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Various materials have been developed for environmental remediation of mercury ion pollution. Among
these materials, covalent organic frameworks (COFs) can efficiently adsorb Hg(II) fromwater. Herein, two
thiol-modified COFs (COF-S-SH and COF-OH-SH) were prepared, through the reaction between 2,5-
divinylterephthalaldehyde and 1,3,5-tris-(4-aminophenyl)benzene, followed by post-synthetic modifi-
cation using bis(2-mercaptoethyl) sulfide and dithiothreitol, respectively. The modified COFs showed
excellent Hg(II) adsorption abilities with maximum adsorption capacities of 586.3 and 535.5 mg g�1 for
COF-S-SH and COF-OH-SH, respectively. The prepared materials showed excellent selective absorbability
for Hg(II) against multiple cationic metals in water. Unexpectedly, the experimental data showed that
both co-existing toxic anionic diclofenac sodium (DCF) and Hg(II) performed positive effect for capturing
another pollutant by these two modified COFs. Thus, a synergistic adsorption mechanism between Hg(II)
and DCF on COFs was proposed. Moreover, density functional theory calculations revealed that syner-
gistic adsorption occurred between Hg(II) and DCF, which resulted in a significant reduction in the
adsorption system's energy. This work highlights a new direction for application of COFs to simultaneous
removal of heavy metals and co-existing organic pollutants from water.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pollution of aquatic environments with heavymetals is a serious
issue. Mercury ions [Hg(II)] are highly bioaccumulative and toxic
[1]. Exposure to Hg(II) can cause eye, muscle, and skin damage,
dermatitis, and kidney, liver, heart, and central nervous system
damage [2,3]. There have been significant efforts to effectively
remove mercury from aqueous environment [4e6]. Among the
numerous techniques for this purpose, adsorption is a promising
method to address this environmental challenge [6,7]. However,
the application of conventional adsorbents such as activated carbon
[8], clay [9], hydrated lime [10], and biosorbents [11] is limited
Zhou), quhancau@gmail.com
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because they have low Hg(II) adsorption capacities and selectivity.
Therefore, suitable adsorbents need to be developed with fast ki-
netics, high adsorption capacities, and excellent selectivity for
effective removal of Hg(II) from aqueous solutions.

The concept of covalent organic frameworks (COFs) has broad-
ened the business of adsorbents for the distinct nature of tunable
building blocks by pre-designing porous topology skeletons
[12e15]. Over the past decades, COFs with different roles, e.g.,
semiconductors [16e19], and in energy conversion and storage
[20e24], medical [25e27], and environmental applications
[28e31].

COFs can be modified with specific functional groups that are
incorporated in the monomers or introduced into the COFs matrix
to improve the adsorption capacity and selectivity for pollutant
removal [32]. For instance, the addition of quaternary ammonium
cations and hydroxyl groups improves the ability of COFs to absorb
harmful pollutants such as perfluorooctanoic acid [33] and Cr(VI)
[34] from water. Functional groups such as methyl sulfide [35],
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dithiol [36], and thio groups [37] in COFs show excellent binding
abilities for Hg(II) ions. Although these prepared COFs performwell
for Hg(II) removal, the effects of co-existing contaminants have not
been investigated, and the interactions between Hg(II) ions and co-
contaminants during adsorption are not clear. For instance, as the
typical component of COFs, the benzene ring can easily adsorb ar-
omatic organic compounds via p-p interaction [38], especially for
anionic organic substances, which could be adsorbed by COFs
modified aromatic imines with electrophilic N through hydrogen
bonds or electrostatic interaction [31]. In addition, the role of the
surface charge and number of functional groups in removal of co-
existing anionic organic substances might be non-negligible [39].
Consequently, it will be interesting to investigatewhether adsorbed
cationic Hg(II) or anionic contaminants promote or inhibit the
adsorption of co-existing oppositely charged substances. Thus, an
understanding of the adsorption behavior between anionic ions
and Hg(II) in the presence of coexistence substances will help
reveal the mechanism of metal adsorption.

