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HIGHLIGHTS

e Thiol-ethylene bridged PMOs with controllable thiol loading were synthesized.
e SH-PMO adsorbed up to 1183 mg/g Hg?* from aqueous solution
e SH-PMO adsorbents were regenerated and reused several times.

e Formation of mercurythiolate nanocrystals in the pores after Hg?* uptake.

Abstract

Highly ordered thiol-ethylene bridged Periodic Mesoporous Organosilicas were
synthesized directly from a homemade thiol-functionalized bis-silane precursor. These
high surface area materials contain up to 4.3 mmol/g sulfur functions in the walls and
can adsorb up to 1183 mg/g mercury ions. Raman spectroscopy reveals the existence of
thiol and disulfide moieties. These groups have been evaluated by a combination of
Raman spectroscopy, Ellman’s reagent and elemental analysis. The adsorption of

mercury ions was evidenced by different techniques, including Raman, XPS and



porosimetry, which indicate that thiol groups are highly accessible to mercury. Scanning
transmission electron microscopy combined with EDX showed an even homogenous
distribution of the sulfur atoms throughout the structure, and have revealed for the first
time that a fraction of the adsorbed mercury is forming thiolate nanocrystals in the
pores. The adsorbent is highly selective for mercury and can be regenerated and reused
multiple times, maintaining its structure and functionalities and showing only a

marginal loss of adsorption capacity after several runs.

Keywords: periodic mesoporous organosilicas; thiol-functionality; Hg-adsorption;

mercury thiolate nanocrystals; regeneration

1. Introduction

Mercury, classified by the United States Environmental Protection Agency and
European Union as a priority hazardous substance, is a relevant environmental issue.[1,
2] Among the different methods reported to remove mercury from (waste)water,[3-6]
adsorption has been found to be a very promising method because of its efficiency and
its selectivity. Mercury, as a soft Lewis acid (HSAB theory — Pearson 1963),[7] reacts
more rapidly and forms stronger bonds with “soft” functional ligands containing sulfur
or nitrogen atoms. Therefore, adsorbents with a large surface area, large (ordered)
porosity and high loading of S-containing chelating groups are ideal candidates for

effective and selective removal of mercury ions from wastewater.

Thiol-functionalized mesoporous silica materials with high surface areas and

ordered mesoporous structures have been widely employed as effective and recyclable



adsorbents for the removal of heavy metal ions from aqueous solutions.[8-13] The thiol
ligands are introduced into the silica framework, either by grafting of
organotrialkoxysilanes (HS-(CH2)nSi(OR")3) onto the surface of the mesoporous silicas
or by co-condensation of such organotrialkoxysilanes with tetraalkoxysilanes (Si(OR")4)
in the presence of the structure-directing agent. Both methods are limited by relatively
low loadings of the S-containing chelating groups, inhomogeneity of the active species
and the possibility of pore blocking (grafting) or loss of mesoscopic structure (co-
condensation). Also, the hydrolytic stability of the grafted silane species is relatively

weak.[14]

In 1999, several research groups described simultaneously the invention of the
Periodic Mesoporous Organosilica (PMO).[15-17] This class of hybrid materials is
synthesized from bridged organosilanes of the type (R’0)3Si-R-Si(OR’)3, where R’ is a
methyl or ethyl group and R designates the functional organic bridge. The same soft
templating approach used for the synthesis of ordered mesoporous silicas is applied to
form these materials. PMO materials have a homogeneous distribution of functional
groups and do not suffer from pore blocking, as the active groups are embedded in the
walls of the material. They have a very high mechanical, hydrothermal and hydrolytic
stability.[18, 19] An important limitation is however the need to have a relatively small
and rigid organic bridging group, R, to ensure the formation of a periodic mesoporous
structure and the permanent porosity of the material after removal of the soft template.
Several reviews have appeared on the types and functionalities of these organic bridges
in PMOs and their applications.[14, 18, 20, 21] Although numerous functionalities have
been incorporated as bridging moieties, mainly PMOs containing isocyanurate [22-24]
and thioether (-S-S- or -S-S-S-S-)[25-28] groups have shown high adsorption affinity

for heavy metals ions. As both functional precursors are too large and too flexible to



assemble directly a rigid PMO framework, a co-condensation procedure with a pure

silica source, TEOS, was required.

