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ARTICLE INFO ABSTRACT

Keywords: A simplified sol-gel method was developed for the preparation of thiol functionalized porous silica particles

Silver using (3-mercaptopropyl)-trimethoxy-silane (MPTMS) for co-gelation in the presence of micellar templates. The

l;eco:ery resulting short range ordered porous silica microparticles are exceptionally effective sorbents of aqueous Ag(I).
orption

The binding of aqueous Ag(I) is almost stoichiometric in the broad pH range between 4.0 and 9.0 even at low Ag
(I) concentrations until reaching the limiting 238 mg g~* sorption capacity. The sorbent displays high selectivity
towards Ag(I), which was tested in the simultaneous presence of several different metal compounds. The prac-
tically complete recovery of Ag(I) and the regeneration of the sorbent was achieved by washing with a 10 mM
NayS203 solution. X-ray photoelectron spectroscopy (XPS) revealed that silver is not reduced on the surface of the
sorbent. The reason for the strong and selective binding of Ag(l) is the formation of layered thiolate coordination
compounds on the functionalized silica surface that display characteristically high stability even in the presence
of other competing metal ions.

Mesoporous silica
Surface complexation

applications and it is nearly impossible to substitute [1,2]. In industrial
applications, it become an invaluable and indispensable substance,

1. Introduction

Because of accelerating consumption demands, a large number of
different aqueous metal compounds accumulate in various industrial
waters both in the production phase and in waste management. The
recovery of these metal compounds is important from an environmental
point of view, and the recycling of the precious metal compounds into
production is of great economic importance.

In the last decades, the industrial demand for silver and its com-
pounds has grown rapidly, accounting for more than half of annual
precious metal demand worldwide. This means that economic growth
can multiply the procurement price of silver in the future, considering
that, its natural abundance is limited. Due to its unique, advantageous
properties, the use of silver span a wide range of technological
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because of its resistance for corrosion, high conductivity, its sensitivity
to light, as well as, its antibacterial property. The electrical and heat
conductivities of silver are the highest among the elements. Because of
its durability and high electrical conductivity, it is widely used for
coating electrical contacts. Almost every electrical device and printed
circuit board contain silver. The need for wires can be eliminated by
painting silver ink on any non-metal surface serving as an electrical
pathway (RFID chips). Due to the light-sensitivity of silver compounds,
photography used to be a major user of it. X-ray photography is still a big
consumer of silver. Besides, today the light-sensitive property of silver
become essential for the photovoltaic and solar industry. Another
beneficial property is its antibacterial nature, which enables its use in
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food industry, pharmacy, or even in water purification or wood pres-
ervation. Nanotechnology also uses silver particles as antimicrobial
agents.

The production, use and disposal of silver and its compounds lead to
the contamination of the environment, mainly the surface water [3,4].
Because of its possible toxic effect in humans (breathing problems, eye,
skin, lung, throat and digestive system irritation), and its high toxicity
for aquatic life, the Environmental Protection Agency (EPA) limited the
concentration of silver in drinking water to 50 pg L™ [5-8].

Based on these considerations, the recovery of silver is crucial from
the environmental point of view, as well as to keep up with the growing
industrial demand. In many cases the recovery of the precious metals has
to be realized from secondary resources after treated with different re-
agents in selected technological steps. The resulting aqueous media
usually contain high amounts of other metal (e.g. Cu, Zn, Pb, Hg, Ni)
compounds. The key challenge of the immobilization of aqueous silver is
its separation from these diverse media. Various methods have been
reported for the recovery of dissolved silver compounds: ion exchange,
precipitation, nanofiltration, reverse osmosis, sorption and membrane
separation [9,10]. Among these methods, sorption stands out because of
its high performance, cost effectiveness, ease of operation and quickness
[11-14].

Among various kinds of sorbent materials, silica and various silica
composites are widely used in large scale applications for the removal of
organic and inorganic contaminants from natural and polluted waters
[15-21]. The sorption capacity of porous silicas is largely dependent on
the high apparent surface area, which can easily be achieved with
appropriate synthesis routes [22,23]. Nevertheless, the binding ability
of the SiO, surface is still moderate, and allows the achievement of
sorption capacities in the order of 2.5-3.0 mmol g~! [24-28]. The effi-
ciency of the silica-based sorbents can be enhanced by orders of
magnitude by preparing silica—carbon, or silica-organic polymer com-
posites, or by the surface modification of the silica matrix itself. The best
sorption capacities for binding Ag(I) were reported for thiourea-
modified chitosan resins and for silica coated magnetic nanoparticles
(>300 mg g~ at pH = 5.0) [14,24].

Two main approaches exist for producing silica surfaces covered by
various functional groups suited for the capture of ions or molecules
from aqueous media. The more frequently used and the more sophisti-
cated one is the modification of the surface by covalently attaching silica
alkoxy molecules with various functional groups. This approach uses
two or more synthesis steps. In the first step, a high specific surface silica
matrix is prepared, e.g. in a sol-gel route, and subsequently, other
molecules are grafted to the silica surface. The alternative way requires a
single step synthesis: the functional groups are introduced in the reac-
tion mixture together with the main silica precursor, and the material is
formed in a one-pot synthesis. This is generally termed as “co-gelation”
[21,29-31].