In this study, 2,5-divinylterephthalaldehyde (Dva) and 1,3,5-
tris-(4-aminophenyl)benzene (Tab) were used as monomers to
synthesize the matrix of COF-V via a Schiff base reaction. Then, the
exposed vinyl groups in COF-V were further modified by bis(2-
mercaptoethyl) sulfide and dithiothreitol to obtain functionalized
COF-S-SH and COF-OH-SH, respectively. The post-synthetically
thiol-modified COFs were characterized, and their abilities to
adsorb Hg(II) from aqueous mediawere investigated. To investigate
the function of the adsorbed Hg(II), anionic diclofenac sodium
(DCF) was introduced into the adsorption system. The interactions
between Hg(II) and anionic DCF were studied, including the
adsorption behavior and mechanism of Hg(II), and the effect of co-
existing anionic organic pollutant. Finally, the reusability of the two
functionalized COFs for Hg(II) removal was evaluated.

2. Materials and methods

2.1. Chemicals and materials

Mercury(II) nitrate and acetone were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (Beijing, China). Bis(2-
mercaptoethyl) sulfide, diclofenac sodium (DCF), DL-
dithiothreitol, tetrahydrofuran, acetic acid, 1,2-dichlorobenzene,
n-butanol, azobisisobutyronitrile (AIBN), and N,N-dimethylforma-
mide were obtained from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). 2,5-Divinylterephthalaldehyde
(Dva) and 1,3,5-tris-(4-aminophenyl)benzene (Tab) were obtained
from Jilin Chinese Academy of Sciences-Yanshen Technology Co.,
Ltd. (Jilin, China). Ultrapure water was produced using a Milli-Q
water purification system (Millipore, USA). All of the chemicals
were of analytical grade.

2.2. COFs preparation

2.2.1. Synthesis of COF-V
According to the previous report [36], 2,5-

divinylterephthalaldehyde and 1,3,5-tris-(4-aminophenyl)benzene
were dispersed in a mixture of 1,2-dichlorobenzene and n-butanol.
The two solutions were then mixed in a glass tube, and the certain
acetic acid (6 mol L�1) was slowly added to the mixture. The
product was washed by Soxhlet extractionwith tetrahydrofuran for
three days and then dried under vacuum at 50 �C to obtain COF-V.

2.2.2. Synthesis of COF-S-SH and COF-OH-SH
COF-V (40 mg), azobis(isobutyronitrile) (4 mg), and 0.5 mM

bis(2-mercaptoethyl) sulfide (or dithiothreitol) were mixed in a
50 mL Schlenk tube under N2 atmosphere at 80 �C for 48 h. The
2

precipitates were washed by tetrahydrofuran and acetone for two
times, respectively. The products synthesized by bis(2-
mercaptoethyl) sulfide and dithiothreitol were dried at 50 �C un-
der vacuum and named COF-S-SH and COF-OH-SH, respectively.

2.3. Characterization of the COFs

The X-ray diffraction (XRD) patterns of COFs were obtained
using an X-ray diffractometer (Rigaku S2) equipped with a Cu-Ka
radiation source (l ¼ 0.154 nm). The surface morphologies of pre-
pared COFs were observed by scanning electron microscopy (SEM,
JSM-6460LV, JEOL). A gas adsorption instrument (Autosorb iQ,
Quantachrome Corp.) was used to measure the specific surface area
and pore size distribution by nitrogen adsorption at 77 K. FTIR
spectra of the prepared COFs weremeasured by a Fourier transform
infrared spectrometer (PerkinElmer). An X-ray photoelectron
spectroscopy (XPS, Kratos AXIS SUPRA™, Shimadzu) was used to
record the XPS spectra of prepared COFs and the composite after
Hg(II) adsorption. An elemental analyzer (EA3000, ELTRA)was used
to determine the elemental compositions of the COFs.

