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Acids are extensively used in contemporary industries. However, time-consuming and environmentally un- Commons Attribution

friendly processes hinder single-acid recovery from wastes containing various ionic species. Although mem-
brane technology can overcome these challenges by efficiently extracting analytes of interest, the associated
processes typically exhibit inadequate ion-specific selectivity. In this regard, we rationally designed a membrane
with uniform angstrom-sized pore channels and built-in charge-assisted hydrogen bond donors that preferen-
tially conducted HCI while exhibiting negligible conductance for other compounds. The selectivity originates
from the size-screening ability of angstrom-sized channels between protons and other hydrated cations. The
built-in charge-assisted hydrogen bond donor enables the screening of acids by exerting host-guest interactions
to varying extents, thus acting as an anion filter. The resulting membrane exhibited exceptional permeation for
protons over other cations and for CI~ over S0, and H,P0,%™~ with selectivities up to 4334 and 183, respec-
tively, demonstrating prospects for HCl extraction from waste streams. These findings will aid in designing ad-
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vanced multifunctional membranes for sophisticated separation.

INTRODUCTION

HCl is a critical chemical in contemporary industrial applications
because of its widespread use in steel processing, electroplating,
and mining (1-4). However, the discharge of large amounts of
acidic wastewater from various industries causes severe environ-
mental pollution. Although neutralization is an effective method
for treating acids, the disposal of highly concentrated brine in an
environmentally friendly manner is challenging (5). Membrane
technology is a potential alternative for pollutant removal and is
used efficiently in numerous water purification processes (6—24).
However, a substantial distinction between specific acid recovery
and contaminant removal is required to enable both anion- and
cation-specific selectivity due to the presence of various concentrat-
ed ionic species in the waste. Typical ions in acidic wastewater
include Mg**, Na*, Ca*, Fe**, AI**, CI7, SO,>~, and H,PO,®"",
with conventional proton production focusing only on multivalent
cation removal. Cationic membranes that are impermeable to mul-
tivalent metal ions because of Donnan exclusion while allowing the
permeation of highly mobile protons have been successfully applied
for the selective recovery of H" from wastes containing Fe*" and
Ti*" ions (25-27). However, these membranes exhibit negligible
anion selectivity, which hampers the production of a single acid.
Furthermore, charge repulsion during these separation processes
leads to the slow transport of protons when approaching an anion
exchange membrane. Hence, developing advanced separation layers
is essential to diversifying the availability of high-purity acids.
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The efficient transportation of target compounds via the syner-
gistic integration of multiple separation mechanisms underpins
fundamental cellular processes (28-32). In biological ion filters, ef-
ficient anion screening is accomplished by inducing directional hy-
drogen bonding interactions with the aid of ionic interactions (33,
34). Hence, efforts to chemically mimic these associations have led
to the development of numerous anion receptors, in which the ro-
bustness of the recognition pattern of hydrogen bonding interac-
tions is reinforced or supplemented when hydrogen bond donors
and acceptors are ionic, enabling high anion screening ability
(35-39). Molecular sieving can provide an efficient pathway for
the extraction of protons from various cations because of the
smaller size of the protons compared to other hydrated cations
(40-42). Therefore, we designed an anion filter with precise size-
screening properties to facilitate specific acid transport. Charge-as-
sisted hydrogen bond donors were introduced into the angstrom-
sized membrane channels to confer both anionic and proton selec-
tivity. The resulting membrane preferentially conducts HCI over
other compounds with a selectivity substantially surpassing that
of commercial ionic membranes and reported systems (Fig. 1 and
table S1). The fundamental impacts of membrane pore size and pore
environment on concentration gradient—driven ion transport were
elucidated by combining experimental and computational results.
The findings of this study may enlighten the design of advanced
membranes for applications requiring the extraction of
target species.

