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In this work, we describe the use of silver nanoparticles of 9 + 2 and 20 + 5 nm core diameter, protected by
mercaptosuccinicacid (MSA)and supported on activated alumina for the removal of mercuricions present
in contaminated waters, at room temperature (28 + 1 °C). These two nanoparticle samples were prepared
by using two Ag:MSA ratios 1:6 and 1:3, respectively, during synthesis and were loaded on alumina at
0.5 and 0.3% by weight. The mechanism of interaction of silver nanoparticles with Hg* ions was studied
using various analytical techniques such as ultraviolet-visible spectroscopy (UV-vis), Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron microscopy (SEM), dynamic light
scattering (DLS), inductively coupled plasma-optical emission spectrometry (ICP-OES), energy dispersive
analysis of X-rays (EDAX), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS). Interactions of the metal ion with the metal core, the surface head group and the monolayer
functionality were investigated. A high removal ability of 0.8 g of mercury per gram of Ag@MSA was
achieved in the case of 1:6 Ag@MSA. These two materials show better uptake capacity of Hg?* in the pH
range of 5-6. The ease of synthesis of the nanomaterial by wet chemistry, capability to load on suitable
substrates to create stable materials and affordable cost will make it possible to use this approach in field
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applications, especially for the treatment of Hg>* contaminated waters.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Water pollution is undoubtedly one of the major problems faced
by the world today. Metals such as Hg, Pb, Cr, Cd, As in diverse forms
constitute some of the major inorganic pollutants and have many
harmful effects on humans and environment. Mercury is a highly
toxic metal thatis used widely despite its high levels of toxicity even
at low dosages. Mercury enters air by natural and anthropogenic
sources [1,2]. Mercury is a neurotoxin and the foetal nervous sys-
tem is most vulnerable in this respect. Mercury exists in three
chemical forms, namely elemental (Hg?), inorganic mercurous and
mercuric forms (Hg*! and Hg*2) and organic alkyl mercury. Methyl
mercury and dimethyl mercury are the most toxic and stable forms
of organomercury. Effects of mercury toxicity have been catalogued
[3]. Due to the high toxicity effects, World Health Organization
(WHO) has set the limit of mercury in drinking water as 0.001 mg/L.
The permissible limit of mercury set by Indian standards for efflu-
ent discharge is 0.01 mg/L [4]. Mercury contamination in India is
increasing at a shocking rate mainly due to the release of mercury-
bearing industrial effluents ranging from 0.058 to 0.268 mg/L. In
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India, chlor-alkali industries are the most important consumers of
mercury and those located on river basins in eastern India are said
to have released 60-320 times more mercury than the permissible
limit, thereby polluting the river waters [5].

Some of the methods commonly employed for the treatment of
mercury-contaminated waters are precipitation, membrane filtra-
tion and bioremediation [6]. These methods are costly and require
skilled labor. Low cost and less maintenance makes adsorption a
relatively better technique especially for small-scale treatment and
as a polishing technique in large scale [7]. Metal based adsorbent
systems such as zero-valent iron has caught large attention for its
efficiency and practical applicability on a wide range of contam-
inants such as dehalogenation of halocarbons using fine grained
iron [8]. The standard reduction potential of iron (—0.44 V) makes
it more favorable for the reductive dehalogenation of alkyl halides
(RX+2e~ +H* — RH+X~) which ranges from 0.5 to 1.5V, at pH 7.
Many other metals along with iron such as zinc, copper and alu-
minium to improve the rate of reduction were tried [9]. Some other
reactive metals such as magnesium [10] and zinc [11] were also
experimented for dehalogenation. Zero valent iron is known for
a process called cementation in engineering literature, which is
the extraction of metals from low-grade ores. Here, it is known
for its capability of reducing Cu?*, Hg2* and Ag* to metallic form
[12]. Several materials containing iron such as iron sulfide, iron-
bearing oxyhydroxides and aluminosilicate minerals were proved
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Fig. 1. UV-vis absorption spectra (A) and X-ray diffraction patterns (B) of 1:6 and 1:3 Ag@MSA nanoparticles (traces ‘a’ and ‘b’, respectively). Inset of ‘A’ is the FT-IR spectra

of both Ag@MSA nanoparticles (a and b) in the carboxylate region.