2.4. Adsorption and recycle experiments

To evaluate the adsorption performance of prepared COFs, batch
experiments were conducted on a shaker (180 rpm) at room tem-
perature (25 �C) for a specific time. Kinetic experiments were car-
ried out in conical flasks containing 100 mL of 2 mg L�1 Hg(II)
solution. The initial concentration of Hg(II) ranged from 5 to
200 mg L�1 and the adsorption isotherm tests were performed
under 2.5 mg COFs in a 50mL solution. The effect of the solution pH
on Hg(II) adsorption was also studied in the range of 2e8. The pH
was adjusted by 1 M HCl or NaOH in a bottle containing the ad-
sorbents (50 mg L�1) and 50 mL Hg(II) solution (2 mg L�1). The
adsorption selectivity was tested in a mixed solution containing
nine cationic ions (Kþ, Naþ, Ca2þ, Mg2þ, Pb2þ, Cd2þ, Cu2þ, Mn2þ, and
Zn2þ), whose molar quantity were equal to Hg(II). Co-adsorption
kinetic experiments were conducted in a mixture solution con-
taining Hg(II) and DCF (0.01 mmol L�1). To further explore the co-
adsorption mechanism between Hg(II) and DCF on COFs, one
adsorbate was pre-adsorbed by COFs for 30 min, and then another
adsorbate was added to make it a bisolute system with a concen-
tration of 0.01 mmol L�1 for both substances. An atomic fluores-
cence spectrometer (AFS-933, Titan) and inductively coupled
plasma optical emission spectrometer (ICP-OES, Thermo) were
used to detect the concentrations of Hg(II) and other co-existing
cationic ions, respectively.

A conical flask containing 2 mg L�1 Hg(II) and 50 mg L�1 COFs
was used for the recyclability test. The used COFs were then
collected using a filter membrane, submerged in HCl solution
(0.75 M) for 3 h, and then washed with deionized water to desorb
Hg(II). The regenerated COFs were used for the next cycle under the
same adsorption conditions.

2.5. Computational methods

Gaussian software was used to perform theoretical calculations
[40]. To obtain the optimal geometries of Hg(II), DCF and their
adsorption conjugate, geometry optimization and frequency cal-
culations were calculated with the PBE0 functional and the def2-
SVP basis set [41]. To further improve the accuracy of the anal-
ysis, the DFT-D3 dispersion correction with BJ damping was
adopted to correct theweak interaction [42,43]. Single point energy
calculations were performed with a larger def2-TZVP basis set
[44,45]. The SMD implicit solvation model was applied to account
for the solvent effects of water [46].
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3. Results and discussion

3.1. Preparation and characterization of COFs

As shown in Fig. 1 (the synthetic scheme), the vinyl groups were
designed for post-synthetic modification linking of the -OH-SH and
-S-SH groups through the thiol-ene “click” reaction in the presence
of AIBN and under nitrogen [35]. The XPS and elemental analysis
results both confirmed the proposed reaction worked as intended.
As shown in Fig. S1a, S peaks of COF-S-SH and COF-OH-SH in the
XPS survey indicated the thiol-ene “click” reactionwas successfully
executed. Moreover, the content of S was higher in COF-S-SH and
COF-OH-SH than in COF-V (Fig. 2d and Table S1). The O element was
only detected in COF-OH-SH, which further affirmed the successful
introduction of -OH-SH. According to the FTIR spectrum (Fig. S1b),
the peak at 1607 cm�1 was attributed to C¼N stretching, which
demonstrated that imine groups formed in COF-V, COF-OH-SH, and
COF-S-SH. The SEM results for COF-V (Fig. S2) showed strips of
nanofibers, which was consistent with the previous report [36].
Additionally, the -OH-SH and -S-SH anchoring groups on the COF-V
pore wall made the nanofiber surface rough (Fig. 2a and b).

