[bookmark: _Hlk234876249][bookmark: _Hlk177938315][Supplementary Information]

Rapid Removal of HgCl2 from Actual Industrial Wastewater by Covalent Organic Framework

Mingyang Li1,2,3,4†, Yuanxin Gu3,5,6†, Xiangyu Pei2,3,4, Wenguang Du2,3,4, Rongming Xu1, Hongshuai Wu2,3,4, Manyi Yang3,5,6*, Weiming Zhang1* and Tianqiong Ma2,3,4*  

1State Key Laboratory of Water Pollution Control and Green Resource Recycling, School of Environment, Nanjing University, Nanjing 210023, China.
2School of Chemistry, Nanjing University, Nanjing 210023, China.
3State Key Laboratory of Coordination Chemistry, Nanjing University, Nanjing 210023, China.
4Key Laboratory of High Performance Polymer Materials and Technology，Ministry of Education, Nanjing University, Nanjing 210023, China.
5Jiangsu Key Laboratory of Green Energy Catalysis and Intelligent Chemical Engineering，Nanjing University, Nanjing 210023, China. 
6The Institute of Green Chemistry and Engineering, Nanjing University, Suzhou, Jiangsu 215163, China.
Corresponding authors: Manyi Yang (manyi.yang@nju.edu.cn), Weiming Zhang (wmzhang@nju.edu.cn), Tianqiong Ma (tianqiongma@nju.edu.cn) 



S1

Table of Contents
Section 1 Materials and Methods	1
1.1 Materials	1
1.2 Instrumentation	1
1.3 HgCl2 Adsorption Experiments	2
1.4 Computational Details	3
Section 2 Synthesis of Linkers and TP-S-COF	6
2.1 Synthesis of S-PDA	6
2.2 Synthesis of TP-S-COF	6
Section 3 Characterization of TP-S-COF	8
Section 4 HgCl2 Adsorption Experiments with TP-S-COF and Related Analysis	15
Section 5 Mechanism Insights for Rapid Removal	25
Section 6 Synthesis and Characterization of TFP-S-COF and TPPA-COF.	37
6.1 Synthesis of TFP-S-COF	37
6.2 Synthesis of TPPA-COF	37
6.3 Characterization of TFP-S-COF	39
6.4 Characterization of TPPA-COF	47
References	55