RESULTS

Membrane fabrication and characterization

Guanidine is a fundamental compound found in nature, and has
been extensively used as a hydrogen bond donor. In addition, the
high pK, (where K, is the acid dissociation constant) of guanidine
(13.6) allows the recognition of acids via charge-assisted hydrogen
bonding interactions (43). To test this hypothesis, a guanidinium-
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Fig. 1. Multifunctional COF membrane for HCl extraction. Conceptual schematic illustration of a membrane with angstrom-sized pore channel and built-in charge-

assisted hydrogen bond donors to confer both anion and proton selectivity.

containing covalent organic framework (COF) membrane with
angstrom-sized channels was fabricated according to our previously
reported method, with a slight modification, via the interfacial po-
lymerization of 1,3,5-triformylphloroglucinol (Tp) and triamino-
guanidine hydrochloride (Tag) on a polyacrylonitrile (PAN)
support (fig. S1) (44). The integrity of TpTag-COF/PAN was con-
firmed using scanning electron microscopy (SEM) images, which
revealed a continuous and crack-free COF layer on the PAN layer
with a thickness of approximately 38 nm (figs. S2 and S3). Given
that the COF active layer is very thin, its powder x-ray diffraction
(PXRD) peaks were substantially suppressed by the PAN support.
Theoretical simulation was conducted on the basis of the PXRD
analysis of the free-standing membrane after dissolving the PAN.
TpTag-COF/PAN exhibited a pore size of 7.5 A along the c axis
(figs. S4 to S6), while the guanidinium moieties were nearly eclipsed
and aligned in the one-dimensional pore channels with a distance of
3.4 A. N, sorption isotherms of TpTag-COF obtained at 77 K val-
idated the pore structure of the membrane. A Brunauer-Emmett-
Teller surface area of 286 m” g~' with a pore size distribution cen-
tered at 7.5 A was obtained, which is consistent with the simulated
eclipsed AA stacking structure. High-resolution transmission EM
showed the existence of porosity with a pore size of approximately
7.5 A (fig. S8). Dye exclusion experiments confirmed the compact-
ness of the TpTag-COF/PAN (fig. S9). The zeta potential of TpTag-
COF/PAN decreased from 5.1 to —7.6 mV in response to the in-
crease in the pH of the solution from 1 to 11 (fig. S10).

Investigation of transmembrane ion transport

Our previous study showed that strong hydrogen bonding interac-
tions between the guanidinium moieties on the framework and CI™
ions lead to a substantial degree of charge transfer at the interface.
The electrostatic field emanates from the polarization of Cl™ ions to
the surroundings, resulting in the negative interface. The cationic
TpTag-COF/PAN membrane displayed an overscreened surface
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charge, favoring the transport of K™ over Cl™ (44). Reversal currents
(I) in asymmetric acid solutions were measured to validate the pre-
ferred transport of protons over counterions. Given that the con-
centration difference drives both protons and counterions from
the high concentration side to the low concentration area to
achieve equilibrium, the sign of the current at zero voltage indicates
whether the majority carriers are protons (positive current) or their
counterions (negative current). Current-voltage relation (I- V') plots
obtained at concentration differences of 1000, 100, and 10 revealed
that the currents at zero voltage were always positive, independent of
the absolute HC, H,SO,, or H;PO, concentrations, confirming the
higher activity of TpTag-COF/PAN-mediated transport of protons
than that of the corresponding counterions (Fig. 2A and fig. S11).
Considering excellent permselectivity, the transport activities of
other monovalent cations across TpTag-COF/PAN were investigat-
ed. Reversal potentials (V) were recorded in unsymmetrical baths
(cis chamber = 0.1 M LiCl, NaCl, or KCl and trans chamber = 0.1 M
HCI, whereby cis chamber refers to the one facing the COF layer). V.
values were —93.3, —101.9, and —115.7 mV for KCl, NaCl, and LiCl,
corresponding to H'/M" permeability values of 38, 53, and 91, re-
spectively, which were calculated using the Goldman-Hodgkin-
Katz equation (45, 46). These results provide compelling evidence
of the higher proton selectivity of TpTag-COF/PAN than that of the
other cations (Fig. 2B). Concurrently, the simulation results re-
vealed that guanidinium exhibits different charge-assisted hydrogen
bonding interaction strengths with various anions, thereby suggest-
ing TpTag-COF as a potential anion filter (fig. S12).

