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Metal-organic frameworks (MOFs) attract broad interests in mercury (Hg) ion adsorption field, while un-
reasonable distribution of active groups commonly restricts their utilization efficiency. In this work, we
constructed a new MOF (TYUST-6) with dense thiol-rich traps in the 1D pore wall. This accessible chan-
nel and rational distribution of thiols allow the smooth diffusion of Hg ions and thereby result in a high
Langmuir adsorption capacity of 1347.6 mg/g, almost reaching the theoretical maximum (1444.3 mg/g).
Adsorption equilibrium needs 10 and 30 min at the initial concentrations of 10 and 100 mg/L, respec-
tively. Common co-existing ions and solution pH show almost negligible interferences on the adsorption,
and adsorbent regeneration can be well achieved. Combining experimental characterizations and theo-
retical calculations, the thiol groups in the pore wall are proved to be the dominant interaction sites.
Thus, this work reports a novel high-capacity adsorbent for Hg?*, and proposes a feasible guideline for
designing effective adsorbents.
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Mercury (Hg) pollution problem has become a persistent con-
cern, along with rapid development of industries such as electro-
plate, chlorine alkali, pharmaceuticals, and battery manufacturing
[1]. Due to its persistence, bioaccumulation, and high toxicity, Hg is
broadly considered as one of the most hazardous metal elements.
Excessive Hg content in water media can induce severe threatens
towards human health and environment safety [2]. Thus, it is ur-
gent to effectively eliminate Hg from polluted wastewaters, based
on rational treatment methods.

Past decades have witnessed several methods for Hg ions re-
moval, for instance, precipitation, membrane separation, ion ex-
change, and adsorption [3-5]. Therein, adsorption shows the ad-
vantages of simple operation, high selectivity, and excellent ap-
plicability for low- or ultra-low-concentration pollutants, if ad-
sorbents are rationally designed. Some traditional porous materi-
als (e.g., carbons, zeolites, and natural minerals [6-8]) show low
costs, while still face drawbacks in adsorption capacity or selectiv-
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ity. Meanwhile, the relatively poorer designability may limit their
further improvement for adsorption performances.

Metal-organic frameworks (MOFs) assembled by metal clusters
and organic ligands have shown promising applications in ad-
sorption and separation [9-11]. Upon introduction of specific ac-
tive sites, MOFs will own strong affinity towards targeted ions or
molecules [12,13]. Since 2009 [14], some MOFs have been reported
for Hg(Il) ion removal, among which thiol-decorated samples (e.g.,
Cu-BTC, MIL-101, UiO-66, MOF-808, and Zr-MSA) play important
roles [15-18]. To achieve effective adsorption of Hg(Il) ions, one
general route is to introduce highly dense active groups such as
thiols. However, excessive thiol groups may result in a crowded
channel and thereby low use efficiency for these groups. As a re-
sult, it often happens that the experimental adsorption capacity is
far away from the theoretical maximum.

In this work, to balance the channel permeability and group
density, we successfully constructed -SH-rich adsorption traps in
the pore wall of a new aluminum-based MOF. As presented in
Schemes 1a and b, a self-assembly reaction of chained AlOg clus-
ter and dimercaptosuccinic acid (HDMSA) results in the AI-DMSA
(TYUST-6, TYUST refers to the abbreviation of Taiyuan University of
Science and Technology). This Al-based MOF shows an accessible
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Scheme 1. (a) Organic linker and chained AlOg cluster of TYUST-6. (b) Overall
framework topology structure of TYUST-6. (c) 1D channel and -SH distribution
mode on the channel wall (color: Al, light red; O, red; C, grey; S, yellow; H was
omitted for clarity).

one-dimension (1D) channel, on whose walls rich -SH groups are
uniformly distributed (Scheme 1c). This structural superiority facil-
itates the diffusion of Hg(Il) ions and the sufficient consumption
of -SH groups. On this basis, a high Langmuir adsorption capacity
of 1347.6 mg/g was achieved. The detailed adsorption regions and
interaction mode were also investigated and discussed.

The unit cell parameters (Table S1 in Supporting information) of
TYUST-6 were obtained by indexing the powder X-ray diffraction
(XRD) patterns. The preliminary structure was constructed based
on the A520 MOF whose organic linker is fumaric acid [19], and
then the crystal structure was optimized by periodic density func-
tional theory (DFT) calculations. TYUST-6 crystallizes in the mon-
oclinic crystal system of the P21/C space group. Two adjacent Al
polyhedrals share one axial hydroxyl group (H is omitted) to pro-
duce an AlOg chain. Every two adjacent AlOg chains are then con-
nected with DMSA dicarboxylates to result in open 1D channel
with a theoretical diameter of ~6.0A. Each 1D channel is divided
by four walls of DMSA units and four AlOg chains. The formula of
solvent-free TYUST-6 can be roughly determined as Al(OH)(DMSA).