In the present work we developed a simplified one-pot route for
preparing functionalized mesoporous silica particles suitable for the
selective sorption of Ag(I) ions from aqueous media. The synthesis was
performed at room temperature, and the conditions were varied in order
to maximize the amount of active sites on the surface of the porous silica
particles. The resulting family of silicas were thoroughly characterized.
The thermodynamic and kinetic properties of the sorption of Ag(I) were
explored under a wide range of conditions, and the mechanism of the
binding of Ag(I) was investigated in details to account for the selectivity
of the sorbent.

2. Experimental Section
2.1. Materials and solutions
Fine chemicals (PA(NO3); x 2 H0, KyPtCly, PtCly, Cu(NO3)2 x 3

H20, Cd(NO3)2 X 4 H20, Pb(NO3)2, ZH(CH3COO)2 X 2 Hzo, chlz, Co
(NO3)2 x 6 Ho0, AgNO3, Ni(NOs3)s x 6 H0, NaOH, hexadecyltrimethyl-
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ammonium bromide (CTAB), (3-mercaptopropyl)-trimethoxy-silane
(MPTMS), absolute ethanol, solutions of NHs and HNO3 were purchased
from Sigma-Aldrich in ACS reagent grade and used without further
purification. All aqueous solutions were prepared with ultrafiltered
water (p = 18.2 MQ cm by Milli-Q from Millipore). Tetraethyl orthosi-
licate (TEOS) was purchased from Fluka. A Metrohm 888 Titrando
automatic titrator unit equipped with a double-junction 6.0255.100 pH
electrode with KNOg outer electrolyte was used to measure the pH of the
solutions. Common single junction electrodes containing KCl electrolyte
could not be used, because of the reaction of the metal ions with C1™. The
desired pH was set by adding HNO3 or NaOH solutions.

2.2. Synthesis of mercaptopropyl functionalized mesoporous silicas

Mesoporous silica particles with different degrees of mercaptopropyl
functionalization were synthesized by the sol-gel method using
hexadecyltrimethyl-ammonium bromide (CTAB) micelles as a template.
The present recipe is similar to those used for preparing MCM-41 types
of materials. First, an aqueous colloid dispersion was prepared by mix-
ing 2.00 g CTAB in 385 mL of water under continuous stirring. Next, 136
mL of ethanol and 46.4 mL of 25 wt% ammonia was added to the system
and stirred for 30 min. Finally, the mixture of silica precursors was
added slowly into the colloid suspension. The ratio of the different
precursors was varied, as given in Table 1. The resulting reaction
mixture was agitated for 3 h at room temperature. The resulting gel was
collected by filtration, washed by water until constant pH, and dried at
room temperature for 24 h. The CTAB template was removed by the
acidic extraction method. The particles were stirred in 100 mL acidified
ethanol (1.0 mL cc. HCl and 99 mL ethanol) for 2 h, and centrifuged.
This step was performed 3 times. After extraction, the samples were
washed with 50 mL ethanol two times and dried at 90 °C for 12 h. The
complete removal of CTAB was verified by FT-IR measurements, as
discussed later.

Four functionalized mesoporous silicas were produced by this recipe
where 4, 7, 11 or 15n/n% of the TEOS silica precursor is substituted by
MPTMS. The parent silica was prepared by the same recipe using only
TEOS (Table 1). The as-prepared functionalized mesoporous silicas are
referred to simply as”xerogels” in the text onward.

2.3. Xerogel characterization

The samples were imaged using a ThermoFisher Scientific Scios 2
dual beam scanning electron microscope (SEM). The unique in-lens
detector system and the retarding-field option enabled the low voltage
scanning electron microscopy (LV-SEM) imaging of the pristine xerogel
samples without applying any conductive coating. Typically, an accel-
eration voltage of 1-2 kV and 2-5 mm working distance was used. The
freshly fractured xerogels were fixed on vacuum-resistant carbon tapes.
The microscope is equipped with a removable Bruker QUANTAX energy
dispersive X-ray spectroscopy (EDS) detector (Billerica, Massachusetts,
USA). For the EDS analysis, an accelerating voltage of 15 kV was used
and a long measure time was applied to improve the signal/noise ratio.

Transmission electron microscope (TEM) images were obtained
using a JEOL 200 FX-II TEM instrument. The powdered xerogel samples
were sonicated in ethanol for 10 min, after which the dilute suspension
was dropped onto a TEM grid covered with carbon.

Table 1
The reagents used for the preparation of the (functionalized) mesoporous silicas.

CTAB (g) TEOS (mmol)  MPTMS (mmol) = MPTMS content (n/n%)
SHO 2.0 36 - -
SH4 2.0 35 1.4 4.0
SH7 2.0 34 2.7 7.0
SHI11 2.0 33 4.0 11
SH15 2.0 36 5.4 15
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Nitrogen adsorption-desorption porosimetry was performed in a
Quantachrome Nova 2200e instrument. The xerogels were degassed at
60 °C for 24 h. The multipoint BET method was used to calculate the
apparent surface area based on 5 points on the adsorption curve
(maximum p/pg = 0.30). Pore size distribution was calculated based on
the desorption curve using the NL-DFT method for amorphous silica
surfaces.

