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• Engineering COFs linkage as functional 
moiety to efficiently promote the 
adsorption kinetics for Hg(II). 

• The first thiourea-linked COFs with high 
affinity to Hg(II). 

• Thiourea-linked COFs with the rapidest 
adsorption kinetics for Hg(II) among all 
available adsorbents.  
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A B S T R A C T   

Development of novel functionalized covalent organic frameworks (COFs) as adsorbent for removal of mercury 
from environment is of great significance, but the conventional strategies for functionalizing COFs always sac-
rifice porous properties and suppress the exposure of functional sites, which goes against the rapid adsorption of 
Hg(II). Here, we show the rational design and preparation of the first thiourea-linked COFs via engineering the 
COFs linkage as functional moiety for ultrafast and selective adsorption of Hg(II). Two thiourea-linked COFs 
JNU-3 and JNU-4 were prepared via tautomerism reaction of 1,3,5-triformylphloroglucinol with 1,4-phenylene-
bis(thiourea) and 1,4-biphenylenebis(thiourea), respectively. The thiourea serves as not only linkage to connect 
the building block into irreversible crystalline structure, but also functional moiety to give no occupation of the 
COF pore and full exposure to Hg(II) with strong affinity, offering the JNU-3 and JNU-4 large adsorption capacity 
(960 and 561 mg g− 1, respectively) and ultrafast kinetics (equilibrium time of 10 s) for Hg(II). The proposed 
strategy for the design of functional COFs with inherent linkage as functional moiety largely promotes the 
performance of COFs for diverse applications.   

1. Introduction 

Mercury is growing as a huge threat to the ecological environment 
due to its high toxicity, bioaccumulation and persistence (Hsu-Kim et al., 
2013; McNutt, 2013; Rahman and Singh, 2019). Development of 

efficient technologies for the removal of mercury in the environment is 
indispensable. Among the considerable methodologies, the application 
of functional adsorbent to capture mercury holds great potential 
(Albatrni et al., 2021; Huang et al., 2021; Huang and Shuai, 2019; Yu 
et al., 2016). Therefore, the exploration of novel adsorbents with rapid 

* Corresponding author at: State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi 214122, China. 
E-mail address: hlqian@jiangnan.edu.cn (H.-L. Qian).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 

journal homepage: www.elsevier.com/locate/jhazmat 

https://doi.org/10.1016/j.jhazmat.2021.128156 
Received 8 November 2021; Received in revised form 10 December 2021; Accepted 23 December 2021   

mailto:hlqian@jiangnan.edu.cn
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2021.128156
https://doi.org/10.1016/j.jhazmat.2021.128156
https://doi.org/10.1016/j.jhazmat.2021.128156
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2021.128156&domain=pdf


Journal of Hazardous Materials 427 (2022) 128156

2

kinetics, high selectivity and large capacity for mercury is of great 
significance. 

Covalent organic frameworks (COFs) as the superb representative of 
crystalline porous polymers show high potential as adsorbent, catalyst, 
sensor, and semiconductor owing to the combination of porosity with 
ordered periodic structure (Cui et al., 2021; Ding and Wang, 2013; 
Haase and Lotsch, 2020; Segura et al., 2016; Wu et al., 2019; Xu et al., 
2015). The ordered structure of COFs with large surface areas allows the 
sufficient interaction of active sites with the target (Da et al., 2020). The 
diverse building monomers render COFs as a facile platform for func-
tionalization to deeply influence their physicochemical properties 
including stability, host-guest interaction, and optical-electrical capa-
bility to meet the demands of diverse applications (Huang et al., 2016; 
Xu et al., 2021; Yusran et al., 2018). These unique properties make COFs 
promising as a efficient adsorbent for the removal of mercury. 

