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Mercury poses a significant threat to air, soil, and water ecosystems. Mercury-based alloys, aka amalgams, are
already known for their effectiveness in mercury capture in water and gaseous streams. However, limited
research has been published on direct amalgamation, the process involving a direct redox reaction between two

?EZ?;Z:&?::::S metals, occurring on the surface of amorphous silica. This study investigates the amalgamation process in
Mercury nanoscale, in particular the direct interaction between silver 2(Ag") nanoparticles supported on functionalized bio-
Calomel derived amorphous silicon dioxide (SiO2) and mercury (Hg") ions in aqueous solutions. Also, the influence of
Amalgamation aqueous mercury speciation on amalgamation is studied in detail. The results reveal that the presence of chloride

(CI), acetate (OAc"), and nitrate (NO3") ions significantly influences the interaction between mercury and silver.
We propose plausible mechanisms to explain these observations. Our findings demonstrate that the maximum
mercury uptake capacity followed the order HgCl, > Hg(OAc), > Hg(NO3)2, while the reaction rate followed the
order Hg(OAc), > HgCly > Hg(NOs3),. These findings hold significant implications for the design of efficient
mercury remediation processes. By elucidating the influence of aqueous speciation on amalgamation, our work

paves the way for tailored strategies that can maximize mercury capture from water.

1. Introduction

Bimetallic nanoparticles have gained significant interest due to their
tunable characteristics, making them promising candidates in various
fields related to environmental applications, including catalysis, sensors,
and water treatment (Harika et al., 2020; Kim et al., 2023). Notably,
nanoalloys exhibit distinct properties compared to their individual
components, offering advantages like enhanced electrocatalytic activity
(Liu and Huang, 2013; Mertens et al., 2011). This paper is on amal-
gamation, a process where mercury binds with other metals, as a
strategy for mercury capture from contaminated water. While elemental
mercury is highly toxic, its amalgamation with specific metals renders it
significantly less harmful (Harika et al., 2020).

Amalgamation in the aqueous phase requires the reduction of Hg?*
to Hg® and this can happen chemically by a reducing agent added in the
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solution, electrochemically by an anode-cathode system or by a direct
redox reaction involving the oxidation of another metal with lower
reduction potential (Table 1). For instance, Tunsu and Wickman (2018)
employed electrochemical reduction for the removal of Hg?" from
aqueous solutions on Pt thin films (100 nm) by the formation of Pt-Hg
alloy at the Pt cathode. An example of a chemically assisted amalgam-
ation is this of Au-Hg amalgamation where several reducing agents have
been used to reduce Hg?" so to react with Au® such as NaBH, (Schopf
et al., 2015, 2017), sodium citrate ions (Ojea-Jiménez et al., 2012) and
ascorbic acid (Xu et al., 2018). There are some studies on direct Au-Hg
amalgamation, as this of Mertens et al. (2011) and Ag-Hg amalgamation,
e.g. Katok et al. (2012). Finally, ultrasonic-assisted amalgamation has
been reported or the formation of Pd-Hg amalgams from a mixture of
liquid Hg® and Pd%* (Harika et al., 2020) and Ag-Hg amalgams from a
mixture of Hg0 and AgJr in aqueous solutions (Harika et al., 2018). While
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Table 1
Standard reduction potentials (SHE) (Bratsch, 1989; Harris, 2007; Karp, 2008;
Kobayashi et al., 2016).

Half reaction Reduction potential (V)

Hy + 2¢” = 2H™ —2.40
CyH3037 + 2HT 4 2e~ = CoH40 -0.58
HgoCl, + 2~ = 2Hg® + 2CI° +0.27
Hg3" + 2¢~ = 2Hg° +0.80
Agt+e = Ag +0.80
Hg?" +2e = Hg’ +0.85
2NO3 + 10H' 4 8e~ = NHj + 3H,0 +0.88
Pd%* + 2¢~ = Pd° 10.92
2Hg*" +2e = Hg}' +0.91
Pt*" 4+ 2¢ = Pt° +1.18
2NO3 + 12H" + 10e™ = Ny(g) + 6H,0 +1.25
Cly(g) + 2e~ = 2CI" +1.36
AU + 3e” = Au’ +1.50

avoiding the use of chemicals electrochemical and direct reduction come
with trade-offs: the former are complex and expensive, while the latter
might contaminate the solution with oxidized ions.