[bookmark: _Toc230855004]Section 1 Materials and Methods
[bookmark: _Hlk195112552][bookmark: _Toc230855005]1.1 Materials
[bookmark: _Hlk194920023][bookmark: _Hlk194929982]1,3,5-Triformylphloroglucinol (TP, 97%) and 1,3,5-benzenetricarboxaldehyde (TFP, 97%) were purchased from Alpha Chemical Co., Ltd. Anhydrous 1,4-dioxane (99.5%), mesitylene (98%), o-dichlorobenzene (o-DCB, 99%), n-butanol (n-BuOH, 99.5%) and dimethylacetamide (DMAc, 99%) were obtained from J&K Scientific Co., Ltd. 2,5- 2,5-Diamino-1,4-benzenedithiol (DABDT, 97%), p-phenylenediamine (PDA, 97%) nitric acid (HNO3) and acetic acid (99.8%) were purchased from Aladdin Industrial Corporation. Tetrahydrofuran (THF, 99.9%), acetone (99.5%) and methanol (99.9%) were purchased from Nanjing Chemical Reagent Co., Ltd. Pyrrolidine (98%), thiourea (99%), sodium (99.5%), iodomethane (CH3I, 99.5%), sodium hydroxide (NaOH, 96%), mercuric chloride (HgCl2, 99.5%), sodium chloride (NaCl, 99.8%), potassium chloride (KCl, 99.5%), calcium chloride (CaCl2, 96%), magnesium chloride hexahydrate (MgCl2·6H2O, 98%), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99%), copper nitrate trihydrate (Cu(NO3)2·3H2O, 99%), nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 98%), lead nitrate (Pb(NO3)2, 99%), cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O, 99%), and a mercury ion standard solution (1000 mg L–1) were purchased from Sinopharm Chemical Reagent Co., Ltd. All reagents were used without further purification unless specified. Aqueous solutions were prepared using deionized water (18.25 MΩ·cm).
[bookmark: _Hlk195112564][bookmark: _Toc230855006]1.2 Instrumentation
Solution-state Nuclear Magnetic Resonance (NMR) Spectroscopy. Solution-state NMR spectra were recorded on a Bruker Avance III 400 spectrometer (400 MHz for 1H, 101 MHz for 13C). All NMR experiments were reported in units, parts per million (ppm), using residual solvent peaks as internal reference. A polynomial baseline correction was applied to each spectrum before integration using Mestrelab MestReNova software.
Solid-state Nuclear Magnetic Resonance (ssNMR) Spectroscopy. 13C cross-polarization/magic-angle spinning (CP-MAS) ssNMR spectra were recorded on a Bruker Avance III 400WB spectrometer operation at 9.4 Twith frequencies of 100.62 MHz. Samples were packed into 4-mm zirconia rotors. For 13C CP-MAS experience, the contact time was 2 m s, the recycle delay was 0.5 s which were adjusted to three times of 1H T1 values, a ramp-contact and spinal-64 decoupling pulse program was used. The numbers of scans of 13C CP-MAS were 4000 with rotor spinning rates of 14 kHz. The spectra were calibrated using the methine carbon atoms of adamantane as an external standard (d = 29.47 ppm) 
Powder X-ray Diffraction (PXRD). PXRD patterns were collected on a Bruker D8 Advance diffractometer with Cu Kα radiation (λ = 1.5418 Å) operated at 40 kV and 40 mA in reflection mode. PXRD data were collected over a 2θ range of 3~40° with a step size of 0.02° and a counting time of 0.5 s per step. 
Fourier-Transform Infrared (FT-IR) Spectra. FT-IR spectra were collected in the range of 400~4000 cm–1 on a Bruker Alpha Platinum ATR-FT-IR spectrometer. Spectra were collected on the neat samples and at room temperature (around 25 °C). 
[bookmark: OLE_LINK1]Other Characterization Methods. N2 adsorption-desorption isotherms were recorded at 77 K using a Quantachrome Nova 3000 instrument, and pore size distributions were calculated using nonlocal density functional theory (NLDFT). Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDS) elemental mapping were collected on a Hitachi S-3400 N microscope at an accelerating voltage of 10.0 kV. Transmission electron microscopy (TEM) images were obtained on a JEOL JEM-2800 instrument operated at an accelerating voltage of 200 kV. Elemental analysis was performed using an Elementar Unicube analyzer. X-ray photoelectron spectroscopy (XPS) measurements were performed on a PHI 5000 Versa Probe III instrument using a monochromatic Al Kα X-ray source (150 W). XPS spectra were analyzed using XPS Peak software (V4.1). Thermogravimetric analysis (TGA) was performed on a Netzsch TG-DSC_STA449F3 equipment at a heating rate of 10 ℃ min–1 up to 800 ℃ under nitrogen flow. Inductively coupled plasma optical emission spectroscopy (ICP-OES) were conducted on an iCAP7400 Duo MFC instrument. 
[bookmark: _Toc230855007]1.3 HgCl2 Adsorption Experiments
Sorption Isotherms. For adsorption isotherm measurements, TP-S-COF (5 mg) was dispersed in 20 mL of HgCl2 aqueous solutions with initial concentrations ranging from 5 to 300 mg L–1 at pH 5. The suspensions were stirred at 25 °C for 2 h to achieve adsorption equilibrium and subsequently filtered through a 0.22 μm membrane filter. The filtrates were acidified with two drops of concentrated HNO3, and the residual mercury concentration was determined by ICP-OES.
Selectivity Tests. For selectivity tests, a mixed solution containing HgCl2 together with Na(Ⅰ), K(Ⅰ), Ca(Ⅱ), Mg(Ⅱ), Zn(Ⅱ), Ni(Ⅱ), Cu(Ⅱ), Cd(Ⅱ), and Pb(Ⅱ) was prepared, with each metal ion maintained at 10 mg L–1. TP-S-COF (5 mg) was dispersed in 20 mL of the mixed solution (pH 5) and stirred at 25 °C for 5 min. The suspensions were filtered through a 0.22 μm membrane filter, and the filtrates were acidified with concentrated HNO3. Residual ion concentrations were determined by ICP-OES.
[bookmark: _Hlk223525329]Effect of pH. For pH effect measurements, TP-S-COF (5 mg) was dispersed in 20 mL of HgCl2 solution adjusted to pH values ranging from 2 to 7. The suspensions were stirred at 25 °C for 5 min and subsequently filtered through a 0.22 μm membrane filter. The filtrates were acidified with two drops of concentrated HNO3 prior to ICP-OES analysis.
Recycling Experiments. For recyclability experiments, TP-S-COF (5 mg) was dispersed in 20 mL of HgCl2 solution (10 mg L–1, pH 5) and stirred at 25 °C for 5 min. The adsorbent was collected by filtration, washed thoroughly with deionized water, and then immersed in an aqueous solution containing 0.1 mol L–1 thiocarbamide and 0.01 mol L–1 HCl for 1 h to desorb HgCl2. The regenerated material was recovered by filtration, vacuum-dried, and reused in the subsequent adsorption cycle. 
HgCl2 Sorption Kinetics. For kinetic measurements, TP-S-COF (5 mg) was dispersed in 20 mL of HgCl2 solution (10 mg L–1, pH 5) and stirred at 25 °C. Aliquots were collected at predetermined time intervals (10, 20, 30, 60, 120 and 300 s), immediately filtered through a 0.22 μm membrane filter, acidified with two drops of concentrated HNO3, and analyzed by ICP-OES to determine the residual Hg concentration.
[bookmark: _Toc230855008]1.4 Computational Details
Diffusion Coefficient Analysis: To evaluate the molecular mobility of HgCl2 in the simulated systems, the self-diffusion coefficient D was calculated from the mean squared displacement (MSD) using the Einstein relation1. D was determined from the slope of the MSD-time curve in the long-time diffusive regime: 
 
