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Abstract

Mercury contamination imposes long-lasting ecosystem risks due to its high
diffusivity and persistent toxicity, underscoring an urgent need for rapid
pollutant removal in emergency heavy metal remediation scenarios.
Conventional negatively-charged adsorbents sequester ionic Hg(I) via
electrostatic attraction yet lose efficacy in chloride-laden real-world industrial
wastewater, where abundant chloride drives Hg(II) conversion to neutral HgCl,
that evades electrostatic capture. Here, we design a superhydrophilic
methylthio-functionalized f-ketoenamine-linked covalent organic framework
(TP-S-COF) for ultrafast HgCl, elimination. TP-S-COF removes 98% HgCl,
from 10mgL™" solutions within 10s and meets the 0.001 mg L' effluent
standard in 30s, while attaining 84% removal from complex high-salinity
industrial wastewater over the same 10 s timeframe; its kinetics outstrip
conventional adsorbents by orders of magnitude. Mechanistic analyses uncover
synergistic effects of f-ketoenamine carbonyl-oxygen and methylthio groups,

which break H,O-HgCl, clusters to boost HgCl, diffusion and adsorption.
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Maintext

Rapid response to heavy metal leakage incidents is critical for controlling
long-term pollutant diffusion, thereby preventing escalated complications and
costs from multi-regional remediation efforts. This is particularly vital for
highly toxic, highly diffusive, and bioaccumulative mercury(Il) ion. The
traditional approach to removing mercury(Il) ion from wastewater involves
using solid adsorbents like activated carbon', resins®? and zeolites*, however,
these methods often suffer from limited capacity and slow adsorption rates. To
improve mercury(Il) ion removal efficiency, adsorbents with high surface areas
and ordered pore structures are essential, as they offer more adsorption sites and
diffusion channels to increase the adsorption capacity and enhance kinetics.

Covalent organic frameworks (COFs)® represent a novel class of
crystalline porous materials characterized by their design flexibility and
precisely tunable pore environments, making them promising candidates for
mercury removal’. While most existing research predominantly addresses Hg(II)
removal from high-concentration solutions using Hg(NOs), as the mercury
source®, there is a lack of studies focusing on the removal of HgCl, at lower
concentrations, which are more prevalent in real-world scenarios. In real
industrial wastewater, elevated chloride concentrations promote stable mercury
chloride complex formation (e.g., HgCly)!*!!. These molecular complexes
reduce electrostatic interactions between mercury species and adsorption sites,
making the removal more challenging than free Hg(Il) ions from Hg(NO3),.
Additionally, HgCl, undergoes spontaneous hydration to form H,O-HgCl,
clusters, which impair molecular mobility and consequently result in
insufficient adsorption kinetics, thereby significantly hindering effective
mercury remediation'*">,

We herein develop a methylthio-functionalized COF (TP-S-COF) with
remarkable HgCl,-trapping capacity. Starting from 10mgL™ HgCl,, the

material removes 98% of the contaminant in 10 s (residual: 200 ug L™!) and
3
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attains the 0.001 mg L' effluent limit at 30 s, exhibiting far faster adsorption
kinetics than conventional adsorbents. As shown in Fig. 1, TP-S-COF was
synthesized by using 1,3,5-triformylphloroglucinol (TP) and 2,5-
bis(methylsulfanyl)benzene-1,4-diamine (S-PDA) as building blocks. The
methylthio groups in S-PDA were designed as the adsorption sites, which could
strongly interact with mercury through Hard and Soft Acids and Bases (HSAB)
interaction and meanwhile more stable than thiol groups!® in actual wastewater
treatment under acidic conditions. The keto-enamine linkages formed in TP-S-
COF provide stable framework in acidic wastewater, while the carbonyl groups
facilitate the breaking down of H>,O-HgCl, cluster through H-bonds formation
during HgCl, capture, thereby synergistically enhancing HgCl, sequestration.
The ultrafast HgCl, capture kinetics of TP-S-COF was conclusively validated
in real industrial wastewater matrices, thereby demonstrating its unparalleled
potential for emergency Hg-contaminated water treatment through kinetic

superiority.