The experimental XRD patterns are almost consistent with the
simulated ones (Fig. 1a). The N, adsorption-desorption isotherms
show the type-IV curve (Fig. 1b) and the hysteresis loop sug-
gests the presence of mesopore. The pore size distribution curve
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Fig. 1. (a) Simulated and powder XRD patterns. (b) Nitrogen adsorption-desorption
curves at 77K. (c) High-resolution S 2p XPS pattern. (d) -SH content in various re-
ported MOFs (note: the value of UiO-66-2SH is calculated based on perfect crystal).
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shows the appearance of a micropore of d=12nm and a meso-
pore of d=7.5nm (Fig. S1 in Supporting information), which are
larger than the theoretical pore size. This is possibly caused by
two factors: (i) MOF particles accumulation; (ii) formation of de-
fective units or missing DMSA linkers (S content: 28.5 wt% in the-
ory, 22.89 wt% in experiment). The Brunauer-Emmett-Teller (BET)
specific surface area and pore volume of TYUST-6 were determined
to be 264.2 m?%/g and 0.48 cm?3/g, respectively. In the Fourier
transform infrared (FTIR) spectrum (Fig. S2 in Supporting informa-
tion), the dual peaks at 1619 and 1435 cm~! attributed to OCO-Al
bonds suggest the coordination of Al ions and DMSA linkers. The
peak at 502 cm~! is assigned to Al-O(H)-Al bond. The presence of
-SH is confirmed by the weak FTIR peak at 2550 cm~! and S 2p
XPS peaks at 165.03 and 163.87 eV (Fig. 1c) [20]. The -SH density
of TYUST-6 is quantified to be 7.2 mmol/g, based on organic ele-
ment analysis (CHNS channel). Benefiting from the high linker den-
sity and short linker length, the -SH content of TYUST-6 is higher
than that of many reported thiol-MOFs [16,18,21-27], including
those consisting of the linkers with dual -SH groups (e.g., MOF-
808-DMSA, CAU-1-2SH, Zr-DMSA, and UiO-66-2SH) (Fig. 1d). The
scanning electron microscope (SEM) images (Fig. S3 in Supporting
information) show the irregular blocky-shaped particles with a ho-
mogenous size of ~80nm. Based on the thermo gravimetric anal-
ysis curve (Fig. S4 in Supporting information), the thermal stable
temperature is approximately 250 °C.

Based on this distinct framework structure and rich -SH groups,
it is expected that TYUST-6 will show promising adsorption for
HgZ+ ions. From the adsorption isotherm (Fig. 2a), the maxi-
mum adsorption amount is 1030 mg/g at the given concentra-
tion range (Cp, 10-1000 mg/L). The Langmuir isotherm model was
found to better describe the adsorption behaviour than the Fre-
undlich model (Fig. S5 and Table S2 in Supporting information),
indicating the monolayer adsorption mode of Hg?* ions onto
TYUST-6. It is surprising that the Langmuir adsorption capacity
reaches 1347.6 mg/g, almost consistent to the theoretical maxi-
mum (1444.3 mg/g) (if one -SH group binds to one Hg2* ion). The
adsorption equilibrium at the concentrations of 10 and 100 mg/L
needs approximately 10 and 30min, respectively (Fig. 2b). Dur-
ing a common adsorption process, guest ions are considered to
firstly diffuse from solution to adsorbent surface, and subsequently
diffuse to interior channels. For the low-concentration HgZ* ions
(10mg/L), the adsorption sites on the surface may be sufficient.
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Fig. 2. (a) Adsorption isotherm at 303K and the Langmuir isotherm model fitting
curve (condition: t, 12 h; pH, 5.0 £0.2; dosage, 0.5g/L). (b) Adsorption kinetic curves
at the initial concentrations of 10 and 100 mg/L (condition: pH, 5.0+0.2; dosage,
0.5g/L; T, 303K). (c) Adsorption amount at 303-323 K (condition: Cyp, 500 mg/L; pH,
5.0+£0.2; dosage, 0.5g/L; t, 12h). (d) Summary of the largest adsorption amount
and equilibrium time for various adsorbents.



