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ABSTRACT: The predesignable porous structures found in covalent organic frameworks (COFs) render them attractive as a 
molecular platform for addressing environmental issues such as removal of toxic heavy metal ions from water. However, a ra-
tional structural design of COFs in this aspect has not been explored. Here we report the rational design of stable COFs for 
Hg(II) removal through elaborate structural design and control over skeletons, pore size, and pore walls. The resulting frame-
work is stable under strong acid and base conditions, possesses high surface area, has large mesopores, and contains dense sul-
fide functional termini on the pore walls. These structural features work together in removing Hg(II) from water and achieve a 
benchmark system that combines capacity, efficiency, effectivity, applicability, selectivity, and reusability. These results suggest 
that COFs offer a powerful platform for tailor-made structural design to cope with various types of pollutions. 

INTRODUCTION 
Covalent organic frameworks (COFs) enable precise inte-

gration of organic building blocks into predesignable porous 
skeletons through topology design.1 Progress over the last 
decade in the exploration of topology diagrams and synthetic 
reactions has developed a variety of COFs1-9 with unique 
functions, such as semiconducting,4 emission,5 catalysis,6 
proton conduction,7 and energy conversion and storage.8 
Owing to the structural diversity of skeletons and pore walls, 
COFs offer a platform for designing high-performance mate-
rials that are promising for addressing environmental issues. 
However, exploring COFs to challenge environmental issues 
has been rarely developed.9 

As a great threat to public health and environment, Hg(II) 
pollution causes serious damages to human beings, known as 
Minamata disease.10 In this context, to remove Hg(II) from 
polluted water to a concentration as low as possible is an 
important issue. Compared to traditional chemical reaction 
methods, adsorption using porous adsorbents is much supe-
rior because of its simplicity and cost efficiency.10 In addition 
to removal capacity, efficiency, and effectivity, suitable po-
rous materials must be stable in water over a wide pH range 
(1–14) and must be reusable.10c Traditional porous materials, 
including clays, activated carbons, and zeolites, usually have 
limited capacity.10d-f Amorphous porous organic polymers 
are potential candidates but they lack principles for molecu-

lar design and methods for structural control.10g Although 
metal-organic frameworks (MOFs) have been developed for 
Hg(II) removal based on their high surface areas, stable per-
formance in aqueous solutions remains a challenging.11a, 11b A 
very first try using COFs is based on a long alkyl sulfide func-
tionalized COF, i.e. COF-LZU8, which is useful for sensing 
Hg(II) owing to the fluorescence quenching of COF by 
Hg(II);11c however, its limited capacity and stability preclude 
any implementation. Therefore, a porous material that meets 
the requirements of capacity, stability, and reusability re-
mains a challenging in chemistry. 

In response to the harsh requirements for Hg(II) removal 
from aqueous solutions, we rationally designed and synthe-
sized a suitable COF structure. Firstly, for the stability, we 
have developed an extremely stable COF based on the 
imine-linked skeleton;6b by integrating resonance effects 
(methyl sulfide units) to the phenyl edges, which is stable in 
aqueous solutions over a wide pH range. Secondly, for the 
capacity, efficiency, and effectivity, we introduced the short-
est sulfide functional chains and developed two-dimensional 
(2D) COFs that enable the highest packing of sheets to 
achieve the highest sulfur content. The shortest sulfide 
chains on the pore walls suppress chain entanglement, help 
to expose the active sulfur sites to Hg(II), and endow the 
COFs with retained large pores, high surface area, and large  
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F igure  1 .  (A) Schematic of the synthesis of TAPB-BMTTPA-COF via the condensation of TAPB and BMTTPA. (B) Top and (C) 
side views of TAPB-BMTTPA-COF (yellow, S; blue, N; grey, C; white, hydrogen). 