successful for the reduction and precipitation of metal ions. Out of
all the iron based materials, elemental iron was found to be most
successful for ground water remediation [13]. With the advent of
nanotechnology, iron nanoparticles replaced the use of bulk iron
based systems for the purification of water [14]. Surprisingly, after
a few years, noble metal nanoparticles were also found to degrade
halocarbons by the same mechanism of reductive dehalogenation
[15-18].In a report by Lisha et al., Hg2* ions were reduced to zero-
valent state, followed by the alloying of reduced mercury on gold
nanoparticle surface [19]. We have examined the removal of other
toxic species from water using nanomaterials [20-22].

Several studies on the interaction of silver nanoparticles and
mercuric ions have been reported [23-25]. This is the first study
of size dependent interaction of Ag@MSA nanoparticles with
Hg2* ions at different concentrations. In the present work, silver
nanoparticle system is used for the sequestration of HgZ* from
water at room temperature (28 &1 °C). Since the reduction poten-
tial of silver (Ag*+e~ — Ag, E°=0.80V) is comparable to that of
mercury (Hg2* +2e~ — Hg, E° =0.85 V), we cannot expect high reac-
tivity of HgZ* with bulk silver. But, nanoscale silver is expected to
be more reactive since there is a decrease in reduction potential
upon decreasing the size [26]. The surface chemistry and optical
properties of unprotected colloidal silver upon interaction with
various metal ions have been investigated already [27]. Among
the several ions such as Cd?*, NiZ*, Ag* and Hg2*, the last one
alone was found to get reduced along with partial oxidation of
silver. The aim of the present work is to develop an efficient
and reliable silver nanoparticle-based system for the removal of
Hg2* from water. Two different systems with MSA as the lig-
and were studied, namely 1:3 Ag@MSA and 1:6 Ag@MSA (the
ratio refers to the molar ratio of silver to MSA used in the sam-
ple preparation). The nanoparticles were used in the supported
and unsupported forms. We chose this system as the synthe-
sis of these particles is possible in water:methanol mixtures and
their purification is easy. They can be easily loaded on supports
to create a practical solution even with limited resources, in rural
settings. The reactants and products were analyzed by various
analytical techniques for understanding the mechanism of interac-
tion. Finally, the practical applicability of this system was checked
by a column experiment. It is important to note that monolayer
protected nanoparticles, synthesized in water:methanol medium,
are used in the study and it is shown that both the metal
core and the monolayer are important in the removal mecha-
nism.

2. Experimental

Silver nanoparticles protected with MSA were synthesized by
the reduction of AgNOs3; using NaBH, [28]. The details of the
nanoparticles synthesis, batch experiments of Hg2* and Ag@MSA
particles, loading of Ag@MSA particles on alumina and column

experiments are described in Supplementary data 1. The instru-
mentation part is given in Supplementary data 2.