To date, a few efforts have been made to prepare functionalized COFs 
as adsorbent for the removal of mercury (Cui et al., 2020; Ding et al., 
2016; Huang et al., 2017; Merí-Bofí et al., 2017; Sun et al., 2017; Zhang 
et al., 2021). Ding et al. prepared a (ethylthio)propoxy functionalized 
COF (COF-LZU8) via bottom-up approach for simultaneous detection 
and capture of Hg(II). The concentration of Hg(II) evidently decreased 
from 10 to 0.2 mg L− 1 after adsorption with COF-LZU8 for 3 h (Ding 
et al., 2016). Additionally, another sulfur-based COF (COF-S-SH) was 
also synthesized through the post-synthetic thiol-ene click reaction of 
vinyl-functionalized COF (COF-V) and 1,2-ethanedithiol for efficient 
adsorption of Hg(II) with equilibrium time of 10 min (Sun et al., 2017). 
However, all the functionalized COFs for Hg(II) were prepared via 
bottom-up or post-synthetic method to anchor the functional groups into 
the pores of COFs. The steric hindrance of the functional groups always 
leads to the damage of the porous structure of COFs including crystal-
linity, surface area, and pore volume to a certain extent. Moreover, the 
functional chain entanglement results in the shielding of active sites. 
These functionalization-induced damages of porous structure and shield 
of active sites in COFs go against rapid diffusion and kinetics of func-
tionalized COFs for the adsorption of analytes (Huang et al., 2017; Karak 
et al., 2019). Although Huang et al. introduced a short sulfide chain to 
promote the adsorption of Hg(II) on the functionalized COF (Huang 
et al., 2017), more efficient strategies are still imperative. As the 
connection of building units, the linkage shows uniform distribution and 
no occupation on the pore in COFs. Therefore, engineering the COFs 
linkage as functional moiety is an efficient strategy to avoid the 
above-mentioned negative effects of conventional functionalization on 
the adsorption of Hg(II) with COFs, but has not been explored so far. 

Herein, we report an efficient strategy for rational design of func-
tionalized COFs via engineering the COFs linkage as functional moiety to 
promote the adsorption kinetics of Hg(II) with COFs. The special dithi-
zone structure with both sulfur and nitrogen makes thiourea good af-
finity for mercury (Jiang et al., 2012). We take thiourea as 
proof-of-concept to design and prepare the first irreversible 
thiourea-linked COFs for ultrafast and selective adsorption of Hg(II). 
Thiourea is employed not only to serve as the linkage but also the 
functional moiety to preclude the negative effects of conventional 
functionalization on the pore as well as the shield of active sites, 
endowing the COFs ultrafast and selective adsorption of Hg(II). The 
developed strategy for the design of irreversible COFs with the linkage as 
the functional moiety has great potential for diverse applications. 

2. Experimental methods 

2.1. Preparation of 1,4-phenylenebis(thiourea) 

1.078 g of ammonium thiocyanate (Atc) in 10 mL H2O was dropwise 
added to 170 mg p-phenylenediamine (Pa) at 0 ◦C. After further addition 
of 600 μL concentrated HCl, the reaction mixture was stirred at 0 ◦C for 
30 min, and then reacted at 90 ◦C for 15 h. The mixture was filtrated to 
collect the product after cooling to room temperature. The obtained 

product was washed with water and dried at 80 ◦C for 12 h under 
reduced pressure to obtain the 1,4-phenylenebis(thiourea) (Pa-S) in 
86.2% yield. 1H NMR (400 MHz, DMSO-d6) δ 9.65 (s, 2H), 7.33 (s, 4H); 
13 C NMR (100 MHz, DMSO-d6) δ 181.46, 135.98, 124.22. m/z (ESI- 
MS) 225.02, [M-H]- (calcd. 225.03). 