Substantial research has been conducted on direct amalgamation,
but knowledge gaps remain, especially regarding the behaviour on solid
surfaces, which warrants further exploration (Table 2). As the reduction
potential of mercury is higher than this of silver, in the presence of Hg?*
the following redox reaction takes place (Table 1):

Hg?" +2Ag° — Hg® + 2Ag" (€]

Then, Hg® and Ag® form Ag-Hg amalgams (Katok et al., 2012). The
relevant studies showed that Hg3*, Ag® and Ag-Hg amalgams are stable
on the surface of SiO, (Katok et al., 2012, 2013). In a paper published in
1982 Pang and Richie (Pang and Ritchie, 1982) studied the reactions
between mercury ions in aqueous solution containing HNOg3 and silver
discs of 3 cm diameter. Electrochemical kinetics were measured galva-
nostatically and simple kinetics by immersing a silver disc in mercury
solutions. The authors identified the following reactions:

Hg*" +Ag® — 0.5Hg" + Ag™ (2)
0.5Hg2" + Ag® — Hg® 4 Ag* 3)
Hg*t +2Ag° — Hg’ + 2Ag™ 4

Reaction (2) is called dissolution reaction and reactions (3) and (4)
displacement reactions. The authors found that at temperatures below
35 °C the dissolution reaction predominates and above 35 °C the
displacement reaction (4) predominates. Other studies have shown that
this temperature could be 28 °C and that near this temperature both
reactions occur (Pang and Ritchie, 1982). Based on the reduction po-
tentials (Table 1), the dissolution reaction and the displacement reaction
(4) are favored, but not the displacement reaction reaction (3). Thus, the
reduction of Hg?>" to Hg3" and Hg® most probably happen in parallel
rather than stepwise. Despite extensive research using electrochemical
cells to investigate Hg?* reduction, the mechanism remains debated.
The key question is whether the reduction proceeds in a single step to
Hg® or involves an intermediate ng2+ species. Studies show pH and
speciation in solution impact how the reaction proceeds (Serruya et al.,
1999). For instance, the formation of Hg complexes in the aqueous phase
alters the reduction potential of Hg?" and the formation of HgOH™ in
neutral solution should result in slightly less positive reduction potential
than +0.85V (Henglein and Brancewicz, 1997). To the best of our
knowledge, the simultaneous reduction of Hg?* to both Hg=?* and Hg® in
aqueous solutions using supported Ag° nanoparticles is documented
only by Inglezakis et al. (2021).

Besides the redox path, the products of the Ag-Hg amalgamation
vary, even in simple solutions. For instance, Harika et al. (2018) studied
the interaction of Hg® (liquid form) and Ag™ in aqueous solution under
sonication. The reduction potentials show that the Ag" reduction cannot
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happen (Table 1) however ultrasonic cavitation in aqueous solution
allows this reduction to take place. The results showed that the reaction
products depend on the Ag:Hg molar ratio and for 0.33-1 a
non-crystalline Ag-Hg mixture was formed, for 0.5-0.67:1 moschel-
landbergite (AgaHgs), for 1.5:1 schacherite (Ag;.1Hgo.9), and for 1:1 a
mixture both, whereas for the range of 2-6:1 no amalgam was formed.
When completing agents, such as Cl~, present in the solution, more re-
actions and products are possible. Wang et al. (2019) used HgCly to
investigate the removal of Hg?" from water by Ag’@covalent organic
frameworks nanocomposite and XRDs showed the formation of AgCl and
Agq.1Hgp9. Sumesh et al. (2011) used HgCl, to study the removal of
Hg?* from water by use of Ag’@alumina nanocomposite and XRD
identified a different amalgam, namely AgsHgs. Tauanov et al. worked
on mercury removal from HgCl, solutions and identified calomel on the
surface of Ago@synthetic zeolites (analcime and sodalite) (Tauanov
et al., 2020). Focusing on Ago@silica, Yordanova et al. (2014) studied
the influence of NO3 and Cl™ on Hg-Ag amalgamation in water phase by
use of Ag’@silica nanocomposite and found that Ag,Hgs is formed,
however, the nanocomposite used besides Ag0 was decorated with NH,
groups which contributed to the removal of Hg?". Katok et al. (2012)
used Hg(NOs), and Hg(OAc), solutions but only the results of Hg(NO3),
were presented. Azat et al. studied the removal Hg?>" from HgCl, solu-
tion and identified several potential compounds including calomel and
Hg-Ag amalgams but the XRDs were inconclusive (Azat et al., 2020).
Inglezakis et al. (2021) studied the same system and observed the
coexistence of calomel and two amalgams, AgoHgs and Ag; 1Hgo.o, for
first time in the literature. Concerning other amalgams, Tunsu and
Wickman (2018) studied the Pt-Hg amalgamation and found that the
presence of Cl~ ions does not affect the uptake of Hg?" from the aqueous
phase. Both Hg(NOs3), and HgCl, were used in a study on Au-Hg amal-
gamation with no significant effects on the removal efficiency
(Ojea-Jiménez et al., 2012). Lisha et al. studied the Hg-Au amalgamation
in HgCly solution and found no other compounds besides the amalgam
(Lisha et al., 2009). On the other hand, Wang et al. (2016) who studied
the electrochemical formation of Hg-Au amalgam used a specific
method to avoid calomel formation. In a study on photocatalytic
reduction of Hg2+ over Au@TiOs, the presence of chlorides resulted in
the formation of Hg>Cly while in the absence of chlorides the removal of
mercury proceeds through the formation of Hg—Au amalgams (Spanu
et al., 2019). Pasakarnis et al. (2013) studied the effects of chloride and
Fe?" content on the reduction of Hg?" by magnetite. The results showed
that in the absence of chloride, reduction of Hg?" to Hg® is observed
while in the presence of chloride metastable HgZ" calomel species were
formed for the more oxidized magnetite particles.