3. Results and discussion
3.1. Characterization of Ag@MSA nanoparticles

The plasmon absorption of silver nanoparticles appears around
390-400 nm. Although the peak positions of 1:3 and 1:6 Ag@MSA
are almost the same (Fig. 1A), the surface plasmon of 1:6 Ag@MSA
shows a sharp feature when compared to that of 1:3 Ag@MSA,
which shows a broader line shape with a high wavelength shoul-
der. It can be assumed from this that the 1:3 Ag@MSA sample has
a larger particle size distribution. This is supported by XRD mea-
surements also (Fig. 1B). The pristine silver nanoparticles of both
1:6 and 1:3 ratios showed all the peaks corresponding to metallic
silver [29].In 1:3 sample (trace b) silver features are sharp whereas
in 1:6 sample (trace a), silver features are broadened. This sup-
ports the small size and amorphous nature of the 1:6 sample. The
FT-IR spectra of both the samples are shown in Fig. S3 (Supple-
mentary data). It showed that the S-H stretching peak present
in pure MSA at 2548 cm~! is absent in Ag@MSA. The broad peak
centered at 3418 cm~! is due to the O-H stretching, due to the
presence of water molecules in the particles. The expanded region
of carboxylate group is shown as inset of Fig. 1A. Two sharp and
strong peaks are present at 1572 and 1402 cm~!, due to asymmet-
ricand symmetric vibrations of the carboxylate group. A shoulder at
1384 cm~1 is also seen which is also due to the symmetric stretch-
ing of carboxylate [30]. These features suggest the existence of
MSA as carboxylate ions on the nanoparticles. The differences (A)
between asymmetric and symmetric modes of carboxylates in par-
ent Ag@MSA (both 1:3 and 1:6) are 170 and 188 cm~!. These A
values fall in the region of bridging bidentate mode [31,32] of car-
boxylate of MSA. The 1:6 Ag@MSA particles are well-defined and
spherical with an average particle size of ~9nm (Fig. 2A and B).
At this large Ag:S ratio, the size distribution is uniform. Particles
are not crystalline as shown in the HRTEM image (Fig. 2B). The
1:3 Ag@MSA nanoparticles (Fig. 2C and D) are also spherical, but
not as well defined and the size-distribution was not as narrow as
in the former. Such particles show crystalline nature as shown in
HRTEM (Fig. 2D). While most of the particles are below 15-17 nm,
larger particles were also seen; this distribution is typical of silver
nanoparticles.

3.2. Uptake of Hg?* by Ag@MSA loaded on alumina

3.2.1. Effect of pH

In this study, 30 mg alumina loaded 1:6 Ag@MSA nanoparticles
were treated with 30 mL of 2 ppm Hg?* solutions. The pH of the
solution was adjusted to the required value by using 0.1 M HCl
and 0.1 M NaOH solutions. The pH values were 2, 5, 7, 9 and 12.
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Fig. 2. TEM images of 1:6, 1:3 Ag@MSA nanoparticles (A and C, respectively). A and C are large area images and B and D are single nanoparticles. In B (1:6 Ag@MSA) no lattice

is seen while in D (1:3 Ag@MSA) the lattice observed is marked.

These solutions were shaken with a shaker for 24h and Hg2* in
solutions were analyzed afterwards with UV-vis absorption spec-
troscopy using the Rhodamine 6G method [33]. The concentration
of HgZ* in the solution was obtained from the calibration plot
(Fig. S4). A straight line is obtained by plotting the concentra-
tions of standard mercury solutions (0.0, 0.5, 1.0, 1.5 and 2.0 ppm)
and the absorbance of Hg2*-Rhodamine 6G complex at 575 nm.
Similar study was done with alumina loaded 1:3 Ag@MSA nanopar-
ticles also and the results are shown in Fig. 3. The percentage of
removal by both the systems is high at pH 5-6 and it is decreas-
ing with increase of pH. The reason for the decrease of uptake
capacity at higher pH may be that Hg?* forms stable mercuric
hydroxo complexes with high log K=22 which may not interact
with nanoparticles surface [34]. Among these two materials, 1:6
Ag@MSA showed better performance than 1:3 Ag@MSA.

3.2.2. Effect of other ions

The effect of other ions like CaZ*, Mg2*, CI-, NO3~, SO42~ etc. on
the uptake of 2 ppm Hg?* present in normal tap water by alumina
loaded 1:6 and 1:3 Ag@MSA was also studied. In this study, 30 mg
of each material and 30 mL of 2 ppm Hg?* solutions prepared in
normal tap water were used. The pH of the normal tap water was
found to be 8. The Hg2* present in solutions was analyzed after
a day with UV-vis absorption spectroscopy. The mercury removal
percentages by alumina loaded 1:6 and 1:3 materials were 68 and
46%, respectively. This shows that effect of other ions on the uptake
of Hg?* is considerable in both the materials.

3.2.3. Column studies

We conducted an experiment (as described in Supplementary
data 1) in which the capacities of three adsorbent systems (pure
alumina, 1:3 and 1:6 Ag@MSA loaded on alumina) were compared.
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Fig. 3. A plot of the pH of Hg?* solutions and removal efficiency of alumina loaded
1:6 and 1:3 Ag@MSA nanoparticles.