2.2. Synthesis of JNU-3 

A mixture containing 1,3,5-triformylphloroglucinol (Tp, 21.0 mg, 
0.1 mmol), Pa-S (33.9 mg, 0.15 mmol), N,N-dimethylacetamide (DMAC, 
0.8 mL), and 1,2-dichlorobenzene (o-DCB, 0.2 mL) were sonicated in a 
35-mL Schlenk tube (OD 26 × L 125 mm) for 5 min. After addition of 12 
M Acetic acid (HAc, 0.1 mL), the solution was further sonicated for 15 
min and degassed with freeze–pump–thaw cycles. Then, the tube was 
sealed and left undisturbed at 60 ◦C for 3 days. The resulting red pre-
cipitate was collected via centrifugation and rinsed with N,N- 
dimethylformamide. The crude product was extracted with methanol 
and vacuum-dried at room temperature for 5 h to obtain JNU-3 (yield, 
ca.72.6%). 

2.3. Adsorption experiment 

Typically, 5 mg JNU-3 was mixed with 5 mL of 100 mg L− 1 Hg(II). 
After adsorption equilibrium, the JNU-3 was isolated with 0.22 µm 
syringe-driven filter. The filtrate was collected for inductively coupled 
plasma mass (ICP-MS) determination of Hg. 

2.4. Effect of pH on adsorption 

5 mg JNU-3 was mixed with 5 mL of 400 mg L− 1 Hg(II) solution at 
different pH (1–7) till equilibrium. The mixture was treated with 0.22 
µm syringe-driven filter, and the filtrate was collected for ICP-MS 
determination of Hg. 

2.5. Effect of time on adsorption 

5 mg JNU-3 was mixed with 5 mL of 10 mg L− 1 Hg(II) solution at pH 
4 for a predetermined time (10–10800 s). The mixture was treated with 
0.22 µm syringe-driven filter, and the filtrate was collected for ICP-MS 
determination of Hg. 

2.6. Quantum mechanics calculation 

The density functional theory (DFT) calculation with B3LYP function 
and 6–31 G/Def2SVP basis set on Gaussian 09 was performed to eluci-
date the interaction of JNU-3 and Hg(II). One-unit cell of JNU-3 was 
used as the model structure to evaluate the adsorption energy (Ead) on 
the basis of following equation:  

Ead = EJNU-3-Hg – (EJNU-3 + EHg)                                                             

where EJNU-3-Hg, EJNU-3 and EHg represent the energy of the JNU-3 
adsorbed with Hg(II), isolated JNU-3 and Hg(II) after geometry opti-
mization, respectively. 

3. Results and discussion 

3.1. Design and preparation of thiourea-linked COFs 

The rapid mass transfer and kinetics of porous materials largely 
depend on the accessibility of extensively open pore (Karak et al., 2019). 
Although the functionalization of the ordered structure endows COFs 
great potential for removal of Hg(II), the conventional strategies for 
introducing desirable functionality to COFs by anchoring the functional 
groups in their pore usually impair the porosity, crystallinity, surface 
area of COFs along with the shield of active sites, leading to the decrease 
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of the adsorption kinetics of Hg(II). The engineering linkage as the 
functional moiety is a promising strategy to eliminate the 
above-mentioned negative influences resulting from conventional 
functionalization. 

Fig. 1 shows such a strategy for the design of irreversible thiourea- 
linked COFs with thiourea as both the linkage and the functional 
group for the adsorption of Hg(II). The amino precursors Pa-S and 1,4- 
biphenylenebis(thiourea) (BD-S) were first synthesized by reacting Atc 
with Pa and benzidine (BD), respectively (Fig. 1 and S1-S8). Tp was 
selected as the aldehyde monomer to condense with Pa-S and BD-S due 
to the special tautomerization reaction (Chong et al., 2003; Kandambeth 
et al., 2012). The formed reversible enol-imine was transferred to irre-
versible keto-imine structure to give thiourea-linked COFs JNU-3 and 
JNU-4 with original crystallinity and improved stability (Fig. 1). The 
irreversible thiourea not only linked the organic unit to form highly 
stable structure, but also served as inherent functionality due to its af-
finity to Hg(II). The developed unique strategy for the functionalization 

of COFs gives almost no occupation of pore and shield of active sites to 
take full advantage of the complete pore of COFs for ultrafast adsorption 
of Hg(II). 