X. Zhao, Y. Wang, X. Gao et al.

As a comparison, the adsorption of high-concentration Hg?t ions
(100 mg/L) may require an additional pore diffusion process. In
general, the diffusion speed in the first step (surface diffusion) is
rather faster than that in the second step (pore diffusion) [28,29].
Besides, the adsorption data is well described by the classical
pseudo-second-order model (Fig. S6 and Table S3 in Supporting in-
formation). The effect of temperature on the adsorption was also
investigated. It is found that higher temperature benefits to the ad-
sorption (Fig. 2c). A linear fitting between In(Qe/Ce) and 1/T was
performed (Fig. S7 in Supporting information) and the obtained
thermodynamic parameters are listed in Table S4 (Supporting in-
formation). The Gibbs free energy change values are all negative
at 303-323K, indicating that Hg2* ion adsorption is spontaneous;
the increased values (absolute values) along with the increasing
temperature suggest that higher temperature benefits to the ad-
sorption. Besides, the increased entropy value is attributed to the
falling off of the hydrated water molecules from hydrated Hg* ion
during the adsorption process.

Furthermore, a comparison with other reported MOF-based ad-
sorbents [15-17,30-36] was carried out. It is clear that TYUST-6
shows superiority considering adsorption capacity and adsorption
speed simultaneously (Fig. 2d and Table S5 in Supporting informa-
tion). Among the other MOFs, UiO-66-2SH also owns a higher -
SH content; however, in its cage-window structure, the narrow tri-
angular window is the unique channel for entering the interior
pores. This will severely limit the diffusion of guest Hg* ions,
compared with the smooth diffusion in the 1D channel of TYSUT-6.
Zr-MSA, DUT-67 and Cu-BTC-SH show lower adsorption amounts,
mainly attributed to their less -SH contents. The excellent adsorp-
tion in Zr-TTFTB is attributed to the strong affinity of disulfide
sites and large diffusion channels. Therefore, based on the com-
parison above, we suggest this excellent adsorption of TYUST-6 is
attributed to the accessible 1D channel structure and high density
of active groups.

The effects of some other parameters were investigated. For the
concentration of 100 mg/L, the adsorbent dosage of 0.5 g/L can lead
to a high removal ratio of 99.3%; with a more dosage of 2.0 g/L, the
removal ratio increases to be 99.9% (Fig. 3a). Considering the adsor-
bent cost, the dosage of 0.5g/L may be an optimal selection. The
effect of pH was investigated under an acidic range because alka-
line conditions may result in Hg ion precipitation. It is found that
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Fig. 3. (a) Removal ratio of Hg?* ion under different adsorbent dosage (condition:
Co, 100mg/L; t, 12h; pH, 5.0+0.2; T, 303K). (b) Removal ratio of Hg?+ ion at pH
2.0-7.0 (condition: Cy, 100mg/L; t, 12 h; dosage, 0.5g/L; T, 303K). (c) Removal ra-
tios of various metal ions in a nine-component solution (condition: C, for all the
metal ions, 100 mg/L; t, 12 h; dosage, 0.5g/L; T, 303K). (d) Removal performance of
regenerated adsorbent (adsorption condition: Cy, 100 mg/L; t, 12 h; dosage, 0.5 g/L;
T, 303 K).
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TYUST-6 remains a high removal ratio under a wide range of 2.0-
7.0 (Fig. 3b). Solution pH is generally decreased after Hg* ions ad-
sorption (Fig. S8 in Supporting information), indicating the release
of H* ions from the -SH groups. In other words, an ion-exchange
process between Hg?* and H* ions may happen. Actual wastew-
ater commonly contains some other metal ions, which may cause
disturbance on Hg?t ion adsorption. As presented in Fig. 3c, in a
9-component solution, Hg2* ion can be still removed almost com-
pletely while other 8 classes of metal ions are hardly adsorbed. The
Kqy value of Hg?" reaches up to 2.2 x 10°mL/g and that of other
metal ions are all less than 100mlL/g (Fig. S9 in Supporting in-
formation). This huge difference indicates the high selectivity. Ac-
cording to the Hard-Soft Acids and Bases theory by R.G. Pearson
[37], thiol group is considered as a class of soft alkaline, which
owns stronger affinity towards those soft acids (e.g., Hg?*) and
much weaker interaction with borderline acids (e.g., Co?t, Cu2*,
and Zn2*) or hard acids (e.g,, Lit, Nat, K+, A3+, and Eu3t). Fur-
thermore, the recyclable use of TYUST-6 was investigated based
on a simple solvent elution method. Herein, an ethylenediamine
tetraacetic acid disodium (EDTA-2Na, 0.1 mol/L) solution was ap-
plied as the eluent to wash out the adsorbed Hg?" ions. After
three adsorption-desorption cycles, this adsorbent still has a high
removal ratio of 92.1% (Fig. 3d). Besides, TYUST-6 can remain its
framework integrality after Hg>* ions adsorption and regeneration
treatment (Fig. S10 in Supporting information). These results indi-
cate that TYUST-6 can serve as a potential adsorbent for HgZ+ ions
in actual wastewater.