The adsorbent samples were chosen such that the amounts of sil-
ver in the last two were the same. The ICP-OES data are shown in
Fig. 4. The solutions were collected up to 4.0 and 6.5 L in the case of
1:3 and 1:6 Ag@MSA, respectively. The breakthrough is observed
after passing 2.0 and 5.5 L Hg?* in the case of 1:3 and 1:6 Ag@MSA,
respectively. We have ascertained that the Hg2* concentration goes
below 85 ppb (in 1:6 Ag@MSA case) with an input concentration of
2 ppm. The amount of adsorbent or loading has to be increased in
bringing the output concentrations to acceptable limits in prac-
tical applications. It may be noted that 2 ppm input is ten times
higher than even the most contaminated waters. The output water
from pure alumina column contains 1.7 ppm of Hg?* after passing
200 mL, 2 ppm Hg2* solution (Fig. S5A). This shows alumina alone
cannot act as good adsorbent for mercury.
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Fig.4. Aplotofthe concentration of Hg* detected in ppb as a function of the volume
of Hg?* solution passed.

In order to understand the particle size effect in the interaction
of Hg?* ions with silver, AgNOj3 solution was directly reduced on
the alumina surface using NaBHy, keeping the amount of silver the
same as in the loaded samples. The same study was done using this
material as adsorbent. Here, silver was present on alumina in the
bulk form. The performance was comparable to that of bare alu-
mina (Fig. S5B). This proves the importance of nanoscale materials
in the observed phenomenon and shows that the reactivity of the
nanoparticles is not lost even after loading on alumina.

There was no significant color change in the case of pure alu-
mina adsorbent after passing Hg?* solution through the column.
The parent samples of 1:3 and 1:6 Ag@MSA were grey and beige,
respectively. After the experiment, the darker regions may be due
to the deposition of mercury on the column whereas pale regions
may be the areas where etching of Ag had taken place (Fig. S6).
When the color of the column was changed almost completely, the
output water started showing the presence of mercury indicating
that the column was getting exhausted. The visible color change of
the column serves as a practical indicator.

The output solutions were tested for silver content with ICP-
OES in the case of 1:6 sample and data are shown in Fig. S7. Initially
as silver and mercuric ions are interacting and the output solu-
tion contains less silver. As the interaction proceeds, silver content
starts increasing in the output water. Subsequently, silver con-
tent is decreased. This shows that the silver ions, which may be
formed at the nanoparticle surface are entering into the solution.
The decrease in concentration of Ag with time is not due to the
complete removal of Ag from the adsorbent. Because of small size of
Ag@MSA nanoparticles, some particles may be leaching. The other
possibility is that if there exists some unwashed Ag@MSA on alu-
mina which can come out. As time progresses, when all the excess
nanoparticles came out, there is no silver detected.
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3.3. Mechanism explanation

The mechanism of interaction of Hg2* with Ag@MSA nanoparti-
clesis probed with several following spectroscopic and microscopic
tools.

3.3.1. UV-vis spectroscopy

The plasmon band of silver nanoparticles is extremely sensitive
to adsorption of nucleophiles and electrophiles on their surface
[35]. The changes in the surface plasmon seem to be different in
both the nanoparticle cases with concentration of Hg2*. The low-
est concentration data are presented in Fig. S8. Here, the plasmon
absorption got red shifted and the broadening of the peak was
noticed in both the cases. This may be due to the withdrawal of
electron density from silver nanoparticles because of adsorption of
cations on the surface of the particles [35]. There can also be aggre-
gation as aresult of this. On the contrary, ata medium concentration
(100 ppm), there is a blue shift observed along with dampening for
the 1:3 Ag@MSA sample alone (Fig. 5). The 1:6 Ag@MSA sample did
not show any blue shift, a minor red shift was seen instead. Decrease
in the intensity of the plasmon is more because much more Hg2*
ions are now in the solution. The blue shift and dampening can
be due to the changes in the refractive index of the particles and
change in composition due to the formation of an amalgam [35].
At a still higher concentration, the dampening of the intensity is
more prominent. The peak disappears almost fully very fast and
after that the curve remains almost the same. This is due to the
near complete reaction of nanoparticles. This was noticed in TEM
images also. Fig. S9A is large area TEM image of 1:6 Ag@MSA treated
with 250 ppm Hg2* in which the particles are aggregated. Fig. SOB
is the HRTEM image of the same sample in which no individual
particle is seen.