 

pore volume. Finally, for the reusability, the methyl sulfide 
units are much more stable against oxygen oxidation com-
pared to thiol units; this functionality enables stable cycle 
performance. Herein, we report the newly designed imine-
linked stable COF with thioether units on the pore walls to 
remove Hg(II) from water based on the well-established 
Hg(II)-thioether ligation chemistry; thioether group forms 
Hg–S coordination bond with the binding energy of 117 kJ 
mol–1.11d 

 
MATERIALS AND METHODS 
1,3,5-Trimethylbenzene (Mesitylene), o-dichlorobenzene 

(o-DCB), 1-butanol (n-BuOH), acetone, chloro-
form(CHCl3), tetrahydrofuran (THF), and 1,4-dioxane 
were purchased from Kanto Chemicals. 1,3,5-Tris(4-
aminophenyl)benzene, potassium carbonate (K2CO3), and 

anhydrous hydrazine were purchased from Tokyo Kasai Co. 
(TCI). 2,5-Bis(methylthio)terephthalaldehyde was synthe-
sized according to the previous literature.12 An o-
DCB/BuOH/6 M AcOH (5/5/1 by vol.; 1.1 mL) mixture of 
1,3,5-tris(4-aminophenyl)benzene (TAPB, 0.02 mmol, 7.02 
mg) and 2,5-bis(methylthio)terephthalaldehyde (DMTTPA, 
0.03 mmol, 15.3 mg) in a Pyrex tube (10 mL) was degassed 
by three freeze-pump-thaw cycles. The tube was sealed off 
and heated at 120 °C for 3 days. The precipitate was collect-
ed by centrifugation, and washed with anhydrous THF five 
times and acetone twice. The powder was dried at 120 °C 
under vacuum overnight to yield the TAPB-BMTTPA-COF 
in an isolated yield of 84%. 

Molecular modeling and Pawley refinement were carried 
out using Reflex, a software package for crystal determina-
tion from XRD pattern, implemented in MS modeling ver-
sion 4.4 (Accelrys Inc.). Unit cell dimension was first manu-

Page 2 of 9

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

ally determined from the observed XRD peak positions using 
the coordinates. We performed Pawley refinement to opti-
mize the lattice parameters iteratively until the RWP value 
converges. The pseudo-Voigt profile function was used for 
whole profile fitting and Berrar–Baldinozzi function was 
used for asymmetry correction during the refinement pro-
cesses. 

The efficiency of TAPB-BMTTPA-COF as mercury ad-
sorbent for capturing Hg(II) from aqueous solutions has 
been examined by investigating the mercury adsorption ki-
netics of TAPB-BMTTPA-COF (25.0 mg) in 10 ppm solu-
tion (pH of 7.0) of Hg(NO3)2 (50.0 ml). The experimental 
results were fitted with the pseudo-second-order kinetic 
model using the equation of t/qt = 1/(k2qe

2) + t/qe, 
whereas k2 (g mg−1 min−1) is the rate constant of pseudo-
second-order adsorption, qt (mg g−1) is the amount of 
Hg(II) adsorbed at time t (min), and qe (mg g−1) is the 
amount of Hg(II) adsorbed at equilibrium. 

One measure of a sorbent’s affinity for a target metal ion is 
the distribution coefficient (Kd) measurement. The Kd is 
defined as Kd = (Ci–Cf) V/Cf m, whereas Ci is the initial 
metal ion concentration, Cf is the final equilibrium metal ion 
concentration, V is the volume of the solution (ml) and m is 
the mass of sorbent (g). The Kd represents an important as-
pect of any sorbent’s performance metrics of metal ion ad-
sorption, and Kd values of 1.0 × 105 ml g−1 are usually con-
sidered excellent. 