To analyze the crystalline structure of COF-V, the powder XRD
(PXRD) data were compared with the computational structural
simulations and Pawley refinement. COF-V produced a substantial
PXRD peak at 2.9� (Fig. 2c, black curve). Some weaker peaks were
observed at 4.9�, 5.8�, 7.3�, and 23.4�, which were assigned to the (1
0 0), (1 1 0), (2 0 0), (2 1 0), and (0 0 1) diffractions, respectively.
These results were consistent with the previous report [36]. To
study the geometrical structure, Pawley refinements were used to
simulate the theoretical PXRD pattern. The mainly characteristic
peaks are shown in Fig. 2c (observed reflections). The fitted curve
Fig. 1. a, The molecular configuration of COF-V. bec, Synthetic scheme for production of CO
stacking structure of COF-V (d), COF-S-SH (e), and COF-OH-SH (f).
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(Fig. 2c, black and dark blue lines) showed excellent agreement
with the experimentally observed pattern, and exhibited a negli-
gible difference (Fig. 2c, green line) with a very low weighted full
spectrum factor (RWP, 2.68%) and full spectrum factor (RP, 2.01%). A
structural model of the COF-V framework was built. The PXRD
pattern (Fig. 2c, violet curve) of the AA stacking mode almost
reproduced the experimental and Pawley refinement patterns.
Moreover, the apparent facet of (0 0 1) at 23.4� was assigned to a p-
p stacking distance of 3.8 Å, which indicated that the stacking di-
rection of COF-V extended perpendicular to the two-dimensional
layers. The BET specific surface area (Fig. 2e) of COF-V calculated
from the N2 sorption isotherms at 77 K was 1204.6 m2 g�1. The total
pore volume of COF-V was 0.68 cm3 g�1.

Because of the high crystallinity and mesoporous channels of
COF-V, bis(2-mercaptoethyl) sulfide and dithiothreitol were artifi-
cially grafted onto COF-V as flexible chains. This gave efficient Hg(II)
removal due to the introduction of thioether and thioalcohol
groups. The PXRD patterns of COF-S-SH (blue curve) and COF-OH-
SH (red curve) retainedmost of the COF-V peaks (Fig. 2c), especially
the peaks at the facet of (0 0 1). However, the appearance of burrs
and weak blue shift was attributed to the introduction of large
numbers of flexible chains on the pores of COF-V matrix. Addi-
tionally, the BET specific surface area of COF-V was 1204.6 m2 g�1

higher than that in the previous report [36]. The COF-S-SH and COF-
OH-SH also exhibited high BET surface areas of 814.8 and
720.3 m2 g�1, respectively. The total pore volumes of COF-S-SH and
COF-OH-SH were 0.49 and 0.44 cm3 g�1, respectively, which
showed that the pore accessibility was maintained after modifica-
tion. In the structures of COF-V and the two modified COFs, the
lengths of -CH¼CH2, -CH2-CH2-S-CH2-CH2-S-CH2-CH2-SH, and
-CH2-CH2-S-CH2-CH(OH)-CH(OH)-CH2-SH were approximately 3.1,
F-S-SH (b) and COF-OH-SH (c) through modification of COF-V. def, Top view of the AA



Fig. 2. aeb, SEM images of COF-OH-SH (a) and COF-S-SH (b). c, XRD profiles of COF-V (black), COF-OH-SH (red), COF-S-SH (blue), the Pawley refined (dark blue and pink lines), and
predicted AA stacking structure of COF-V (violet). dee, Elemental composition (d) and nitrogen adsorption (e) isotherm curves for the three COFs.