Fig. 1| Synthetic route of TP-S-COF. TP-S-COF was synthesized via Schiff base reaction
between aldehyde linker TP and amino linker S-PDA.

Results and Discussion



87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

Synthesis and structure characterization of TP-S-COF

A Pyrex tube was charged with 1,3,5-triformylphloroglucinol (TP, 0.1
mmol, 21 mg), 2,5-bis(methylsulfanyl)benzene-1,4-diamine (S-PDA, 0.15
mmol, 30 mg), 1,4-dioxane (1.0 mL), pyrrolidine (0.02 mL) and aqueous acetic
acid (6 M, 0.1 mL). The mixture was flash-frozen at 77 K, degassed through
three freeze—pump—thaw cycles, sealed under vacuum and heated at 120 °C for
3 days. The precipitate was isolated by filtration, washed with tetrahydrofuran
(THF) and acetone. After vacuum drying at 80 °C for 24 h, a deep red powder
was obtained and further identified as TP-S-COF. The formation of keto-
enamine linkages of TP-S-COF was first confirmed by Fourier-transform
infrared (FT-IR) spectroscopy (Fig. 2a). Compared with those of TP and S-PDA,
the FT-IR spectrum of TP-S-COF shows the emergence of a characteristic C—N
stretching band!'” at 1256 cm™!, together with pronounced attenuation of the
aldehyde C=O stretching vibration at 1654 cm™! and the amine N—H stretching
band at 3332 cm™!, confirming the successful condensation between monomers.
BC cross-polarization/magic angle spinning (CP-MAS) solid-state nuclear
magnetic resonance (ssNMR) spectroscopy'®!” further validates the formation
of TP-S-COF (Fig. 2b). Compared to the monomers, the resonance signals
assigned to the aldehyde carbon (192 ppm) and the carbon atoms adjacent to
the amino group (118 ppm) in S-PDA are strongly attenuated, corroborating
keto-enamine condensation between aldehyde and amine linkers'’. The
formation of f-ketoenamine is evidenced by the resonance signals at 145 ppm
(enamine carbon in =C-NH), 115 ppm (a-enamine carbon), and 180 ppm
(ketone carbon).

The crystallinity of TP-S-COF was characterized by powder X-ray
diffraction (PXRD). The PXRD pattern of TP-S-COF shows diffraction peaks
distinct from those of the monomers, indicating the formation of a new
crystalline phase (Fig. 2¢, Supplementary Fig. 1). On the basis of the structural

characteristics of two-dimensional COFs, an AA stacking structural model was
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constructed, and the corresponding simulated PXRD pattern matches well with

the experimental profile (Supplementary Fig. 2 and Supplementary Table 1).

Pawley refinement'®

parameters of a = b = 22.55(6) A, ¢ = 6.80(0) A, a = = 90°, y = 120° in P6/m

further validates the structural model, providing unit cell

space group, with the unweighted residual factor R, = 3.16% and the weighted
residual factor Ry, = 4.08% (Fig. 2¢). The PXRD peaks at 20 = 4.8°, 8.3°, and
26.9° for TP-S-COF can be assigned to the lattice planes of (100), (110), and
(001), respectively. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) reveal uniform aggregates composed of small
particles (Supplementary Figs. 3 and 4). Energy-dispersive X-ray spectroscopy
(EDS) elemental mapping further confirmed the homogeneous distribution of
sulfur within the framework (Supplementary Fig. 5). N, sorption isotherm was
recorded at 77 K to characterize the porosity of TP-S-COF. The Brunauer-
Emmett-Teller (BET) surface area of TP-S-COF was calculated to be 445.3 m?
g™! (Fig. 2d). Pore-size distributions derived from nonlocal density functional
theory (NLDFT) showed a pore width centered at 13.2 A, which is similar to

the theoretical pore size obtained from structural model (13.8 A, Fig. 2e).
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Fig. 2| Structural characterization of TP-S-COF. a, Comparison of FT-IR spectra
of TP (red), S-PDA (blue) and TP-S-COF (black). b, Comparison of '*C CP-MAS
ssNMR spectra of TP (red), S-PDA (blue) and TP-S-COF (black). The spinning
sidebands are denoted with asterisks. ¢, Experimental PXRD pattern of TP-S-COF
(red), Pawley-refined profile (black), difference curve (green). d, N2 sorption isotherm
measured at 77 K. Inset: pore-size distribution. e, Structural model illustrating the

pore architecture of TP-S-COF.
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HgCl: adsorption performance