[bookmark: _Hlk224803889][bookmark: _Hlk224803958]where  and  denote the position vectors of the HgCl2 molecule at time  and the time origin, respectively. N represents the total number of HgCl2 molecules, and the angular bracketsindicate the ensemble average over all particles and time origins.
Distance-based Classification: To quantitatively compare the adsorption behavior of HgCl2 across different COF systems (TP‑S‑COF, TFP-S‑COF, and TPPA‑COF), we performed a distance-based classification analysis using configurations extracted from equilibrium MD trajectories. For each trajectory frame, the minimum distance from each Hg atom to framework sulfur (S) and oxygen (O) atoms were calculated. Based on the corresponding radial distribution functions (RDFs) —specifically, the r positions of peak maxima and the adjacent minima that define the boundaries of coordination shells—the local environments of each Hg atom was assigned to discrete states (Fig. S17). 
For Hg–S interactions, the RDF displays two characteristic peaks. Accordingly, five structural states (S1–S5) were defined based on the Hg–S distance , (nm), using the peak positions and the coordination-shell minima as boundaries:
· [bookmark: _Hlk224806951]S1: (shorter than the first peak position);
· S2: (between the first peak and the first coordination shell minimum);
· S3:  (between the first minimum and the second peak position);
· S4:  (between the second peak and the second coordination shell minimum);
· S5: (beyond the second coordination shell minimum).
For Hg–O interactions, the RDF exhibited a single characteristic peak. Following the similar criterion, three structural states (O1–O3) were defined according to the Hg–O distance  (unit: nm):
· O1:  (shorter than the first peak position);
· O2:  (between the first peak and the first coordination shell minimum);
· O3:  (beyond the first coordination shell minimum).
For each COF system, 5,001 frames sampled every 100 ps from the final 500 ns of the MD trajectories were subjected to statistical analysis (Fig. S18 for TP‑S‑COF, Fig. S19 for TFP-S‑COF and Fig. S20 for TPPA-COF). Notably, for the TP‑S‑COF, which contains both S and O coordination sites, a combined classification was applied. The resulting states were denoted as SxOy (e.g. S1O1, S1O2, S2O1, S2O2), representing the specific coordination environment of Hg simultaneously with respect to both S and O atoms.
Mayer Bond Order: Mayer bond order (MBO) analysis was conducted to quantify the bonding strength between Hg and the S or O atoms in the TP-S-COF. According to the standard definition2, the MBO between atoms A and B is given by:
 
Where P and S are the density and overlap matrices, respectively. The MBO reflects the extent of electron-density overlap between two atoms and provides a quantitative descriptor of bonding strength.
Representative snapshots were extracted from equilibrated MD trajectories by selecting Hg–S pairs with interatomic distances < 0.32 nm and Hg–O pairs < 0.28 nm, corresponding to the first RDF peaks. Four characteristic coordination states (S1O1, S1O2, S2O1, and S2O2) were considered, and three snapshots were randomly chosen for each state.
[bookmark: OLE_LINK38]For each snapshot, a cluster model was prepared by retaining the target HgCl2 molecule together with the adjacent COF fragment (Fig. S21). Single-point calculations were carried out using the Gaussian 16 software package3 at the PBE0/def2-TZVP level4 with DFT-D3 dispersion correction5, following the computational protocol in Ref. [6]. MBO values were subsequently evaluated using the Multiwfn program7. 

2

[bookmark: _Toc230855009][bookmark: _Hlk195989490]Section 2 Synthesis of Linkers and TP-S-COF
[bookmark: _Toc230855010]2.1 Synthesis of S-PDA 
[image: ]
[bookmark: _Hlk195988132][bookmark: _Hlk195988530][bookmark: _Hlk195988623]The synthetic route refers to previously reported literature8. 2,5-diamino-1,4-benzenedithiol dihydrochoride (DABDT, 1.5 g, 6.1 mmol) was added to a solution of sodium (0.6 g, 25.1 mmol) in methanol (40 mL). After stirred at room temperature for 30 mins, iodomethane (0.8 mL, 1.8 g, 12.9 mmol) was added. The resultant suspension was stirred for 5 h at room temperature under N2. The reaction was then quenched with a 10 wt% aqueous solution of NaOH (10 mL). The precipitated product was filtered with cold methanol (15 mL) to afford S-PDA as colorless crystals (1.1 g, 92%).
[bookmark: _Toc230855011][bookmark: _Hlk195544702]2.2 Synthesis of TP-S-COF
[image: ]
[bookmark: _Toc194948076][bookmark: _Hlk192271351][bookmark: _Hlk231327996]A Pyrex tube was charged with 1,3,5-triformylphloroglucinol (TP, 0.1 mmol, 21.0 mg), 2,5-bis(methylsulfanyl)benzene-1,4-diamine (S-PDA, 0.15 mmol, 30.0 mg), 1,4-dioxane (1 mL), pyrrolidine (20 μL) 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). Elemental analysis results calcd for C7H6NOS: C 55.24%, H 3.97%, N 9.20%, O 10.51%, S 21.07%. Found C 47.86%, H 4.80%, N 7.53%, O 22.90%, S 16.91%.

[bookmark: _Toc230855012]Section 3 Characterization of TP-S-COF
[image: ]
[bookmark: _Hlk198109808][bookmark: _Hlk195615126]Figure S1. PXRD patterns of monomers and TP-S-COF. PXRD patterns of S-PDA (blue), TP (red), and TP-S-COF (black), with intensities normalized for comparison. The distinct diffraction profile of TP-S-COF relative to the individual linkers confirms the formation of a new crystalline phase.


[image: ]
Figure S2. PXRD simulation and modeled structures of TP-S-COF. (a) Comparison between the experimental PXRD and simulated patterns of TP-S-COF. The simulated pattern based on the AA-stacked structural model matches well with the experimental pattern, confirming the AA-stacked structure of TP-S-COF. (b) Top view of AA-stacked structural model. (c) Top view of AB-stacked structural model.
 