To evaluate the anion-screening ability of the designed mem-
brane, the acid conduction across TpTag-COF/PAN was measured
by recording the I-V curves for HCI, H,SO,, and H;PO, (0.1 M)
(the acid concentrations described here are based on the whole mol-
ecule, if not specifically mentioned), with slopes that followed the
trend HCI > H,SO,4 > H3PO, (Fig. 2C), thus demonstrating the po-
tential to screen acids.
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Fig. 2. Investigation of transmembrane ion transport. (A) Current-voltage relation (-V) curves obtained for various asymmetric acid solutions with a concentration
difference of 1000 (1 M/1 mM); inset: schematic of the experimental setup for electrochemical testing. (B) I-V curves recorded for asymmetrical electrolytes, with the cis
side filled with KCl, NaCl, or LiCl aqueous solution and the trans side filled with HCI (0.1 M). Concentrations of Cl~ ions are maintained at 0.1 M. (C) -V curves obtained with

symmetrical acid solutions (0.1 M).

Evaluation of cation selectivity

The initial diffusion fluxes were measured on the basis of the rate
determination average of three experiments to quantitatively calcu-
late the transmembrane activity of protons and other cations across
TpTag-COF/PAN. All these experiments involved an H-shaped dif-
fusion cell in which the fabricated membrane was used to separate
two aqueous solutions, and the feed and permeate reservoirs were
filled with 30 ml of a chloride salt solution and deionized water, re-
spectively (Fig. 3A). Single-ion diffusion profiles were collected with
electrolyte concentrations ranging from 0.05 to 1 M. The number of
permeating ions was recorded as a function of time using a conduc-
tivity meter or inductively coupled plasma optical emission spec-
trometry, in which the slope of the curves reflects the ion
transport activity. The ion concentration in the permeate reservoir
increased as the time and concentration of the feed solution in-
creased (fig. S13). The permeances of various ions derived from
the slope of the conductance-operation time curve revealed low
ion conductivities over a wide range of electrolyte concentrations,
except for HCI, illustrating the remarkable selectivity of TpTag-
COF/PAN for protons. As a control experiment, the PAN mem-
brane exhibited very high ion permeance for all ions tested and
showed negligible selectivity (fig. S14), confirming the role of the
COF active layer in ion screening. Figure S15 compares the trans-
port rates of protons and other cations as a function of the feed con-
centration. The volcano-shaped curves obtained by plotting the
selectivity against feed concentration imply that variations in the
solution concentration result in large modulations in the membrane
separation performance, with an optimal feed solution concentra-
tion of 0.25 M (Fig. 3B). At this concentration, the permeance of
various cations ranged from 0.2 to 3.4 mmol m~* hour™". Combin-
ing the results of proton conductivity with those of other cations,
maximum permeability ratios, P(H")/P(M™"), of ~253, 259, 346,
886, 1116, 3545, and 4334 were obtained for H"/K", H"/Na", H'/
Li*, H"/Ca**, H"/Mg**, H'/Fe’", and H'/AI’", respectively. These
results indicate that TpTag-COF/PAN exhibits a selectivity trend of
K" >Na" > Li" > Ca®" > Mg*" > Fe’" > AI**, revealing monotonic
decrease of permeation rates with increasing hydrated ion diameters
and thus suggesting that the molecular sieving mechanism gov-
erned the cation selectivity of TpTag-COF/PAN (figs. S16 and
S17). Therefore, a tentative mechanism for proton transport is pro-
posed: Under the driving force of the concentration gradient,
protons move in the direction of their concentration gradient
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from the feed solution to the permeation side. A high density of
guanidinium moieties together with the possible hydrogen-
bonded water chains in the one-dimensional pore channels
provide carriers for fast proton transport across the membrane (47).

Evaluation of anion selectivity

Next, the performance of TpTag-COF/PAN as an anion filter was
evaluated by performing tests on an equimolar premixed binary
acid mixture. Figure 3 (C and D) demonstrates the selectivity
profile of HCl relative to H,SO, or H;PO, in the permeate solution
at various feed concentrations, with the maximum separation
factors reaching 34 and 138 for HCI/H,SO, and HCI/H;POy,, re-
spectively. Figure S17 compares the maximum HCI/H,50, and
HCI/H;PO, transmembrane selectivities of TpTag-COF/PAN
with those of the state-of-the-art ionic membranes (Nafion212
and Selemion AMVN), indicating that TpTag-COF/PAN far
exceeds the selectivity of commercial membranes (fig. S18). In ad-
dition, permeation experiments were conducted at various temper-
atures to gain insights into the mechanism of the observed anion
selectivity. The permeation rates of the tested acid (0.1 M)
changed exponentially with the inverse of temperature, following
the Arrhenius equation and yielding activation energies of 29.2,
47.8, and 74.3 k] mol™" for HCl, H,SO,, and H;PO,, respectively
(Fig. 3E; see details in the Supplementary Materials). These
results confirmed that HCl molecules required less energy to
diffuse across the membrane than H,SO, and H;PO,, thereby
leading to the observed selectivity (48, 49).

