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ABSTRACT: This study describes a simple method for removing mercuric
ions (Hg*") from a high-salt matrix based on the use of Tween-20-stabilized
gold nanoparticles (Tween 20-Au NPs) as Hg** adsorbents and composites
of reduced graphite oxide and Fe;O, NPs as NP collectors. Citrate ions
adsorbed on the surface of the Tween 20-Au NPs reduced Hg** to Hg’,
resulting in the deposition of Hg’ on the surface of the NPs. To circumvent
time-consuming centrifugation and transfer steps, the Hg"-containing gold
NPs were collected using reduced graphite oxide—Fe;O, NP composites.
Compared with the reported NP-based methods for removing Hg*, Tween
20-Au NPs offered the rapid (within 30 min), efficient (>99% elimination
efficiency), durable (>10 cycles), and selective removal of Hg*", CH;Hg",
and C,H Hg" in a high-salt matrix without the interference of other metal
ions. This was attributed to the fact that the dispersed Tween 20-Au NPs
exhibited large surface-area-to-volume ratio to bind Hg** through Hg*'—
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Au" metallophilic interactions in a high-salt matrix. The formation of graphite oxide sheets and reduced graphite oxide—Fe;O,
NP composites was demonstrated using X-ray diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy, Fourier
transform infrared spectrometry, and transmission electron microscopy. The mechanism of interaction between Tween 20-Au
NPs and Hg** was studied using visible spectroscopy, transmission electron microscopy, and X-ray photoelectron spectroscopy.
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Bl INTRODUCTION

The threat of heavy-metal pollution in water sources is a
considerable environmental problem because it causes several
adverse health effects. For example, exposure to high levels of
mercuric ions (Hg?*) can damage many organs and the
immune system." Compared with organic pollutants, non-
biodegradable heavy metals can accumulate in living organisms
through the food chain. Mercury is one of the most notorious
metal pollutants and is widely present in ambient air, water,
soil, and even food”® The maximum level of mercury in
drinking water permitted by the U.S. Environmental Protection
Agency is 2 ppb (~10 nM). Traditional methods for removing
mercury species from nature water and industrial waste include
chemical precipitation, ion exchange, amalgamation, electro-
deposition, reverse osmosis, photochemical methods, and
membrane filtration.*”> However, most of these methods are
costly, inefficient, and time-consuming. Therefore, numerous
solid-phase adsorbents have been developed for the simple,
efficient, and cost-effective removal of mercury species by
forming Hg—S bonds. Adsorbents include dithizone- and 2-
mercaptothiazoline-capped silica gel,m’11 dimethyl-sulfoxide-
and thiosemicarbazide-modified alumina,'**® 2-mercaptobenzi-
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midazole-linked agar powder (in a minicolumn),'* and
activated carbon-containing alginate beads.'> However, these
adsorbents exhibit limitations, such as the need for
sophisticated synthetic procedures and cross-selectivity toward
other heavy metal ions.

Recently, nanomaterials have been introduced to act as
adsorbents for the removal of mercury species because they
feature a high surface-area-to-volume ratio and are easily
chemically functionalized. Additionally, nanomaterials can scan
a large volume of solvent in short times because of Browman
motion. Copolymer nanoparticles (NPS), selenium NPs,"”
manganese dioxide nanowhiskers,'® carbon nanotube—silver
NP composites,19 silver NPs,*° silver NP-decorated silica
spheres,”’ and gold NP-based materials**~>* were used as
scavengers to remove mercury species through a redox reaction,
selenitum—Hg** bonding, physisorption, Hg>*—Ag" metal-
lophilic interactions, ligand—Hg** complexation, Hg**—Ag*
metallophilic interaction, and Hg”—Au* metallophilic inter-
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actions, respectively. Among these adsorbents, citrate-capped
gold NP-based materials have been used intensively to capture
mercury species from nature water. When citrate ions are
adsorbed on the surface of gold NPs, the roles of the citrate
ions and gold NPs are to act as reducing agents and catalysts in
reducing Hg?* to Hg".>> After Hg deposits on the gold surface,
Hg’ diffuses into gold NPs to form a core—shell structure with
a gold core surrounded by an Hg—Au amalgam layer.”®
Consequently, citrate-capped gold NPs exhibit a high affinity
toward Hg2+, enabling them to serve as effective sorbents for
mercury species. However, citrate-capped gold NPs were
incapable of efficiently removing mercury species from a
high-salt matrix, such as seawater and estuarine water, because
citrate-capped gold NPs aggregate in such matrices. In addition,
the above-mentioned methods take a long time (hours or days)
for the removal of mercury species, need complex synthesis
steps, and require additional surface modification.