Table S1. Fractional atomic coordinates of the AA-stacked structural model of TP-S-COF.
	TP-S-COF

	P6/m (No. 175)
a = b = 22.55Å, c = 6.80 Å, 
α = β = 90°，γ =120°

	Atom
	x
	y
	z

	H1
	0.76633
	0.65390
	0.50000

	H2
	0.72129
	0.57622
	0.66165

	S3
	0.65269
	0.62296
	0.50000

	O4
	0.28010
	0.52846
	0.50000

	C5
	0.72030
	0.60330
	0.50000

	N6
	0.40555
	0.54768
	0.50000

	C7
	0.30466
	0.59263
	0.50000

	H8
	0.35265
	0.51628
	0.50000

	C9
	0.37774
	0.63812
	0.50000

	C10
	0.42305
	0.61373
	0.50000

	H11
	0.47687
	0.65239
	0.50000

	H12
	0.53908
	0.62163
	0.50000

	C13
	0.45082
	0.52191
	0.50000

	C14
	0.52097
	0.56717
	0.50000




[image: ]
Figure S3. SEM images of TP-S-COF. The images reveal uniform aggregates composed of small particles, indicating a homogeneous morphology of TP-S-COF.


[image: ]
Figure S4. TEM images of TP-S-COF. TEM images confirm that TP-S-COF possesses a uniform morphology.
[image: ]
Figure S5. EDS elemental mapping of TP-S-COF. Elemental maps showing the homogeneous distribution of C, S and N throughout the TP-S-COF framework.
[image: ]
Figure S6. TG curve of TP-S-COF. The TG curve was recorded under a continuous N2 flow. TP-S-COF exhibits a decomposition temperature of ~385 oC. Mass loss below 100 °C corresponds to desorption of airborne water adsorbed by the COF, confirming its high hydrophilic character.


[bookmark: _Toc230855013]Section 4 HgCl2 Adsorption Experiments with TP-S-COF and Related Analysis
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[bookmark: _Toc230724145][bookmark: _Toc230855014][bookmark: _Toc223475475][bookmark: _Toc223520208][bookmark: _Toc223527753][bookmark: _Toc223527853][bookmark: _Toc223527976][bookmark: _Toc223709835][bookmark: _Toc224189743][bookmark: _Toc228782161][bookmark: _Hlk198551600]Figure S7. Comparison of Hg(NO3)2 adsorption capacities between TP-S-COF and conventional adsorbents. Besides evaluating the HgCl2 adsorption performance of TP-S-COF, we also investigated its capture capacity toward divalent mercury ions using mercury nitrate as a representative mercury source. Furthermore, a performance comparison was carried out against previously reported adsorbents and commercial counterparts. Silica-based adsorbents include thiol-functionalized materials (K40-SH9 and SBA-15-SH-1010) and unmodified mesoporous silica gel (MP-MSU-6%11and MP-SG12), which exhibit enhanced mercury affinity. Carbon-based adsorbents include sulfur-loaded activated carbon (SIAC13), and sulfurized mesoporous carbon (S-FMC13), activated carbon fibers (ACF14), which combine high surface area and sulfur functionalities for mercury capture. The results reveal that TP-S-COF exhibits considerably superior adsorption capability for Hg(Ⅱ) relative to these reference adsorbents.
Table S2. Hg(NO3)2 adsorption capacities of conventional adsorbents
	Adsorbents
	Materials
	Hg(NO3)2 adsorption capacity (mg g–1)
	Reference

	Silicon material
	K40-SH
	158
	[9]

	
	G-60-SH
	194
	[9]

	
	MPS-20%
	283
	[9]

	
	SBA-15-SH-10
	245
	[10]

	
	MP-MSU-6%
	299
	[11]

	
	MP-HMS
	301
	[12]

	
	MP-SG
	20±14
	[12]

	Carbon
	S-FMC
	500-700
	[13]

	
	SIAC
	< 600
	[13]

	
	ACF-20
	4.5
	[14]

	
	FA-S3002
	0.104
	[14]



Table S3. Comparison of HgCl2 adsorption capacities between TP-S-COF and conventional adsorbents
	Adsorbents
	Materials
	HgCl2 adsorption capacity (mg g–1)
	Reference