W. Wang, M. Gong, D. Zhu et al. Environmental Science and Ecotechnology 14 (2023) 100236
12.0, and 9.6 Å, respectively. These results showed that the two
Fig. 3. aeb, Hg(II) adsorption kinetics (a) and fitting by pseudo-first- and second-
order kinetic models (b). ced, Hg(II) adsorption isotherms fitted by Langmuir (c) and
Freundlich (d) adsorption models. e, Hg(II) adsorption in solutions with different pH
values. f, Hg(II) adsorption in solutions containing a mixture of metal ions.
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modified groups were much longer than the -CH¼CH2 group. This
might cause blocking of some of the micro-pores (with
ø < 1.0e2.0 nm), which would decrease the BET specific surface
areas of the modified COFs. The morphologies of COFs were
observed by SEM, COF-S-SH and COF-OH-SH also showed a similar
shape with COF-V, indicating that the introduction of groups has
rarely changed the morphology of COF-V.
3.2. Adsorption of Hg(II) on the COFs

The prepared COF-S-SH and COF-OH-SHwere applied to remove
Hg(II) fromwater. The removal efficiencies of Hg(II) using COF-S-SH
and COF-OH-SH were about 80% (Fig. 3a). The obvious Hg 4f peaks
were determined in the XPS spectrums of two COFs after adsorbing
Hg(II) (Fig. S3) and further affirmed the occurrence of the adsorp-
tion process. To further reveal the adsorption process, first- and
second-order kinetic models were used to fit the experimental
data. The results (Fig. 3b and Table S2) showed that the second-
order model better described the Hg(II) adsorption kinetics
(R2 > 0.92). This indicated that the adsorption process of Hg(II) onto
two functional COFs might be predominantly dominated by
chemisorption via Hg(II) binding/chelating with -SH groups [37,47].
In addition, the adsorption rate for COF-S-SH and COF-OH-SH
adsorbing Hg(II) was calculated by the second-order model with
v0 (Table S2) of 15.94 and 12.22 mg g�1 min�1, respectively. These
results indicated that COF-S-SH had a faster adsorption rate than
COF-OH-SH for Hg(II). This difference might be ascribed to the
electrostatic potential distribution (Fig. S4) with the introduction of
a hydroxyl group affecting the electronegativity around the S atom.

Adsorption isotherms were used to investigate the maximum
Hg(II) adsorption capacities of the modified COFs. Langmuir and
Freundlich's models were used to fit the experimental data.
Increasing the Hg(II) concentration in the adsorption system almost
simultaneously enhanced the adsorption capacities of COF-S-SH
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and COF-OH-SH for Hg(II) removal (Fig. 3c and d). In addition, ac-
cording to the Langmuir isothermmodel, the maximum adsorption
capacities of Hg(II) on COF-S-SH and COF-OH-SH were 586.3 and
535.5 mg g�1, respectively. The adsorption capacities of the pre-
pared COFs were approximately equal to that of a COF prepared in a
previous study (COF-TABPB-S-SH) [38] and higher than those of
conventional adsorbents [37,48,49]. Interestingly, the two post-
synthetically modified COFs had different adsorption isotherm
curves and fitting parameters (Table S3). In the case of COF-S-SH,
the experimental data were fitted well by the Freundlich model
(RF

2 > RL
2) with a low value of 1/n (0.388). This confirmed that the

structure with two thioethers (-S-) and a thiol (-SH) might partic-
ipate in the multilayer adsorption process [50,51] and that the
adsorption proceeded readily [52,53]. For COF-OH-SH, the Lang-
muir and Freundlichmodels showed similar fitting results for Hg(II)
adsorption. The contribution of -OH on COF-OH-SH to Hg(II)
adsorption was not as apparent as that of -S- for Hg(II) adsorption
on COF-S-SH because the Langmuir model predicts uniform
adsorption [54]. The Hg(II) adsorption capacities of the prepared
COFs and other adsorbents were compared (Table S4). Introduction
of functional groups (-SH or -NH2) obviously improved the Hg(II)
adsorption capacity compared with other adsorbents. This com-
parison highlighted the benefits of optimizing the structure and
pre-designing functional groups in COFs. Thus, the superiority of
covalent organic frameworks in flexibility and modularity will
promote its deep application in various fields.