The HgCl, adsorption capability of TP-S-COF in aqueous solution was
first evaluated through equilibrium adsorption experiments. For each HgCl,
concentration (5~300 mg L), TP-S-COF (5 mg) was added to 20 mL solution,
stirred at 25 °C for 2 h to achieve adsorption equilibrium. The residual HgCl,
concentrations were quantified by inductively coupled plasma optical emission
spectrometry (ICP-OES). The resulting equilibrium isotherm (Fig. 3a) fits well
to the Langmuir model, indicating a monolayer adsorption mechanism for
HgCl, on TP-S-COF. As a result, TP-S-COF exhibited a maximum adsorption
capacity of 1079.2 mg ¢!, which surpassed almost every other benchmark
material in the removal of HgCl, (Supplementary Fig. 7 and Supplementary
Tables 2 and 3)2.

Given the acidic nature of industrial wastewater'®!!, the HgCl, removal
performance of TP-S-COF was investigated at pH 2~7 (Fig. 3b). TP-S-COF
maintained an average HgCl, removal efficiency of ~95% across this range,
demonstrating remarkable chemical stability under acidic conditions. Notably,
PXRD shows no detectable structural degradation after TP-S-COF was
immersed in solution at pH 0 for 24 h (Supplementary Fig. 8). This stability is
attributed to the keto—enol tautomerism, which converts imine linkages into
more stable C—N bonds'”.

To evaluate TP-S-COF's adsorption selectivity for HgCl, in complex
environmental matrices, competitive adsorption experiments were conducted in
simulated wastewater containing 10 mg L' HgCl, and equal mass
concentrations (10 mg L' each) of competing ions: Na(I), K(I), Ca(II), Mg(II),
Zn(1I), Ni(II), Cu(II), Cd(II), and Pb(II) (Fig. 3c). TP-S-COF achieved a HgCl,
removal efficiency of 98.2%, while exhibiting negligible adsorption toward
Na(I), K), Ca(Il), Mg(Il), and Zn(II), and limited uptake of Cu(Il) (23.6%)
and Pb(II) (31.3%). Even at elevated concentrations of Na(I) (1000 mg L") and
Ca(II) (200 mg L), the HgCl, removal efficiency remained above 98% (Fig.
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3c inset and Supplementary Fig. 9). This exceptional selectivity arises from the
tailored framework architecture and the strong binding affinity between sulfur
functionalities and mercury species, demonstrating the adsorption potential of
TP-S-COF under complex environmental conditions.

Moreover, TP-S-COF exhibited excellent recyclability, maintaining an
HgCl, removal efficiency above 93.5% over 15 consecutive adsorption-
desorption cycles (Fig. 3d). Neligble changes can be obseved in PXRD patterns
of TP-S-COF after cycling experiments (Supplementary Fig. 10). The structural
stability of this framework demonstrates exceptional potential for industrial-

scale wastewater remediation.