Mechanism investigation into the anion screening ability of
TpTag-COF/PAN

Considering that the solvated radii decreased in the order of SO,*
> Cl~ ~ H,P0,%™~ (50,51),a sieving effect due to steric hindrance
may play an inconsequential role in the observed anion separation
performance. We performed molecular dynamics (MD) simula-
tions to provide an unbiased molecular-level description of
various anions inside TpTag-COF/PAN. Radial distribution func-
tion calculations revealed that the relative distance of the anions
to the oxygen species in TpTag-COF/PAN decreased in the order
of HCI < < H,S0, < H3PO, (Fig. 4A). Combining with the exper-
imental transmembrane transport activities, these simulation
results suggest that compared to the corresponding anion species
of H,SO, and H3PO,, the anion species of HCI forms a relative
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Fig. 3. Evaluation of cation and anion selectivity across TpTag-COF/PAN. (A) Schematic diagram of ion permeation through TpTag-COF/PAN (1,3,5-triformylphlor-
oglucinol and triaminoguanidine hydrochloride-covalent organic framework/polyacrylonitrile) using an H-shaped diffusion cell. (B) Transport rate of various electrolytes
across TpTag-COF/PAN and the corresponding H*/M** selectivity obtained via diffusion dialysis using a concentration of 0.25 M. (C and D) Permeance of HCl, H,5O,, and
HsPO,4 and the corresponding selectivity of HCl to H,SO, and H3PO, across TpTag-COF/PAN, which were tested under binary acid conditions. (E) Acid permeation curves
versus temperature across TpTag-COF/PAN and the corresponding Arrhenius plots. Error bars represent SD of three different measurements.

weaker association with TpTag-COF. To understand the anion-
screening mechanism of TpTag-COF/PAN, two sets of additional
experiments were conducted. First, MD simulations confirmed
that the diffusion coefficient of HCI in TpTag-COF is substantially
larger than that of H,SO, and H3PO, in TpTag-COF, affording the
value of 0.1524 + 0.0501 x 107>, 0.0170 + 0.0079 x 10, and 0.0080
+0.0076 x 107> cm® s~* for HCl, H,SO,, and H5PO,, respectively
(Fig. 4B). Second, considering the preferential complexation of
TpTag-COF with H,SO, and H;PO,, this may confer the pore
channel of TpTag-COF with a more negative electrostatic potential
(ESP). The ESP mapped on the van der Waals surface of TpTag-
COF with various counter anions indicated that the negative
partial charge along the pore content displayed a sequence of
TpTag-COF/H,PO,~ < TpTag-COF/HSO, < TpTag-COF/CI™
(fig. S19). Reduced zeta potentials of the membranes after anion ex-
change with Na,SO, or Na;PO, (—54.5 and —68.2 versus —9.0 mV)
further validated the simulation results. These observations led to
the possibility that ion rejection can be described using the
Donnan model, in which the negatively charged pore surface
repels coions, and the extent of repulsion is correlated with the
extent of ion charge, thereby affording anion selectivity. Therefore,
to demonstrate the importance of electrostatic repulsion on the ob-
served separation, we evaluated the transport activity of HCI,
H,SO,4, and H;PO, across TpTag-COF/PAN, and the correspond-
ing separation factors in response to the feed concentration are