Alternatively, the organic bridges in the PMOs can be post-functionalized with
thiol groups. We reported that ethenylene bridged PMOs functionalized with thiolpropyl
groups by Grignard chemistry are very selective and stable adsorbents in “Diffusive
Gradient Thin Film (DGT)” probes.[29, 30] In an alternative strategy, a vulcanization
procedure to introduce sulfur moieties in an ethenylene bridged PMO has been

published to obtain a very stable adsorbent.[31]

Until now, the common methods of making thiol-functionalized periodic
mesoporous organosilica materials involve grafting or co-condensation processes of a
bis-silane precursor and a mercaptopropyltrialkoxysilane (MPTES or MPTMS), because
of the non-availability of such functionality on bridged silsesquioxane precursors.[29,
32-34] This aspect has recently changed due to the development of novel bis-silane
precursors containing thiol-ethylene[35] or thiophenol[36] as bridging organic

functions.

In this context, our recently developed thiol-bissilane precursor provides an
approach to synthesize a new thiol-ethylene bridged PMO material.[35] In this
precursor, synthesized by thiol acid-ene click chemistry, every ethylene bridging group
holds one thiol group. Upon condensation into a templated porous material, the
resulting PMO has an unprecedented high sulfur loading, up to 4.3 mmol/g. In contrast
to the above-mentioned approaches, this small and rigid thiol-functional silsesquioxane
precursor is able to self-assemble into well-ordered mesostructures which avoids co-
condensation/grafting or post-functionalization processes to incorporate such

functionality. Likely, the homogenous distribution of the -SH functional groups within



the porous PMO framework leads to a unique adsorbent material where active sites are

completely accessible for Hg*? ions from wastewater.

One of the challenging issues related to mercury adsorption on functionalized
mesoporous materials is to achieve the total accessibility of the SH binding sites
incorporated into the framework. Until now, new approaches have been focused on the
design of well-ordered mesoporous materials with high sulfur content and large pore
diameter, to assure Hg/S ratios ~ 1. Unfortunately, most of the studies have not reached
this value due to channels blocking or to the fact that most of the functional groups are

embedded into the silica walls.[34]

Here, we report the use of the novel thiol-ethylene bridged PMO material as a
selective and regenerable mercury adsorbent. The material has the highest Hg?*
adsorption capacity obtained on well-ordered mesoporous materials currently known.
Furthermore, regeneration and selectivity experiments show its enormous advantages as
unique adsorbent material. Strikingly, the thiol groups uniformly present on the pore
walls are able to induce the formation of Hg-S-Hg chains arranged in a cinnabar-like

crystal structure.

2. Experimental section
2.1. Materials

Grubbs catalyst 1% generation (RuP2Cl2H72Cas, 97%), 2,2-dimethoxy-2-
phenylacethophenone (DMPA, 99%), thioacetic acid (CH3COSH, 96%), Pluronic P123
surfactant (P123 triblock copolymer EO20PO70EOz20), propylamine (CH3CH2CH2NHz,
98%), diisopropylethylamine (DIPEA, 99%) and sodium hydroxide (NaOH) were

purchased from Aldrich. Propylamine was distilled on sodium hydroxide under inert



atmosphere. Vinyltriethoxysilane (VTES, 98%) and 1,2-bis(triethoxysilyl)ethane
(BTEE, 97%) were supplied by abcr. Hydrochloric acid (HCI, 37%), nitric acid (HNOs,
65%) and potassium chloride (KCI, 99.5%) were obtained from Carl Roth. Mercury
nitrate solution (Hg(NO3)2¢H20, 0.05 mol/Il), was bought from ChemLab. Pb(NO3)2,
Zn(NO3)2, Cu(NOs3)2 and Cd(NOs3)2 1000 ppm standard solutions were purchased from
ChemLab. Cysteine hydrochloride monohydrate (99%) was purchased from Roth. 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB, 98%) was purchased from TCI and methanol
was purchased from Fisher Scientific. All chemicals were used without further

purification.

