(in milligrams per gram of PAF-1-SH in each composite membrane). The predicted capacity (gray dotted line)
corresponds to the Hg?* uptake achieved by using PAF-1-SH powder under analogous testing conditions
(section 110 of the supplementary materials). (Inset) Concentration of Hg?* in the receiving solutions

for IC-ED processes using neat sPSF (diamonds) and sPSF with 10 wt % PAF-1-SH (squares) and 20 wt %
PAF-1-SH (circles), plotted versus time t normalized by the breakthrough time for the 20 wt % PAF-1-SH
composite membrane, to. Mean values determined from two replicate experiments are shown. Initial

feed, 100 ppm Hg®* in 0.1 M NaNOs; applied voltage, -2 V versus Ag/AgCl.
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before regeneration is required (table S8), ac-
cording to simplified upper-bound calculations
(section 2.3 of the supplementary materials).

To test the generalizability of the IC-ED ap-
proach for the capture of diverse target ions,
we also fabricated sPSF membranes embedded
with particles of PAF-1-SMe (thioether) or PAF-
1-ET (ether-thioether), which are selective for
Cu®* (18) and Fe®* (23), respectively (section 1.1
of the supplementary materials). Notably, the
resulting composite membranes are optically
transparent (fig. S4), flexible (fig. S5), and dis-
persible (figs. S16 and S19) while also exhibit-
ing polymer matrix compatibility (fig. S19 and
table S3). Composite membranes containing
20 wt % of PAF-1-SMe or PAF-1-ET were tested
in our IC-ED setup for the capture of Cu®* or
Fe®* from feed solutions containing 6 ppm
Cu?* or 2.3 ppm Fe?*, respectively, in 0.1 M
HEPES buffer. The target ion concentration
in each feed solution was reduced by the mem-
branes to levels below detection with ICP-OES
with no permeation into the receiving solution,
and the membranes simultaneously achieved
>96 to 99% desalination of their feeds (Fig.
4, A and B). As expected, negligible target ion
capture was obtained when using neat sPSF
membranes (figs. S47 and S48).

The fundamental insights from our IC-ED
analyses can be applied more broadly to create
other multifunctional membrane separation
processes. For example, composite membranes
prepared by incorporating PAF-1-NMDG (V-
methyl-p-glucamine) (22) nanoparticles in
sPSF (figs. S1, S4, and S5) were found to be
highly selective for B(OH)3 capture in solute-
capture diffusion dialysis (SC-DD) (fig. S33). In
this process, concentration gradients, rather
than electric potential gradients, drive solute
transport across the membrane. Membranes
containing 20 wt % PAF-1-NMDG selectively
captured B(OH),, reducing levels of the solute
in the feed solution below levels detectable by
ICP-OES, without any measured permeation
into the receiving solution (Fig. 4C). By con-
trast, no appreciable B(OH); was captured by a
neat sPSF membrane (Fig. 4C, inset). Notably,
20 wt % PAF-1-SH composite membranes also
exhibited selective Hg>* capture when used
in our SC-DD setup (fig. S52). These results
suggest that an array of efficient, multifunc-
tional processes, such as IC-ED and SC-DD, can
be developed through modification of tradi-
tional membrane processes (for example, for
gas separations or fuel cells), regardless of the
transport driving force.

‘We have described a general approach for
the fabrication of robust, tunable adsorptive
membranes through incorporation of PAF
nanoparticles into ion exchange membranes.
Implementation of these membranes in IC-ED
and SC-DD processes enables exceptionally se-
lective capture of target solutes [in this work,
Hg>*, Cu®*, Fe**, and B(OH),] and simultaneous
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Fig. 4. Tuning membranes to selectively recover various target solutes.

(A and B) Cu?*- (A) and Fe**-capture (B) electrodialysis (applied voltages,

-2 and -1.5 V versus Ag/AgCl, respectively) using composite membranes with
20 wt % PAF-1-SMe and PAF-1-ET in sPSF, respectively. HEPES buffer (0.1 M)
was used as the source water in each solution to supply competing ions

and maintain constant pH. The insets show the successful transport of all
competing cations across the membrane to desalinate the feed. (C) B(OH)s-
capture diffusion dialysis of groundwater containing 4.5 ppm boron using

desalination of diverse source waters. The high
efficiency of this one-step process contrasts
starkly with conventional intensive water treat-
ment methodologies, which require multiple
steps to achieve similar results (further com-
parisons are in section 2.5 of the supplement-
ary materials) (28). The technology should be
suitable more broadly for use with diverse ad-
sorptive membranes and in the purification of
complex water streams at various scales, such
as in isolated regions that lack the necessary
infrastructure for the treatment of contami-
nated groundwater or in desalination plants
situated near nuclear waste sites for the treat-
ment of wastewater polluted with radionuclides.
To achieve these more complex separations,
we envision the design of membranes featur-
ing specialized combinations of embedded ad-
sorbents, including nanoparticles of various
hybrid and inorganic materials.
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One-step purification and desalination

The purification of water for drinking purposes can require multiple filtration steps and technologies to remove
contaminants such as salts and heavy metals. Some contaminants could have value if recovered, but these are often
discharged in the waste streams. Uliana et al. describe a general approach for the fabrication of robust, tunable,
adsorptive membranes through the incorporation of porous aromatic framework (PAF) nanoparticles into ion exchange
membranes such as those made from sulfonated polymers. Salts are removed using a series of cation and anion
exchange membranes, and the PAF particles can be selected to capture specific target ions, such as those of copper,
mercury, or iron. This allows for simultaneous desalination and decontamination of the water.
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