Nonionic surfactants, including the Tween series (Tween 20,
40, 60, and 80)*’7*° and the Zonyl fluorosurfactant,*' =33
stabilize citrate-capped gold NPs under conditions of high ionic
strength and a wide pH range. Moreover, the strong and
compact adsorption of nonionic surfactants on the surface of
gold NPs efliciently suppress the nonspecific adsorption of
macromolecules such as proteins and DNA.* Tween 20
behaves as a blocking agent to inhibit nonspecific binding in
immunoassays and centrifugal ultrafiltration.** Tween 20-
stabilized Au NPs (Tween 20-Au NPs) were utilized for
sensitive and selective detection of Hg?* under a high-ionic-
strength condition (0.1 M NaCl).*° These results encouraged
us to use Tween 20-Au NPs as adsorbents for removing Hg**
from high-salt matrices (seawater and river water). Inductively
coupled plasma-mass spectroscopy (ICP-MS) was used to
determine the elimination efficiency, while transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), and absorption spectroscopy were used to verify the
presence of Hg” in Au NPs. Compared with citrate-capped gold
NPs,”> Tween 20-Au NPs were able to be quick (<30 min),
efficient (>99%), selective, and reusable (>10 cycles) to remove
organic and inorganic mercury species from a high-salt matrix.
To eliminate the time-consuming centrifugation and transfer
steps, reduced graphite oxide—Fe;O, NP composites were used
to collect the Tween 20-Au NPs from an aqueous solution by
applying an external magnetic field.

B EXPERIMENTAL SECTION

Chemicals. Hydrogen tetrachloroaurate (III) dihydrate and native
graphite flake were purchased from Alfa Aesar (Ward Hill, MA).
Trisodium citrate, Tween 20, Na,HPO,, Na;PO,, NaCl, Na,SO,,
MgCl,, CaCl,, KCl, NaHCO;, H;BO;, SrCl,, NaF, graphite, and
poly(diallydimethylammonium chloride) (PDDA; MW 400 000—500
000) were ordered from Sigma-Aldrich (St. Louis, MO). Methyl-
mercury chloride (CH;HgCl) and ethylmercury chloride (C,H;HgCl)
were ordered from TCI (Tokyo, Japan). Hg(ClO,),, PbCl,, CrCl,,
CuCl,, AgNO;, ZnCl,, CdCl,, FeCl,, FeCl;, AICl; were obtained from
Acros (Geel, Belgium). Water used in all experiments was doubly
distilled and purified by Milli-Q system (Millipore, Milford, MA).

Instrumentation. Extinction spectra of gold NPs were recorded
using a double-beam UV—visible spectrophotometer (Cintra 10e;
GBC, Victoria, Australia). High-resolution transmission electron
microscopy (HRTEM, FEI Tecnai G2 F20 S-Twin working at 200
kV) was used to obtain HRTEM images. Energy-dispersive X-ray
(EDX) spectra were obtained by combining a scanning electron
microscope with an energy-dispersive X-ray detector. The zeta
potential of gold NPs was measured using Delsa nano zeta potential
and submicrometer particle size analyzer (Beckman Coulter, Inc,

Pasadena, CA). The quantification of mercury species in gold NPs was
performed by ICP-MS (PerkinElmer-SCIEX, Thornhill, ON, Canada);
the linear range for quantification of Hg** was 2.5—50 nM. Powder X-
ray diffraction (XRD) patterns were measured using a diffractometer
(model X'Pert Pro; PANalytical, Spectris plc, Almelo, The Nether-
lands) with Cu Ka radiation. (4 = 1.5418 A). Magnetometry was
performed with superconducting quantum interference device
(Quantum Design, San Diego, CA). Fourier-transformed infrared
spectroscopy (FT-IR) spectra were measured using a Nicolet 6700
FT-IR spectrometer (Thermo Electron Corporation, Madison, WI).