Powder X-ray diffraction (XRD) was performed on a Bruker AXS
D8 Discover diffractometer equipped with a Gobel mirror and a scin-
tillation detector using Cu Ka radiation. Measurements were performed
over the interval 2-8° with a step size of 0.04° and a scan speed of 0.10°/
min. The materials were placed on double-sided adhesive tapes.

The infrared spectra (IR) of the pristine xerogel samples were
recorded by a PerkinElmer Spectrum Two FT-IR instrument. The in-
strument is equipped with a universal ATR head (Attenuated Total
Reflectance — Single Reflection Diamond — L1600607) enabling the
direct analysis of solid samples. The IR spectra were recorded in the
range of 450-4000 em™! at 55-95 % transmittance.

The size distribution of the xerogel particles was measured after
grinding the samples in the appropriate aqueous media by a Potter-
Elvehjem tissue grinder (5 min) followed by sonication (15 min). Light
microscopy images were taken on the suspensions (cxge; = 0.50 g/L) in a
hemocytometer with a 1.3 MP USB camera. The ImageJ software was
used for calculating the size distribution of the particles.

The Zeta potential of the dispersed xerogel particles (cxge; = 0.50 g/
L) was measured in a MALVERN Zetasizer Nano ZS instrument using
conventional experimental setup and instrument operation. The lower
pH limit of the measurements is pH = 3.0. Zeta potentials were calcu-
lated using the instrument controlling software.

Small-angle neutron scattering (SANS) technique was used to
reveal the overall morphology of the nanoparticles in the size range 100
nm-1 pm. SANS measurements were conducted at the double-bent
crystal SANS instrument MAUD operating at the thermal channel of
the LVR15 10 MW research reactor in Rez, Czech Republic [32]. The
model of spherical particles with the log-normal distribution of sizes was
used to fit the experimental data. The fitting was performed using the
SASprofit software.

2.4. Batch sorption experiments

The sorption properties of the suspended xerogels were tested using
several metal ions in batch sorption experiments at constant pH, as
detailed in the Supporting Information. Xerogel suspensions were pre-
pared by wet grinding. Metal ion solutions were mixed with xerogel
suspension and stirred for an equilibration period. The supernatant was
separated from the sorbent by centrifugation, and the metal ion con-
centrations of the two phases were measured following sample prepa-
ration using inductively coupled plasma optical emission spectrometry
(ICP-OES), as detailed in Section 2.9 and in the Supporting Information.

It was proved by independent experiments that the pH of a hetero-
geneous sample is constant during the batch sorption experiment. The
maximum difference between the initial pH and the final pH in the
separated supernatant was less than 0.13.

2.5. Selectivity of xerogel sorbent

The selectivity of the xerogels was tested in the simultaneous pres-
ence of aqueous Ag(I), Cd(II), Co(II), Cu(Il), Zn(II), Pb(II), Hg(II) and Ni
(II) ions at pH = 5.0. Another set of experiments was carried out to test
the selectivity in the simultaneous presence of aqueous Ag(l), Pt(Il), Pt
(IV) and Pd(II) at pH = 2.0. The initial concentrations of the metal ions
were varied between ¢y = 10 to 200 mg/L.

2.6. Hydrolysis of metal ions

The possibility of the spontaneous hydrolysis and precipitation of the
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metal ions was investigated in details as given in the Supporting Infor-
mation. The aqueous species distribution of Ag(I) is given in Section
3.2.3.

2.7. Time-resolved experiments, kinetics of sorption

In order to study the rate at which the sorption equilibrium is
reached, time resolved experiments were carried out at ¢ = 50 mg Lt
metal ion concentrations at pH = 5.0. The same protocol was used as in
case of the batch experiments, but the length of the contact time was
varied between 5 min and 4 h under agitation.

2.8. Recovery of Ag(D), sorbent regeneration

The recovery of Ag(I) and the reversibility of its binding was tested
by washing the previously equilibrated xerogels with EDTA (5 mM, pH
= 5.0), NH3 (5 mM) and NayS,03 (10 mM, pH = 5.0) solutions in
separate experiments. The same experimental protocol was applied as in
the sorption experiments. After centrifuging the equilibrium mixture of
the xerogel and the Ag(I) solution, the supernatant was quantitatively
decanted and analysed for Ag(I). Subsequently, 8.00 mL of regenerating
solution was added to the leftover xerogel pellet at a pre-set pH. The
xerogel was suspended, agitated for 1 h and centrifuged for a second
time. The pellet and the supernatant were separated and analyzed. The
regenerated xerogel was re-suspended in 8.00 mL dilute HNOj3 solution
(pH = 5.0) to remove any traces of leftover washing liquid. The system
was centrifuged again and the supernatant was discharged. The regen-
erated xerogel was suspended in 4.00 mL dilute HNOg solution (pH =
5.0) and tested again for Ag(I) sorption. Altogether, three sorption-
regeneration cycles were performed with one individual sample of
xerogel.