	Covalent organic framework
	TP-S-COF
	1079.2
	This work

	Resin
	Duolite GT-73
	375
	[15]
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[bookmark: _Toc195085980][bookmark: _Toc195112949][bookmark: _Toc195113276][bookmark: _Toc195113471][bookmark: _Toc195118748][bookmark: _Toc195373472][bookmark: _Toc223475476][bookmark: _Toc223520209][bookmark: _Toc223527754][bookmark: _Toc223527854][bookmark: _Toc223527977][bookmark: _Toc223709836][bookmark: _Toc224189744][bookmark: _Toc228782162][bookmark: _Toc230724146][bookmark: _Toc230855015][bookmark: _Hlk195990339]Figure S8. Stability of TP-S-COF. PXRD patterns of pristine TP-S-COF (black) and samples after exposure to 0.01 M HCl (red), 0.1 M HCl (blue), 1 M HCl (green) for 24 h. The diffraction patterns remain essentially unchanged, confirming the preservation of crystallinity and the excellent acid stability of TP-S-COF.
[image: ]
[bookmark: _Toc195085981][bookmark: _Toc195112950][bookmark: _Toc195113277][bookmark: _Toc195113472][bookmark: _Toc195118749][bookmark: _Toc195373473][bookmark: _Toc223475477][bookmark: _Toc223520210][bookmark: _Toc223527755][bookmark: _Toc223527855][bookmark: _Toc223527978][bookmark: _Toc223709837][bookmark: _Toc224189745][bookmark: _Toc228782163][bookmark: _Toc230724147][bookmark: _Toc230855016]Figure S9. Effect of Ca(Ⅱ) on HgCl2 removal. TP-S-COF maintained high HgCl2 removal efficiency with increasing Ca(Ⅱ) concentrations, achieving 99.4% removal in the solution containing 200 mg L–1 Ca(Ⅱ). These results demonstrate the robust performance of TP-S-COF under high ionic conditions, implying its potential for practical applications in complex wastewater environments. 
[image: ]
[bookmark: _Toc195085982][bookmark: _Toc195112951][bookmark: _Toc195113278][bookmark: _Toc195113473][bookmark: _Toc195118750][bookmark: _Toc195373474][bookmark: _Toc223475478][bookmark: _Toc223520211][bookmark: _Toc223527756][bookmark: _Toc223527856][bookmark: _Toc223527979][bookmark: _Toc223709838][bookmark: _Toc224189746][bookmark: _Toc228782164][bookmark: _Toc230724148][bookmark: _Toc230855017]Figure S10. Structural stability of TP-S-COF after cycling. PXRD patterns of pristine TP-S-COF (black) and after fifteen adsorption-desorption cycles (red). The diffraction profiles remain essentially unchanged after cycling, confirming the retention of crystallinity and demonstrating excellent structural robustness.


[image: ]
[bookmark: _Toc230724149][bookmark: _Toc230855018][bookmark: _Hlk234941511]Figure S11. Adsorption kinetics at an initial Hg(Ⅱ) concentration of 10 mg L–1. The blue curve represents the adsorption kinetics of TP-S-COF in the presence of Hg(Ⅱ) alone, whereas the red curve corresponds to conditions where Hg(Ⅱ) and HgCl2 coexist. 
[image: ]
[bookmark: _Toc195085983][bookmark: _Toc195112952][bookmark: _Toc195113279][bookmark: _Toc195113474][bookmark: _Toc195118751][bookmark: _Toc195373475][bookmark: _Toc223475480][bookmark: _Toc223520213][bookmark: _Toc223527758][bookmark: _Toc223527858][bookmark: _Toc223527981][bookmark: _Toc223709840][bookmark: _Toc224189748][bookmark: _Toc228782166][bookmark: _Toc230724150][bookmark: _Toc230855019]Figure S12. HgCl2 uptake kinetics of TP-S-COF. Time-dependent HgCl2 uptake by TP-S-COF in aqueous solution. 
[image: ]
[bookmark: _Toc230724151][bookmark: _Toc230855020][bookmark: _Toc228782167][bookmark: _Toc195085984][bookmark: _Toc195112953][bookmark: _Toc195113280][bookmark: _Toc195113475][bookmark: _Toc195118752][bookmark: _Toc195373477][bookmark: _Toc223475481][bookmark: _Toc223520214][bookmark: _Toc223527759][bookmark: _Toc223527859][bookmark: _Toc223527982][bookmark: _Toc223709841][bookmark: _Toc224189749]Figure S13. Comparison of pseudo-second-order rate constants (k₂) for TP-S-COF and representative Hg(NO3)2 adsorbents. TP-S-COF exhibits a pseudo-second-order rate constant (k2) of 37.2 g·mg–1·min–1, exceeding those of previously reported adsorbents. This value is approximately threefold higher than that of TPB-DMTP-COF-SH19, six-fold higher than TAPB-BMTTPA-COF22, and sixteen-fold higher than amino-sulfonic-acid-based COFs23.
Table S4. The k2 value for TP-S-COF comparison with other reported Hg(NO3)2 adsorbents.
	[bookmark: _Hlk198235419]No.
	Materials
	k2 (g·mg–1·min–1)
	References

	1
	TP-S-COF
	37.2
	This work

	2
	MOF-808
	36.89
	[16]

	3
	Zr-TTFTB
	27.55
	[17]

	4
	PRC/Fe@S-10
	21.5
	[18]

	5
	TPB-DMTP-COF-SH
	11.5
	[19]

	6
	POP-SH
	10.76
	[20]

	7
	PAF-1-SH
	8.13
	[21]

	8
	TAPB-BMTTPA-COF
	6.31
	[22]

	9
	Amino-Sulfonic-acid-based COF
	0.636
	[23]

	10
	COF-SH
	0.487
	[24]

	11
	PAN-S
	0.38
	[25]

	12
	Pyridine-COF
	0.18
	[26]

	13
	[Cu3(BTC)2]n
	0.013
	[27]

	14
	Thiol-SNHS
	0.00025
	[28]

	15
	COF-S-SH
	0.00073
	[29]
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[bookmark: _Toc223475482][bookmark: _Toc223520215][bookmark: _Toc223527760][bookmark: _Toc223527860][bookmark: _Toc223527983][bookmark: _Toc223709842][bookmark: _Toc224189750][bookmark: _Toc228782168][bookmark: _Toc230724152][bookmark: _Toc230855021]Figure S14. Cycling performance of TP-S-COF for HgCl2 removal in real wastewater. TP-S-COF maintained stable HgCl2 removal efficiency over ten consecutive adsorption-desorption cycles, with no measurable loss in performance.