The literature review demonstrates that, especially for Ag-Hg amal-
gamation, the formation of other compounds, such as calomel (HgyCly),
has been rarely observed and not thoroughly studied. Besides the redox
path and the reaction products there are few studies on the Ag-Hg
amalgamation in nanoscale in aqueous solutions (Table 2). In these
studies, the identification of the formed amalgams is not always done,
the discussion on the amalgamation mechanism is rather limited and the
effect of anions and thus, speciation of Hg" in the aqueous phase on Hg-
Ag amalgamation is not systematically studied. The objective of this
work was to investigate the effectiveness of a sustainable adsorbent
towards mercury and investigate the mechanisms involved and the role
of aqueous phase speciation of Hg. This is of particular importance as the
mercury speciation in water can affect the surface interactions, alter the
sorption mechanism, and thus enhance or hinder its removal. This is a
continuation of our previously published work (Inglezakis et al., 2021)
extending the study to Hg(NO3), and Hg(OAc), solutions and a more
detailed discussion on mechanisms.
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Table 2
Literature review on aqueous phase Hg-Ag amalgamation in nanoscale.
Solid phase Liquid phase Interaction Formed compounds Reference
Supported NPs
Ag® NPs@silica Hg(NO3), Direct Ag1.1Hgo.9 This work
HgCl, Hg»Cl,
Hg(OAc), AgCl
C, = 200 ppm
pH, = 2-4.5
Ag0 NPs@silica HgCl, Direct Agy.1Hgoo Inglezakis et al. (2021)
Co, = 300 ppm pH, = 3.5 AgoHgs
HgoCly
AgCl
Ag° NPs@silica® HgCl, Direct Ag,Hgs Azat et al. (2020)
C, = 100 ppm AgsHg
pH, =n/a Hg»Cl,
HgO
AgCl
AgO
Ag® NPs @synthetic zeolites” HgCl, Direct Hg-Ag amalgam (Tauanov et al., 2018, 2019)
Co, =10 ppm
pH, =25
Ag® NPs @synthetic zeolites HgCl, Direct Hg,Cl, Tauanov et al. (2020)
Co = 10-550 ppm
pH, =2
Ag® NPs @silica” Hg(NOs), Direct Ag1.1Hgoo Katok et al. (2012)
Hg(OAc),
C, = 0.15-312 ppm
pH, =4-7
Ag® NPs @covalent organic frameworks HgCl, Direct Agi11Hgoo Wang et al. (2019)
Co = 10 ppm AgCl
pH, =5
Ag® NPs @silica HgCl, Direct Not specified Ganzagh et al. (2016)
o = 50-200 ppm
pH, = 3.5-7
Ag0 NPs @silica HgCl, Direct Not specified Azmi et al. (2023)
Co, = 1-25 ppb
Ag0 NPs @NH,-silica ng with HNO3/HCl Surface decorated with NH; groups AgoHgs (Yordanova et al., 2014, 2022)
C, < 10 ppb Hg°
pH, = 2-7
Ag° NPs@activated alumina Hg*" with HCl NPs protected by mercaptosuccinic AgsHg, Sumesh et al. (2011)
Co = 2 ppm acid
pH, = 2-12
Ag® NPs@graphene oxide Hg"* Direct Hg-Ag amalgam” Zangeneh Kamali et al. (2016)
C, = 2-40 ppm
Free NPs
Ag® NPs solution Hg® (liquid form) Direct Agi1.1Hgo.o Liu and Huang (2013)
Ag® NPs solution Hg(NO3), NPs protected by DNA Hg-Ag amalgam” Deng et al. (2013)
Ag® NPs @nylon membrane filters Hg?t Direct Hg-Ag amalgam” Panichev et al. (2014)
Ag® NPs solution Hg(NO3), Direct Hg-Ag amalgam” Fan et al. (2009)
Ag® NPs solution Hg?t NPs coated with denatured bovine Not specified Guo and Irudayaraj (2011)
serum albumin
Ag® NPs solution Hg?" Direct Hg-Ag amalgam” Jarujamrus et al. (2015)
AgP NPs gelatin stabilized HgCl, Direct Hg-Ag amalgam® Jeevika and Shankaran (2016)
AgP NPs colloid solution Hg(ClO4)2 Exposed to y-radiation Hg-Ag amalgam” Katsikas et al. (1996)
Hg® colloid
Ag® NPs colloid solution Hg(ClO4)2 Direct Hg-Ag amalgam” Henglein (1998)
Hg® liquid form AgNO3 Ultrasonic-assisted Ag1.1Hgo.o Harika et al. (2018)
AgyHgs
- Ag(ClOg) Sodium borohydride-assisted Ag1.1Hgo.o Henglein and Brancewicz (1997)
Hg(ClO4)>
- Ag(ClOy) Sodium borohydride-assisted Agy1.1Hgoo Yang et al. (2019)
Hg(ClO4)2

2. Materials and methods

2.1. Materials and chemicals

Triethoxysilane (TES, 95%), acetic acid (glacial, CH3COOH), silver
nitrate (AgNOs, 99%), mercury chloride (HgCly, 98%) and sodium
thiosulfate were purchased from Sigma Aldrich and used as received.