2.9. Elemental analysis by ICP-OES

The metal ion contents of supernatants and washing liquids and
digested pellets were measured using ICP-OES. The methods of sample
preparation and the measurement conditions are given in details in the
Supporting Information.

2.10. X-ray photoelectron spectroscopy (XPS)

Samples were freshly ground in an agate mortar, glued to copper
sample holders with double-sided adhesive tapes and left to degas in the
high vacuum of the sample loading chamber (1077 mbar) overnight. The
measurements were performed using an XR 50 dual-anode non-mono-
chromatized X-ray source and a Phoibos 100 MCD-5 hemispherical en-
ergy analyzer by SPECS (Berlin, Germany). The base vacuum in the
instrument was 5 x 107'° mbar. Spectra were recorded with Al Ka ra-
diation (1486.6 eV) at 10 kV acceleration voltage and 10 mA emission
current. The energy scale was calibrated with the Au 4f7/2 (89.98 eV)
and Cu 2p3/2 (932.67 eV) lines of a freshly sputter-cleaned sample
containing both metals, as prescribed by the manufacturer. Charge
referencing was performed with the Si 2p peak of silica (103.5 eV) of the
xerogels. The spectra were processed with the CasaXPS software, and the
Ag 3d peaks were fitted with Gauss-Lorentz curves using Shirley
backgrounds.

3. Results
3.1. Characterization of the mesoporous silica sorbents

3.1.1. Electron microscopy

Representative SEM and TEM images of the as-prepared mesoporous
silicas are shown in Fig. 1. The bulk of the xerogels are built from
spherical nanoparticles (globules). The size of these globules is in the
range of dgopue = 150-200 nm. Only a short-range order of the
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Fig. 1. LV-SEM and TEM images of the as-prepared mesoporous silicas.

mesoporosity is visible in the TEM images, which is in good accordance
with the Njy-sorption and the XRD data, as discussed in the next sections.
This is in contrast with the characteristics of the MCM-41 type materials
that display long range ordered mesoporosity. The introduction of the
mercaptopropyl functionalized silica precursor (MPTMS) resulted in the
slight increase of the sizes of the globules, however, significant
morphological changes are not seen on the SEM and TEM images. The

3
, Vgrp (cm°/g) /1000
o
+

A J

1.0

02 04 06 08

relative pressure (p/p,)

morphology of the particle agglomerates were studied further by ultra-
small angle neutron scattering (SANS), as discussed in the Supporting
Information. The pore structure of the particles was investigated using
Ny-sorption porosimetry, as follows.

3.1.2. Nitrogen-sorption porosimetry
The experimental Ny-sorption isotherms and the calculated pore size
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Fig. 2. Ny-sorption isotherms (A) and pore size distributions calculated by NL-DFT (B).
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distributions are shown in Fig. 2. The estimated structural parameters
are collected in Table 2. Based on the IUPAC classification, the majority
of the isotherms are type IVb, which is characteristic for mesoporous
materials with conical and cylindrical pores. The only exception is the
SH15 xerogel where the isotherm is type IVa with an H2b hysteresis
loop. This is characteristic for mesoporous materials with a narrow size
distribution of pores with wide necks [33]. The structural modification
effect of the increasing quantity of the mercaptopropyl functionalization
can be observed on the change of the shape of the hysteresis loop. The
highest functionalization degree resulted in the lowest apparent surface
area in the case of the SH15. Furthermore, the alteration of the shape of
the hysteresis loop indicates that the dominant porosity changed from
conical and cylindrical type pores to ink bottle type pores. This is also
observed in the XRD experiments and in the electron microscopy pic-
tures to some extent.

3.1.3. X-ray diffraction

The XRD data for the five mesoporous silica samples are shown in
Fig. 3. They display the low angle reflections characteristic to the hex-
agonally ordered channels of the MCM-41 type ordered mesoporous
silicas. All samples display a strong diffraction peak at 2 theta angles
between 2 and 2.5°, corresponding to the mean interpore distances. The
position of the peak shifts towards the larger angles with increasing
MPTMS content, as marked in the inset, showing the gradual decrease of
the interpore spacing, in agreement with the decrease of the pore sizes
observed by the Ny-sorption. The higher order diffraction peaks (110)
and (200) are vaguely visible in the patterns, indicating the relatively
poor long range order. The ordered mesoporous structure is further
corroborated by the TEM images and shapes of the Ny-sorption hyster-
esis loops. Overall, all of these characterization data are aligned in the
sense that they show a short range ordered mesoporous structure for the
present mercaptopropyl-functionalized silicas, in contrast to the long
range ordered pore structure of the MCM-41 silicas. Furthermore, the
pore structures of the present silicas are altered by the variation of the
MPTMS content of the synthesis mixture, and thus, the functional group
content of the final materials.