[bookmark: _Toc230855022]Section 5 Mechanism Insights for Rapid Removal
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[bookmark: _Toc224189751][bookmark: _Toc223709843][bookmark: _Toc228782169][bookmark: _Toc230724154][bookmark: _Toc230855023]Figure S15. Constructed simulation systems for HgCl2 adsorption in (a)TP-S-COF, (b) TFP-S-COF, (c) TPPA-COF, and (d) pure water. C, H, O, N, S, Cl and Hg atoms are show in gray, white, red, blue, yellow, green and cyan, respectively. TIP3P water molecules (red/white sticks) are distributed throughout the simulation box.
[image: ]
[bookmark: _Toc228782170][bookmark: _Toc230724155][bookmark: _Toc230855024]Figure S16. RDF profiles of Hg with N atoms in TP-S-COF, TFP-S-COF and TPPA-COF (). As N atoms are present in all three COF frameworks, the Hg–N RDF can serve as a measure of the interaction strength between Hg and the COF frameworks. TP-S-COF, which incorporates both S and O coordination sites, effectively stabilizes HgCl2 near the COF framework, whereas in TFP-S-COF (S-only) or TPPA‑COF (O‑only), HgCl2 remains more freely dispersed in the aqueous phase.
 

[image: ]
[bookmark: _Toc228782171][bookmark: _Toc230724156][bookmark: _Toc230855025]Figure S17. Schematic illustration of the distance-based classification of Hg local coordination environments associated with oxygen (O1–O3, a) and sulfur (S1–S5，b) sites in COF frameworks. Adsorption is defined as Hg atoms residing within the first solvation shell relative to oxygen (≤ O2) or within the second‑shell peak distance relative to sulfur (≤ S3), as determined from RDF analysis.
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[bookmark: _Toc223475483][bookmark: _Toc223520216][bookmark: _Toc223527761][bookmark: _Toc223527861][bookmark: _Toc223527984][bookmark: _Toc223709844][bookmark: _Toc224189752][bookmark: _Toc228782172][bookmark: _Toc230724157][bookmark: _Toc230855026][bookmark: _Toc195085988][bookmark: _Toc195112957][bookmark: _Toc195113284][bookmark: _Toc195113479][bookmark: _Toc195118756][bookmark: _Toc195373480]Figure S18. Distance-based classification analysis of Hg interactions with the S or O atoms within the TP-S-COF framework. 5,001 frames sampled every 100 ps from the final 500 ns of the MD trajectories were subjected to statistical analysis.
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Figure S19. Distance-based classification analysis of Hg–S interactions in TFP-S-COF. 5,001 frames sampled every 100 ps from the final 500 ns of the MD trajectories were subjected to statistical analysis.
[image: ]
Figure S20. Distance-based classification analysis of Hg–O interactions in TPPA-COF. 5,001 frames sampled every 100 ps from the final 500 ns of the MD trajectories were subjected to statistical analysis
[image: ]
[bookmark: _Hlk224798849]Figure S21. Representative snapshots used for Mayer bond order (MBO) analysis. Configurations were selected from equilibrated MD trajectories. Panels (a–d) correspond to the S1O1, S1O2, S2O1, and S2O2 states, respectively, with three randomly selected snapshots displayed for each state. The truncated model systems retain the HgCl2 molecule and adjacent COF fragments. Calculated MBO values and interatomic distances (Å) for the Hg–S and Hg–O bonds are interactions are annotated for each snapshot.
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[bookmark: _Toc223475484][bookmark: _Toc223520217][bookmark: _Toc223527762][bookmark: _Toc223527862][bookmark: _Toc223527985][bookmark: _Toc223709845][bookmark: _Toc224189753][bookmark: _Toc228782173][bookmark: _Toc230724158][bookmark: _Toc230855027]Figure S22. XPS spectra for TP-S-COF before and after adsorption of HgCl2. (a) Full spectra for TP-S-COF before and after adsorption of HgCl2; (b-d) XPS spectra of Hg 4f, S 2p, Cl 2p before and after the HgCl2 adsorption for TP-S-COF. The compared wide-scan XPS spectra of TP-S-COF before and after HgCl2 adsorption showed that, Hg 4f, Hg 4d, Cl 2p, and Cl 2s signals appeared in the spectrum of TP-S-COF after adsorption, indicating that Hg and Cl species incorported into the COF framework (Fig. S22a). Further insights into the binding mechanmism