The solution pH is a critical factor in the adsorption process as it
affects the adsorbent and adsorbate surface chemistry [51]. The
effects of pH values between 2 and 8 on the post-synthetically
modified COFs were investigated (Fig. 3e). The results displayed
that both COFs performed remarkably consistent in removing Hg(II)
from water over a wide pH range. This might be due to the strong
binding/chelating interaction between sulfur and Hg(II), which
would form stable adsorption configurations [38]. This is essential
for selecting and applying suitable adsorbents in a complex envi-
ronment to remove the target pollutants. Both of the post-
synthetically modified COFs exhibited better removal efficiencies
for Hg(II) than other metal ions in a mixed solution containing ten
metal cations (Fig. 3f). These results indicated that the thiol group
showed an excellent affinity for Hg(II) [55]. Thus, the outstanding
selectivity assured the potential application of these two post-
synthetical COFs in environmental remediation.
Fig. 4. Competitive adsorption kinetics between Hg(II) (a, b) and DCF (c, d) on COF-S-
SH and COF-OH-SH.
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3.3. Adsorption of Hg(II) with a co-existing anionic organic
pollutant

The adsorption kinetics of Hg(II) on the twomodified COFs were
investigated in a mixed bisolute system containing Hg(II) and
diclofenac sodium (DCF) (Fig. 4). It was interesting that the
adsorption amount of Hg(II) on both COFs in the bisolute system
was slightly higher than that in the single Hg(II) solute. Meanwhile,
the adsorption of DCF on both two COFs in the bisolute system
considerably significantly than that in the single DCF solute.
Compared with the single-solute system, the bisolute system
resulted in increases in the equilibrium removal rate of Hg(II) by
approximately 3.0% and 7.78% for COF-S-SH and COF-OH-SH,
respectively. In contrast, the equilibrium removal percentages of
DCF in the bisolute system increased by approximately 18.17% and
15.54% for COF-S-SH and COF-OH-SH, respectively, compared with
the single solute system. Additionally, adsorption equilibrium for
DCF on COF-OH-SH was reached within 15 min in the bisolute
system, which was much faster than for COF-S-SH. The anionic DCF
could be bound by -OH groups on COF-OH-SH via electrostatic in-
teractions [56]. Because of the synergistic chelation of Hg(II) and
the -OH group, DCF adsorption on COF-OH-SH-Hg(II) was more
rapid and higher than that on COF-S-SH-Hg(II).

To further clarify the synergistic adsorption behavior between
Hg(II) and DCF, the adsorbates were adsorbed separately. First, one
adsorbatewas added to the adsorption system and themixture was
shaken for 30 min (pre-adsorption). Next, the other adsorbate was
added (post-adsorption) to investigate the influence of the pre-
adsorption process on post-adsorption of Hg(II) or DCF. Both pre-
adsorption and post-adsorption enhanced the amounts of Hg(II)
and DCF adsorbed on the modified COFs in the bisolute system
(Fig. 5). Notably, the process of pre-adsorption of Hg(II) and then
post-adsorption of DCF on two COFs showed a favorable tendency
in enhancing the adsorption amount of Hg(II). While, the process of
pre-adsorption of DCF and then post-adsorption of Hg(II) on two
COFs were more favorable to improve the adsorption amount of
DCF. These results suggest that the synergistic effect is more
evident for the adsorbate with the faster adsorption rate. In the
competitive system, the different sites of adsorbent were corre-
sponding for adsorbing different adsorbates. DCF, with a quicker
Fig. 5. Pre-adsorption and post-adsorption of Hg(II) (a, c) and DCF (b, d) on COF-S-SH
and COF-OH-SH. For the mixed solute-Hg(II) with pre-adsorption, Hg(II) was adsorbed
first for 30 min before DCF. For the mixed solute-Hg(II) with post-adsorption, DCF was
adsorbed first for 30 min before Hg(II).



Fig. 6. The adsorption and calculated binding energies (DE) of Hg(II) on COF-S-SH (a)
and COF-OH-SH (b), and the adsorbed Hg(II) or DCF as a new site for adsorbing another
adsorbate in water. The structure of -OCOR representing anionic DCF. Bn is benzyl.