3.1.4. Infrared spectroscopy

All xerogels show the main specific vibration bands of the silica
skeleton at 1050, 800 and 450 cm ™! (Fig. 4). They are assigned to the
asymmetric stretching, symmetric stretching and bending vibrations of
the Si—O—Si network, respectively [34]. Likewise, all xerogels show the
characteristic bands for the O—H groups, as follows. The broad band
around 3300 cm™! corresponds to the overlapping of the O—H
stretching bands of hydrogen-bonded water molecules and the Si—O—H
stretching of the surface silanols hydrogen-bonded to water [35]. The
bands around 3740 cm ! indicate a large amount of free silanols on the
silica surface [36]. The bands around 1640 cm™! correspond to vibra-
tions of water and to those of the SiO, network, as well [36]. The C—H
vibrations of the alkyl chains of any remaining CTAB were expected to
show bands around 2900 cm™. The absence of these bands verify the
complete removal of the surfactant from the xerogels [37].

The characteristic, but weak S—H stretching vibration bands, ex-
pected around 2560 cm ™! could not be detected, because of their low
intensities [31,38,39]. However, the C—S vibration band at around 700

Table 2
Structural parameters estimated from the N,-sorption isotherms shown in Fig. 2.
Sample  BJH DFT Apparent surface Total pore
_— 2 3
Ads Des (nm) area (m-/g) volume (cm®/g)
(nm) (nm)
SHO 3.2 3.2 3.8 1256 1.02
SH4 3.2 3.5 3.7 1237 1.01
SH7 3.2 3.2 3.2 1106 0.81
SH15 3.2 3.9 3.4 398 0.34
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Fig. 3. X-ray diffractograms of the functionalized mesoporous silicas.

cm ™, and the C—H scissoring vibration bands around 1480 cm ™! visible
in the functionalized xerogels indicate the presence of the mercapto-
propyl groups covalently bound to the silica matrix (following the
complete removal of the surfactant) [40].

3.1.5. Size and Zeta potential of hydrated xerogels particles

The as-prepared silica powders spontaneously disintegrate in water
yielding micrometer sized particles. After wet grinding the suspended
xerogel using a standardized protocol, the particle size distribution was
measured in the suspension. The xerogels show a narrow size distribu-
tion with ca. 5 pm mean size of the hydrated particles (Fig. 5).

The Zeta potentials of the suspended xerogel particles were
measured in the pH range from 3.0 to 9.0 (Fig. 5). The SHO and SH7
particles have approximately the same Zeta potentials of ca. +55 mV
and +50 mV, respectively, at pH = 3.0. In the case of the SHO particles,
the Zeta potential steeply decreases after pH = 4.0 with the isoelectric
point being between pH = 4.0-5.5, which is characteristic to amorphous
silica materials [41]. The incorporation of the mercaptopropyl groups
increases the basicity of the silicas, which is reflected in the pH depen-
dence of the Zeta potentials of the functionalized samples. The Zeta
potential of the SH7 sample starts decreasing only above pH = 7.0. Until
this point the Zeta potential of the functionalized silica is highly positive
and the isoelectric point of the suspended functionalized xerogel is ca.
pH =8.7.

3.2. Sorption of aqueous Ag(D

3.2.1. Selectivity of the sorbents

The affinity of the xerogels were tested towards Ag(I), Cd(II), Co(II),
Co(II), Hg(II), Ni(II), Pb(Il), Zn(II) at pH = 5.0 in batch sorption ex-
periments. The sorption of metal ions was studied individually, and also
in the simultaneous presence of multiple metal ions. All of the batch
sorption experiments consistently show that the xerogels have unprec-
edentedly high selectivity for binding Ag(I). The amounts of metal ions
sorbed by SH15 at pH = 5.0 at ¢g = 50 mg L™ initial metal ion con-
centration are shown in Fig. 6. Besides Ag(l), none of the metal ions
show significant affinity to bind to the xerogels.

Independent sorption measurements were carried out to test the af-
finity of the xerogels towards Pd(II), Pt(Il), Pt(IV). Considering the sol-
ubility of aqueous Pd(II) (100 mg L7 at pH = 2.5), these experiments
were performed at pH = 2.0. As shown in Fig. 6, these precious metal
ions showed only a minor affinity towards the mercaptopropyl func-
tionalized xerogels, which is negligible compared to the sorption of Ag

O.
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measured in the simultaneous presence of multiple metal ions (co m = 50 mg
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3.2.2. Sorption isotherms

Sorption isotherms were measured using different initial Ag(I) con-
centrations (coAg(I) between 10 and 200 mg LY. The experimental
isotherms evidently show that the sorption capacity markedly increases
with the increasing mercaptopropyl content of the xerogels, indicating
that these functional groups provide the active sites for Ag(I) binding
(Fig. 7).

In order to quantify the sorption equilibria, the data points were
fitted with an adequate isotherm model. Based on the experimental data,
the interaction between the sorbent and Ag(l) is strong and specific. The
binding is practically stoichiometric as no Ag(I) remains in solution until
the complete saturation of the active sites. The effect of pH also
confirmed the strong coordination of Ag(I) to the functionalized xero-
gels, because the sorption capacity is practically independent from the
pH in the range of pH = 5.0-9.0, as detailed in Section 3.2.3.