Fig. 3| Adsorption performance of TP-S-COF toward HgCl.. a, HgCl> adsorption
isotherms at pH 5 (2 h) with nonlinear Langmuir fitting. b, HgCl> removal efficiency
across different pH conditions. ¢, Removal efficiency for HgCl> and competing metal

ions in a mixed-ions system (10 mg L each) and the effect of elevated Na(l)

9
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concentration on HgCl, removal (inset). d, Recycling performance of TP-S-COF for
HgCl, removal.
Fast kinetics and real-world wastewater treatment

The ability to achieve ultrafast adsorption kinetics is crucial for wastewater
treatment in practical application, as it is essential for responding to mercury (II)
ion leakage incidents'®?!. We therefore investigated the adsorption kinetics of
TP-S-COF under low HgCl, concentration (10 mg L7') (Fig. 4a and
Supplementary Fig. 11). TP-S-COF exhibited exceptionally rapid adsorption
kinetics, removing 98% of HgCl, from a 10 mg L solution within 10 s and
lowering the residual concentration to below 0.001 mg L~! within 30 s, thereby
meeting the applicable effluent standard. Kinetic fitting using the pseudo-
second-order model yielded an R*> > 0.99998 and a rate constant (k;) of 37.2 g
mg~! min™' (Fig. 4a inset and Supplementary Fig. 12), surpassing reported
porous adsorbents by factors of 3.5 to over 200 (Supplementary Fig. 13 and
Supplementary Table 4).

The rapid uptake is consistent with the pronounced hydrophilicity of TP-
S-COF, as supported by water contact-angle (CA) measurements®> 2. A water
droplet was completely absorbed within 1.4 s (CA = 0°), indicating a
superhydrophilic wetting and efficient water transport® (Fig. 4c and
Supplementary video 1). In addition, the abundant keto groups ordered pore
channels are expected to promote interfacial interactions and accelerate mass
transfer during HgCl, capture.

The wetting and dispersibility of TP-S-COF were further corroborated by
dispersion tests. Upon addition of 20 mg TP-S-COF to aqueous media such as
water, rapid sedimentation occurred under static conditions without mechanical
agitation (Fig. 4d—-e and Supplementary videos 2 and 3). By contrast,
conventional carbon-based adsorbents—including resins and activated
carbon—remained persistently suspended under identical static processing

protocols (Fig. 4f). After vigorous shaking, TP-S-COF maintained excellent

10
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dispersibility, while other materials exhibited a tendency to agglomerate.
Together, these results highlight the favorable interfacial properties and
dispersion characteristics of TP-S-COF, which facilitate accelerated HgCl,
uptake and enable time-critical treatment.

To assess practical applicability, TP-S-COF was further tested in real
industrial wastewater. A wastewater sample obtained from Jiangsu NJU
Environmental Technology Co., Ltd. was spiked with HgCl, to simulating
mercury-contaminated effluent (see Methods). Owing to its complex
composition, the wastewater exhibited high ionic strength, containing Ca(II)
(120 mg L), Mg(I) (140 mg L), and Cu(Il) (25 mg L"), corresponding to
12, 14 and 2.5 times higher than those used in laboratory mixed-ion experiments
(Fig. 4b inset). Upon introducing TP-S-COF (5 mg) into 20 mL of contaminated
wastewater, the HgCl, concentration decreased from 15.6 mg L™ to below 2.5
mg L' within 10 s, corresponding to an 84% removal efficiency. Equilibrium
was achieved within 30 s, with over 99% removal and residual concentration to
below 0.1 mg L™! (Fig. 4b). Moreover, TP-S-COF maintained its performance
over 10 adsorption-desorption cycles without observable degradation
(Supplementary Fig. 14), underscoring its robustness. The fast adsorption
kinetics and high stability indicated the strong potential of TP-S-COF for

emergency response to water pollution under real-world conditions.
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Fig. 4| Hydrophilicity and dispersion behavior of TP-S-COF. a, HgCl, adsorption
kinetics at an initial HgCl, of 10 mg L~! (pH 5, 25 °C). Inset: Pseudo-second-order
kinetic fit. b, HgClo adsorption kinetics in real industrial wastewater (HgCl:
concentration:15.6 mg L, pH 4, 25 °C). ¢, Time-resolved water contact-angle
measurements on TP-S-COF, showing rapid wetting. d, Settling behavior of TP-S-
COF in water. e, Adhesion behavior of TP-S-COF on glass surfaces under agitation. f,
Settling behavior of conventional carbon-based adsorbents in water.