Fig. 8. Recycling performance of the two post-synthetic COFs for Hg(II) removal.
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adsorption rate, will first occupy its effective adsorption site. Then,
the adsorbate Hg(II) with a lower rate will also adsorb on its effi-
cient adsorption site. Significantly, the adsorbed Hg(II) will then act
as a new effective site for adsorption of anionic DCF in addition to
the existing site in the COF, which will enhance the DCF adsorption.
However, the pre-adsorbed DCF may diminish the pore size of
COFs, which will negatively affect the diffusion of the subsequent
Hg(II). These two aspects lead to a more apparent synergistic pro-
motion of DCF adsorption with a fast adsorption rate compared
with the single adsorption system.

Additionally, the water from WWTP (waste water treatment
plant in Xining, China) was used to prepare the simulated solution
containing the mixture of Hg(II) and DCF for investigating the
adsorption performance of two COFs. The removal efficiencies of
Hg(II) by COF-S-SH and COF-OH-SH were stable, but the removal of
DCF was inhibited (Fig. S5). It might be reasoned that those other
anionic co-containments in the water could be attracted by
Fig. 7. HOMO and LUMO diagrams of COF-S-SH-Hg(II) (a), COF-OH-SH-Hg(II) (b), COF-S-SH
energy gaps.
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adsorbed Hg(II) or the positive H atom on the hydroxyl (-OH) for
competing with DCF, and thus decrease the DCF removal.

3.4. Adsorption mechanism

To further explore the synergistic adsorption mechanism of
Hg(II) and DCF on the COFs, the binding energies (DEbinding) and
frontier molecular orbitals were studied using Gaussian software.
The DEbinding values of Hg(II) adsorbed on the COF-S-SH and COF-
OH-SH models were �1.05 and �0.57 eV, respectively (Fig. 6).
These values were in line with the result that COF-S-SH adsorbed
more than COF-OH-SH. When the adsorbed Hg(II) being the avail-
able adsorption sites for anionic DCF, theDEbinding values for anionic
DCF with COF-S-SH-Hg(II) and COF-OH-SH-Hg(II) were �0.68
and �0.77 eV, respectively. These results revealed that anionic DCF
was easily adsorbed to Hg(II) sites on the COFs and that the
adsorption process was exothermic. On the other hand, the
DEbinding values of the synergistic adsorption of Hg(II) by COF-S-SH-
DCF and COF-OH-SH-DCF were �1.73 and �1.34 eV, respectively.
These values were much lower than those for Hg(II) adsorption on
the two COFs. From Fig. 4, the enhanced adsorption of Hg(II) in the
two bisolute systems was not apparent, indicating that synergistic
adsorption was not commented for all the Hg(II) and DCF adsorp-
tion on COFs. Because of steric hindrance in the COFs channel, it
might be difficult for DCF to approach Hg(II) on COFs.

The feasibility of the adsorption process can be evaluated
-Hg(II)-DCF (c), and COF-OH-SH-Hg(II)-DCF (d), and the corresponding HOMOeLUMO
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qualitatively and quantitatively using molecular orbitals [57],
which can be obtained using Multiwfn software [58]. A high HOMO
energy suggests strong electron donating capacity, while a low
LUMO energy suggest a strong electron acceptance capacity. As
shown in Fig. 7, the HOMO energy of COF-OH-SH-Hg(II) was the
same as that of COF-S-SH-Hg(II). By contrast, its LUMO energy
(�2.76 eV) was lower than that (�2.44 eV) of COF-S-SH-Hg(II). This
result indicates COF-OH-SH-Hg(II) has a low HOMO-LUMO gap and
more remarkable ability to accept electrons to its unoccupied or-
bitals. After DCF and Hg(II) were co-adsorbed on the two COFs, the
HOMO surfaces were predominantly localized on the DCF mole-
cules, which became the major electron donor atoms in the
adsorption conjugates. Also, the adsorbed Hg(II) had a lower ability
to accept electrons to its unoccupied orbitals and a more stable
state after co-adsorption of DCF. This was evidenced by increased
LUMO energies for the adsorption conjugate (COFs-Hg(II)-DCF)
compared with the single Hg(II) solute system, which was still
largely localized on Hg(II). Overall, the introduction of the strong
electron donor DCF caused the HOMO-LUMO gap of DCF and Hg(II)
co-adsorption conjugates to be lower than that of the single Hg(II)
adsorption conjugates. These relatively unstable co-adsorption
conjugates may be the main results for the unobvious adsorption
promotion of Hg(II) in the bisolute system.