were obtained from the compared S 2p spectra, which displayed a binding energy shift from 161.7 eV to 163.1 eV after HgCl2 adsorption, indicative of Hg–S coordination bond formation (Fig. S22b). Meanwhile, the Cl 2p spectrum of TP-S-COF after HgCl2 adsorption exhibits a 6.1 eV shift to lower binding energy compared with pristine HgCl2, indicating weakened Hg–Cl interactions due to the coordination between HgCl2 with TP-S-COF (Fig. S22c). High-resolution Hg 4f spectrum of TP-S-COF after HgCl2 adsorption displayed two distinct peaks at 101.2 eV and 105.4 eV, corresponding to Hg 4f7/2 and Hg 4f5/2, respectively, confirming the presence of Hg(II) specie. Compared to pristine HgCl2, the binding energies exhibited a slight positive shift of 0.5 eV. This upfield shift is attributed to electron donation from sulfur atoms in the COF framework into the vacant orbitals of Hg(Ⅱ) (Fig. S22d).
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[bookmark: _Toc223475485][bookmark: _Toc223520218][bookmark: _Toc223527763][bookmark: _Toc223527863][bookmark: _Toc223527986][bookmark: _Toc223709846][bookmark: _Toc224189754][bookmark: _Toc228782174][bookmark: _Toc230724159][bookmark: _Toc230855028]Figure S23. XPS spectra of N 1s and O 1s before and after the HgCl2 adsorption for TP-S-COF. (a) N 1s after HgCl2 adsorption. (b) O 1s after HgCl2 adsorption. (c) N 1s before HgCl2 adsorption. (d) O 1s before HgCl2 adsorption. The N 1s and O 1s XPS spectra of TP-S-COF remained essentially unchanged upon HgCl2 adsorption, suggesting that these functionalities are not directly involved in adsorbent–adsorbate interaction.
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[bookmark: _Toc223475486][bookmark: _Toc223520219][bookmark: _Toc223527764][bookmark: _Toc223527864][bookmark: _Toc223527987][bookmark: _Toc223709847][bookmark: _Toc224189755][bookmark: _Toc228782175][bookmark: _Toc230724160][bookmark: _Toc230855029][bookmark: _Hlk223074376]Figure S24. 13C CP-MAS ssNMR spectra of TP-S-COF before and after HgCl2 adsorption. The 13C CP-MAS ssNMR spectra of pristine TP-S-COF (blue) and HgCl2-loaded TP-S-COF (red). The resonance at 16 ppm, assigned to the methyl carbon adjacent to S atoms in TP-S-COF, shifts to 41 ppm upon HgCl2 adsorption, indicating strong interactions between mercury species and sulfur functionalities.
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Figure S25. Comparative adsorption kinetics of COFs toward HgCl2. HgCl2 adsorption kinetics of TP-S-COF, TFP-S-COF and TPPA-COF, (initial HgCl2 concentration of 10 mg L–1, solution pH 5, stirred at room temperature)
[bookmark: _Toc230855030]Section 6 Synthesis and Characterization of TFP-S-COF and TPPA-COF.
[bookmark: _Toc230855031]6.1 Synthesis of TFP-S-COF
[image: ]
A Pyrex tube was charged with 1,3,5-benzenetricarboxaldehyde (TFP, 0.1 mmol, 16.2 mg), 2,5-bis(methylsulfanyl)benzene-1,4-diamine (S-PDA, 0.15 mmol, 30.0 mg), mesitylene (1.0 mL), and aqueous acetic acid (6 M, 0.2 mL). The mixture was flash-frozen at 77 K, three freeze-pump-thaw cycles, sealed under vacuum, and heated at 120 °C for 3 days. The precipitate was collected by filtration, washed with THF and acetone, and dried under vacuum at 80 °C for 24 h to afford TFP-S-COF as an orange-yellow powder (yield: 86 %, 40.4 mg). Elemental analysis results: calcd for C7H6NS: C 57.57%, H 4.14%, N 9.59%, S 21.95 %. Found: C 60.16%, H 4.75%, N 8.98%, S 21.01%.
[bookmark: _Toc230855032]6.2 Synthesis of TPPA-COF
[image: ]
A Pyrex tube was charged with 1,3,5-triformylphloroglucinol (TP, 0.1 mmol, 21.0 mg), p-phenylenediamine (PDA, 0.15 mmol, 16.2 mg), 1,4-dioxane (0.5 mL), mesitylene (0.5 mL), and aqueous acetic acid (6 M, 0.1 mL). The mixture was flash-frozen at 77 K, degassed by three freeze–pump–thaw cycles, sealed under vacuum and heated at 120 °C for 3 days. The precipitate was collected by filtration, washed with THF and acetone, and dried under vacuum at 80 °C for 24 h to afford TPPA-COF as a deep-red powder. The isolated (yield: 80 %, 29.6 mg). Elemental analysis results: calcd for C6H5N1O3: C 54.54%, H 3.66%, N 12.72%, O 29.08%. Found: C 56.89%, H 5.68%, N 9.37%, O 28.06%.