Based on the above considerations, the sorption capacities of the
xerogels were estimated using the simplest equilibrium model assuming
equivalent binding sites, i.e. the Langmuir model. The Langmuir model
does not specify the physico-chemical mechanism of the binding, but
assumes the existence of a dynamic equilibrium. The effect of the
competitive reactions of Ag(I) in the aqueous phase (e.g. hydrolysis,
complexation) can be neglected at constant pH, because the speciation
of aqueous Ag(I) is independent of its final concentration in the solution.
In view of all these considerations, the Langmuir model is suitable for
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Fig. 7. Panels A and B: Sorption isotherms of Ag(I) on the xerogels at pH = 5.0 either showing the initial aqueous Ag(I) concentrations (panel A) or the equilibrium
aqueous Ag(I) concentrations (panel B) on the x-axis. Symbols: experimental data points. Lines: nonlinear least squares fits using the Langmuir isotherm model (eq.
(1). The estimated isotherms parameters are summarized in Table 3. (cxgel = 320 mg L coAg(D) = 10-200 mg L7Y; T = 25 °C). Panel C: The sorption capacities of the
xerogels as a function of their mercaptopropyl contents estimated by fitting with the Langmuir model.

the formal description of Ag(I) sorption under the applied conditions at
constant pH. (Naturally, the interactions affecting the binding of
aqueous Ag(D) are regulated by the pH, which is discussed in details in
Section 3.2.3.) The mathematical equations of the Langmuir isotherm,
using the equilibrium or the initial Ag(I) concentration, are as follows:

_AgD]us _ Ki[Ag(D)],S
qe = = (€8]
Cxgel 1+ Ki[Ag(D)],,
_ [Ag(])]adx
C)(grl
2
(cxge,S + Cagry + KLL) — (cxg‘,,S + Ccagny + KLL) — 4cagryCxgerS

2Cxgel

Here, gg is the amount of metal ion sorbed on equilibrium per unit
weight of sorbent, (mg g’l), [Ag(D]ags is the solution-equivalent con-
centration of sorbed Ag(I) at equilibrium (mg LY, Cxgel is the concen-
tration of the xerogel (g L’l), [Ag(D]so1 is the equilibrium concentration
of aqueous Ag(I) (mg L'l) and cag(p) is the initial Ag(I) concentration (mg
LY. S is the capacity of the sorbent (mg g~!) and Ky, is the Langmuir
equilibrium constant (L mg’l).

In each case, the sorption of Ag(I) is quantitative until reaching the
maximum capacity of the sorbent, meaning practically zero equilibrium
aqueous Ag(I) concentrations at low initial Ag(I) concentrations
(Fig. 7B). Naturally, the equilibrium constants are very large in such
cases, because the processes are quasi-stoichiometric. Isotherm fitting

was performed nonlinearly using the Levenberg-Marquardt least-square
algorithm. In each case, the K, value had to be set to a minimum of 100 L
mg ! to get a good fit, which signifies that the K;, values are very large
due to the quantitative nature of the sorption. The fitted isotherms are
shown in Fig. 7A and the estimated parameters are given in Table 3. It is
clearly seen in Fig. 7C, that the sorption capacity increases approxi-
mately linearly with the increasing mercaptopropyl content. The
maximum sorption capacity of 238 + 4 mg g~ ' was measured for SH15
at pH = 5.0, with an equilibrium constant of K, > 100 L mg™'. Inter-
estingly, the sorption capacity is not influenced by the apparent surface
area of the xerogels, but only by the amount of thiol groups.

3.2.3. Effect of pH on the sorption of Ag(I)

One of the most important factors generally affecting sorption pro-
cesses is the pH. Both the hydrolysis of Ag(I), and the protonation of the
functional groups of the sorbent is strongly influenced by pH.

In order to understand the mechanism of the binding of Ag(I) and to

Table 3
Isotherm parameters estimated by fitting the experimental isotherms to the
Langmuir model (eq. (1). The fitted curves are displayed in Fig. 7A.

Code Langmuir model
S(mgg ™" K, (Lmg™)
SH15 238 + 14 >100
SH11 153 + 12 >100
SH7 114 £ 12 >100
SH4 52+8 >100
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find the optimum pH for its sorption, the quantitative description of the
hydrolysis of Ag(I) is essential. Fig. 8A shows the speciation of aqueous
Ag(D) calculated using the published thermodynamic equilibrium con-
stants [42]. The hydrolysis of Ag(l), i.e. the formation of hydroxo-Ag(I)
and oxo-Ag(l), is significant only under basic conditions and it is com-
plete at ca. pH = 10.0 with the formation of the charge neutral Ag,0. As
seen in Fig. 8A, the formation of AGOH and Ag(OH)3 is negligible under
the applied conditions. In independent control experiments the absence
of precipitate formation was confirmed under the applied conditions (cf.
Section 2.6).

