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The dithiol functionalized UiO-66-(SH)2 is developed as an efficient adsorbent for the

removal of mercury in aqueous media. Important parameters for the application of

MOFs in real-life circumstances include: stability and recyclability of the adsorbents,

selectivity for the targeted Hg species in the presence of much higher concentrations

of interfering species, and ability to purify wastewater below international environmental

limits within a short time. We show that UiO-66-(SH)2 meets all these criteria.
Introduction

During the last half-millennium, one million tons of mercury (Hg) has been
mined on a global scale due to its importance in several chemical industries.1

However, the industrial use and application of Hg has also led to environmental
contamination and pollution. The estimated global release of mercury into
aquatic systems is around 137 to 260 tons annually, with the majority coming
from anthropogenic sources and industrial emissions such as coal combustion,
waste incineration, mine tailings, metal rening, chlor-alkali production and
paper and pulp manufacture.2–5 Upon entry to aquatic systems, mercury can be
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easily incorporated in biogeochemical cycles through conversion between its
different chemical forms.

Mercury in the environment exists in three forms. The rst form is elemental
mercury (Hg0) which is liquid at room temperature and has a high volatility and
low water solubility.6 The second form is ionic mercury, oen found in two
species: Hg+ and Hg2+. Hg(II) is more commonly found in the environment as it is
soluble in aqueous media; it can also be generated through the oxidation of
elemental Hg in the presence of organic matter.3 These two forms of Hg are
known to cause damage in the immune system and the kidneys.7 The third form
of mercury is its organic form, commonly as methyl mercury (MeHg), which is the
most toxic of the organic forms. MeHg is generated from ionic mercury, which
undergoes methylation in the presence of bacteria. This species is oen bio-
magnied in the food chain. Once ingested, MeHg is well absorbed into the blood
stream and is retained within the body via enterohepatic recirculation.3,7,8

Mercury ingestion can have severe neurotoxic as well as cardiotoxic effects.
Exposure to mercury has also been linked to neurodegenerative diseases such as
Alzheimer’s disease.9,10

Although conventional technologies are available for mercury remediation,
they oen have drawbacks and limitations in environmental and economic
perspectives. These include high operational and maintenance costs, release of
secondary pollutants in the environment, and poor efficiencies at very low metal
concentrations.11–13 Current research is focused on exploring the potential of
adsorption-based technologies as sustainable platforms for environmental
remediation. Adsorption is considered as a promising alternative for water
treatment because of its cost-effectiveness, ease of operation and high removal
efficiency.13–15 Traditional adsorbents such as activated carbons,16–19 clays,20,21

zeolites22,23 and biomass-derived materials24–26 have been used extensively in the
past for mercury removal. However, these low-cost adsorbents usually exhibit low
capacities, weak metal binding affinities, and have poorly-dened pore struc-
tures.27,28 Moreover, environmental quality standards for mercury are becoming
increasingly stringent. In the EU, the drinking water quality standard for mercury
is set at 1 mg L�1, while the maximum allowable concentration for discharge in
surface waters is 0.07 mg L�1.29,30 These stringent mercury limits require excellent
innovative technologies to reduce the equilibrium concentration below the level
dened by legislation.

Among these innovative materials, nanoporous materials have been examined
lately in the eld of adsorption because of their high surface-to-volume ratio, high
specic surface area and porosity, and ordered, uniform pore structure.31