Preparation of NPs, Buffers, and Stock Solutions. The
preparation of citrate-capped gold NPs (10 nM, 13 + 1 nm) was
described in the Supporting Information. The surface-area-to-volume
ratio of 13 nm-sized gold NPs is 0.462. The surface area of a single
gold NP (13 nm) is 53.2 nm* We incubated citrate-capped gold NPs
(9 mL, 10 nM) with Tween 20 (1 mL, 10—100% v/v) at ambient
temperature overnight. Tween 20-Au NPs (1000 uL) were centrifuged
at 14 000 rpm (20 000g) for 20 min. The obtained precipitates were
resuspended in 50 uL of deionized water. We stored the as-prepared
solution (200 nM Tween 20-Au NPs) at ambient temperature. Tween
20-Au NPs are well-dispersed after 6 months. The cost for 1 mL of 8.3
nM Tween 20-Au NPs is only ca. $0.067. Artificial seawater (salinity
35%) was prepared by dissolving NaCl (23.477 g), MgCl, (4.981 g),
Na,80, (3.917 g), CaCl, (1.102 g), KCI (0.664 g), NaHCO; (0.192
g), KBr (0.096 g), H;BO; (0.026 g), SrCl, (0.024 g), and NaF (0.003
g) in 1 L of deionized water.>® Stock solutions of Hg* (1 mM),
CH;Hg" (1 mM), and C,H;Hg" (1 mM) were prepared in deionized
water.

Synthesis of Reduced Graphite Oxide—Fe;0, NPs Compo-
sites. Synthesis of graphite oxide was performed according to
Hummer’s method.*® Briefly, we treated native graphite flake (1 g)
with a solution of concentrated H,SO, (1.5 mL) containing K,S,04
(0.5 g) and P,O;5 (0.5 g) and incubated them at 80 °C for 6 h. The
product was washed with deionized water until the rinsewater was
neutral. The obtained preoxidized graphite was then dried in air at
ambient temperature. The preoxidized graphite (1 g) was immersed in
concentrated H,SO, (23 mL) at 0 °C. Subsequently, KMnO, (3 g)
was gradually added into the mixture with stirring while maintaining
the reaction temperature below 20 °C. The obtained mixture was
further stirred at 35 °C for 2 h, followed by the addition of deionized
water (46 mL). After 15 min, the reaction was terminated by adding
deionized water (140 mL). After adding 30% H,O,, the color of the
resulting solution turned bright yellow. The resulting solution was
centrifuged and washed with HCI (250 mL, 10%) to remove residual
metal and SO,>” ions. The obtained precipitate was washed with
deionized water and centrifuged repeatedly until the rinsewater was
neutral. Exfoliation of the product was achieved under the treatment of
ultrasound sonication (Elma, South Orange, NJ; 150 W, 135 kHz) for
30 min. This treatment enables graphite oxide to be dispersed in
deionized water. We denote the concentration of the as-prepared
exfoliated graphite oxide as 1.0X.

To synthesize reduced graphite oxide—Fe;O, NP composites,
graphite oxide (10 mL, 0.1X ) was incubated with PDDA (10 mL, 2%
v/v) at ambient temperature for 1 h. The PDDA-coated graphite oxide
was mixed with FeCl;-6H,0 (2.16 g) and FeCl,-4H,0O (0.8 g); the
resulting solution was deoxygenated by bubbling with nitrogen gas for
10 min, followed by heating to 80 °C for 10 min. NH,OH (10 mL, 8
M) was added rapidly to the heating solution which was left to stir for
1 h. After cooling to ambient temperature, the formed reduced
graphite oxide—Fe;O, NP composites were magnetically collected,
washed two times with deionized water (100 mL), and dried at 80 °C.
The collected composites were weighed using an analytical balance.
The concentration of reduced graphite oxide—Fe;O, NP composites
was estimated to be 12.2 mg/mL.