Inconclusive or absence of XRDs.
The results of Hg(OAc), are not presented in detail.

used with appropriate dilution factor. All solutions were prepared using
ultrapure water (UP) with a resistivity of 18.3 MQ cm. The samples of
rice husk (RH) obtained from the South Kazakhstan region was used as a
raw material to produce synthetic silica. RH is an agricultural waste that

The iodine (I, 0.05N) and sodium thiosulfate standard solutions 2019).
(NaS,03, 0.1N) were purchased from BioHimPribor (Kazakhstan) and

is abundant in agro-based countries such as Kazakhstan and a sustain-
able source of silica. Our previous research has shown that high purity
silica can be produced from RH using eco-friendly methods (Azat et al.,
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Fig. 1. FTIR spectra of SiO, (dotted) and TES-SiO, (solid) samples.

2.2. Synthesis of nanocomposites

The synthesis procedures for the biosourced SiO; from RH, the TES
functionalization (TES-SiO,) and the decoration with Ago nanoparticles
(AgO@SiOZ) are presented in our previous works (Azat et al., 2019;
Inglezakis et al., 2021). Fresh materials were synthesized for this work
and were fully characterized.

2.3. Mercury removal experiments

The adsorption performance of parent SiO, modified TES-SiO5 and
AgNPs@SiO, nanocomposites was tested using HgCly solutions of 200
mg/L concentration without pH adjustment under ambient temperature
and static conditions. In all experiments 0.1 g of samples were added
into a conical flask containing 50 ml of HgCly, Hg(NOs3)2 or Hg(OAc),
solutions. The kinetic points were collected after certain time intervals
until the reaction mixture concentration remained unchanged. The ali-
quots volume of 25-50 pL were taken from adsorption containers to
measure the residual concentrations until equilibrium attained. The
amount of mercury removed was calculated from the difference between
the initial and residual concentrations. The kinetic experiments were
done in triplicate and the average standard deviation was below 5.2%.
The amount of mercury removed was calculated from the difference
between the initial and final solution concentrations.

2.4. Materials characterization and analytical methods

Fourier Transform Infrared Spectra (FTIR) were recorded on Agilent
technologies, Cary 600 series FTIR spectrometer in transmission (T)
mode at wavenumbers range 500-4000 cm ! with a resolution of 2
cm L. The chemical composition of samples was determined on X-ray
fluorescence (XRF) using an Axios Max (XRF, PANalytical) operating
with Rh X-ray tube and four analyzing crystals, namely LiF200, PE002,
PX1 and LiF220. The powder was then dispersed to retrieve X-ray
diffraction (XRD) patterns on Rigaku (SmartLab® X-ray) diffraction
system with Cu Ko radiation source (A = 1.54 A) at a scan rate of
0.02°0es 1. The morphological characteristics of samples were studied
by Scanning Electron Microscopy (SEM) using a JEOL 6380LV, oper-
ating in LV mode, at 20 kV, equipped with a backscattered electron
detector. The chemical mapping of samples were conducted using a Si
(Li) Energy-Dispersive X-ray spectrometer (EDX, INCA X-sight, Oxford
Instruments) connected to SEM. Transmission Electron Microscope
(JEOL JEM-2100 LaB6) was used to examine the morphology and size of
the formed silver nanoparticles. The mercury concentration in the
aqueous samples was measured in triplication on a RA-915M Mercury
Analyzer (Lumex-Ohio) with pyrolysis attachment (PYRO-915"). The
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Fig. 2. XRD pattern of the AgO@Si02 sample.

analysis of nitrates was done by ion chromatography using a Dionex ICS
6000/Aquion instrument.

3. Results and discussion
3.1. Materials characterization

The hydride content measured by iodometric titration was 0.06 +
0.02 mmol/g for SiO2 and 0.75 + 0.03 mmol/g for TES-SiO3, which
confirms successful modification of TES-SiOy with = Si-H groups. The =
Si-H groups were detected in FTIR spectra at 2268 cm ™! (Fig. 1). The
silver content measured by XRF was 55.9 mg/g. The XRD spectra are
shown in Fig. 2. The peaks at 38.16°, 44.36°, 64.56° and 77.62° are
characteristic of metallic Ag0 (PDF card 0-001-1164). Using the Scher-
rer equation and the peak at 38.16° the size of Ag® NPs was estimated at
57 nm. The TEM images of Ag’°@SiO, samples clearly show spherical
nanoparticles of variable sizes (Fig. 3), which is in a reasonable agree-
ment with XRD results.

3.2. Mercury sorption kinetics

The % removal of mercury by the TES-SiO, and Ag’@SiO, from the
solutions is shown in Figs. 4-6. As is evident, TES-SiO is superior in all
solutions owing to the high reactivity of hydride ions. In Ag°@SiO,, case
the maximum mercury uptake capacity followed the order HgCl, > Hg
(OAc); > Hg(NOs)z, while the removal rate the order Hg(OAc)s >



V.J. Inglezakis et al.