 
RESULTS AND DISCUSSION 
Synthesis  and C haracter izat ion.  We developed 

1,3,5-tris(4-aminophenyl)benzene (TAPB) as knot and 2,5-
bis(methylthio)terephthalaldehyde (BMTTPA) as linker for 
the preparation of the hexagonal TAPB-BMTTPA-COF 
(Figure 1A). The condensation reactions were conducted 
under solvothermal conditions in a mixed solvent of n-
butanol and o-dicholorobenzene in the presence of acetic 
acid catalyst at 120 °C for 3 days (Supplementary Infor-
mation, SI;). TAPB-BMTTPA-COF was obtained as a yel-
low powder in 84% isolation yield and characterized using 
various methods (Figures S1-S6; Tables S1-S5). TAPB-
BMTTPA-COF consists of ordered mesoporous 1D chan-
nels and methyl sulfide units on the walls as active sites to 
anchor Hg (II) (Figure 1B, C). The COF exhibited a stretch-
ing vibration band at 1622 cm–1 that was assigned to the 
C=N bond (Figure S1). Elemental analysis and energy dis-
persive X-ray spectrometry corroborate well with the theo-
retical values of infinite 2D sheet; the sulfur content was 15.5 
wt%, which was the highest among COFs and MOFs (Ta-
bles S1 and S2, Figures S2 and S3). Field emission scanning 
electron microscopy revealed belt morphology (Figure S4). 
High-resolution transmission electron microscopy showed a 
layered structure of parallel 2D sheets (Figure S5). Thermal 

gravimetric analysis demonstrated that TAPB-BMTTPA-
COF is stable up to 400 °C under N2 (Figure S6). 

 

 

F igure  2 .  (A) PXRD profiles of TAPB-BMTTPA-COF of the 
experimentally observed (red), Pawley refined (black) and their 
difference (orange), simulated using the AA (blue) and stag-
gered AB (purple) stacking modes. Unit cells of (B) the AA and 
(C) AB stacking modes. 

Crystal  Structure  Resolutions.  The crystalline struc-
ture of TAPB-BMTTPA-COF was resolved using powder X-
ray diffraction (PXRD) in conjunction with computational 
structural simulations and Pawley refinement. TAPB-
BMTTPA-COF exhibited a set of strong PXRD peaks at 
2.74°, 4.82°, 5.58°, 7.40°, 9.72°, and 25.42°, which were as-
signed to the (100), (110), (200), (210), (220), and (001) 
facets, respectively (Figure 2A, red curve). The Pawley re-
finement yielded a PXRD pattern (Figure 2A, black curve, 
Table S3) that is in good agreement with the experimentally 
observed pattern, as evident by their negligible difference 
and very low RWP and RP values of 6.19% and 3.42% 
(brown curve). Using the density-functional tight-binding 
(DFTB+) method including Lennard-Jones (LJ) dispersion, 
the AA stacking mode (Figure 2B) can reproduce the PXRD 
pattern (Figure 2A, blue curve). A hexagonal unit cell (P6) 
with the parameters of a = b = 37.1634 Å, c = 3.7794 Å, α = β 
= 90°, and γ = 120° (Table S4) was deduced. The presence 
of the (001) facet at 25.42° corresponds to a π-π stacking 
distance of 3.6 Å, indicating that the structural ordering ex-
tends along the stacking direction perpendicular to the 2D 
layers. By contrast, the AB stacking mode (Figure 2C) re-
sulted in small pores covered by neighboring layers and a 
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PXRD pattern (Figure 2A, purple curve, Table S5) that 
largely deviates from that of the experimentally observed 
profile. 

 

 

F igure  3 .  (A) Nitrogen-sorption isotherm curves of TAPB-
BMTTPA-COF measured at 77 K. (B) Pore volume and pore-
size distribution profiles. 