3.5. Reusability of COF-OH-SH and COF-S-SH

To investigate the reusability of the two COFs, Hg(II)-saturated
COF-S-SH and COF-OH-SH were rinsed with an aqueous HCl solu-
tion (0.75 M). Then, the regenerated post-synthetic COFs were used
in the next round of Hg(II) adsorption. As depicted in Fig. 8, COF-S-
SH and COF-OH-SH maintained a stable efficiency with the Hg(II)
removal percentage of 83.8% and 91.4% after eight cycles, respec-
tively. It was interesting that a slight fluctuation was observed in
the third and fifth cycles of reuse, which might be reasoned that
these adsorbed Hg(II) was difficult to elute by the binding/chelating
interaction of functional groups on the two COFs. Repeated elution
might be help for releasing the adsorbed Hg(II) from the adsorption
sites for a temporary and then re-occupied by those dissociative
Hg(II) ions, resulting in the slight fluctuation. The Hg(II) concen-
tration in the HCl eluent was measured, and not all of the adsorbed
Hg(II) on the spent COFs was successfully desorbed, which further
confirmed that the adsorption of Hg(II) fluctuated. Additionally, the
characterization of SEM between before and after adsorbing Hg(II)
onto these two COFs has been compared and the results showed in
Fig. S6. It demonstrated that the physical and chemical structures of
the two COFs did not change after the adsorption process, which
further verified its stability during use. Thus, it would be a poten-
tially effective strategy to pre-design [50] and post-introduce [36]
thiols into the COFs matrix to solve the detection and remediation
of Hg(II) pollution in the future.

4. Conclusions

The post-synthetical strategy was conducted to prepare the
thiol-functionalized COFs (COF-S-SH and COF-OH-SH) based on the
matrix of COF-V. XPS and elemental analysis results showed that
the post-functionalization of COF-V was successful. The XRD results
were consistent with those from theoretical simulations and indi-
cated that the COF-V contained AA stacking. Both COF-S-SH and
COF-OH-SH showed rapid adsorption and high adsorption capac-
ities. The maximum adsorption capacities of COF-S-SH and COF-
OH-SH for Hg(II) were 586.3 and 535.5 mg g�1, respectively. The
influence of solution pH on the adsorption capacities of COF-S-SH
and COF-OH-SH was minimal. Excellent selectivity for Hg(II) was
observed inwater containing ten different cationic metal ions. Both
7

COF-S-SH and COF-OH-SH were stable for reuse for Hg(II) removal,
and removed 83.8% and 91.4% of Hg(II) after eight cycles, respec-
tively. The co-existence of anionic DCF had a positive effect on
Hg(II) adsorption on the two COFs, while the adsorbed Hg(II) also
facilitated adsorption of anionic DCF. DFT calculations showed that
co-adsorption of DCF on the two COFs facilitated stable Hg(II)
adsorption. The adsorbed DCF could act as a binding site for
adsorption of Hg(II) on the COFs.

Based on the conclusion of synergetic adsorption of Hg(II) and
anionic DCF occurred on the prepared two COFs, the mode of
interaction between various adsorbates in binary and multicom-
ponent systems should be investigated in the future. Additionally,
those used environmental materials might be the potential adsor-
bents for specific contaminant removal. Therefore, the deep utili-
zation of adsorbents could be a popular method in environmental
remediation.
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