NAZARBAYEV  [a3 Jed e N NAZARBAYEY
UNIVERSITY 8 : ; U UNIVERSITY

1 M 371 (2024) 123269

Journal of Enviro

19.36'n

4

N NAZARBAYEV
0 0 nm UNIVERSITY

Fig. 3. Representative TEM images of the Ag°@SiO, sample.

100
90 { L
80
70
60

50

% removal

40

30

20

10

e e

0 100 200
Time (h)

{ e ® 9500
% % X 84.53
® TES-Si02/HgCl2
x Ag@5i02/Hg CI2
400 500

Fig. 4. Mercury uptake from the chloride solution.

HgC12 > Hg(NOg)g.

The XRD results are presented in Figs. 7-9. The rectangles highlight
the main differences between the samples. For the chloride solution,
TES-SiO; and Ag°@SiO, samples showed peaks at 21.35°, 28.1°, 31.6°,
32.7°,40.15°,43.7°, 46.3°, 52.8° and 58.25°, which are characteristic of
HgCl, (PDF card 00-001-0768). The Ag0@8i02 samples showed addi-
tional peaks at 32.2°, 54.8° and 57.4° characteristic of AgCl (PDF card
00-001-1013). Also, it shows an additional peak at 39.4°, characteristic
of schachnerite Ag; 1Hgo 9 (PDF card 00-027-0618). For the nitrate so-
lution, TES-SiOy shows no new peaks while the AgO@Si02 samples
showed peaks at 34.5°, 36.95° and 39.3°is characteristic of schachnerite
Agq.1Hgo.9. For the acetate solution, TES-SiO5 shows no new peaks while
the Ago@SiOz samples showed peaks at 38.1°, 44.2°, 44.2°, 64.6° and
77.6°, which are characteristic of Ag® and a peak at 39.6° which is
characteristic of schachnerite Ag;1Hgoo9. The same sample was
measured after 7 days of interaction with the solution and the results
showed only three peaks at 38°, which is characteristic of Ag® and 37.1°
and 39.6°, which are characteristic of schachnerite Ag; 1Hgg 9. This in-
dicates that even after the uptake of mercury is completed the silver is
further oxidized and the amalgam formation evolves, a phenomenon

that requires further research.

The TEM samples of the Ag’@SiO, show dark spots and mostly
absence of well defined spherical Ag® nanoparticles (see Fig. 10). The
SEM-EDS clearly shows the coexistence of Hg and Ag with Cl in samples
interacted in chloride solutions and Ag and Hg in samples interacted in
nitrate solutions. In in samples interacted in acetate solutions no such
coexistence was observed, probably because of the small size of formed
amalgam particles.

3.3. Interaction mechanisms

3.3.1. Interaction of metals with SiO2

Silanol groups are weakly acidic and as pH increases above 2 + 1 the
silica surface develops a net negative charge primarily due to deproto-
nation (Lowe et al., 2015; Wu and Lin, 2013; Zienkiewicz-Strzalka et al.,
2018):

-SiOH = -Si0” + H* 5)

The potential interactions of metals with the surface of SiO5 are
adsorption and ion exchange. Dugger et al. (1964) and Mustafa et al.
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(2003) studied the exchange of several metals ions on silica gel and an
ion exchange mechanism between cations and hydrogen ions was
proposed:

m(-SiOHH' + M™" = (-Si0)pM + mH" (6)

Ion exchange can happen at pH above 2 so deprotonation of silanol
groups to happen and below a certain pH so free metal ions in the so-
lution exist (Fig. 12). Katok et al. (2013) who found that amorphous
(fumed) silica showed no affinity for mercury in Hg(NOs)2 solutions at
pH 4 and low concentration (1.4 ppm). The explanation provided is that
only 0.1% of silanol groups are ionized at this pH and thus cation ex-
change between Hg?* and H" is not possible. Belyakova et al. (2009)
used amorphous silica (C-120) to study the removal of Hg?* from nitrate
solutions at pH near to 1 and argued that silanol group ionization is
negligible below pH 4.5 and the removal of Hg?" is insignificant as
cation exchange cannot happen. However, a closer look at the results
reveals that this is true for low concentrations but at initial concentra-
tion of 1000 ppm the loading reached about 20 mg/g, which is clearly
not insignificant.

Other studies reported that ion exchange is not significant in com-
parison to adsorption. Surface complexation and formation of bonds
between metals and oxygen atoms on the surface of silica were described
as the adsorption mechanism for the removal of Hg?* from low con-
centration solutions (ppb level) and pH above 2 by a-SiO, (Tiffreau
etal., 1995). Adsorption OH™ and Cl~ complexes can explain the uptake
of Hg?t. The same mechanisms were discussed by Bonnissel-Gissinger
et al. (1999) who studied the adsorption of Hg?* on amorphous silica
(Aerosil 200) in low concentrations (2.48 ppm). The mechanism was
described as adsorption of OH™ and Cl™ complexes rather than ion ex-
change of free Hg?" ions. Etale et al. studied the removal of mercury in
the absence of Cl™ by use of commercial silica at low concentrations
(<1.53 ppm) and observed that positively charged mercury species at
pH 3 are not adsorbed while mercury removal increased in higher pH
due to the adsorption of Hg(OH), complexes (Etale et al., 2014). In this
study, blank experiments with SiO5 showed 0.4%, 1.9% and 6% average
removal of mercury from acetate, chloride and nitrates solution,
respectively. Ion exchange should happen at low pH as free Hg?' ions
exist in the solution and silanol groups are ionized and adsorption fol-
lows at higher pH values. However, the mercury uptake is either very
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Fig. 7. XRD analysis of TES-SiO, (top) and AgO@SiOZ (bottom) samples after mercury adsorption from chloride solution.
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Fig. 10. Representative TEM images of the Ag°@SiO, samples after mercury sorption.

low or insignificant.