 
Porosity .  The porosity was investigated by using nitro-

gen sorption isotherm measurements at 77 K. The sorption 
curve is a typical type IV isotherm (Figure 3A), which is 
characteristic of mesoporous materials. The Brunauer-
Emmett-Teller (BET) surface area and pore volume were 
estimated to be 1934 m2 g–1 and 1.03 cm3 g–1, respectively. 
The pore size distribution calculated by using the nonlocal 
density functional theory (NLDFT) method resulted in a 
pore size of 3.2 nm (Figure 3B), which is the same as the 
theoretical one. Notably, these surface area and pore volume 
are much higher than those of any other thiol- or sulfide-
modified porous materials.11 

 

 

F igure  4 .  (A) PXRD patterns, (B) N2 sorption curves, and 
(C) BET surface areas of the TAPB-BMTTPA-COF samples 
upon treatment in different solvents. 

 
C hem ical  Stabi l i ty .  To investigate the chemical stabil-

ity, we dispersed the COF samples in different solutions, 
including boiling water, and aqueous HCl (6 M), and NaOH 
(6 M) solutions at 25 °C for 3 days. Surprisingly, all the sam-
ples exhibited intense PXRD patterns without change in the 
peak position and intensity, indicating that the high crystal-
linity is retained under these harsh conditions (Figure 4A). 
After treatment of these solutions, the COF samples were 
separated by filtration, and rinsed with water and THF. All 
the COF samples were then activated at 120 °C under vacu-
um for 24 h.  Notably, the BET surface areas were retained 
well under these conditions (Figure 4B, C). The resonance 
effect of methyl sulfide units on the phenyl edges softens the 
C=N bond polarization-induced repulsions between layers 
and enhances the stability.6b 

H g (II)  C apture .  In order to investigate the Hg (II) 
removal capacity, which is a key index for the performance 
criterion, adsorption isotherm for Hg(II) capture from water 
was collected by using inductively coupled plasma analysis 
(SI). The equilibrium adsorption isotherms were well fitted 
with Langmuir model that yielded a high correlation coeffi-
cient (R2 > 0.999) (Figure 5A and 5B). Surprisingly, the sat-
urated Hg(II) removal capacity of TAPB-BMTTPA-COF 
was calculated to be 734 mg g–1. This capacity is equivalent 
to 76% accessibility of the methyl sulfide groups for the re-
moval of the Hg(II) ions. To the best of our knowledge, this 
Hg(II) removal capacity is much higher than those of most 
benchmark porous materials, including MOF Zr-DMBD 
(197 mg g–1),11e Zn(hip)(L)(DMF)(H2O),11f porous carbon 
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(518 mg g–1),11g mesoporous silica (600 mg g–1),11h and chal-
cogel-1 (645 mg g–1).11i Remarkably, the capacity of TAPB-
BMTTPA-COF is more than three fold that of COF-LZU8 
(236 mg g–1).11c The exceptional capacity stems from the 
high accessibility of methyl sulfide groups that are uncovered 
on the pore walls of the highly porous TAPB-BMTTPA-
COF, which facilitates to trap Hg(II) ions by the COFs. 

 

 

Figure  5 .  (A) Hg(II) adsorption isotherm at pH = 7 after 12 h. 
(B) The linear regression by fitting the equilibrium adsorption 
data with Langmuir adsorption model. (C) Hg(II) sorption 
kinetics under the initial Hg(II) concentration of 10 ppm and 
pH = 7. (D) Adsorption curve of Hg(II) versus contact time in 
aqueous solution at pH = 7. (E) The pseudo-second-order ki-
netic plot for the adsorption at Hg(II) concentration of 
10 ppm and pH = 7. (F) Capture of Hg (II) under different pH 
conditions after 60 min. 