The pH also has a strong effect on the protonation state of the
functional groups of the sorbent. The Zeta potentials of the functional-
ized silicas are positive at pH = 5.0, indicating positive apparent surface
charges. The spontaneous deprotonation of the —-SH groups starts around
pH = 8 (cf. Fig. 5). This also confirms the strong and specific interaction
between the Ag(I) and the sorbent, because the coordination of Ag(I) is
favored in spite of the need of the Ag(I) assisted deprotonation of the
-SH functional groups for complex formation.

It was proved in independent experiments that the sorption capacity
of the xerogels does not practically change as a function of pH (Fig. 8B).
All functionalized silicas bind Ag(I) even under acidic conditions and the
sorption isotherm is unchanged until the start of precipitation of Ag(I)
above pH = 9. The strong and selective binding of Ag(I) in a wide pH
range is a major advantage considering practical applications.

3.2.4. Time-resolved sorption experiments

As seen in Fig. 9, the sorption equilibrium establishes extremely fast,
after 5 min of agitation (and 10 min of centrifugation). The rate of the
binding of Ag(l) is practically independent of the initial Ag(I) concen-
tration and the mercaptopropyl content of the xerogel (Fig. 9). The
extremely fast establishment of the sorption equilibrium is a major
advantage regarding the practical functionality of the present xerogel
sorbents.

3.3. Desorption experiments

The xerogel pellets equilibrated with Ag(I) in batch sorption exper-
iments were washed with different solutions to investigate the revers-
ibility of the binding of Ag(I). Desorption is negligible when the pellet is
washed with 5.0 mM EDTA solution in a single washing step. Washing
the xerogel pellets with 5 mM NHj3 solution resulted in the dissolution of
the xerogel. The efficiency of 10.0 mM NayS,03 solution to regenerate
the xerogel pellets was tested as a function of pH. At pH = 5 and 6, 80
and 90 % of the sorbed Ag(l) was recovered, respectively. As seen in
Fig. 10, the complete recovery (98-102 %) of Ag(I) was achieved by
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Fig. 10. Regeneration of SH7 by 10 mM NayS,03 after equilibrating with
aqueous Ag(I) as a function of pH. (coAg(I) = 50 mg L Cxgel = 320 mg LT
= 25°Q).
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9.0 (pink symbols) (cxgel = 320 mg LY coAg(l) = 10-200 mg L™Y; T = 25 °C). (For interpretation of the references to colour in this figure legend, the reader is referred
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washing the equilibrated xerogel pellet with 10.0 mM NayS»03 solution
at pH = 7.0. These results also demonstrate that the binding of Ag(I) is
reversible, and the metal ions are not reduced on the surface of the
xerogel.

The recycling of the xerogel sorbent was tested by performing
consecutive sorption-regeneration cycles. The xerogel retained 91 + 4 %
of its sorption capacity after 3 cycles of regeneration.

3.4. Mechanism of sorption of Ag(I)

3.4.1. XPS and EDX analyses

The EDX analysis of the xerogels clearly shows that the as-prepared
sample does not contain Ag, and the dominant elements are Si, O and C
in the spectra. The lines of sulfur are very weak and hard to distinguish
from the background. Following the sorption of aqueous Ag(I) by SH15,
the characteristic lines of Ag, as well as, those of S appeared, which
confirmed the existence of both elements in the equilibrated xerogels.
Backscattered electron images revealed the presence of high atomic
number elements in the spherical nanoparticles of the equilibrated
xerogels. These areas have been scanned and EDX maps were generated,
which also confirmed the saturation of the functionalized xerogel with
Ag (Fig. 11).

XPS measurements were performed on the SH15 xerogel in its pris-
tine form and after equilibrating with aqueous Ag(I) with the intent of
exploring the chemistry of the binding by determining the chemical
states of Ag and S. The survey XPS spectra confirmed the presence of
silver in the respective sample (Fig. 12). However, a surprising finding
was the apparent absence of sulfur. The peak fitting of the high-
resolution Ag 3d spectrum confirms that the silver is present in of a
single chemical state. The Ag 3d5/2 peak has a binding energy of
368.44 eV, which corresponds to Ag(I) most probably in the form of an
oxide [43]. This is in good accordance with the results discussed in
Section 3.3, namely that NH3 and NayS,03 solutions can quantitatively
re-solubilize Ag(I) from the sorbents.

The lack of the detection of sulfur is explained by the limitations of
the technique. XPS only yields information on the outermost few
nanometers of any given material, and therefore, likely unable to obtain
information from inside the pores. Ar'-sputtering was attempted to
expose the materials inside the pores, but no significant change was
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observed in the spectrum. Additionally, sulfur compounds may degrade
when exposed to X-rays. Wang et al. used a monochromatic X-ray source
in scanning mode to obtain structural information on sulfur-containing
sorbents, and still reported technical difficulties [44].