Mechanism insights for rapid removal

Combined computational and experimental approaches elucidated the
molecular mechanism behind TP-S-COF’s ultrafast HgCl, adsorption in water.
Molecular dynamics (MD) simulations were first carried out to decipher how
framework functional groups modulate the HgCl, hydration shell and drive
interfacial adsorption at the molecular level, with four systems investigated:
bulk water (H,O), TP-S-COF, TPPA-COF, and TFP-S-COF (Supplementary Fig.
15). In these models, TPPA-COF was designed without methylthio groups,
while TFP-S-COF lacked keto functionalities (Fig. Sa—c). This setup enabled a
systematic assessment of the individual and cooperative contributions of the
sulfur and oxygen moieties to HgCl, adsorption.

In our initial design, the carbonyl oxygen sites in TP-S-COF were
engineered to disrupt the H,O-HgCl, hydration shell through hydrogen bonding,
thereby accelerating and enhancing HgCl, adsorption. To quantitatively
evaluate the disruption of the H,O-HgCl, cluster, radial distribution functions
(RDFs) between Hg and water oxygen atoms (gu,-o,) Were calculated. The
RDFs revealed a first Hg—Ow coordination shell centered at 0.26 nm, extending
to 0.36 nm. Integration to this cutoff gave coordination numbers of 3.82, 3.28,
1.54, and 1.28 water molecules for HgCl, in bulk water, TPPA-COF,
TFP-S-COF, and TP-S-COF, respectively (Fig. 5d). These results indicate a
substantial reduction in Hg-water coordination in the presence of COF

frameworks, with methylthio groups exerting a stronger disruptive effect than
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keto groups. The dual-functional TP-S-COF achieved the lowest Hg—water
coordination number, highlighting the synergistic interplay between methylthio
and keto moieties, which underpins high-affinity HgCl, adsorption and guides
future sorbent design.

To further elucidate this synergistic effect, the RDFs for Hg—S (gy,-s, Fig.
Se) and Hg—O (gy,-0, Fig. 5f) were analyzed. The Hg—S RDFs exhibited two
distinct coordination shells centered at 0.32nm and ~0.47nm, with
corresponding coordination numbers of 0.31 and 2.93 for TP-S-COF, compared
with 0.12 and 2.00 for TFP-S-COF (Fig. 5e). These results indicate stronger and
more extensive Hg—S binding in TP-S-COF, suggesting that the incorporation
of keto oxygen sites enhances Hg—S interactions through synergistic effects. For
Hg-O interactions (Fig. 5f), both TP-S-COF and TPPA-COF displayed first
coordination shells centered at 0.28 nm. However, TP-S-COF exhibited a
significantly higher coordination number (0.84 vs. 0.29), suggesting that keto
oxygen atoms provide additional stabilization of Hg species after S-induced
desolvation. The Hg-N RDFs ( gyg,_n ) provided in the Supplementary
Information (Supplementary Fig. 16) support these conclusions. Collectively,
these RDF results are consistent with a cooperative adsorption mechanism in
which methylthio sulfur sites promote disruption of the HgCl, hydration shell,
thereby increasing the probability of close Hg—framework contacts, while keto
oxygen atoms provide auxiliary stabilization to the adsorbed Hg species. This
dual functionality perturbs the hydration shell more effectively than either
moiety alone, as reflected by the reduced Hg—Ow coordination and enhanced
Hg—framework coordination in TP-S-COF.

To quantify the relative contributions of sulfur and oxygen functionalities,
distance-based classification and diffusion coefficient analyses were performed
on Hg atoms in the COF-HgCl, systems (Fig. 5g and Supplementary Figs. 17—
20). Adsorption was defined as Hg atoms residing within the first RDF-derived