In addition to the high capacity, TAPB-BMTTPA-COF is 
outstanding from the viewpoint of removal effectiveness. 
The reaction kinetics was investigated for a system with 
Hg(NO3)2 (50 mL; 10 ppm, pH = 7) and TAPB-BMTTPA-
COF (25 mg) at 25 °C (Figure 5C). Surprisingly, we ob-
served extremely quick removal process, whereas over 99% 
of Hg(II) ions was removed within 5 min. The purification 
process completes within 15 min and decreases the Hg(II) 
concentration from 10 ppm to 0.01 ppm (Figure 5C). By 
fitting with a pseudo-second-order model, the adsorption 
rate constant (k2, SI) was evaluated to be 6.31 g mg–1 min–1 
(Figure 5D and 5E). Notably, this rate constant is almost 10 
fold higher than those of other porous materials under simi-

lar conditions.11 This high-rate performance can be attribut-
ed to its surface area and pore size that are both sufficiently 
large to facilitate the diffusion of Hg(II) ions to the methyl 
sulfide sites. Distribution coefficient (Kd, SI) is generally 
used to evaluate a sorbent’s affinity for metal ions. The Kd 
value of TAPB-BMTTPA-COF at 25 °C was calculated to be 
7.82 × 105 mL g–1, which ranks as one of the top values and 
competes with those of typical benchmark materials, includ-
ing Zr-DMBD (9.99 × 105 mL g−1),11e sulfide-modified mes-
oporous carbons (6.82 × 105 mL g−1),11g commercial resins 
(5.1 × 105 mL g−1),11j and LHMS-1 (6.4 × 106 mL g−1),11k 
PAF-1-SH (5.76 × 107 mL g−1).11l 

For practical use, removal of Hg(II) under harsh condi-
tions, such as extreme pH values, is highly desirable. The 
chemical stability under various harsh conditions was veri-
fied for TAPB-BMTTPA-COF (Figure 4A). This feature is 
an important advantage over silica- or MOFs-based adsor-
bents that usually suffer from the loss of structures under 
harsh conditions.11a, 11b Indeed, we observed that TAPB-
BMTTPA-COF retained removal efficiency, whereas the 
Hg(II) concentrations can be reduced from 10 ppm to 0.05 
ppm and 0.02 ppm at the pH values of 0 and 14, respectively 
(Figure 5F). Generally, the pH values of industrial sewage 
are between 3 and 4, in which the TAPB-BMTTPA-COF 
still retained excellent adsorption efficiency (99.7%-99.8%, 
Figure S7). The PXRD patterns revealed that the TAPB-
BMTTPA-COF did not change its crystalline structure after 
adsorption of Hg(II) (Figure S8). Structure instability under 
harsh conditions and deteriorated capacity over a broad pH 
range have been barriers for other porous materials.11a-d As 
shown above, these challenging issues can be addressed by 
designing a stable COF skeleton. 

R ecycle  U se.  Cycle performance of porous materials is 
critical for real applications. Surprisingly, the Hg(II)-
captured TAPB-BMTTPA-COF was easily regenerated up-
on rinse with an aqueous HCl solution (6.0 M), which re-
sulted in 100% demetallation. The regenerated COF was 
then subjected to the next round Hg(II) removal. Notably, 
TAPB-BMTTPA-COF retained 92% of the original capacity 
even after six cycles (Figure 6A). This result is much superior 
to other porous materials, such as Cr-MIL-101s,11m mesopo-
rous silicas,11h and porous carbons,11g which eventually lose 
their capacity upon cycle. In addition, the Hg(II) loaded 
TAPB-BMTTPA-COF still retain high crystallinity (Figure 
S9). Selectivity is an another important factor for practical 
Hg(II) removal from water. As shown in Figure 6B, TAPB-
BMTTPA-COF can effectively remove toxic heavy metal 
ions, such as Hg(II) and Pb(II), but it is not active for other 
metal ions, such as Zn(II), Fe(III), Mg(II), Ca(II), and K(I). 
Therefore, TAPB-BMTTPA-COF is able to remove toxic 
metal ions in a highly selective manner. In the mixture solu-
tion of Hg (II), Zn (II), Fe (III), Mg (II), Ca (II) and K (I) 
ions at each concentration of 10 ppm at pH =7, the TAPB-
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BMTTPA-COF still retain high efficiency for Hg(II) and 
Pb(II) ions (Figure S9).  