Regulation of solvent, temperature, and time for the condensation of 
the precursors is important for facilitating the formation of ordered 
crystalline structure of COFs (Fig. S9-S14). Crystalline JNU-3 was syn-
thesized via the condensation of Tp and Pa-S with DMAC/o-DCB (4/1, v/ 
v) and 12 M acetic acid (HAc) as solvent at 60 ◦C for 3 days, while JNU-4 
was obtained with the reaction of Tp and BD-S under the condition of 
DMAC/o-DCB (4/1, v/v) and 12 M HAc at 90 ◦C for 3 days. 

3.2. Characterization of thiourea-Linked COFs 

Powder X-ray diffraction (PXRD) in combination with computational 
simulation is a common structural resolution for COFs (Ding and Wang, 
2013). The rotational thiourea bond might give various conformations 
of the prepared thiourea-linked COFs in analogy to urea-linked COFs 

Fig. 1. Design of tautomerism reaction for the synthesis of thiourea-linked COFs JNU-3 and JNU-4 with Tp, Pa-S and BD-S as precursors.  
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(Zhao et al., 2018). The geometrical energy optimization with Forcite 
calculation can be applied to confirm the highest feasibility of COFs 
conformation (Ma et al., 2016; Wu et al., 2018; Zhu et al., 2015). Six 
possible 2D structures of JNU-3 with similar simulated PXRD pattern 
were generated and optimized with Forcite module (Fig. S15). Confor-
mation A with unit cell parameters (a = b = 30.7947 Å, c = 3.7766 Å) 
at P-3 gave the most negative total energy (− 341.3 kcal mol− 1) than the 
other five conformations B-F (− 303.1 to − 224.9 kcal mol− 1), and thus 
is the most favorable conformation for JNU-3. Further structural reso-
lution of JNU-3 based on Conformation A showed that the experimental 
PXRD pattern with several obvious diffraction peaks at 3.50◦, 5.99◦ and 
9.05◦ agreed well with that of AA stacking model rather than AB 
stacking (Fig. 2a–c and S16). Pawley refinement gave more precise 
unit-cell with a = b = 29.7273 Å, c = 3.7843 Å and α = β = 90◦, 
γ = 120◦ (Rwp = 5.71%, Rp = 3.65%) (Table S1 and Fig. 2d). 

The thiourea linkage was confirmed by Fourier transform infrared 
(FTIR) spectrometry. The simultaneous absence of characteristic -NH2 
(3330–3160 cm− 1) and -CHO (1640 cm− 1) peaks in the FTIR spectra of 
JNU-3 indicates the complete condensation of the amine and aldehyde 
precursors (Fig. 2e). The evident new FTIR peaks at 1661 and 
1110 cm− 1 were assigned to the stretching bands of C––O and C––S, 
indicating the formation of ketone and thiourea in the frameworks, 
respectively. An obvious peak at 180 ppm in 13C solid-state nuclear 
magnetic resonance (SNMR) spectra of JNU-3, resulted from the carbon 
signal of ketone (C––O), further confirmed the new formation of keto- 
form structure. The thiourea carbon (C––S) peak at 174 ppm indicates 
the formation of thiourea linkage as well (Fig. 2f and S17). 

The BET surface area, the pore size, pore volume of JNU-3 calculated 
from the nitrogen adsorption isotherm were 420 m2 g− 1, ca. 16 Å and 
0.77 cm3 g− 1, respectively (Fig. S18 and S19). The porous structure of 

Fig. 2. (a) Unit cell of JNU-3 in AA stacking model. (b) Space-filling model of JNU-3 in AA stacking model (gray C, sky-blue N, red O, yellow S, white H). (c) 
Experimental and simulated (AA and AB stacking model) PXRD patterns of JNU-3. (d) Pawley refinement of JNU-3 (Rwp = 5.71%, Rp = 3.65%). (e) FTIR spectra of 
Tp, Pa-S and JNU-3. (f) 13C SNMR spectra of JNU-3. 
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JNU-3 was also confirmed by scanning electron microscopy (Fig. S20). 
JUN-3 maintained the crystallinity in various solutions (Fig. S21), 
indicating its high chemical stability. The high surface area of JNU-3 
with microporous and stable structure makes it high potential in 
further application. 