Recently, one emerging class of nanoporous materials called metal–organic
frameworks (MOFs) has become a topic of major and worldwide research in
various application domains. This class of well-ordered, porous, crystalline
frameworks are assembled by coordination bonds between inorganic (metal
nodes) and organic secondary building units (SBUs).32 The advantages of MOFs in
comparison to traditional sorbents are their low mass densities, high permanent
porosities and large surface areas.33,34 Furthermore, the structural features of
these materials can be easily tuned and tailored to improve their adsorptive
properties. By incorporating appropriate functional moieties into its framework
via different synthesis strategies,35–42 the affinity of MOFs for target metal
contaminants can be improved.
146 | Faraday Discuss., 2017, 201, 145–161 This journal is © The Royal Society of Chemistry 2017
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Thiol functional groups have a strong affinity for mercury due to their so acid–
base interactions. Ke et al.43 developed a thiol-functionalized Cu-BTC, also known
as HKUST-1, by a facile coordination-based post-synthetic modication (PSM)
strategy using dithioglycol as the precursor. It exhibited a remarkable maximum
adsorption capacity of 714.3 mg g�1. However, Cu-BTC is known to be unstable in
aqueous media due to the coordination of its metal nodes with water molecules.
This makes the structural framework prone to hydrolysis; thus, its use in envi-
ronmental applications is limited due to the potential release of secondary
pollutants in water.44 However, the zirconium-based MOF, UiO-66, is known to be
stable in water.45 Stock and co-workers46 synthesized a thiol-functionalized UiO-66
by using 2,5-dimercaptoterephthalic acid as the organic linker. UiO-66-(SH)2 was
utilized in the liquid- and vapor-phase adsorption of mercury. The adsorption
experiment in aqueous acidic media resulted in 99.9% removal of the initial 10 mg
L�1 Hg. On the other hand, vapor-phase adsorption resulted in the incorporation of
0.52 mmol Hg per mmol SH. However, the maximum adsorption capacity, along
with its other adsorption properties, was not examined in the latter study.

In this paper, a profound adsorption study was carried out by using UiO-66-
(SH)2 as an adsorbent for the removal of Hg(II) from water. Its performance using
environmentally-relevant concentrations in mercury-spiked domestic wastewater
was examined, along with its regeneration potential.
Experimental
General procedures

All chemicals were purchased from Sigma-Aldrich or TCI Europe and used without
further purication. 1H NMR spectra were recorded at 300 MHz on a Bruker Avance
300 spectrometer. X-ray powder diffraction (XRPD) patterns were recorded on
a Thermo Scientic ARL X’TRA Powder Diffractometer operating at 40 kV and 40mA
using Cu Ka radiation (l¼ 1.5406 Å). Nitrogen sorption isotherms weremeasured on
a Belsorp-mini II apparatus at 77 K. The samples were activated under vacuum
overnight prior to surface area analysis to remove adsorbed water. UiO-66 was dried
at 65 �C overnight, while UiO-66-(SH)2 was activated gradually from 20 �C to 80 �C
and held at 80 �C for 3 h. Samples suitable for electron microscopy measurements
were prepared by slightly crushing the as-received powders in a mortar and placing
the powder onto a holey carbon grid. Annular dark-eld scanning transmission
electron microscopy (ADF-STEM) imaging was performed on a FEI Titan “cubed”
microscope, equipped with a probe-corrector and operated at 300 kV. The conver-
gence semi-angle used was 22 mrad, the inner ADF detection angle was 25 mrad,
and the outer detection angle was z150 mrad. Energy dispersive X-ray (EDX)
mapping was carried out on a FEI Osiris microscope, operated at 200 kV and
equipped with a wide solid angle “super-X” EDX detector. Elemental analysis of
UiO-66-(SH)2 was performed using a Varian Vista-MPX™ CCD Simultaneous
inductively coupled plasma optical emission spectrometry (ICP-OES) instrument to
determine the sulfur content at an emission wavelength of 181.972 nm.
Synthesis of UiO-66

UiO-66 was synthesized according to the procedure described by Van Der Voort
et al.47 In a Pyrex tube, ZrOCl2$8H2O (0.31 mmol) and H2BDC (0.31 mmol) were
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 201, 145–161 | 147
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dissolved in formic acid (1.2 mL) and N,N-dimethylacetamide (DMA) (3 mL). The
samples were degassed, sealed and heated at 150 �C for 24 h. Aerwards, the
white crystalline powders were separated by ltration. In order to remove the
unreacted organic linker, the residue was stirred at room temperature in N,N-
dimethylformamide (DMF) and in methanol for 12 and 24 h, respectively. Here-
aer, the sample was ltered and the microcrystalline powder was dried at 65 �C
under vacuum for 24 h.