cutoff distance relative to framework O atoms (Supplementary Fig. 17a) or
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within the second Hg-S contact-shell cutoff relative to S (Supplementary
Fig. 17b). The classification results yielded adsorbed-Hg efficiencies of 29.0%
for TPPA-COF, 60.4% for TFP-S-COF, and 89.4% for TP-S-COF, supporting
the cooperative contribution of sulfur and oxygen sites. Complementary
diffusion coefficient analysis further substantiated this conclusion. HgCl,
exhibited high mobility in bulk water, with a diffusion coefficient of 2640.5 +
373.9 um? s7!, whereas diffusivity was markedly reduced in the COF systems:
1500.3 + 191.2 um? s~! for TPPA-COF, 645.2 = 16.4 um? s for TFP-S-COF,
and 297.0 + 29.6 um? s~! for TP-S-COF. The lowest diffusivity in TP-S-COF
reflects the combined effects of pore confinement and stronger Hg—framework
interactions.

To evaluate the presence of chemical bonding upon adsorption, Mayer
bond order (MBO) analysis was conducted on representative adsorption
configurations extracted from the MD simulations (see Methods for details,
Supplementary Fig. 21). MBO values quantify the degree of electron sharing
between atoms. As a commonly used qualitative criterion, MBO values below
0.1 generally indicate negligible bonding interactions, whereas values
approaching or exceeding 1.0 are characteristic of strong covalent
interactions®*3>. Calculations revealed that the coordination strength between
Hg and S is notably higher than that between Hg and O, as reflected by the
larger MBO values for Hg—S contacts. For Hg—S pairs within the RDF-derived
contact region (r <3.20 A), MBO values ranged from 0.12 to 0.25, suggesting
weak but discernible Hg—S coordination with partial covalent character. In
contrast, Hg—O contacts within the first shell-cutoff (<2.80 A) exhibited much
smaller MBO values, all below 0.12, indicating negligible-to-weak covalent
character. Together with the Hg—O RDF analysis, the MBO results suggest that
keto oxygen atoms mainly provide secondary, largely non-covalent stabilization
to the adsorbed Hg species, whereas sulfur atoms act as the primary binding

sites through weak but discernible Hg—S coordination with partial covalent
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character. These computational findings are consistent with XPS and ssNMR
results (Supplementary Figs. 22-24), which showed pronounced S 2p binding
energy shifts (1.4 eV) consistent with Hg—S bond formation, whereas O 1s
spectra exhibited minimal chemical shift (<0.1 eV), confirming the absence of
strong Hg—O covalent bonding. These computational findings are consistent
with the spectroscopic evidence (Supplementary Figs. 22-24). XPS analysis
revealed a pronounced S 2p binding-energy shift of 1.4 eV after HgCl,
adsorption, supporting the formation of Hg—S interactions, whereas the O 1s
spectra exhibited only a minimal chemical shift of less than 0.1 eV, consistent
with the absence of appreciable covalent Hg—O bonding. The solid-state NMR
results further corroborated changes in the local chemical environment of the
COF framework upon HgCl, uptake.

Collectively, molecular-level insights from RDF, molecular clustering,
diffusion, and MBO analyses demonstrate that the integration of methylthio and
keto functional groups is essential for the high-affinity capture of neutral HgCl..
Such synergistic functionality governs the superior adsorption kinetics of TP-
S-COF and delivers a rational design guideline for advanced mercury sorbents.
To experimentally verify this synergistic mechanism, TFP-S-COF and TPPA-
COF were synthesized and evaluated for HgCl, adsorption under identical
conditions. Within 10 s, TFP-S-COF and TPPA-COF only achieved 46.1% and
29.4% HgCl, removal efficiencies, respectively, which are substantially lower
than the 95.9% removal rate of TP-S-COF. These experiments confirm that
neither single functional group can afford the ultrafast HgCl, removal
performance, solidifying the cooperative adsorption mechanism between

methylthio sulfur and keto oxygen active sites.
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Fig. 5| Mechanistic insights into rapid HgCL: adsorption process. a-c, Structures of TP-
S-COF, TFP-S-COF, and TPPA-COF. d, Radial distribution function (RDF) between Hg and
O atoms from water molecules in the simulated systems (ggg_ow)- €, RDF profiles of Hg
with S atoms in TP-S-COF and TFP-S-COF (gy4-s). f, RDF profiles of Hg with O atoms in
TP-S-COF and TPPA-COF (gpg4-0). g Comparison between theoretical predictions and
experimental adsorption efficiencies of different COFs toward HgCl. The experimental data
correspond to the amount of HgCl» adsorbed after 10 s of reaction. h, Diffusion-coefficient.
For all RDF plots, the left y-axis (black) represents the RDF values, and the right y-axis (blue)
denotes the cumulative coordination number of Hg with specific atoms. Error bars for all

RDFs were estimated using the weighted block averaging method (number of blocks =4).