Another thiourea-linked COF JNU-4 prepared by the condensation of 
Tp and BD-S gave an experimental PXRD pattern with three peaks at 
2.86◦, 4.90◦ and 7.30◦, matching well with the simulated pattern from 
the refined AA stacking unit-cell (a = b = 38.0609 Å, c = 3.7331 Å and 
α = β = 90◦, γ = 120◦) with Rwp 2.89% and Rp 1.51% (Table S2, 
Fig. S22-S25). The evident FTIR peaks at 1662 and 1118 cm− 1 and 13C 
SNMR peaks at 180 and 174 ppm verified the formation of thiourea and 
ketone (Fig. S26 and S27). JNU-4 gave the BET surface of 1050 m2 g− 1, 
pore size of ca. 34 Å and pore volume of 3.0 cm3 g− 1 (Fig. S18-S19) with 
obvious porous structure (Fig. S20) and high chemical stability 
(Fig. S28). 

3.3. Adsorption of Hg(II) 

We further systematically investigated the adsorption ability of JNU- 
3 for Hg(II). The effect of pH on the adsorption efficiency of Hg(II) with 
JNU-3 was studied in the pH range of 1–7 due to the formation of 
insoluble Hg(OH)2 at higher pH. The pH exhibited little influence on the 
adsorption. JNU-3 can capture almost all the Hg(II) at pH 1–7 (Fig. S29). 
The pH 4 gave the best adsorption efficiency (99.7%), and was chosen 
for further experiments. 

The adsorption kinetics plays a crucial role for the development of 
efficient adsorbents. The capture of Hg(II) on JNU-3 reached equilib-
rium within about 10 s, which is the shortest equilibrium time (t) for the 
adsorption of Hg(II) among the reported adsorbents (Fig. 3a). The 
concentration of Hg(II) sharply decreased from 10 mg L− 1 to 

0.002 mg L− 1 in 10 s. After two-run adsorption, the concentration of Hg 
(II) was lower than the emission standards of drinking water 
(0.001 mg L− 1). JNU-3 gave a 10–100 times faster adsorption of Hg(II) 
than the COFs with functional moiety in the pore including COF-S-SH, 
TAPB-BMTTPA-COF and JUC-570, indicating the excellent availability 
of a specific group as both the linkage and the functionality to promote 
adsorption kinetics (Table S3). The pseudo-second-order mode (R2 

= 0.9999) fitted better with the adsorption kinetics than the pseudo- 
first-order model (R2 = 0.9585), indicating the involvement of chemi-
sorption (Table S4) (Qian et al., 2020). The pseudo-second-order rate 
constants K2 was calculated to be 51.2 g mg− 1 min− 1. The applicability 
of the pseudo-second-order model implies the adsorption rate was 
controlled by intraparticle diffusion (Plazinski et al., 2013), and further 
demonstrates that the ultrafast kinetics of JNU-3 resulted from the or-
dered structure and no occupation of the pore. 

The adsorption performance of JNU-3 was further evaluated with the 
adsorption isotherms and distribution coefficient (Kd). The adsorbed Hg 
(II) on JNU-3 increased significantly at low initial concentration of Hg 
(II), then trended to be unchanged with further increase of the initial 
concentration (Fig. 3b). Three adsorption models (Langmuir, Freundlich 
and Temkin) were used to fit the adsorption isotherms of Hg(II) on JNU- 
3 (Cui et al., 2019; Linwei et al., 2019; Zou et al., 2016). The Langmuir 
model was best fitted to the adsorption isotherms among the three 
models (Fig. S30). The maximum adsorption capacity (qm) of JNU-3 for 
Hg(II) was calculated to be 959 mg g− 1, comparable to those of most 
adsorbents (Table S3). The Kd of JNU-3 for Hg(II) was calculated to be 
1.42 × 106 mL g− 1, indicating its strong affinity to Hg(II) (Fryxell et al., 
2005). 