 

 

F igure  6 .  (A) Cycle performance for Hg(II) removal in aque-
ous solution. (B) Capture efficiency in removing metal ions. 

A dsorption M echanism .  In order to investigate the 
mechanism for the highly effective capture of Hg(II), we 
utilized 13C CP/MAS NMR and fluorescent emission spec-
trum to evaluate the interaction between Hg(II) and TAPB-
BMTTPA-COF. Solid-state 13C cross-polarization magic-
angle spinning (CP/MAS) NMR spectroscopy provided a 
solid body of evidence to support the strong interaction be-
tween Hg(II) and the S atoms. The 13C CP/MAS NMR 
spectrum of TAPB-BMTTPA-COF is shown in Figure 7 
(black curve), the signals at 17 ppm and 147 ppm, which are 
ascribed to the methyl carbon adjacent to the S atoms and 
the imine-bond carbon in TAPB-BMTTPA-COF, respec-
tively. Upon the capture of Hg(II), the methyl carbon signal 
was downfield shifted to 26 ppm (Figure 7, blue curve), 
while the imine-bond carbon and other signals were almost 
unchanged. This result reveals the soft methylthio groups 
bond with preference with soft heavy Hg(II) ions, whereas 
the imine bond plays a little role in the Hg(II) capture.  

The coordination interactions between Hg(II) and me-
thylthio units in TAPB-BMTTPA-COF were also verified by 
electronic absorption spectroscopic measurements (K/M 
spectra). The solid samples of TAPB-BMTTPA-COF exhib-
ited an adsorption band at 477 nm (Figure S10, black curve). 

After adsorption of Hg (II), the solid TAPB-BMTTPA-COF 
sample exhibited the same B-band at 477 nm accompanied 
by a new strong band at 605 nm (Figure S10, red curve), 
which was generated by the charge transfer from the elec-
tron-rich methylthio group to electron-deficient Hg (II) 
metal ions. In addition, the charge transfer interaction be-
tween the TAPB-BMTTPA-COF and Hg (II) ions triggered 
the quenching of fluorescence emission. The pristine TAPB-
BMTTPA-COF sample features a broad emission centered 
at 534 nm (Figure S11, black curve). After the adsorption of 
Hg (II), the intensity was decreased to a level of less than 8% 
of the original one (red curve). Therefore, the effective cap-
ture of Hg (II) by TAPB-BMTTPA-COF stems essentially 
from the interactions between Hg(II) and the S atoms. 

The sulfur-free imine-linked TPB-DMTP-COF6b was em-
ployed as control sample to investigate the contribution of 
the imine donors in the uptake of Hg(II) and Pb(II). Under 
the same conditions, the TPB-DMTP-COF adsorbed only 
5% Hg(II) and 2% Pb(II) from the aqueous solutions. This 
result also indicates that the imine donors in the COF mate-
rials contribute little to the capture of Hg(II) and Pb(II). 

 

 

F igure  7 .  13C CP/MAS NMR spectra of TAPB-BMTTPA-
COF (black curve) and Hg (II)-adsorbed TAPB-BMTTPA-
COF (blue curve). 

 
CONCLUSIONS 
Porous materials are promising for removing toxic heavy 

metal ions from water; however, a suitable material requires 
the systematic control over stability, porosity, pore walls, and 
pore environments, which are still a challenging for most of 
porous materials. COFs are unique in that they combine 
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high stability, large porosity, dense functional units, and high 
accessibility of active sites through the rational design of 
skeletons and pores. With these elegant features, COFs 
achieve unprecedented high performance in removing 
Hg(II) from aqueous solutions by achieving capacity, effi-
ciency, effectivity, durability over a wide pH range, selectivity, 
and reusability. These results set a new benchmark for re-
moving toxic metals and suggest the great potential of COFs 
for challenging various pollution issues. 
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