Synthesis of UiO-66-(SH)2

For the thiol-functionalized UiO-66 linker, 2,5-dimercaptoterephthalic acid
(H2BDC-2,5SH) was prepared following the synthesis reported by Vial48 with slight
modications. The detailed synthesis procedure of H2BDC-2,5SH is presented in
the ESI.† UiO-66-(SH)2 was synthesized following the previously described recipe
of the non-functionalized UiO-66 material.

Adsorption experiments

Batch adsorption experiments were performed by contacting the adsorbents
with Hg in the form of Hg(NO3)2 at varying concentrations. A liquid/solid (L/S)
ratio of 250 mL g�1 was used for both adsorbents. The pH was maintained in
a pH range of 3 to 5 in order to avoid precipitation of their respective metal
hydroxides. Aerwards, the tubes were shaken at 30 rpm for 24 h at room
temperature. The tubes were then centrifuged at 8000 rpm for 5 min to ensure
phase separation. The supernatant underwent ultraltration and was collected
for Hg analysis.

Adsorption kinetics, pH, potentially interfering ions and domestic wastewater

Maintaining the same L/S ratio, the adsorbents were contacted with Hg
(10 mg L�1, neutral pH) in the form of Hg(NO3)2 for the adsorption kinetics
experiments. The mixture was shaken at 30 rpm at room temperature. Various
shaking times were tested: 10 min, 1 h, 4 h, 8 h and 24 h.

The effect of pH on the adsorption of mercury was examined by varying the pH
of the solution of Hg (10 mg L�1) from pH 3 to 11. Aerwards, the solution was
added to the adsorbent, and the mixture was shaken at 30 rpm for 24 h at room
temperature.

The effects of potentially interfering ions on the adsorption and its selectivity
was investigated by adding Fe or Cu (1 mg L�1, pH 5) in the form of FeSO4$7H2O
or CuSO4$5H2O, respectively, to the solution of Hg (10 mg L�1, neutral pH). The
metal solution was added to the adsorbent, and the mixture was shaken at 30 rpm
for 24 h at room temperature.

The performance of the adsorbent in wastewater was evaluated by using
a domestic wastewater sample spiked with Hg (10 mg L�1, neutral pH). The
mixture was shaken at 30 rpm for 24 h at room temperature.

Desorption and regeneration experiments

In order to regenerate the UiO-66-(SH)2, the Hg-loaded materials (15 mg) were
contacted with different eluent solutions (10 mL) at various temperatures. The
mixture was stirred at 30 rpm for 24 h at room temperature, and phase separation
148 | Faraday Discuss., 2017, 201, 145–161 This journal is © The Royal Society of Chemistry 2017
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was done as stated previously. Fresh eluent solution was added, and the
desorption was repeated for the specied number of runs. Alternatively, the
desorption tests were also performed by stirring the adsorbent in 20 mL of the
eluent solution instead of shaking. The cumulative Hg released per initially
adsorbed amount was determined as the Hg recovery efficiency. Aer the deter-
mination of the optimized desorption conditions, multi-cycle regeneration
experiments were performed.

Elemental analysis

The Hg concentration in solution was determined by means of ICP-MS (Elan II
DRCe, Perkin Elmer). The concentrations used for calibration were 1, 10, 25, 125
and 250 mg L�1. The Hg concentrations were determined at an m/z ratio of 202
using Ga as the internal standard. The potential sulfur leaching was veried using
ICP-OES. The equilibrium concentrations of Fe and Cu in solution for the
competing ion tests were also determined by ICP-OES at emission wavelengths of
238.204 and 327.395 nm, respectively.