2.2. Synthesis of thiol-functionalized ethylene-bridged PMOs (nSH-PMO)

Thiol-functionalized ethylene-bridged PMOs were prepared via self-assembly
assisted co-condensation of the homemade thiol-ethylene bridged alkoxysilane, TBTEE
(1-thiol-1,2-bis(triethoxysilyl)ethane), and one conventional silica source, BTEE (1,2-
bis(triethoxysilyl)ethane) (Scheme 1). For a typical synthesis, P123 (0.42 g) and KCI
(2.68 g) were dissolved in a solution of water (14.76 ml) and HCI (2.1 ml, 37 %). After
stirring this solution overnight at 45 °C, a mixture of silane precursors (TBTEE and
BTEE) was added dropwise under vigorous stirring. The molar ratio of the reaction
mixture was 1.0 Si:6.9 KCI:158.5 H20:4.9 HCI:0.013 P123. The resulting mixture was
stirred at 45°C for 24 h after which it was aged at 100 °C for 24 h under static
conditions. A white powder was recovered by filtration and thoroughly washed with
H20. P123 template was removed from the products by three subsequent solvent
extractions in a solution of 4 ml HCI (37%) in 150 ml ethanol at 80 °C for 12h. Finally,
the solid was filtered, washed with ethanol and dried under vacuum at 120 °C. Samples
with different thiol content are referred to as nNSH-PMO where n (n=100, 75, 50 and 25)

is the molar percent of TBTEE in the initial silane precursor mixture.



2.3. Ellman’s procedure

To determine the thiol content, n"SH-PMO materials were analyzed by Ellman’s
reagent. [37] Typically, 50 mg of PMO was added to a solution of 0.1 g Ellman’s
reagent (5,5'-dithiobis-(2-nitrobenzoic acid, DNTB) and 500 pl of N,N-
diisopropylethylamine (DIPEA) in approximately 50 ml of methanol. The mixture was
mechanically shaken for 24 h. The PMO was then filtered through a membrane filter
and washed with methanol. The absorbance of the solutions was measured at 409 nm,
which is the maximum wavelength of absorbance for 2-nitro-5-thiobenzoate anion

(TNB?) (Scheme 2).

2.4. Mercury adsorption experiments

The Hg?* adsorption capacities for thiol-functionalized ethylene-bridged
periodic mesoporous organosilicas were measured using a batch adsorption process.
Typically, 50 mg of the PMO adsorbent was added to 50 ml of Hg(NOs)2 aqueous
solution and the suspension was mechanically shaken at room temperature for 24 h. The
mercury concentration of the solution (mercury concentrations of 2500, 1800, 1150 and
600 ppm) was such that the molar ratio of Hg?* to the total sulfur content of the PMO
was 3:1. The pH of the mercury solution was adjusted to 2.0 with HNOs prior to the
adsorption to prevent precipitation of the metal ions during the adsorption experiments.
After adsorption, the mixture was filtered. The mercury concentrations in the filtrate and
in the initial solution were determined by AAS. Each adsorption experiment was
performed in triplicate. The standard deviations for the AAS measurements are (in

mg/g) 1.7 (L00SH-PMO), 1.7 (75SH-PMO), 8.0 (50SH-PMO) and 1.2 (25SH-PMO).

2.5. Desorption and Regeneration experiments



Adsorption processes were performed according to the procedure described
above but, in this particular case, with a molar ratio of Hg?* in solution to the total
sulfur content of the PMO of 1.2:1. After adsorption, the PMO adsorbent was recovered
by filtration and washed repeatedly with distilled water. Then, the solid was added to 40
mL of a 1M HCI solution containing 2g of thiourea to desorb the mercury. The mixture
was stirred at room temperature for 2 h and subsequently filtered. The solid was washed
twice by stirring in distilled water for 30 min followed by filtration to complete the
adsorption-desorption cycle. Finally, the PMO adsorbent was dried under vacuum at
120 °C. To study the regeneration, three consecutive adsorption-desorption cycles were
performed. Each experiment was performed in triplicate. Standard deviations (in mg/g)

ranged from 5-18 (50SH-PMO), 3-30 (75SH-PMO) and 1-77 (100SH PMO).
2.6. Selective adsorption experiments

The heavy metal ions adsorption capacities for thiol-functionalized ethylene-
bridged PMOs were also measured with a batch adsorption process. Typically, 50 mg of
the adsorbent was added to 50 ml of a binary aqueous solution containing Hg(NO3)2 and
either Zn(NOs)z2, Pb(NO3)2 Cu(NO3)2 or Cd(NOz)2, which was adjusted to pH 2. In this
case, the molar ratio of the sulfur content of the PMO to the Hg*? and the competitive
heavy metal (M*?) in solution was 1 S: 1.2 Hg?*: 1.2 M*2. The M?* concentration of the
binary solutions was 1000, 720, 460 and 240 ppm. The mixture was mechanically
shaken at room temperature for 24 h and filtered. The metal concentrations (Hg*? and
M*2) in the filtrate and in the initial solutions were measured by AAS. Each experiment
was performed in duplicate. Standard deviations (in mg/g) ranged from 0-12 for Hg, 0-6

for Zn, 1-22 for Pb, 1-6 for Cd and 1-8 for Cu.