3.3.2. FT-IR analysis

After treating with 100 ppm Hg2* solution, the carboxylate
peaks at 1572, 1402 and 1384cm™! in 1:6 sample got shifted to
1581, 1394 and 1373 cm™!, respectively [32]. The 1:3 sample also
shows similar shifts (Fig. 6). In Hg2* treated samples (both 1:3 and
1:6 Ag@MSA) the differences between symmetric and asymmet-
ric modes of carboxylates are 187 and 208 cm~!. The A value of
187 cm~! fall in the bridging bidentate region and A of 208 cm~!
fall in the monodentate region [31,32]. The shift of carboxylate peak
to the lower frequency corresponds to metal bound carboxylate and
clearly indicates the interaction of carboxylate groups of MSA with
Hg?* jons. In the Hg?* reacted sample, some of the carboxylates are
present in bridging bidentate mode and some of them are present
in the monodentate mode.
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Fig. 5. The UV-vis spectra of the silver nanoparticle systems on the introduction of mercuric ions with time. A and B represent the time dependant spectrum of the interaction
of 1:6 and 1:3 Ag@MSA nanoparticles, respectively, upon the introduction of 100 ppm Hg?*. Inset shows the interaction with 250 ppm Hg?*. (a) Pure silver nanoparticles, (b)
silver nanoparticles in Hg2* solution immediately after addition, (c) after 6 h and (d) after 24 h.
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Fig. 6. FT-IR spectra of (A) 1:6 and (B) 1:3 Ag@MSA nanoparticles in the carboxylate region. Traces a and b correspond to the nanoparticles before and after treatment with

100 ppm Hg?* solution, respectively.

3.3.3. DLS measurements

The average hydrodynamic diameters of pure 1:6 Ag@MSA, the
particles treated with 0.1, 10 and 100 ppm Hg?2* solutions are 28.8,
43.6, 54.2nm and 103.2 pm, respectively (Fig. S10). It shows the
increase of particle size with Hg2* concentration which is supported
by UV-visible spectra. The silver plasmon peak got red shifted from
389nm (in 1:6 Ag@MSA) to 398 and 419nm in 0.1 and 10 ppm
cases, respectively (Fig. S11). The plasmon peak was disappeared
in 100 ppm solution indicate that all the nanoparticles were inter-
acted with Hg2* ions. Similar increase of the average hydrodynamic
diameters and red shift of plasmon absorption of 1:3 Ag@MSA parti-
cles after treating with Hg2* solutions are noticed (Figs.S10and S11,
respectively). In both the DLS plots, the particle size distribution
after treating with mercuric ions was broad which is supported by
broadening of the surface plasmon peaks of the nanoparticles. After
adding 0.1, 10 and 100 ppm Hg2* solutions, the pH was changed

from 8.1to07.7,7.2 and 5.4, respectively. These changes were almost
the same in both (1:6 and 1:3 Ag@MSA) systems. The change of pH
from basic to neutral and acidic with increase of Hg2* concentration
show the interaction of Hg2* with MSA carboxylate groups.

3.3.4. TEM images

Fig. 7 shows the TEM image of a structure formed by the addition
of 100 ppm Hg2* to the 1:6 Ag@MSA colloid, with the correspond-
ing elemental maps. It shows mercury and silver in good amounts.
The TEM image of an aggregated mass, formed after the addi-
tion of 25 ppm HgZ* to the 1:3 Ag@MSA solution reveals a few
distinctly visible nanoparticles too. This suggests that the agglom-
erated masses are formed by the fusion of independent silver
nanoparticles (Fig. S12A). The TEM image of the agglomerated mass
formed by the introduction of 100 ppm Hg?* ions to 1:3 Ag@MSA
colloid shows a sheet-like structure with a few micrometers in