Meng et al., Sci. Adv. 9, eadh0207 (2023) 21 June 2023

summarized in figs. S20 to S22. A notable finding was the mainte-
nance of HCI/H;PO, and HCI/H,SO, selectivity at various acid
concentrations for TpTag-COF/PAN, contradicting the expecta-
tions based on electrostatic selectivity. This is because at high
ionic strengths, the Debye length of solutions became smaller
than the pore diameter of TpTag-COF/PAN, and therefore electro-
static repulsion does not contribute significantly to the solute rejec-
tion mechanism (52, 53). The acid permeance in response to
concentration variation was investigated in detail to gain deeper in-
sights into this observation. The transport of H,SO, and H;PO, was
slow to initiate, which was evident by the slow realization of stability
at low feed concentrations. H,SO, and H3PO, required up to 3 and
2.5 min, respectively, to attain stability before the conductivity in-
creased monotonically, suggesting the strong association of H,SO,
and H;PO, with the framework (fig. S23). After reaching stability,
the transport of HCI, H,SO,, and H;POy, is highly dependent on the
bulk concentration, increasing proportionally with increasing con-
centration. These results lead us to conclude that the higher trans-
port activity for HCI across TpTag-COF/PAN than that of H,SO,
and H;PO, is strongly associated with its weaker host-guest interac-
tions with the membrane because of kinetic selectivity.

Evaluation of acid separation performance
Considering that practical ion separation requires the recovery of a
target ion from a concentrated solution, competitive interaction,
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Fig. 4. MD calculation. (A) Relative distance of the anions to the oxygen species in TpTag-COF calculated according to the radial distribution function. (B) Diffusion
coefficient of HCl, H,SO,4, and H3PO, across TpTag-COF. MSD, mean square deviation.

and flux coupling might influence ion selectivity in a nontrivial
manner. We performed permeability measurements using equimo-
lar solutions of HCI, H,SO,4, and H3PO, to investigate the preferen-
tial transport of TpTag-COF/PAN in mixed acid solutions.
Furthermore, real-time fluxes of these acids were calculated to
provide a comprehensive understanding of the process. The trans-
port of HCl was consistently faster than that of the competitors, val-
idating its higher diffusion ability across the membrane and
affording HCI/H,SO, and HCI/H;POy, selectivities of 39 and 183,
respectively (Fig. 5, A and B, and fig. S24). A comparison of the
trinary- and single-component acid permeances indicates that the
apparent permeabilities of HCI, H,SO,4, and H3PO, in the mixed
system decreased relative to their single-component values, suggest-
ing that the flux of each anion is coupled. To explain the discrepancy
between single-component and multicomponent systems in terms
of permeance, we reasoned that under mixed acid conditions,
H,SO, and H;PO, with a strong association with TpTag-COF oc-
cupied the pore space and hence led to a decrease in diffusivity rel-
ative to corresponding single-acid conditions by competitive
diffusion. The slightly decreased HCI/H,SO, selectivity with in-
creasing acid concentration can be explained as follows. The in-
creased ion concentration difference across the membrane offers a
strong driving force to enhance the transport activity of protons.
Given the higher affinity of H,SO, and H;PO, toward the mem-
brane, the pore channels are plugged with these compounds,
leading to a decline in HCI penetration. However, the electroneu-
trality principle requires a concomitant increase in anion diffusivity,
which promotes the transport of concentrated HSO,™ in the pore
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Fig. 5. Evaluation of acid separation performance across TpTag-COF/PAN. (A)
Permeances of HCl, H,SO,4, and H3PO, and (B) their optimal relative selectivity
across TpTag-COF/PAN in response to the feed concentration tested under
trinary acid conditions (0.05, 0.1, 0.25, 0.5, and 1.0 M for each acid).
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channel, thereby compromising the separation of HCI/H,SO,.
The volcano-type curve of the HCI/H;POy, selectivity can be attrib-
uted to the varying concentrations of the ionized H3PO, species
compromised by the dissociation equilibria in response to the in-
creased concentrations of both H" and H3PO,. The former prevent-
ed the hydrolysis of H;PO,4, while the latter shifted the equation in
the opposite direction.

MD simulations were performed to further confirm these infer-
ences. The simulation setup contained equal moles of acids (0.25 M)
on one side of the four by four by five TpTag-COF layers. Starting
from a random configuration, followed by a 1-fs production run,
resulted in a set of trajectory files, revealing that the hydronium
ions were the most preferred transport species. We further conduct-
ed a prolonged computational study of the >10-ns trajectory to gain
additional computational insights into TpTag-COF-mediated se-
lectivity for HCI, H,SO,4, and H3PO,. Within a period of 10 ns,
12 CI” anions passed through the COF channel, and the other
two anions traversed approximately one-third of the constructed
COF layers (5.7 A; Fig. 6). These results confirm the higher trans-
port activity of HCI than that of H,SO, and H3;PO, across the
TpTag-COF channels when considering the neutrality requirement.
The selective acid conduction at the molecular level involves the fol-
lowing steps: the formation of charge-assisted hydrogen bonding
interactions with the membrane, separation of the charge carriers,
migration, and subsequent neutralization.