2.7. Characterization



XRD measurements were performed on an ARL X "TRA powder diffractometer
using CuKa radiation (45 kV and 44 mA). Nitrogen adsorption-desorption isotherms
were determined on a Micromeritics TriStar 3000 analyzer at -196 °C. Prior to
measurement, the samples were outgassed overnight at 120°C. DRIFT spectra were
collected on a Thermo FTIR spectrometer. FT-Raman spectra were obtained using a
Renishaw Raman Spectrometer. Elemental analysis (CHNS) was performed on a
Thermo Flash 2000 elemental analyzer. XPS spectra were recorded with a SPECS
Phoibos HAS 3500 150 MCD. Accurate binding energies (BE) were determined with
respect to the position of the C 1s peak at 284.8 eV. Atomic absorption spectroscopy
(AAS) was performed with a Varian SpectraAA 220FS. High Angle Annular Dark Field
Scanning Transmission Electron Microscopy (HAADF-STEM) imaging and Energy-
dispersive X-ray (EDX) spectroscopy experiments were performed on a FEI Titan
“cubed” microscope, operated at 300 kV acceleration voltage and equipped with a large

solid-angle “Super-X” EDX detector.

3. Results and discussion

3.1. Characterization of SH-ethane Periodic Mesoporous Organosilicas Adsorbents.

The X-ray diffraction patterns indicate that all thiol-functionalized ethylene-
bridged PMO prepared at different molar ratios of TBTEE and BTEE precursors in the
initial synthesis mixture possessed a well-ordered two-dimensional hexagonal structure
(Fig. S1). The template-extracted samples exhibited three characteristic diffraction
peaks in the low-angle region corresponding to (100), (110) and (200) reflections of a
hexagonal p6mm symmetry. A progressive decrease in peak intensity was parallel to the

increase of thiol groups incorporated in the ethane PMO matrix. Similarly, a slight shift



of these peaks towards higher 26 values was observed as the TBTEE amount increased
in the reaction mixture. This gradual shrinkage of the unit cell dimension from 11.7 to
10.5 nm for 25SH-PMO and 100SH-PMO, respectively, can be attributed to the
structural contraction as a consequence of the formation of oxidation products (disulfide

-S-S- bridges) between two adjacent SH groups (vide infra).

The nitrogen sorption measurements showed type-1V isotherms [38] (Fig. S2)
with a sharp capillary condensation step in the relative pressure range of 0.5 - 0.7,
characteristic of materials with well-ordered mesostructures. An H1-type hysteresis loop
was observed in the isotherms, suggesting uniform cylindrical mesopores. These results
further confirmed that the thiol-functionalized ethylene-bridged PMO with high amount
of thiol groups had a high degree of structural ordering and a narrow pore size
distribution. On the basis of the nitrogen adsorption isotherms, these nSH-PMO
materials possessed high surface areas (569 — 696 m?/g), large pore volumes (0.6 — 0.7
cm?®/g) and large pore diameters (4.7 — 5.5 nm) (Table 1). As the thiol content increased,
a shift of the capillary condensation step to lower pressure values was observed,
indicating the decrease in pore size. These results were consistent with the decrease of

unit cell lattice calculated from XRD data.

DRIFT spectra of nSH-PMO materials are shown in Fig. S3. The presence of
both organic bridging moieties (-CH2-CH(SH)- and -CH2-CH2-) was confirmed by a
group of bands in the range 2870-2918 cm™, which can be attributed to the stretching
modes of CH2 (vs,as) and CH (vs.as) groups.[34] A weak adsorption band around 2560

cmt corresponded to S-H stretching of thiol groups.