3.4.2. Surface induced cluster formation of Ag(I)

The most probable explanation for the strong and selective binding
of Ag(D) to the functionalized xerogels is the unique ability of this metal
ion to form multinuclear (polymeric) complexes with alkyl thiol ligands
[45,46]. Depending on the structure and the length of the side chains of
the ligands, the formation of cyclic coordination compounds containing
4-11 Ag(I) centers were reported in the solution phase [45-48]. When
precipitates form in the reaction of solvated Ag(I) and thiols, layered
structures with long-range order were identified using X-ray crystal-
lography [48,49]. The stability of these coordination compounds are
reported to be exceptionally high, and the coordination of Ag(l) is
favored even when the -SH group of the solvated ligand is still pro-
tonated [45-47]. Such high stability polymeric thiolate complexes do
not exist in the case of any other metal ions, including Hg(II), despite
their high affinity to sulfur compounds. The formation of mononuclear
complexes is dominant in the case of the other soft metal ions, e.g. for
aqueous Hg(II) and Pd(ID).

Based on the literature reports and the present experimental data, we
propose that a layered coordination compound forms from Ag(I) inside
the mesopores of the functionalized xerogels, where the coordination of
the silver atoms to the sulfur atoms follows a long range order, as
depicted in Scheme 1. The exceptional stability of the Ag(I) coordination
in the somewhat ordered pores is shown by the quasi stoichiometric
binding of Ag(l) by the xerogels and the very high values of the fitted
Langmuir equilibrium constants (cf. Fig. 7 and Table 3). The reduction of
Ag(I) on the surfaces is ruled out by the demonstrated reversibility of the
binding (cf. Section 3.3), and by the XPS result. The formation of this
type of coordination compound on the surfaces of the functionalized
mesoporous silicas also accounts for the observed trend of the linear
increase of the sorption capacity with the thiol functionality of the
xerogels. Until the silica surface is completely decorated by thiol groups,
the decrease of the apparent surface area does not affect the coordina-
tion of Ag(I). All of these considerations point out that this specific
surface complexation of Ag(I) is the reason for the high selectivity of the

HFW
Thermo Scientific Scios

Fig. 11. Backscattered electron (BSE) SEM image and EDX map (inset) of the SH15 xerogel equilibrated with aqueous Ag(I).
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functionalized xerogels.
present functionalized quasi-ordered mesoporous silicas [50,51].

3.4.3. Comparison with other sorbents

There are relatively few sorbents developed for the selective binding
of aqueous Ag(I) as compared to other toxic or valuable metal ions. The
sorbents with the highest reported sorption capacities and having veri-
fied recovery of Ag(l) are collected in Table 4. In some cases, the
selectivity is not discussed, which is a drawback for further develop-
ment. When comparing the sorption capacities, no clear correlation can
be established between the known preferential coordination modes of
Ag(D) and the performance of the functionalized sorbents. Nevertheless,
most of the previously reported sorbents have either lower sorption
capacities or inferior selectivity than the functionalized mesoporous
silicas of the present study. Another advantage of the presented family of
xerogels is that the sorption of Ag(I) is completely reversible, no
reduction takes place on the surface. This enables the practical and
effective recovery of this precious metal ion and the regeneration of the
sorbent.

10

4. Conclusions

The synthesis of thiol functionalized silica microparticles with an
ordered porous structure has been achieved by the simplified co-
condensation of TEOS with the thiol group containing silica precursor,
MPTMS, using base catalysis and ambient conditions. Along with the
increase of the number of the Ag(I)-binding thiol groups, the deterio-
ration of the ordered pore structure and the decrease of the specific
surface area were observed by XRD and Nj-sorption porosimetry. In
spite of the latter effect, the increase of the thiol content resulted in the
monotonous increase of the sorption capacity for Ag(I). The binding of
aqueous Ag(I) is almost stoichiometric in a broad pH range even at low
metal ion concentrations. The sorbent displays exceptionally high
selectivity for Ag(I). The mechanism of binding of Ag(I) is proposed to be
the reversible surface complexation in an ordered layered thiolate
structure specific to this metal ion. This reversible complexation enables
the practically complete recovery of Ag(I) and the regeneration of the
sorbent. These properties make the reported functionalized mesoporous
silicas attractive for the efficient recovery of Ag(I) even from realistic
aqueous media where other dissolved metal compounds are abundantly
present as technological byproducts.
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Table 4
Comparison of the properties of effective Ag(I) sorbents. Examples are given
only where the recovery of Ag(I) was verified experimentally.

Sorbent Selectivity Sorption pH ref.
capacity for
AgM
(mg/g)
Thiol functionalized Ag(D 238 5.0-9.0 this
mesoporous silica (tested for 11 work
metal ions)
Aminopropyl-functionalized ~ Ag(I) 143 8.5 [11]
mesoporous silica (tested for 10
metal ions)
Chitosan / Montmorillonite n./a. 43 6.0 [2]
Composite Beads
Thiourea-modified chitosan Ag(D 407 4.0 [14]
resin (tested for 9
metal ions)
Silica-coated magnetic Au(Il), Pd 311 5.0 [24]
nanoparticles (I, Ag(D)
MCM-48 mesoporous silica Ag() 169 5.0 [13]
functionalized with (tested for 8
dendrimer amines metal ions)
Surface molecular- n./a. 199 7.0 [12]

imprinted biosorbent
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