3.3.2. Silicon hydride reaction with metals
The reaction between SiO3 and TES can be represented as follows
(Katok et al., 2013):

3(—SiOH) + (OCH,CH;),SiH — [3(—SiO)]SiH + 3CH5;CH,OH @

The silicon in the silicon-hydrogen bonds formed on silica surface
after TES modification is more positive than hydrogen and therefore the
hydrogen atom bears a negative charge and can be eliminated as a hy-
dride ion (Katok et al., 2013). The reaction in water is favored in alkaline
solutions (Katok et al., 2013):

—SiH+H,0 — —SiOH+H™ +H" (€©))

The hydride ion reacts with the proton from water to form hydrogen.
Considering that the reduction potential of the hydride ion is much
lower than most of metals (Table 1) H™ can be oxidized to form

hydrogen with a simultaneous reduction of the metal which is adsorbed
on the surface of the solid (Katok et al., 2013). The reactions of interest
can be found in literature and are adapted here to better depict the
mechanisms and stoichiometry (Katok et al., 2012, 2013; Reed-Mundell
et al., 1995):

2(—SiH) 4 2Hg*" 4+ 2H,0 — [2(—SiO)|HgZ" +4H" + Hy(g) ©)

—SiH+Ag" +H,0 — (—SiOAg’) + H' + 0.5H,(g) (10)

The solution pH plays an important role on mercury removal as it can
influence the aqueous phase speciation, the stability of the silicon hy-
dride groups and the deprotonation of silanol groups. In the published
studies it is not clear how the Hg3" and Ag® are anchored on the surface
of Si0,. It seems plausible that Hg?" and Ag™ are first electrostatically
attracted by the negative (-SiO") groups where the reduction that follows
bounds them on the surface:
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Fig. 11. SEM-EDS images of the AgO@Si02 samples after mercury sorption in chloride (top), nitrate (middle) and citrate (bottom) solutions.
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—SiH+Ag" +H,0 — (-Si0")Ag" +H™ + 2H" an

(~Si0")Ag" +H™ — —SiOAg’ + 0.5H, 12)

However, as it is discussed above, in the pH range of 2-4.5 the sur-
face is only slightly negative and control experiments with unmodified
SiO4 showed that this electrostatic attraction does not seem sufficient to
result in significant uptake of Hg?>". Nevertheless, negative metals spe-
cies can follow the same general reaction scheme, as for instance the
interaction of PtCI2~ with the surface of silica and the anchoring of Pt°
on its surface (Tertykh et al., 2013).

3.3.3. Silver interaction with mercury
Due to the dissolved oxygen in the solution Ag® is oxidized:

2Ag° + 0.50, — Ag,0 13)

This reaction should be slow enough to allow reducing conditions to
form locally on the SiO; surface and reactions (1) and (2) to take place.
As it will be discussed, in contrast to Katok et al. (2012), in this study it is
assumed that both Hg3" and Hg® are formed although the Hg®/Hg3"
ratio is not known. The co-existence of Ag® and Hg® results in amal-
gamation, which in the presence of Cl™ is accompanied by calomel

precipitation:
0.9Hg" + 1.1Ag° — Ag; ;Hgyo L))
Hg3? + 2C1" - HgyCly 15)

Finally, the dissolution of Ag,0 takes place (Tauanov et al., 2020)
which allows the formation of AgCl:

Ag20 + 2H' — 2Ag™ + H,0 (16)

Agh + ClI7 - AgCl a7

Amalgamation (reaction 14) is expected to be slower than the pre-
cipitation reaction (15) due to (a) possible the stepwise partial reduction
of Hg?* via Hg3™, (b) the slow diffusion of Hg® though the Ag®/amalgam
layers and (c) the stoichiometry. The reduction of 1 mol of Hg?* to Hgg*+
and the formation of calomel requires in total 1 mol of Ag® (Hg:Ag molar
ratio of 1) while the reduction of 1 mol of Hg?* to Hg® and the formation
of amalgam requires in total 3.22 mol of Ag® (Hg:Ag molar ratio of 0.31)
(Azat et al., 2020). This means that regardless the reactions rate, for the
same amount of Ag® on SiO,, amalgamation is expected to result in
lower Hg?" uptake than precipitation (reaction 15), which agrees with
the experimental results (Figs. 4-6). For more details of the diffusion

6 pH

Fig. 12. Qualitative representation of the conditions where ion exchange can take place.
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Fig. 13. Speciation (upper, middle) and Pourbaix (lower) diagrams for HgCl, solutions.

phenomena during Ag-Hg amalgamation see Liu and Huang (2013).