Fig. 3. (a) Time-dependent adsorption of Hg(II) on JNU-3. (b) Adsorption isotherms of Hg(II) on JNU-3 in the initial concentration range of 5–1200 mg L− 1 at a 
predetermined temperature (25–55 ◦C). (c) Adsorption efficiency of metal ions on JNU-3 with the initial mixed metal ion concentration of 10 mg L− 1. (d) Adsorption 
of Hg(II) on JNU-3 from the river, lake, and domestic water samples with spiked Hg(II) concentration of 10 mg L− 1. 
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3.4. Selectivity 

Selectivity is another important capability of adsorbents. JNU-3 still 
effectively adsorbed almost all Hg(II) (99.9%), but negligible competi-
tive ions of Al3+, Ca2+, Cd2+, Cr3+, Fe3+, Mg2+, Na+, Zn2+, and Pb2+

(Fig. 3c) due to the significantly higher complexation constant of the 
sulfur in JNU-3 for Hg(II) than other ions (Merrifield et al., 2004; 
Pearson, 1968). The result shows the high selectivity of JNU-3 for Hg(II). 
The practical capacity of JNU-3 was assessed by using lake, river and 
domestic water to prepare samples. The slight change of the adsorption 
efficiency (99.4–99.1) with the initial Hg(II) concentration of 10 mg L− 1 

suggested the potential of JNU-3 for the removal of Hg(II) in real sample 
(Fig. 3d). 

3.5. Cycle adsorption performance 

The cycle performance is also a critical performance parameter for an 
adsorbent. The Hg(II) can be desorbed from the JNU-3 with the eluent 
containing 1 mol L− 1 thiourea and 1 mol L− 1 HCl. JNU-3 still gave 
94.0% of adsorption efficiency for Hg(II) after 4 run adsorption- 
desorption process (Fig. S31). The unchanged FTIR spectra reveal the 
adsorption of Hg(II) exhibited no obvious negative effect on the JNU-3 
structure (Fig. S32). The PXRD pattern of regenerated JNU-3 indicates 
the decrease of crystallinity after the adsorption of Hg(II) (Fig. S33). 

3.6. Adsorption mechanism 

To get an insight into the mechanism for the adsorption of Hg(II) on 

JNU-3, the thermodynamics of the adsorption was first investigated. The 
negative free energy change (ΔG) and enthalpy change (ΔH) indicate 
the spontaneity and exothermicity of the adsorption, respectively. 
Furthermore, the adsorption was driven by both enthalpy and entropy 
due to ΔH < 0 and entropy change (ΔS) > 0 (Fig. S34 and Table S5). To 
Figure out the active sites of JNU-3 for the adsorption of Hg(II), TpPa-1, 
having similar structure of JNU-3 but containing no thiourea was pre-
pared for comparison (Fig. S35). TaPa-1 gave much lower adsorption 
capacity (148 mg g− 1) than JNU-3 (959 mg g− 1), demonstrating the 
dominant role of thiourea in the adsorption. 

X-ray photoelectron spectroscopy (XPS) was applied to further verify 
the roles of N, O, S in JNU-3 in the adsorption of Hg(II). Wide XPS 
scanning spectra of Hg(II) adsorbed JNU-3 (JNU-3-Hg) gave two evident 
peaks of Hg 4f7/2 and Hg 4f5/2, confirming the capture of Hg(II) on JNU- 
3 (Fig. S36). The same N 1s XPS spectra of JNU-3 and JNU-3-Hg implies 
no involvement of N in the adsorption (Fig. 4a). Although the unchanged 
position of three fitted peaks in O 1s XPS spectra verified the O also did 
not coordinate with Hg, the obvious reduction of peak area at 533.1 eV 
indicates the decrease of adsorbed -OH on JNU-3 after the adsorption of 
Hg(II) (Fig. 4b). The S 2p XPS spectra of JNU-3 was fitted into four peaks 
at 161.6, 162.7, 168.6 and 164.9 eV, assigned to the S 2p3/2, S 2p1/2, the 
hydrogen bond interacted S (S⋅⋅⋅H), and the adsorbed SO4