FT-Raman spectra further corroborated the presence of the thiol-functionality in
the nSH-PMO samples, as shown in Fig. 1. An intense peak at 2560 cm™, consistent
with the S-H stretching mode of thiol groups,[39] was observed in all thiol-
functionalized ethylene-bridged PMO samples, clearly evidencing the successful co-
condensation between TBTEE and BTEE. The intensity of this vibration is directly
related to the —SH content present in each sample. Additionally, FT-Raman spectra
featured a band associated with the vibration modes of S-S moieties around 520 cm’

1 [40-42] Disulfides are formed as a consequence of the air oxidation of the thiol

groups.

To quantify both sulfur functional groups (-SH and —S-S- functionalities), nSH-
PMO materials were analyzed using elemental analysis and Ellman’s reagent (Table
2).[37, 43] The ratios of SH and SS groups determined by Raman intensities were
consistent with those determined by elemental analysis and Elmman’s reagent titration
for both 25SH-PMO and 50SH-PMO. Taking into consideration the limitations of the
Elmman’s reagent for the quantification of closely located —SH groups, the —-SH and —S-
S- contents for 100SH-PMO and 75SH-PMO were calculated by the peak intensities of
the respective Raman peaks, using the conversion factors obtained for the 25SH-PMO

and 50SH-PMO samples.

3.2. Heavy metal uptake.
3.2.1. Hg adsorption study

The accessibility and capacity of —SH groups embedded into the porous walls of

nSH-PMO to remove Hg?" from aqueous metal solutions were investigated (see



Experimental Section for details). The maximum Hg?* adsorption capacities are listed in

Table 3.

All nSH-PMO samples were very efficient mercury adsorbents. Their adsorption
capacity increased almost linearly with their sulfur content. The maximum mercury
adsorption capacity reached 1183 mg/g for 100SH-PMO. This value is particularly high,
compared to values reported in literature for other thiol-modified mesoporous silicas[8,
44-50] or organosilicas (PMOs).[29, 33, 34] Aguado et al.[51] reported a maximum
adsorption capacity of 820 mg/g for a SH-functionalized SBA-15 and Wu et al.[32]
reported a value of 464 mg/g for a SH-functionalized PMO. Likewise, in comparison to
PMOs containing disulfide bridging groups, 100SH-PMO exhibited higher adsorption
efficiency than that observed for disulfide-bridged PMO with high disulfide
loading.[27, 28] Although, tetrasulfide-bridged mesoporous organosilicas can reach
adsorption capacities of up to 2710 mg/g, it is worthy to mention the less ordered
arrangement and non-uniform mesoporosity characteristics of this type of materials.[25]
The calculated Hg/S ratios for the nSH-PMO samples were in the range 1.06 — 1.54 but
in all cases higher than 1. These values suggest that all thiols in each adsorbent were
accessible for the mercury ions. As the value was higher than 1, some sulfur moieties
adsorbed more than one mercury ion. This is explained by the presence of disulfide
species which can coordinate more than one mercury atom. This higher uptake is

attributed to the stereo-coordination chemistry of S with Hg?*.[25]
3.2.2. Selectivity study

The binding ability of nSH-PMO to capture other heavy metal ions in the
presence of Hg?* was studied using binary solutions containing equal concentrations of
Hg?* and M?* (M?* = Zn?*, Pb?* | Cu?* or Cd*?). Table 4 summarizes the adsorption

capacity for Hg?* and the above mentioned heavy metal ions by nSH-PMO samples. All



thiol-functionalized ethylene-bridged PMOs showed very high affinity for Hg?*
compared to other competitive heavy metals ions. The adsorption capacity of Hg?* in
the presence of Zn?* and Cu?* was comparable to the monocationic solution. Although
the Hg?* uptake decreased in the presence of those heavy metals with higher ionic radii
such as Pb?* and Cd?*, it was still very high. The maximum adsorption capacities for
Zn?*, Pb?*, Cu?* and Cd?* were not higher than 15, 90, 63 and 21mg/g, respectively,
indicating the low binding affinity of these metal ions towards thiol and disulfide groups
embedded into the porous framework. This lack of affinity of sulfur ligands to bind with
other d'® metal ions (such as Zn?*, Pb?*, Cu?* or Cd?*) was observed for the first time by
Pinnavaia et al.[52] for thiol-functionalized nanoporous silicas. They tentatively
explained this effect by the thermodynamic inability of these metal ions to coordinate
within the confined spaces of pore channels. Therefore, the uniform porosity of the

nanostructured adsorbents is very important for their selective adsorption behavior.