Interpretation of the adsorption characteristics

The removal efficiency and adsorption capacity (q) were calculated and equilib-
rium adsorption data were tted to the Langmuir and Freundlich isotherm
models, which are shown in eqn (1) and (2), where q is the amount of metal
adsorbed, Ce is the equilibrium concentration, qmax is the maximum adsorption
capacity, KL is the Langmuir constant, and KF and n are the Freundlich constants.
For the kinetic studies, the inuence of the contact time was elucidated using
different linearized kinetic models.

q ¼ qmaxKLCe

1þ KLCe

(1)

q ¼ KFCe

1
n (2)

Results and discussion
Characterization of UiO-66 and UiO-66-(SH)2

The XRPD patterns of UiO-66 and its thiol-functionalized analogue are shown in
Fig. S4.† The obtained XRPD pattern of UiO-66-(SH)2 is similar to that of the
pristine UiO-66, indicating that the incorporation of thiol groups into the
framework of UiO-66 results in a crystalline, isostructural MOF. The pristine
UiO-66 has a Langmuir surface area of 1100 m2 g�1, which is similar to the
previously reported value.49 As expected, UiO-66-(SH)2 has a lower Langmuir
surface area of 499 m2 g�1 because of its thiol-loaded pores (see Fig. S5†).
The elemental analysis shows an average thiol loading of 3.45 mmol SH g�1.
Additionally, ADF-STEM imaging coupled with EDX was performed to illustrate
the morphology and the distribution of the thiol functional groups in the
framework. Fig. 1a shows an overview ADF-STEM image of a typical UiO-66-(SH)2
particle and Fig. 1b illustrates the perfect crystalline structure of UiO-66-(SH)2,
while Fig. 1c and d show evidence for the homogeneous distribution of the thiol
groups throughout the framework.
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 201, 145–161 | 149



Fig. 1 (a) ADF-STEM overview of a UiO-66-(SH)2 particle. The white square marks the
acquisition region of figure (b) showing the high-resolution ADF-STEM image along the
[011] zone axis. UiO-66-(SH)2 demonstrates a truncated octahedron morphology with
predominant (111) faceting. (c) ADF-STEM image of UiO-66-(SH)2 particles and (d) cor-
responding EDX elemental map for Zr (red) and S (green) demonstrating the even S
distribution throughout the particles.
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Hg(II) adsorption isotherms

Themaximum adsorption capacity of UiO-66 and UiO-66-(SH)2 was determined in
order to evaluate its potential to remediate mercury contamination in the envi-
ronment. The resulting tting parameters for both isotherm models are shown in
Table 1, and the tted Langmuir isotherms are presented in Fig. S6 and S7.† The
adsorption of Hg(II) on UiO-66-(SH)2 follows the Langmuir isotherm, indicating
homogenous binding of the metal ions from the solution onto the adsorption
sites of the thiol-loaded MOF framework.14,50 In the case of UiO-66, the Freundlich
isotherm gave a better t for the obtained adsorption data. This could be
attributed to the weak affinity of mercury to the active binding sites due to the lack
of functionality.51 The maximum adsorption capacities of the synthesized
adsorbents were determined using the Langmuir adsorption model.

It is clear that the introduction of functionality within the framework of the
host material has a signicant effect on the mercury uptake. The pristine MOF
had a very low maximum saturation uptake of 28.7 mg g�1 due to its lack of
affinity for Hg(II). Upon the incorporation of thiol moieties into the framework of
UiO-66, a signicant increase in the maximum adsorption capacity of 236.4 mg
g�1 was observed, which is eight times higher than the parent material. This
strong affinity is attributed to the preferential binding of Hg(II), which is a so
metal, to so ligands such as thiol groups. The amount of mercury ions adsorbed
corresponds to an average binding of 0.34 Hg2+ ion per thiol group in UiO-66-
(SH)2. This suggests that themajority of the thiol groups were not easily accessible
for the Hg(II) ions. A signicant reduction in pore volume (0.17 cm3 g�1) was
observed aer the incorporation of the high thiol group density (4.17 –SH groups
per nm2) on the pore walls of the UiO-66 framework. Hence, the accessibility of
150 | Faraday Discuss., 2017, 201, 145–161 This journal is © The Royal Society of Chemistry 2017