The adsorption mechanism was investigated firstly based on ex-
perimental characterizations. According to the full-survey XPS pat-
terns (Fig. S11 in Supporting information), the presence of Hg%*
ions in TYUST-6 is confirmed. The Hg 4f;, peak locates at 100.9eV
(Fig. S12 in Supporting information), close to the 100.8eV and
101.1eV of HgS compounds in Wang et al’s work [38] and XPS
handbook [20], respectively. This good consistency indicates the
formation of Hg-S bonds. In the S 2p pattern (Fig. S13 in Sup-
porting information), the XPS peak of C-SH bond is largely weak-
ened and a new peak for S-Hg bond is formed. An additional proof
for the S-Hg interaction was from the weakened FTIR peak of -SH
groups after Hg2* adsorption (Fig. S14 in Supporting information).
Besides the contribution from -SH groups, the -0 site also plays
a positive effect on the adsorption. From the FTIR spectra, the ad-
sorption of Hg?t ions induces the decrease of u-O peak at 646
cm~! and the appearance of a new peak at 620 cm~!, possibly
attributed to O-Hg bonds. Furthermore, the almost unchanged IR
peaks of OCO-Al bonds indicate the high framework stability, con-
sistent to the powder XRD pattern result.

The detailed adsorption mode of Hg?* ions was investigated via
DFT calculations. TYUST-6 contains three possible classes of -SH-
based adsorption sites (Fig. 4): site I: the two diagonal -SH groups
in the 1D channel; site II: the two adjacent -SH groups in the 1D
channel; site III: the two -SH groups on the 1D pore wall. In site
I, the lengths of two S-Hg bonds are 2.398 and 2.396 A (Fig. 4a)
and an obvious electron transfer from S atoms to Hg atom happens
(Fig. 4b). As a result, the binding energy in site I is —52.2 kcal/mol.
Still in the same structural plane, the binding energy in site II is
increased to —129.2 kcal/mol, due to the relatively shorter S-S dis-
tance (Fig. 4c). The two bridged O atoms seem likely to participate
in the adsorption, while so far O-Hg atoms distances indicate the
weak interactions. The charge difference calculation also illustrates
the absence of the contribution of the O atoms (Fig. 4d). In site
Ill, Hg atom is simultaneously interacted with two S atoms and
two bridged O atoms (Fig. 4e). The other one visual angel was pro-
vided for clearer observation (Fig. S15 in Supporting information).
The shorter atoms distance induces a stronger adsorption driven
force with a binding energy of —172.1 kcal/mol. The charge density
difference image in Fig. 4f also confirms the synergic contribution
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Fig. 4. DFT-calculated configurations of Hg?t adsorption in adsorption site I (a), site
II (c) and site III (e). Isosurfaces (level 0.01) of charge density differences of TYUST-6
with Hg?*: site I (b), site Il (d) and site III (f). Yellow indicates electron accumula-
tion, and light blue indicates depletion. The minus sign indicates electron accumu-
lation. Color: Al, pink; Hg, silver; O, red; C, grey; S, yellow; H, white.

of two S atoms and two O atoms. In addition, the transferred elec-
tron number from the active groups to Hg2* ion follows the or-
der: Site III (0.674e) > Site II (0.603e) > Site I (0.512e). Thus, from
the viewpoint of adsorption thermodynamic, Hg ions may be eas-
ier adsorbed in site IIl. Benefiting from this, Hg ions will be cap-
tured in the pore wall and thereby will not block the 1D channel,
superior to the adsorption modes in site I and IL

In summary, a novel TYUST-6 adsorbent with rich thiol groups
was explored for effective Hg2* ions adsorption. Benefiting from
the accessible 1D channel, the thiol sites on the pore wall can be
utilized sufficiently. On this basis, TYUST-6 exhibits a high Lang-
muir adsorption amount of 1347.6 mg/g and short adsorption equi-
librium time (10-30min), which is superior to most of reported
MOF-based adsorbents. Higher temperature is found to promote
the adsorption and this adsorbent can be well regenerated. Solu-
tion pH and co-existing metal ions have negligible effects, under
the low concentration of 100 mg/L. Our work highlights the syn-
ergic importance of 1D channel and dense ion traps on Hg2* ions
adsorption. We expect this work will provide a guideline for de-
signing efficient MOFs adsorbents in the future.
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