3.2.3. Regeneration study

In order to investigate the reusability of the adsorbents, three consecutive
adsorption-desorption cycles were performed. Fig. 2 shows the Hg?* adsorption
capacities of 100SH-PMO, 75SH-PMO and 50SH-PMO materials for three consecutive
adsorption cycles. As can be observed, the adsorption capacity of 100SH-PMO
decreases from 999 to 692 mg/g between the first and second cycle. A possible
explanation can be due to the non-complete desorption of Hg ions from pores after
treatment with acidic thiourea solution. 80% of the Hg?* adsorbed in the first cycle was
recovered in the thiourea solution. However, these values confirmed that thiol-
functionalized ethylene-bridged PMO can retain more than 70% of its original

adsorption capacity. As comparison, two good thioether-bridged PMO adsorbents with



Hg?* adsorption capacities of 1500 and 627 mg/g retained less than 38% of their
original capacity after the first cycle.[25, 26] Subsequent cycles were not reported. A
vulcanized ethenylene bridged PMO[31] kept a constant Hg?* capacity during three
consecutive cycles but with values around 200 mg/g. To the best of our knowledge,
there are no other reports that discuss the regeneration and reuse during consecutive
cycles of such sulfur-containing PMO adsorbents. Therefore, 100SH-PMO can be
considered as the first thiol mesoporous organosilica material with a mercury adsorption

capacity of 767 mg/g in the third adsorption-desorption cycle.

The structural integrity of the materials after each consecutive adsorption cycle
was investigated by XRD and nitrogen sorption. All nSH-PMO materials after each
desorption step retained type-1V isotherms (Fig. S4-S6). The N2 sorption isotherms
showed a slight decrease in BET surface area after the first and second cycle (Table S1).
This tendency was more pronounced with increasing the sulfur content of the PMO.
However, after a first decrease in surface area, it stabilized for the consecutive runs.
This decrease can be explained by the presence of residual adsorbed mercury or
thiourea species on the PMO surface, as up to 20% of Hg?* species remained on the
regenerated materials in 100SH-PMO. This is also in accordance with the decrease in

adsorption capacity observed in the second and third adsorption-desorption cycle.

Likewise, the XRD patterns showed that all samples preserved the hexagonal
ordered mesostructured of the parent materials (Fig. S7). A reduction of the unit cell
dimension was observed after the first cycle but subsequently it remained constant. This
Is in accordance with a shift of the capillary condensation step towards lower relative
pressures in the nitrogen sorption isotherms. This is due to structural contraction, which
occurs during the treatment in acidic solutions. These data show that after three

subsequent treatments in acid mercury solutions, as well as in the acidified thiourea



solutions, the PMO materials retained their mesoporous structure. The high
hydrothermal stability of PMO materials compared to their silica counterparts is a clear
advantage for their use as robust adsorbents.[53] Overall, it is clear that these materials

perform well in subsequent adsorption cycles.
3.3. Hg-S binding studies after Hg uptake

The Hg-S binding on nSH-PMO samples was studied by XPS, Raman and

microscopy.
3.3.1. X-Ray photoelectron spectroscopy

The XPS spectra for the nSH-PMO and Hg-loaded nSH-PMO samples are
shown in Fig. S8. The binding energies of Si2p, C1s and O1s were not influenced by the
mercury adsorption. However, a new peak at 101 eV corresponding to Hg4f appeared
after the mercury uptake on 100SH-PMO material. The high resolution S2p spectrum
showed a slight shift of the S2p peak to lower binding energies likely due to the newly-
formed Hg-S bond (Fig. 3 left).[31, 54-56] Since the position of the Hg4f signal
overlapped with that of Si2p, the signal of Hg4d orbital was collected to evaluate the
adsorption of Hg on 100SH-PMO (Fig. 3 right). After mercury adsorption, the Hg 4d
XPS spectrum showed two intense signals at 362 and 381 eV assigned to Hg4ds2 and
Hg4dsy2, respectively. This result confirmed the absence of metallic Hg on the PMO

surface.[57, 58]
3.3.2. Raman spectroscopy

The Raman spectra of 100SH-PMO and Hg-loaded 100SH-PMO are shown in
Fig. 4. After mercury adsorption, the characteristic S-H stretching mode at 2560 cm™
disappeared completely, indicating that all thiol-groups within the PMO framework