Table 1 Adsorption isotherm fitting parameters of Hg(II) on UiO-66 and UiO-66-(SH)2

Adsorbent

Langmuir Freundlich

qmax (mg g�1) KL (L mg�1) R2 KL n R2

UiO-66 28.7 0.0386 0.8814 5.7 3.44 0.9889
UiO-66-(SH)2 236.4 0.776 0.9751 79.9 3.10 0.9321
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–SH binding sites within the host framework might have been limited due to the
pore channel blocking by ligands or adsorbates, especially at pore constricted
regions.52 Fig. 2a shows an overview of a UiO-66-(SH)2 particle aer adsorption of
Hg(II), while Fig. 2b is a high resolution image of part of the particle. It is clear that
the framework remains crystalline aer the mercury adsorption procedure. The
EDX map in Fig. 2d demonstrates that Hg(II) is effectively adsorbed into the thiol-
loaded framework.

In addition to the binding affinity of the thiol-functionalized adsorbents, the
speciation of the Hg(II) ions should also be considered. The maximum adsorption
capacity of the materials was determined at a pH range of 3 to 5 wherein the
dominant Hg(II) species are Hg2+ and HgOH+. Hence, the binding mechanism of
Hg(II) to the thiol groups in the adsorbent would be as follows:
Fig. 2 (a) ADF-STEM image of a UiO-66-(SH)2 particle after adsorption of Hg(II). The white
rectangle shows the acquisition area of figure (b) which is a high-resolution image after
adsorption of Hg(II), taken along the [011] zone axis. UiO-66-(SH)2 after adsorption of Hg
maintains the typical truncated octahedron morphology with predominant (111) facets. (c)
ADF-STEM overview of UiO-66-(SH)2 after adsorption of Hg(II) and (d) the corresponding
EDX elemental maps for S (green) and Hg (pink) showing the distribution of the adsorbed
mercury in the UiO-66-(SH)2 material.

This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 201, 145–161 | 151
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–SH + Hg2+ + 2NO3
� / –S–Hg+ + HNO3 (3)

–SH + HgOH+ + NO3
� / –S–HgOH + HNO3 (4)

In the case of Hg2+, the binding of Hg(II) species to the –SH groups results in
positively charged groups, whereas the resulting binding sites for HgOH+ are neutral.
The possible formation of –S–Hg+ sites in the adsorbent could result in electrostatic
repulsion.53 In this case, the diffusion of Hg2+ species into the pore channels of UiO-
66-(SH)2 could be inhibited due to electrostatic restrictions, thereby resulting in
a lower accessibility of the thiol groups. Despite this, Hg(II) was well-removed by UiO-
66-(SH)2, even at high initial concentrations. Although the highest known maximum
adsorption capacities are still within the domain of thiol-functionalized PMOs, PAF-1
and Cu-BTC, the performance of UiO-66-(SH)2 is still comparable with the thiol-
functionalized magnetic MOF composites presented in Table 2.
Removal of Hg(II) under environmentally-relevant conditions

Although many studies have been conducted on the removal of mercury, the
majority of these focused on experimental conditions that are far above the
degree of contamination in most water streams. Hence, further investigations in
the removal of Hg(II) were conducted using realistic conditions in order to
properly simulate the efficiency of the thiol-functionalized nanoporous material.
Adsorption kinetics

The rates of Hg(II) removal by UiO-66-(SH)2 and the pristine MOF were investi-
gated by examining the adsorption kinetics at an initial concentration of
Table 2 Comparison of the maximum adsorption capacity for Hg(II) of UiO-66-(SH)2 with
other nanoporous materials

Entry Adsorbent
SH loadinga

(mmol g�1)

Surface
areab

(m2 g�1) pH

Adsorption
capacity
(mg g�1)

Hg : S
ratio Ref.