17



361

362

363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378

379

380
381
382
383
384
385
386
387
388

Shaded areas indicate the uncertainty ranges, most of which are smaller than the line width.

Conclusion

In conclusion, this work establishes TP-S-COF as a highly efficient
adsorbent for rapid and selective removal of low-concentration HgCl, from
contaminated water. Beyond its demonstrated fast adsorption kinetics and high
selectivity in complex ion systems, the material exhibits robust stability across
acidic pH conditions and maintains performance through multiple reuse cycles,
addressing practical requirements for industrial applications. Mechanistic
investigations integrate computational modeling with experimental validation
using synthetically designed contrast COFs, confirming synergistic interactions
between carbonyl oxygen and methylthio groups that disrupt water-HgCl,
clustering to enhance adsorption. This integrated approach—combining
targeted design, precise synthesis, application testing, and mechanistic
validation—exemplifies the strength of COFs as versatile platform materials. It
provides a blueprint for developing next-generation adsorbents capable of
addressing real-world heavy metal pollution challenges while supporting
effective emergency response and long-term environmental remediation

strategies.

Methods

Synthesis of TP-S-COF

A Pyrex tube was charged with 1,3,5-triformylphloroglucinol (TP, 0.1 mmol,
21 mg), 2,5-bis(methylsulfanyl)benzene-1,4-diamine (S-PDA, 0.15 mmol, 30
mg), 1,4-dioxane (1.0 mL), pyrrolidine (0.02 mL) and aqueous acetic acid (6 M,
0.1 mL). The mixture was flash-frozen at 77 K, degassed through three freeze—
pump—thaw cycles, sealed under vacuum and heated at 120 °C for 3 days. The
precipitate was isolated by filtration, washed with tetrahydrofuran (THF) and
acetone, and dried under vacuum at 80 °C for 24 h to afford TP-S-COF as a
deep red powder (yield: 80 %, 40.8 mg).
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Characterization

Solution-state nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Avance III 400 spectrometer (400 MHz for 'H, 101 MHz for 3C).
Fourier-transform infrared spectroscopy (FT-IR) spectra were collected in the
range of 4000~400 cm™' on a Bruker Alpha Platinum ATR-FT-IR spectrometer.
3C cross-polarization/magic-angle spinning (CP-MAS) ssNMR spectra were
performed on a Bruker Avance III 400WB spectrometer operation at 9.4 Twith
frequencies of 100.62MHz. Powder X-ray diffraction (PXRD) patterns were
collected on a Bruker D8 Advance diffractometer with Cu Ka radiation (A =
1.5418 A) operated at 40 kV and 40 mA in reflection mode. Scanning electron
microscopy (SEM) images and energy-dispersive X-ray spectrometer (EDS)
elemental mapping were obtained on a Hitachi S-3400 N microscope at an
accelerating voltage of 10.0 kV. Transmission electron microscopy (TEM)
images were conducted on a JEOL JEM-2800 instrument operated at 200 kV.
N, adsorption-desorption isotherms were measured at 77 K using a
Quantachrome Nova 3000 instrument, and pore size distributions were
calculated using nonlocal density functional theory (NLDFT).

HgCl: adsorption experiments

Sorption Isotherm: For adsorption isotherm measurements, TP-S-COF (5 mg)
was dispersed in HgCl, solutions (20 mL) with initial concentrations of 5 to 300
mg L' at pH 5. The suspensions were stirred at 25 °C for 2 h to reach
equilibrium and then filtered through a 0.22 pm membrane. The filtrates were
acidified with two drops of concentrated HNO; and the residual mercury
concentration was determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES).