3.3.4. The effect of aqueous phase chemistry

To better understand the surface reaction mechanisms taking place
on TES-SiO, and Ag’@SiO,, the mercury speciation in Fig. 7 and the
Pourbaix diagram in Fig. 8 at a concentration of 200 ppm of Hg?" are
presented for the three studied systems. All diagrams were created by
using Medusa software. It is important to mention that the lines in the
Pourbaix diagram represent the Egyg-pH conditions where, in equilib-
rium, the content of the adjacent species is the same. However, these
species always exist in smaller amounts on both sides of these lines and
may influence the properties of the systems. For the discussion that
follows the assumption is that the chemical speciation represents the
mercury species in the solution while the Pourbaix diagram the redox
products on the surface of SiO,. Thus, redox reactions were included in
modeling for the Pourbaix diagrams but not for the speciation diagrams.
The formation of HgO, an orange-red precipitate, is possible but is
excluded from modeling as no precipitate was observed under the
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experimental conditions studied.

3.3.4.1. HgCl, solutions. In HgCl, solutions and over the observed pH
range (3.6-4.4) only neutral HgCly is formed in the solution and the
reduction of Hg?* in a complex is expected to be more difficult than this
of free Hg2+. The surface reduction of Hg2+ (reactions 1 and 2) drives
the system in the Hg3 " predominance area (reaction 15), coexisting with
some Hg® (Fig. 13). Further reduction of Hg,Cl, to Hg® can only happen
in TES-SiO, system, as hydride reduction potential is lower than this of
calomel (Table 1). In Ag°@SiO, system, the presence of Hg® leads to the
formation of Ag-Hg amalgams (reaction 14). Also, from Table 1 is clear
that hydride reduction potential is much lower than this of Ag® and thus
it can more effectively reduce mercury ions (reaction 9). The formation
of HgsCly in both TES-SiO5 and AgO@Si02 and AgCl and Agj 1Hgo9 in
Ago@Si02 is clear in XRD spectra (Fig. 7). Also, the formation of HgsCl,
and AgCl in AgO@Si02 is evident in SEM-EDS analysis (Fig. 11).

3.3.4.2. Hg(NO3), solutions. In Hg(NO3), solutions and over the
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observed pH range (2.3-4) Hg2+ coexists with stable Hg(OH); com-
plexes and the surface reduction drives the system in the Hg3"™ pre-
dominance area, coexisting with some Hg® (Fig. 14). Further reduction
of Hg3™ to Hg® can only happen in TES-SiO, system, as silver ion and
mercuric ion reduction potentials are practically equal (Table 1).
However, Hg® was not detected on the surface of TES-SiO, by Katok
et al. (2013), who worked at pH around 4. In Ag’@SiO, system, the
presence of Hg® leads to the formation of Ag-Hg amalgams (reaction 14).
The formation of Ag; 1Hgp ¢ in AgO@SiOZ is clear in XRD spectra (Fig. 8)
and SEM-EDS analysis (Fig. 11)

Being predominate species, the adsorption of Hg3" on silver cannot
be excluded. The pH gradually increases during the reaction reaching
about 3.5-4 at its completion in all studied solutions. The removal of
Hg?* from the solution tends to increase the pH and reaction (3), for
TES-SiO, and (7) for AgO@Sioz tends to decrease the pH. After inter-
action with mercury, in TES-SiO, solutions the pH was lower than in
Ag’@Si0, solutions by 0.2-0.65. This is an advantage for TES-Si0
system as the amount of free Hg?" ions is higher.

Katok et al. (2012) discussed on the possibility a redox active anion,
such as nitrate and acetate, to facilitate the reduction of silver released
into solution under conventional redox chemistry and allow silver to
partake in further reduction of mercury. The reactions they provide are:
Hg*" + 2NO; +H,0 — Hg® + 2H" +2NO; + 1.50, (18)

Hg®" 4 2NO; +H,0 — Hg® +2HNO, + 1.50, (19)
Although thermodynamically favorable the rate of these reactions is
not known (Katok et al., 2012). A different and more likely hypothesis is
based on the reduction potential of nitrate (Table 1). The reduction of
nitrates by inorganic materials has been reviewed by Zhu and Getting
(2012) and Fanning (2000). Several metals such as Fe, Cu, Zn and Pb can
reduce nitrates to ammonium in acidic conditions. Kang et al. studied
the reduction of nitrate to ammonium by bimetallic Fe/Ni nanoparticles
(Kang et al., 2012). In the case of TES-SiO» nitrate can oxidize hydride
and hinder the uptake of Hg?'. In the case of Ag’@SiO, the nitrates

12
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reduction potential to NHJ or Ny is higher than Ag® Hg3' and Hg®
causing their oxidation and hindering the formation of amalgams. To
validate this hypothesis the nitrates concentration in Hg(NO3), solutions
were measured. The results showed a considerable decrease of nitrates
by approximately 65% in both TES-SiO, and Ag°@SiO, solutions. The
concentration of nitrates is constant after 8h and up to 264h. The stock
solution theoretical nitrates concentration was 124 ppm and the color-
imetric method showed 98 + 4 ppm. Despite the modest accuracy of the
method, the decrease of nitrates concentration in both TES-SiO, and
Ag’@Si0, is firmly confirmed and thus there is a strong indication of
nitrates reduction.