Fig. 7. The TEM and EDAX images of an aggregated mass formed by the reaction of 1:6 Ag@MSA with 100 ppm Hg?* solution. (A) The TEM image. Elemental maps of (B)
mercury, (C) silver and (D) sulphur. The elemental maps are tilted by about forty-five degrees with respect to the TEM image.
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Fig. 8. XPS spectra of Hg 4f and Ag 3d regions from the residue obtained after the reaction with mercuric ions. (A) and (B) are of 1:6 Ag@MSA. (C) and (D) are of 1:3 Ag@MSA.
(a) Residue obtained after the reaction with 100 ppm Hg?* and (b) residue obtained after the reaction with 25 ppm Hg?*.

dimension. On higher magnification, the lattice planes correspond-
ing to paraschachnerite or AgzHg, were visible in some areas,
which is shown as inset (Fig. S12B). This also correspond to peaks
in the XRD (see below). The composition of alloy (AgsHg,) is also
supported by the EDAX quantification data of this sample which
showed a composition of Agy gHg> o (Fig. S13).

3.3.5. XRD data

The X-ray diffractograms of the residue formed when 100 ppm
of Hg?* solution treated with 1:3 and 1:6 Ag@MSA cases show that
the silver features have disappeared. In the case of 1:3 Ag@MSA,
two peaks (Fig. S14, trace b) corresponding to an Ag-Hg alloy
were found. These match with the strongest peaks of AgsHg, or
paraschachnerite having an orthorhombic crystal structure [36].
Thus reduction of mercury may be inferred.

On the silver surface protected with monolayers, there can be
different behaviors as a function of various concentrations. At low
mercury concentrations, the cations are reduced to metallic state on
the surface of silver nanoparticles and due to the low concentration,
amalgam formation is less. At high concentrations, more mercury
gets deposited. At moderate concentrations, Hg2* ions get reduced
on the surface of silver, forming a few overlayers of mercury which
are strongly bound. Here, there is a good possibility of formation
of alloy by the slow diffusion of mercury to the interior of silver
particles. Several competing aspects are involved which determine
the product formed.

3.3.6. XPS investigation

In Fig. S15, XPS survey spectra of pristine and Hg2* treated
nanoparticles (1:3 and 1:6 Ag@MSA) are shown. The presence of
sodium is from sodium borohydride used as the reducing agent (in
the synthesis of nanoparticles) and due to the fact that MSA is a
dicarboxylic acid, which can be in the carboxylate form. Fig. 8A and
B shows the XPS spectra of the 1:6 Ag@MSA nanoparticle residue
obtained after the reaction with 100 ppm Hg2* ions. The Hg af7p
peak at 101.5eV in Fig. 8A corresponds to mercuric ions bonded to
carboxylate groups which match with the XPS of Hg-citrate [37].

The peak at 103.2 eV is due to the complexation of mercuric ions
with carboxylate groups of MSA [37]. The reduction of Hg2* ions is
not observed in 1:6 Ag@MSA - 100 ppm Hg?* system which may
be due to more MSA in this system. This is supported by XRD also
in which no alloy formation was observed. The presence of metallic
silver (Ag 3ds), at 368.2eV) is shown in Fig. 8B. The Ag 3ds), at
369.3 eV shows the bonded silver to the capping agent. Fig. 8C and
D shows the XPS spectra of the 1:3 Ag@MSA nanoparticle residue
obtained after the reaction with 25 and 100 ppm Hg2* ions. The Hg
4f;), peak appearing at 100.2 eV in the case of 25 and 100 ppm Hg?*
solution corresponds to that of metallic mercury (1:3 Ag@MSA)
[37]. This may be due to the reduction of mercuric ions by silver
nanoparticles. This supports the alloy formation in 1:3 Ag@MSA -
100 ppm Hg2* system. The reduction is more in the 25 ppm case
which may be due to the availability of more silver content per
mercuric ion.