Selectivity tests: For selectivity evaluation, a mixed-solution containing Na(I),
K(), CadIl), Mg(I), Zn(I), Ni(II), Cu(Il), Cd(II), Pb(Il) and HgCl, was
prepared, with each metal ion maintained at 10 mg L. TP-S-COF (5 mg) was
added to the mixed solution (20 mL, pH 5) and stirred at 25 °C for 5 min. The
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suspensions were filtered through a 0.22 um membrane, and the filtrates were
acidified with concentrated HNOs;. Residual 1on concentrations were
determined by ICP-OES.
Effect of pH: To evaluate the influence of pH, TP-S-COF (5 mg) was added to
HgCl, solution (20 mL) adjusted pH 2~7 and stirred at 25 °C for 5 min. The
suspensions were filtered through a 0.22 um membrane and the filtrates were
acidified with two drops of concentrated HNOjs prior and analyzed by ICP-OES.
Wastewater sample: Vinyl chloride monomer (VCM) can be produced via a
calcium carbide-based suspension process, in which an alkaline scrubbing step
is used to remove residual HCI from the process stream. This operation
generates alkaline wastewater containing trace mercury species originating
from the Hg-based catalyst and entrained by the process gas, with a typical Hg
concentration of ~1.0 mg L.
Calculation Methods

Molecular dynamics (MD) simulations were carried out for four systems:
(a) TP-S-COF, (b) TFP-S-COF, (c) TPPA-COF, and (d) a control system
consisting of bulk water containing HgCl, (Supporting Information,
Supplementary Fig. 16). Prior to MD simulations, geometry optimizations of
HgCl, and the three COF monomers were performed using the QUICKSTEP
module in the CP2K (version 2024.3) package®. The Perdew—Burke—Ernzerhof
(PBE) functional®’ within the generalized gradient approximation (GGA) was
employed to describe exchange—correlation effects, applying a plane—wave
(GPW) and mixed Gaussian basis set. Core electrons were treated with
Goedecker—Teter—Hutter (GTH) pseudopotentials®®. Atomic partial charges
were derived by fitting to the DFT electrostatic potentials using the restrained
electrostatic potential (RESP) method®.

All MD simulations were performed using GROMACS (version 2024.3)%.

The COF frameworks were parameterized using the General Amber Force Field
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(GAFF)’!.  Parameters for HgCl, were taken from Ref. [32], and water
molecules were modeled using the TIP3P potential.

Simulation boxes were constructed based on the DFT-optimized structures.
The box dimensions were 39.41 x 22.67 x 60.00 A3 for TP-S-COF, 40.22 x
23.22 x 60.00 A* for TFP-S-COF, 39.34 x 22.56 x 60.00 A for TPPA-COF,
and 35.00 x 38.00 x 60.00 A3 for the bulk water system. To ensure the same
HgCl, loading across all systems, eight HgCl, molecules were placed in each
simulation box. For COF systems (a-c), a six-layer COF slab periodic in the xy-
plane was centered in the box, with four HgCl, molecules initially positioned
on either side of the slab. The boxes were then solvated with 1275, 1443, 1393,
and 2531 TIP3P water molecules for systems (a)-(d), respectively. Periodic
boundary conditions were applied along all three dimensions.

After energy minimization using the steepest descent algorithm, 1 ps
production simulations were conducted in the NPT ensemble at 298 K and 1
bar. Temperature and pressure were controlled using the V-rescale thermostat™
and the Parrinello-Rahman barostat®*, respectively. A 0.5 fs time step was used
throughout. The cutoff for nonbonded interactions was set to 1.1 nm, and long-
range electrostatics were treated using the Particle Mesh Ewald (PME)
method®. All analyses presented in this work were performed based on the

trajectories from the final 500 ns, during which the systems were equilibrated.

Data availability

The data supporting the findings of this study are available within the paper and

its Supplementary Information. Source data are provided with this paper.
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