were accessible to Hg?" ions and were involved in complexation to mercury. Moreover,



two intense vibration bands appeared at 317 and 275 cm™* assigned to the Hg-S
stretching mode. The presence of a sharp band at 1044 cm™ was associated to the free
(uncoordinated) nitrate ion. The relative intensity of this band increased with increasing
Hg loading (Fig. S9). So, both stretching bands (-NOs and Hg-S) become more intense
in the higher sulfur containing samples. Additionally, Hg-loaded 100SH-PMO showed
an intense vibration band at 166 cm™, which can be tentatively assigned to the presence
of Hg2?".[59, 60] These results are consistent with those reported by Pinnavaia et al.[41]
in thiol-functionalized mesostructured silica. These authors assigned a cationic binding
mode for Hg*? ions bound to thiol ligands at high mercury loading (Hg/S 1.0-1.3).
These results were confirmed by the presence of free nitrate ions in the Raman spectrum
along with atomic pair distribution function (PDF) analysis of synchrotron X-ray power
diffraction results. They proposed the formation of a polymeric Hg(SR)* species at high
mercury loadings in which the mercury centers adopt a linear 2-fold coordination to

bridging thiolate ligands.
3.3.3. Scanning transmission electron microscopy

Local scale investigation of Hg adsorption into the nSH-PMO material was
performed by HAADF-STEM and EDX measurements. Electron microscopy techniques
have proven to be extremely effective in characterizing mesoporous (organo)silicas and
metallic, oxide or semiconductor materials embedded within these materials.[61-64] In
Fig. 5, Z-contrast HAADF-STEM images of the 25SH-PMO material after Hg uptake
are displayed. Elongated bright contrast nanoparticles, corresponding to a Hg-rich
material, were aligned along the PMO pores (examples indicated by arrows in Fig. 5a).
The pores of the PMO material were clearly organized into a hexagonal arrangement
(Fig. 5b). When viewing the material along the pore direction, it can be seen that the

Hg-rich nanoparticles were confined to single pores of the PMO structure (example



indicated by an arrow in Fig. 5b). In order to determine whether the Hg-containing
particles were crystalline or not, high resolution HAADF-STEM images of the
nanoparticles in 25SH-PMO (Fig. 5¢) and 100SH-PMO (Fig. S10) were acquired. The
nanoparticles were clearly crystalline and, using the reflections in the Fourier transform
pattern of the high resolution image (Fig. 5d), they could be identified as cinnabar phase
HgS. This conclusion was further confirmed by energy-dispersive X-ray (EDX)
mapping in Fig. 6. The bright-contrast particles were both mercury and sulfur-rich; the

oxygen and silicon signals arose from the PMO framework.

a) A 25SH-PMO crystal viewed perpendicular to the pore direction. The bright contrast

features are likely Hg-containing material. b) 25SH-PMO crystal viewed along the pore
direction. The bright-contrast Hg-containing material is clearly confined to single pores.
c¢) High resolution image of HgsS particles in the 25SH-PMO sample together with the

d) corresponding FT pattern evidencing the cinnabar phase of the particles.

The formation of mercury thiolate nanocrystals into the pores of functionalized
SH-based PMOs was evidenced by Nz adsorption-desorption measurements (Fig. 7). As
can be observed for Hg-loaded 25SH-PMO, the nitrogen physisorption isotherm
exhibited a characteristic two-step desorption.[65, 66] The first one at high relative
pressure corresponds to the equilibrium desorption in open mesopores, while the second
one at low relative pressure is related to cavitation of condensed nitrogen in the blocked
mesopores. Likewise, the surface area was decreased from 696 m?/g to 480 m?g™ after
Hg uptake. This effect of pore blockage was gradually increasing on those samples
containing higher values of sulfur in their composition (Fig. S11-S13). For instance,

Hg-loaded 100SH-PMO showed a surface area not higher than 40 m?/g (Table S2).