2- (Huang 
et al., 2020, 2017). After the adsorption of Hg(II), the adsorbed SO4

2- 

was rinsed. The S 2p3/2 and S 2p1/2 peaks shifted from 161.6 and 
162.7 eV to 162.5 and 163.6 eV, respectively. The almost disappearance 
of peak for the S⋅⋅⋅H demonstrates most of S are interacted with Hg(II) 
(Fig. 4c). Moreover, the Hg XPS of JNU-3-Hg also displayed 0.7 eV shift 
compared with that of HgCl2 (Fig. 4d), further confirming the 

Fig. 4. XPS spectra of N 1s (a), O 1s (b) and S 2p (c) of JNU-3 and JNU-3-Hg. (d) XPS spectra of Hg before and after adsorption on JNU-3.  
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interaction of S and Hg. 
The configuration of JNU-3-Hg was revealed through quantum me-

chanics calculation. On the basis of JNU-3 structure, three configura-
tions (I, II, III) of JNU-3-Hg were built with the possible binding sites of 
C––S, N-H and C––O, respectively (Fig. 5). After the geometry optimi-
zation with Gaussian 09 package (Frisch et al., 2013; Yoo et al., 2016), 
Configuration I, II, and III gave the Ead of − 7.47, − 1.14 and 
− 1.07 kcal mol− 1, respectively. The most negative Ead of Configuration 
I indicates the sulfur of thiourea is the most feasible binding sites of 
JNU-3 for Hg(II). 

Furthermore, the adsorption performance of Hg(II) on JNU-4 was 
also studied. Similarly, JNU-4 showed the ultrafast adsorption kinetics 
to the Hg(II) with equilibrium time of 10 s (Fig. S37), indicating the 
universality of the proposed strategy in promoting adsorption kinetics. 
The adsorption kinetics and isotherms of Hg(II) on JNU-4 were fitted 
well with the pseudo-second-order and Langmuir model, respectively 
(Table S6 and Fig. S38). The JNU-4 gave a qm of 561 mg g− 1 for Hg(II) 
with strong affinity (Kd, 1.69 × 106 mL g− 1) and good selectivity 
(Fig. S39 and S40). The same weight of JNU-3 contains more content of 
thiourea than JNU-4 to interact with the Hg(II) due to the larger relative 
molecular mass of BD-S than Pa-S, leading to the higher capacity of JNU- 
3 for Hg(II) than the JNU-4. 

4. Conclusion 

In summary, we have reported an efficient strategy for the rational 
design of functionalized COFs with a specific group as both the linkage 
and the functional moiety to promote the adsorption kinetics with COFs. 
In the proof-of-concept, the first irreversible thiourea-linked COFs JUN- 
3 and JNU-4 were prepared for ultrafast and selective adsorption of Hg 

(II). The thiourea formed by the tautomerism reaction of Tp and 
dithiourea monomers not only acts as the linkage of the organic units to 
form irreversible crystalline JNU-3 and JNU-4 with high stability and 
large BET surface area, but also serves as the specific functional group 
for the adsorption of Hg(II). The employment of thiourea linkage as 
functional moiety allows the no occupation of pore and the maximal 
exposure of functionality, offering thiourea-linked COFs the highest ki-
netics to Hg(II). This work provides a unique strategy for the function-
alization of COFs without additional occupation of pore and shield of 
active sites to take full advantage of the complete pore of COFs for 
diverse applications. 
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