Removal of Mercury Species. Tween 20-Au NPs (50 uL, 200—
1000 nM) and citrate-capped gold NPs (50 uL, 200 nM) were
separately incubated with a solution (1150 uL) containing mercury
species (Hg*", CH;Hg", and C,HHg"; 120 uL, 10—1000 xM) and
artificial seawater (1030 yL) at ambient temperature for 0—24 h.
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Figure 1. (A) XRD and (B) FT-IR spectra of (a) graphite and (b) graphite oxide. (C) Raman and (D) XPS spectra of graphite oxide.

Caution: Because CH;Hg" and C,HHg" are highly toxic and
volatile, it is strongly recommended that work take place in an
appropriate fume hood.

By applying an external magnetic field, reduced graphite oxide—
Fe;0, NP composites (8.3 mg/mL) were used to collect Tween 20-
Au NPs or citrate-capped gold NPs from an aqueous solution. The
quantification of Hg* in supernatant was determined by ICP-MS.
Elimination efficiency was calculated as the following:

Elimination efficiency (%) = [(C, — C)/C,] X 100

where C, is the initial concentration of Hg?* and C is the final
concentration of Hg*" in the supernatant. The equilibrium adsorption
capacity was determined according to the following equation:

q,=(Co = C) x (V/W)

where g, (mg of Hg**/g of nanoparticles) is the equilibrium
adsorption capacity, C, is the Hg*" concentration at equilibrium, V
is the volume of solution, and W is the weight of Tween 20-Au NPs.

To demonstrate the selectivity of Tween 20-Au NPs, we used other
metal ions in place of mercury species. To test the reusability of Tween
20-Au NPs, we heated a mixture of Hg**-adsorbed gold NPs and
reduced graphite oxide—Fe;O, NP composites to 30—80 °C for 10
min. The heat-treated composites (50 xL) were incubated with Hg**
(1150 uL, 10 uM) at ambient temperature for 30 min. After we
collected the composites by applying an external magnetic field, we
determined the concentration of Hg** in supernatant by ICP-MS. This
procedure was repeated 18 times to determine the reusability of the
proposed method.

Samples of river water and seawater were collected from the Love
River in the Kaohsiung City and from the Siziwan Bay on the National
Sun Yat-sen University campus. We then prepared a series of samples
by spiking river water and seawater samples (1030 yL) with Hg** (120
UL, 150 uM). The resulting solutions were incubated with Tween 20-
Au NPs (50 uL, 200 nM) at ambient temperature for 30 min. The
following steps, including the collection of Tween 20-Au NPs and

17439

ICP-MS analysis, were the same as those used in the determination of
removal efficiency of Hg®* in artificial seawater.

B RESULTS AND DISCUSSION

Characterization of Reduced Graphite Oxide—Fe;O0,
Nanoparticle Composites. To demonstrate the formation of
graphite oxide, we examined the products prepared from
Hummer’s method>® using XRD, FT-IR, Raman, and XPS
spectroscopy. After the graphite was strongly oxidized, the
sharp and intense (002) peak of graphite at 27° disappeared,
and a broad peak appeared at 10° (Figure 1A). This shift
indicates the production of graphite oxide, which is consistent
with previous XRD measurement of graphite oxide.>”** The
FT-IR spectrum of graphite shows no functional group on the
surface (curve a in Figure 1B). By contrast, the FT-IR spectrum
of the produced graphite oxide exhibited three major bands at
1622, 1737, and 3391 cm ™' (Curve b in Figure 1B), which arise
from the stretching vibrations of C=C, C=0, and O—H,
respectively. This result indicates that the graphite oxide
contained carboxyl and hydroxyl functional groups. Previous
studies have reported the same features.*®* The Raman
spectrum of the graphite oxide reveals that the intensity ratio of
the D band to the G band was approximately 1.0 (Figure 1C),
signifying the presence of oxygen-related functional groups
such as hydroxyl and carboxyl groups.***' Figure 1D shows a
deconvoluted C;; XPS spectrum of the dried graphite oxide.
The peaks at 284.6, 286.7, and 288.6 €V arose from C=C, C—
O, and C=O0, respectively, confirming the presence of oxygen-
containing functional groups.