1 MP-HMS-C12 1.50a 722 — 300.9 1.0 52
2 MCM-41-NH-L — 670 3.0 140.4 — 54
3 MPTS-mesoporous

silica spheres
2.29 949 — 250 0.55 55

4 Cubic SH-PMO 2.40 624 2.0 464 0.96 56
5 SH-ICS-PMO 2.54 147 — 534 1.05 57
6 SH-ePMO 0.44a 636 — 64 0.73 58
7 PAF-1-SH 5.50 3274 6.8 1014 0.93 27
8 UiO-66-NHC(S)NHMe — 470 — 769 — 59
9 Cu-BTC-SH 4.24 331 — 714.3 0.95 43
10 Fe3O4@

SiO2@HKUST-1/Bi-I
— 214 3.0 264 — 60

11 SH-Fe3O4@
SiO2@UiO-66

3.10 602 3.0 282 0.45 61

12 UiO-66-(SH)2 3.45 499c 3.0–5.0 236.4 0.34 This
work

a Calculated from sulfur content except where indicated. b Surface area determined by the
Brunauer–Emmett–Teller (BET) model except where indicated. c Langmuir surface area.
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10 mg L�1 (L/S ratio ¼ 250 mL g�1). The obtained experimental data were tted to
various adsorption kinetic models, which can be seen in Table S1 and S2.† The
pseudo-2nd order kinetic model was employed to have the best t for the
adsorption of Hg(II) (R2 $ 0.9999) among the evaluated models. The linearized
plots for the pseudo-2nd order model are shown in Fig. 3.

The adsorption rate constants (k2) of the materials were determined from the
kinetic model, wherein lower values of k2 correspond to faster Hg2+ uptake rates.
The determined k2 values for UiO-66 and UiO-66-(SH)2 are 111.5 and 96.4 g mg�1

min�1, respectively. Hence, Hg(II) adsorption has a faster uptake rate for UiO-66-
(SH)2 compared to the pristine MOF. Although a fast metal uptake rate is indeed
an important consideration, the equilibrium metal concentration aer the
adsorption process is critical in environmental remediation. Remarkably, the
equilibrium Hg2+ concentration in solution for both adsorbents was reduced to
values lower than the acceptable standard limit for drinking water in the EU aer
24 h of contact.

Alternatively, in order to further investigate the mechanism of adsorption, the
kinetic data were tted to the intra-particle diffusion (IPD) model, and the
resulting kinetic plot is shown in Fig. 4. According to the IPD model, a straight
line depicts a sorption process solely controlled by intra-particle diffusion.62

Based on the obtained plots, the kinetic data exhibit multi-linear plots that can be
described in two stages: an initial stage wherein the kinetic plots exhibit a steep
slope, and a nal stage represented by a horizontal line. The initial steep linear
plot denotes the bulk diffusion of Hg(II) ions onto the adsorbent surface.63 Despite
the highly loaded pores of UiO-66-(SH)2, the initial adsorption was not diffusion-
limited and was comparable to the pristine material. This is probably due to the
well-dened porosity, which results in less external resistance to mass transfer
into the material.64 Moreover, the nal stage signies the gradual adsorption of
Hg(II) onto the micropores of the adsorbents where intra-particle diffusion is the
governing mechanism, and is therefore the rate-limiting step in the adsorption
process. Furthermore, the resulting kinetic plots did not intersect the origin,
which indicates that pore diffusion may not be the sole rate-controlling step. This
suggests that other diffusion processes such as lm or external diffusion, surface
diffusion, adsorption on the pore surface, or a combination of these processes,
may control the overall adsorption process.62,64,65
Fig. 3 Pseudo-2nd order kinetic plots for the adsorption of Hg(II) on (a) UiO-66 and (b)
UiO-66-(SH)2. Initial Hg concentration is 10 mg L�1 at neutral pH.