4. Conclusions

A thiol-ethylene bridged Periodic Mesoporous Organosilica, with controllable
thiol loading, was synthesized directly from the corresponding home-made 1-thiol-1,2-
bis(triethoxysilyl)ethane. This hexagonally ordered mesporous material contains up to
4.28 mmol S per gram, present as a combination of thiol groups and disulfide bridges. 1
gram thiol-ethylene PMO adsorbs up to 1183 mg Hg?* from aqueous solution, and is
very selective for Hg, also in the presence of competing heavy metals ions. The
materials can be regenerated and reused several times. EDX mapping shows the even
distribution of the S-containing groups throughout the material. HAADF-STEM
measurements reveal the presence of thiolate nanocrystals in the pores of the PMO after

mercury sorption.
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Fig. 1. FT-Raman spectra of thiol-functionalized ethylene-bridged PMOs. (a) 100SH-

PMO, (b) 75SH-PMO, (c) 50SH-PMO and (d) 25SH-PMO.
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Fig. 5. HAADF-STEM images of the 25SH-PMO material after mercury uptake.



Fig. 6. a) HAADF-STEM image of a 25SH-PMO crystal after Hg uptake, viewed
perpendicular to the pore direction, together with corresponding elemental EDX maps

forb) Hgand S, ¢) Hg, d) S, e) Siand f) O.
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Scheme 1. Synthetic procedure of thiol-functionalized ethylene-bridged periodic
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Scheme 2. Reaction of the Ellman reagent (DNTB) with a thiol group

Table 1. Structural and textural properties of NSH-PMO, where n represents the molar

percent of thiol-precursor (TBTEE).

nSH-PMO  Molar ratio %C® %S  a®  Seer d?  Wall
samples (TBTEE:BTEE)? (nm) (m¥g) (cm®g) (nm) thickness®
(nm)
100SH-PMO 100:0 185 137 105 640 0.66 4.7 5.8
75SH-PMO  75:25 20.2 9.7 11.0 569 0.60 4.8 6.2
50SH-PMO  50:50 201 6.2 11.3 642 0.66 5.0 6.3
25SH-PMO  25:75 209 3.1 11.7 696 0.71 55 6.2

*TBTEE: 1-thiol-1,2-bis(triethoxysilyl)ethane; BTEE: 1,2-bis(triethoxysilyl)ethane. "Weight %
determined by elemental analysis; °Lattice parameters a, were calculated based on the formula
ao:2dloo/\/3; dCalculated from adsorption branch; *Calculated as the difference between ao and

dp.



Table 2. Sulfur content of the thiol-functionalized ethylene-bridged PMOs

Sample Stotal CONteNt
(mmol/g)?
100SH-PMO 4.28
75SH-PMO  3.03
50SH-PMO  1.93
25SH-PMO  0.96

%Calculated from elemental analysis; "Determined by EImman’s reagent; “Calculated from
Raman spectroscopy (see text). 9SS content was calculated as the difference between Siotal
content and SH content.

SH content
(mmol/g)®*

2.42°
1.34°
0.51°

0.24°

SS content
(mmol/g)®
1.86
1.69
1.42

0.72

Table 3. Maximum mercury adsorption capacities for thiol-functionalized ethylene-

bridged PMOs.

Sample

Stotal

(mmol/g)
100SH-PMO  4.28

75SH-PMO 3.03

50SH-PMO 1.93

25SH-PMO 0.96

Table 4. Heavy metal ion adsorption capacities (mg/g) and removal efficiency (in

Hg adsorption capacity HQ/Siotal

(mg/g)
1183 +2

833+2
410+ 8

297 1

ratio
1.38

1.37

1.06

1.54

brackets) for nNSH-PMO materials in binary metallic solutions.

Hg-Zn ‘ Hg-Pb ‘ Hg-Cu ‘ Hg-Cd
Sample
HgZ+ Zn2+ ‘ ng+ Pb2+ ‘ ng+ Cu2+ ‘ ng+ Cd2+
100SH-PMO 1036 15 677 90 994 45 673 0
(99.9%) (1.6%) (96.5%) (9.8%) (96.5%) (4.3%) (99.6%) (0%)
75SH-PMO 802 15 502 40 695 35 535 0
(97.0%) (2.1%) (92.3%) (5.7%) (96.5%) (4.8%) (98.2%) (0%)
50SH-PMO 532 10 319 7 439 63 321 21
(96.1%) (2.1%) (76.7%) (1.5%) (91.5%) (12.9%) (89.7%) (4.8%)
25SH-PMO 245 2 138 2 172 7 134 7
(88.1%) (0.9%)  (100%) (0.9%) (75.9%) (3.1%) (80.8%) (3.2%)
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