As silver gives electrons for reduction, it undergoes oxidation
forming silver oxide [38]. The Ag 3ds, at 367.5eV corresponds
to silver oxide and that at 368.3 eV corresponds to metallic silver
(Fig. 8D). The BE shifts of the 3d peaks may be due to factors other
than electronegativity differences such as lattice potential, work
function changes, and extra-atomic relaxation energy reported ear-
lier [38]. The peak at 369.4eV is due to the silver bonded to the
organic protecting agent [38,39]. When the concentration of Hg2*
was increased to 100 ppm, the Hg 4f;, was seen at higher binding
energies such as 101.3 eV which can be due to bonded Hg2* to the
carboxylate groups or the formed Hg* ions on the surface of silver
nanoparticles. The minor peaks seen at 102.1 and 103.0eV can be
due to the complexation of HgZ* with the carboxylate groups of
MSA [37]. The monolayer bound Hg?* at 100 ppm concentration is
in agreement with FT-IR data (Fig. 6).

The S2p3); at 162.3 eV after reaction with Hg?* suggest the intact
monolayer in all the samples treated with mercuric ions (Fig. 9)
[40]. In the 1:3 sample, when treated with 25 ppm Hg?2* solution,
S 2p3p; at 166.0eV is seen suggesting the formation of sulphite
attributed to aerial oxidation (Fig. 9C). The presence of C 1 s at 286.3
(£0.3),288.1(+0.3)and 289.9 (+£0.3) eV correspond to carbon in dif-
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Fig.9. The S 2p and C 1s peaks in the XPS spectra before and after the reaction of Hg2* ions. (A) and (B) are for 1:6 Ag@MSA. (C) and (D) are for 1:3 Ag@MSA. (a) After reaction

with 100 ppm Hg?* and (b) after reaction with 25 ppm Hg?*.

ferent chemical environments in both 1:3 and 1:6 samples treated
with Hg2* ions (Fig. 9) [41]. The peaks at 288.1 (+0.3) and 289.9
(£0.3) eV are attributed to the carboxylate carbons.

It can thus be suggested that there are two mechanisms by
which the removal of Hg?* ions is taking place. In 1:6 Ag@MSA
case, at lower and higher concentrations, complexation/adsorption
with carboxylate groups of MSA may occur. In 1:3 Ag@MSA case,
at lower HgZ* concentrations such as at 25 ppm, the ions inter-
act with the nanoparticle core leading to reduction. At higher
concentrations such as 100 ppm, the uptake may be occurring by
reduction/adsorption.

The cost of removing mercury from water using the adsorbent
composition reported here is quite competitive. Assuming an input
concentration of 1 ppm Hg?2*, the cost of adsorbent works out to be
$5 per kL. Herein, the cost component for silver the salt is approx-
imately 60%. Considering that silver loading on alumina can be up
to 0.5%, the recovery of silver is commercially viable. Therefore,
Ag@MSA loaded on alumina works out to be a commercially feasi-
ble option for large-scale mercury removal from water. Ag@MSA on
alumina adsorbent shows manyfold increased performance when
compared to some of the conventional mercury adsorbents. The
capacities of some of the known adsorbents for mercury removal
are compared in Table S1(Supplementary data). The commercially
available adsorbents are listed in Table S2 (Supplementary data).

4. Conclusions

We have found that water soluble silver nanoparticles sup-
ported on alumina is an efficient system for the removal of
mercuric ions from water. By comparing two different silver sys-
tems, we have demonstrated the effect of ligand concentration at
the nanoparticle surface on the adsorption capacity. The mecha-
nisms by which silver nanoparticles interact with mercuric ions
was studied using UV-vis spectroscopy, FT-IR spectroscopy, DLS,
ICP-OES, XRD, SEM, EDAX, TEM and XPS. A batch experiment
using three different concentrations of mercuric solutions was
done to understand the mechanism better. The mercuric ions get

removed by amalgamation and by complexation/adsorption. Prac-
tical implementation of this system is described by comparing the
performance in column experiments using bare alumina and two
different types of silver nanoparticles-loaded alumina. The resid-
ual mercury and silver were estimated in the output water using
ICP-OES. Both the materials show better Hg2* removing capacity
in the 5-6 pH range. The 1:6 Ag@MSA loaded alumina showed a
removal of 0.8 g per g of silver. This system appears to offer a prac-
tical solution for the purification of contaminated waters, although
the effect of other ions is still significant. The results show that the
reduced dimension and compatible monolayer enhance the Hg2*
scavenging capacity significantly.
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