3.3.4.3. Hg(OAc); solutions. The observed pH range of the is (2.5-4.1),
similar to this of Hg(NO3), solutions. Again, the surface reduction (re-
actions 1 and 2) drives the system in the Hg3" predominance area,
coexisting with some Hg® (Fig. 15) and further reduction of Hg3" to Hg®
can only happen in TES-SiO, system. In Ag’@SiO, system, Ag-Hg
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amalgamation is more pronounced indicating that the amount of
formed Hgo is higher than in Hg(NO3) solution. This agrees with Katok
et al. (2012) who found that the amalgamation reaction in Hg(OAc),
solution is more efficient. Also, given its relatively high amount,
adsorption of Hg3" on silver cannot be excluded. Although SEM-EDS
analysis shows no amalgam (Fig. 11) the XRD spectra clearly shows
the formation of Ag; 1Hgp.9 in AgO@Si02 (Fig. 9) but there is no evidence
of amalgam in SEM-EDS analysis.

In the case of TES-SiO, acetate can oxidize hydride and reduce Hg?"
but the oxidation effect is more pronounced in the presence of nitrates as
its reduction potential is much higher than this of acetate (Table 1). In
the case of Ag°@SiO, the acetate reduction potential is lower than this of
both Ag® and Hg® and thus it can contribute to the reduction enhancing
the reaction rate of amalgams. Thus, in both systems the mercury
removal from Hg(OAc); solution is expected higher in comparison to Hg
(NOs3); solution. Finally, as Cl™ is stable (Table 1), and there is no such
effect as this of nitrates and acetate in HgCl, solution.
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3.3.4.4. Interactions molar ratios. The estimated H:Hg molar ratio in
TES-SiO;, samples is 0.33-0.66 close to this observed for a similar ma-
terial by Katok et al. (2013) (0.40-0.56) and Inglezakis et al. (2021)
(0.52). Obviously, this is considerably lower than the stoichiometry of
the reaction (3) however this can be explained by considering the hy-
drolysis of hydride according to reaction (1) resulting in less available
hydride for reduction. Assuming that all Ag® reacts the Hg:Ag molar
ratio in Hg(OAc), solution is 0.53, higher than the stoichiometric ex-
pected for the redox reaction and the formation of amalgam, an evidence
of hyperstoichiometry, reported only once so far by Katok et al. (2012).
This result however requires further verification as acetate can
contribute to the reduction of Hg?* while adsorption of Hg?" and Hg3"
on the surface of silica cannot be excluded. The Hg:Ag molar ratio in Hg
(NO3)2 (0.25) and HgCl, (0.83) solutions are lower than the stoichio-
metric but considering the large nanoparticles size observed in this study
(57 nm) is in agreement with the published data which show scaling of
stoichiometry with the nanoparticle size.

4. Conclusions

In this study, the direct nanoscale Ag-Hg amalgamation on the sur-
face of amorphous silica was investigated. The findings show that the
presence of chloride (Cl°), acetate (OAc"), and nitrate (NO3”) ions in the
solution significantly influence the mercury removal process. Mercury
uptake capacity followed the order HgCly > Hg(OAc)z > Hg(NO3)o,
while the reaction rate the order Hg(OAc), > HgCly > Hg(NO3),. The
formed amalgam was Agi.1Hgo.s in all solutions while and the presence
of chloride ions (Cl?) led to the co-formation of HgCl. and AgCl
alongside the amalgam. The results demonstrate the potential of the
Ag@SiO nanocomposite for the removal of Hg?" and the effect of the
anions which drastically alter the mercury speciation and the surface
redox reactions. The estimated Hg:Ag molar ratio in Hg(OAc), solution
was found higher than the stoichiometric expected for the redox reac-
tion and the formation of the amalgam, an evidence of hyper-
stoichiometry. While this result is groundbreaking it requires further
verification using advanced surface analysis characterization. The spe-
cific form of mercury present in water affects the effectiveness of various
removal technologies and, consequently, the success of remediation
efforts. Furthermore, the presence of anions in water plays a vital role in
mercury complexation, altering the aqueous mercury species charge.
This distinction is crucial because remediation methods effective for
ionic mercury, such as ion exchange resins and zeolites, prove ineffec-
tive when mercury exists as neutral complexes. In such cases, adsorption
emerges as the preferred removal strategy. Notably, redox interactions
involving silver demonstrate efficacy across both ionic and neutral
mercury forms, rendering this approach more adaptable and efficient
compared to other materials and methods. In terms of applications these
findings are of particular importance in water remediation and treat-
ment as the synthesized materials are sustainable and can remove
mercury from water effectively. Also, the results offer insights on the
effects of mercury speciation on the removal performance which is of
crucial importance and fills a gap in the related literature.
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