This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 201, 145–161 | 153



Fig. 4 Kinetics of Hg(II) adsorption on UiO-66-SH and UiO-66-(SH)2 based on the intra-
particle diffusion model. Initial Hg concentration is 10 mg L�1 at neutral pH.
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Inuence of pH

The potential of UiO-66-(SH)2 as an adsorbent for the removal of mercury was
further studied by examining its performance over a wide pH range. The removal
efficiency of both adsorbents for Hg(II) at an initial concentration of 10 mg L�1 (L/S
ratio¼ 250mg L�1) is shown in Fig. 5. Based on the obtained removal efficiencies,
no substantial effect on the adsorption of Hg(II) is observed. Thus, it can be said
that, overall, the adsorption of environmentally-relevant concentrations of Hg(II)
in these nanoporous adsorbents is pH independent in the studied pH range.
Fig. 5 Influence of pH on the removal of 10 mg L�1 Hg through adsorption on UiO-66-
(SH)2.

154 | Faraday Discuss., 2017, 201, 145–161 This journal is © The Royal Society of Chemistry 2017
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Inuence of potentially interfering ions and adsorption performance in
wastewater

In addition to the Hg(II) uptake velocity, the presence of potentially interfering
ions in solution is highly relevant for testing environmental conditions.
Competitive adsorption of co-existing metals in solution could possibly affect the
removal efficiencies of the target metal. Hence, it is important to account for the
possible effect of co-existing metals that might be present in wastewater streams.
According to Zhang and co-workers,66 the presence of competing ions in solution
can disturb the electrostatic interaction of the sorbent and the target metal,
thereby lowering the removal efficiency. Co-existing ions of Fe2+ and Cu2+ in the
binary mixture of our study had an initial concentration of 100 times the
concentration of Hg(II) to ensure competition for adsorption sites in the mate-
rials. The results of the adsorption experiments showed that the presence of
competing ions in solution did not reduce the removal efficiencies of Hg(II) in the
synthesized adsorbents (see Fig. 6).

Moreover, domestic wastewater was spiked with Hg in order to simulate
mercury-contaminated wastewater, and to investigate the performance of the
synthesized adsorbents in this complex stream. The characteristics of the
mercury-contaminated domestic wastewater are presented in Table S3.† As can
be seen from Fig. 6, the removal efficiencies (>99.9%) of the materials were not
affected by the complex composition of the spiked domestic wastewater.
Potentially interfering ions in the wastewater sample such as Na+, Ca2+, Mg2+,
SO4

2�, Cl�, CO3
2� and HCO3

�, among others, which may compete with avail-
able adsorption sites in the material, did not reduce Hg(II) removal. Further-
more, the presence of natural organic matter, which could reduce the
adsorption capacity due to pore blocking, did not inuence the mercury
removal of the material.67
Fig. 6 Adsorption performance of UiO-66-(SH)2 for the removal of 10 mg L�1 Hg(II) at
neutral pH in the presence of potentially interfering compounds (L–R): control; 1 mg L�1

Fe2+; 1 mg L�1 Cu2+; and domestic wastewater spiked with mercury.

This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 201, 145–161 | 155
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Regenerability and recyclability

First, we elucidated the optimal desorption eluent and conditions for efficient
mercury desorption, without compromising the structural integrity of the
adsorbent. Hydrochloric acid is commonly used in the desorption of mercury as it
generates competitive adsorption between H+ and Hg2+.67,68 The addition of
thiourea, a metal complexing ligand, was also shown to improve mercury
desorption.53,66,69 Desorption at higher temperatures also results in higher
desorption efficiencies.14

The various examined desorption conditions are presented in Table 3. From
this, it can be inferred that the highest mercury desorption, in a reasonable
amount of time and amount of eluent, was obtained by using 1 M HCl together
with 0.66 M thiourea under stirring conditions with a desorption efficiency of
73.1% at 70 �C and a contact time of 4 h. Importantly, UiO-66-(SH)2 was found to
be chemically stable under all examined desorption conditions, and did not show
any loss in crystallinity.