Extraction of HCl from mixed waste

The TpTag-COF membrane with highly tunable exclusion abilities
against polybasic acids and metal cations, while allowing free per-
meation of Cl7, is a potential candidate for HCI recovery applica-
tions. To test the feasibility and long-term operational stability,
the permeances of HCl, H,SO,, H;PO,, LiCl, NaCl, KCl, and
MgCl, under equal molar conditions (0.1 M) and their relative se-
lectivity toward HCI were plotted as a function of time. Notably,
TpTag-COF/PAN displayed stable P(HCI)/P(H,SO,4) and P(HCI)/
P(H5PO,) selectivities of up to 149 and 437, respectively, together
with the P(HCI)/P(MCl,) ratio of 1073/28,840, thereby indicating
its unique prospects for the extraction of valuable chemicals from
contaminants (Fig. 7, A and B). In addition, no noticeable alter-
ations in the HCI extraction performance in terms of purity or
flux were observed. The stable separation performance was corrob-
orated using Fourier transform infrared (FTIR) spectroscopy, SEM,
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Fig. 7. HCl extraction from mixed wastes. (A) Permeance of various compounds through TpTag-COF/PAN (0.1 M each) to the permeate chamber and (B) corresponding

separation factor as a function of time.

and PXRD analyses, showing the retained chemical structure, mem-
brane morphology, and crystallinity (figs. S25 to S27).

DISCUSSION

In this study, we demonstrated that TpTag-COF/PAN with ang-
strom-sized porosity and implanted charge-assisted hydrogen
bond donors produced pores capable of the selective extraction of
HCI from complex mixtures. The angstrom-sized pores of TpTag-
COF/PAN could effectively sieve protons from other cations with a
selectivity of up to 4334. The difference in the charge-assisted hy-
drogen bond donation abilities of the guanidinium moieties toward
various anions enables the membrane to serve as an anion filter.
HCI with a relatively weaker affinity toward the membrane are
easier to dissociate for surface jumping and fast diffusion. With
these attributes, TpTag-COF/PAN exhibited outstanding perfor-
mance in HCl mining from mixed waste containing a variety of
cations and anions. The unprecedented ion selectivity of TpTag-
COF/PAN presents a valuable paradigm that would contribute sig-
nificantly to precise separation.

MATERIALS AND METHODS

Commercially available reagents were purchased in high purity and
used without purification. The synthetic procedures of the COF
membrane are detailed in the supplementary text. The asymmetric
PAN ultrafiltration membrane was obtained from Sepro Mem-
branes Inc. (Carlsbad, CA, USA) with a molecular weight cutoff
of 50,000 Da. PXRD data were collected on a Bruker AXS D8

Meng et al., Sci. Adv. 9, eadh0207 (2023) 21 June 2023

Advance A25 powder x-ray diffractometer (40 kV, 40 mA) using
Cu Ka (A = 1.5406 A) radiation. SEM was performed on a
Hitachi SU8000. The gas adsorption isotherms were collected on
the surface area analyzer ASAP 2020. The N, sorption isotherms
were measured at 77 K using a liquid N, bath. FTIR spectra were
recorded on a Nicolet Impact 410 FTIR spectrometer. The surface
charge distribution of the membranes was investigated by means of
zeta potential. Surface zeta potentials of the composite membrane
were obtained using a streaming potential analyzer (SurPASS,
Aaton Paar, Austria). Membrane samples were cut into 1 cm by 2
cm by a cutter and taped on the measuring cell using adhesive tape.
Measurements were carried out with KCI aqueous solution (1.0
mmol liter™!) at (25.0 + 1.0)°C at a pH of 6.5. Data were collected
for four cycles at each measuring point. Surface zeta potential was
calculated according to the Helmholtz-Smoluchowski equation.

Supplementary Materials
This PDF file includes:

Figs. S1 to 528

Table S1

Supplementary Text
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