[bookmark: _Toc230855033][bookmark: _Hlk192276650]6.3 Characterization of TFP-S-COF
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Figure S26. PXRD patterns of monomers and TFP-S-COF. PXRD patterns of S-PDA (blue), TFP (red), and TFP-S-COF (black), with intensities normalized for comparison. The distinct diffraction profile of TFP-S-COF compared with those of the individual monomers confirms the formation of a new crystalline phase upon framework construction.
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Figure S27. Experimental, Pawley-refined  and simulated PXRD patterns of  TFP-S-COF. Experimental (red), Pawley-refined (black), difference (purple), and simulated PXRD patterns based on the AA-stacked (blue) and AB-stacked (cyan) models. 

	TFP-S-COF

	P6/m (No. 175)
a = b = 22.524 Å, c = 5.567 Å, 
α = β = 90°, γ = 120°

	Atoms
	x
	y
	z

	H1
	0.76788
	0.62418
	0.50000

	H2
	0.71014
	0.55000
	0.61089

	S3
	0.65830
	0.61402
	0.50000

	C5
	0.71649
	0.58032
	0.50000

	N6
	0.40648
	0.54962
	0.50000

	C7
	0.30704
	0.59619
	0.50000

	C9
	0.37812
	0.64007
	0.50000

	C10
	0.42615
	0.61432
	0.50000

	H11
	0.48069
	0.65484
	0.50000

	H12
	0.54501
	0.62412
	0.50000

	C13
	0.45313
	0.52547
	0.50000

	C14
	0.52453
	0.56930
	0.50000

	C15
	0.57126
	0.54599
	0.50000

	H16
	0.45867
	0.74536
	0.50000


Table S5. Fractional atomic coordinates of the AA-stacked structural model of TFP-S-COF.
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Figure S28. FT-IR spectra of monomers and TFP-S-COF. FT-IR spectra of TFP (red), S-PDA (blue), and TFP-S-COF (black). The pronounced attenuation of the aldehyde −C=O stretching vibration at 1633 cm–1 and the amine −NH2 stretching band at 3336 cm–1 together with the emergence of a characteristic C=N stretching band at 1620 cm–1, confirm the formation of Schiff base linkages within the COF framework.
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Figure S29. SEM image of TFP-S-COF. SEM image showing a rod-like morphology with particle dimensions of approximately 1 μm.
[image: ]
Figure S30. TEM images of TFP-S-COF. The images reveal a rod-like morphology, consistent with the observed in the corresponding SEM analysis.
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[bookmark: _Hlk230621833]Figure S31. N2 sorption isotherms of TFP-S-COF. N2 sorption isotherms of TFP-S-COF and pore size distribution. The BET surface area of TFP-S-COF was calculated to be 548.5 m2 g–1. Pore-size distributions showed a pore width centered at 16.0 Å, which is similar to the theoretical pore size (15.5 Å).
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Figure S32. TG curve of TFP-S-COF. The TG curve was recorded under a continuous N2 flow. TFP-S-COF exhibits a decomposition temperature of ~381 oC.

[bookmark: _Toc230855034]6.4 Characterization of TPPA-COF
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Figure S33. PXRD patterns of monomers and TPPA-COF. PXRD patterns of PDA (blue), TP (red), and TPPA-COF (black), with intensities normalized for comparison. The distinct diffraction profile of TPPA-COF compared with those of the individual monomers confirms the formation of a new crystalline phase upon framework construction.
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Figure S34. Experimental, Pawley-refined  and simulated PXRD patterns of  TPPA-COF. Experimental (red), Pawley-refined (black), difference (purple), and simulated PXRD patterns based on the AA-stacked  (blue) and AB-stacked (cyan) models.
Table S6. Fractional atomic coordinates of the AA-stacked structural model of TPPA-COF.
	TPPA-COF

	P6/m (No. 175)
a = b = 23.075 Å, c = 3.502 Å, 
α = β = 90°, γ = 120°

	Atoms
	x
	y
	z

	H1
	2.366
	10.141
	1.751

	H2
	3.398
	13.042
	1.751

	H3
	5.397
	12.436
	1.751

	O4
	0.296
	10.716
	1.751

	N6
	3.058
	10.916
	1.751

	C7
	0.17
	11.927
	1.751

	C9
	1.321
	12.76
	1.751

	C10
	2.62
	12.297
	1.751

	C13
	4.434
	10.478
	1.751

	C14
	5.526
	11.368
	1.751

	C15
	6.838
	10.883
	1.751
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Figure S35. FT-IR spectra of monomers and TPPA-COF. FT-IR spectra of TP (red), PA (blue), and TPPA-COF (black). The marked attenuation of the aldehyde −C=O stretching vibration at 1640 cm–1 and the amine −NH2 stretching band at 3338 cm–1, accompanied by the appearance of a characteristic band at 1570 cm–1, assigned to C=C vibrations of the β-ketoenamine linkages, confirms the successful formation of the TPPA-COF framework. 
[image: ]
Figure S36. SEM image of TPPA-COF. SEM image reveals a lamellar morphology, with particle dimensions of approximately 200 nm.
[image: ]
Figure S37. TEM images of TPPA-COF. The images reveal a lamellar morphology, consistent with the observed in the corresponding SEM analysis. 
[image: ]
Figure S38. N2 sorption isotherms of TPPA-COF. N2 sorption isotherms of TPPA-COF and pore size distribution. The BET surface area of TPPA-COF was calculated to be 427.0 m2 g–1. Pore-size distributions showed pore width centered at 8 Å and 16.6 Å, which is similar to the theoretical pore size (16.5 Å). 
[image: ]
Figure S39. TG curve of TPPA-COF. The TG curve was recorded under a continuous N2 flow. TPPA-COF exhibits a decomposition temperature of ~341 oC.
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Fig. 4| XPS spectra for TP-S-COF before and after adsorption of
HgCl,. a, Full spectra for TP-S-COF before and after adsorption of
HgCl,. b, XPS spectra of Hg4f before and after the HgCl, adsorption
for TP-S-COF. ¢, XPS spectra of S2p before and after the HgCl,
adsorption on TP-S-COF. d, XPS spectra of C12p for HgCl, and after
the HgCl, adsorption on TP-S-COF.
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Fig. 4| XPS spectra for TP-S-COF before and after adsorption of
HgCl,. a, Full spectra for TP-S-COF before and after adsorption of
HgCl,. b, XPS spectra of Hg4f before and after the HgCl, adsorption
for TP-S-COF. ¢, XPS spectra of S2p before and after the HgCl,
adsorption on TP-S-COF. d, XPS spectra of C12p for HgCl, and after
the HgCl, adsorption on TP-S-COF.
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Fig. 4| XPS spectra for TP-S-COF before and after adsorption of
HgCl,. a, Full spectra for TP-S-COF before and after adsorption of
HgCl,. b, XPS spectra of Hg4f before and after the HgCl, adsorption
for TP-S-COF. ¢, XPS spectra of S2p before and after the HgCl,
adsorption on TP-S-COF. d, XPS spectra of C12p for HgCl, and after
the HgCl, adsorption on TP-S-COF.
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