Using the determined optimum desorption conditions, consecutive adsorp-
tion–desorption cycles were performed to verify the recyclability of UiO-66-(SH)2.
It must be noted that during these consecutive cycles, an average initial Hg(II)
loading of 0.673 mg g�1 was used instead of the 1.97 mg g�1 used in the opti-
mization of the desorption conditions. UiO-66-(SH)2 demonstrated an excellent
regenerability, even aer three adsorption–desorption cycles as seen in Fig. 7. The
adsorption of Hg(II) did not show any observable differences over three cycles.
Furthermore, full mercury desorption was obtained in the rst two cycles, while
89.3% of the adsorbed Hg(II) was removed in the third cycle. Moreover, the
crystallinity of the samples was preserved in each cycle, as seen in the XRPD
patterns shown in Fig. 8.
Fig. 7 Adsorbed and desorbed quantities of Hg2+ during three consecutive cycles.
Adsorption was performed using an average initial loading of 0.673 mg g�1 Hg(II), followed
by desorption using 1 M HCl + 0.66 M thiourea (pH 0.2) at 70 �C for a contact time of 4 h.
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Fig. 8 XRPD patterns of UiO-66-(SH)2 initially and at the end of each adsorption–
desorption cycle. The diffraction peak denoted by * corresponds to the background of the
sample holder at 32.9�.

Faraday Discussions Paper
Conclusions

We studied the use of UiO-66-(SH)2 for the removal of mercury under
environmentally-relevant conditions. The introduction of the thiol functionality in
the framework of UiO-66 results in a signicant increase in its maximum adsorp-
tion capacity, up to a maximum Hg(II) saturation uptake of 236.4 mg g�1, which is
comparable to benchmark sorbents reported in the literature. Focusing on real
water conditions, UiO-66-(SH)2 was tested at a low initial concentration of 10 mg L�1

in order to demonstrate its applicability in mercury-contaminated waters. Kinetic
studies show that UiO-66-(SH)2 can reduce the equilibrium concentration of Hg(II)
to levels below the acceptable standard limit for drinking water and for surface
water within short contact times. The mercury adsorption is also pH independent;
the presence of potentially interfering ions at much higher concentration has no
inuence on the removal efficiencies for Hg2+. UiO-66-(SH)2 was also tested in
mercury-spiked domestic wastewater, demonstrating that UiO-66-(SH)2 can be used
in real wastewater streams without prior pretreatment. Finally, the regenerability
and recyclability of UiO-66-(SH)2 was also demonstrated during a multiple cycle
adsorption–desorption process.
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X. L. Ú. Xamena and J. Gascon, Royal Society of Chemistry, 2013, ch. 3, pp.
31–75DOI: 10.1039/9781849737586.

40 S. M. Cohen, Chem. Rev., 2012, 112, 970–1000.
41 Z. Wang and S. M. Cohen, Chem. Soc. Rev., 2009, 38, 1315–1329.
42 M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Watcher, M. O’Keeffe and

O. M. Yaghi, Science, 2002, 295, 469–472.
43 F. Ke, L. G. Qiu, Y. P. Yuan, F. M. Peng, X. Jiang, A. J. Xie, Y. H. Shen and

J. F. Zhu, J. Hazard. Mater., 2011, 196, 36–43.
44 K. Leus, T. Bogaerts, J. De Decker, H. Depauw, K. Hendrickx, H. Vrielinck,

V. Van Speybroeck and P. Van Der Voort, Microporous Mesoporous Mater.,
2016, 226, 110–116.

45 A. J. Howarth, Y. Liu, P. Li, Z. Li, T. C. Wang, J. T. Hupp and O. K. Farha, Nat.
Rev. Mater., 2016, 1, 15018.

46 K.-K. Yee, N. Reimer, J. Liu, S.-Y. Cheng, S.-M. Yiu, J. Weber, N. Stock and Z. Xu,
J. Am. Chem. Soc., 2013, 135, 7795–7798.

47 S. Biswas and P. Van Der Voort, Eur. J. Inorg. Chem., 2013, 2154–2160.
48 L. Vial, R. F. Ludlow, J. Leclaire, R. Pérez-Fernández and S. Otto, J. Am. Chem.
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