Adding 1% v/v PDDA to a solution of graphite oxides caused
electrostatic repulsion between the graphite oxides, preventing
them from aggregating in water.*’ This is attributed to the fact
that positively charged PDDA exhibits a strong electrostatic
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Figure 2. (A) TEM image and (B) XRD spectrum of reduced graphite oxide—Fe;O, NP composites. The red circles in part A indicate Fe;O, NPs.
(C) Room temperature magnetization curves of (a) Fe;0, NPs and (b) reduced graphite oxide—Fe;O, NP composites. (D) Picture of a solution of
reduced graphite oxide—Fe;O, NP composites under the effect of a permanent magnet.

attraction toward negatively charged graphite oxide. The
composites were synthesized through a one-step hydrothermal
reaction of Fe®*, Fe?*, and PDDA-coated graphite oxide in the
presence of NH,OH. Figure 2A depicts a TEM image of the as-
prepared hybrid, in which Fe;O, NPs were spherical and had an
average diameter of 12 + 1 nm. Obviously, adding PDDA-
coated graphite oxide to a precursor solution did not impede
the formation of Fe;O, NPs. The XRD spectrum of the as-
prepared hybrid exhibited diffraction peaks at 26 = 30.3°, 35.7°,
43.2°, 53.3° 56.9°, and 62.5° corresponding to the (220),
(311), (400), (422), (511), and (440) planes of the face-
centered cubic lattice of Fe;O,, respectively (Figure 2B). These
characteristic peaks reflected that the reaction for generating
Fe;O, NPs still proceeded in the presence of the PDDA-coated
graphite oxide. However, the broad peak of graphite oxide at
10° was not observed in the XRD spectrum of the as-prepared
composites. This could be attributed to PDDA-induced
deoxygenation of graphite oxide, resulting in the formation of
reduced graphite oxide.* The magnetic properties of the Fe;0,
NPs and the resultant composites were investigated using a
superconducting quantum interference device magnetometer at
room temperature. The saturation magnetizations of the Fe;O,
NPs and the resultant composites were 65.2 and 53.8 emu/g,
respectively (Figure 2C). The magnetization versus magnetic
field measurement at 300 K for the two types of nanomaterials
exhibited zero coercivity and remanence, indicating that the
materials were superparamagnetic. Compared to the Fe;O,
NPs, a 14% decrease in saturation magnetization of the
resultant composites could be attributed to the contribution of
the overall mass from nonmagnetic PDDA-coated reduced
graphite oxide. This result also indicates that 1 g of composites
consists of 0.14 g reduced graphite oxide and 0.86 g Fe;O, NDPs.

When the saturation magnetization is higher than 16.3 emu/
g** a magnet can be used to separate a magnetic material from
a solution. Thus, Figure 2D shows that the resultant hybrid
quickly moved to the sidewall of the vial when exposed to a bar
magnet.

Using Tween 20-Au Nanoparticles Coupled to
Reduced Graphite Oxide—Fe;O, Nanoparticle Compo-
sites to Remove Mercury Species. Reduced graphite
oxide—Fe;O0, NP composites were tested to collect Tween
20-Au NPs from artificial seawater. We propose that the role of
reduced graphite oxides in composites is to act as an adsorbent
for Tween 20-Au NPs via van der Waals interaction. Moreover,
Fe;O, NPs in composites are used as a magnetic carrier.
Likewise, Jeon and Lee demonstrated that negatively charged
Au NPs were capable of attaching onto the surface of graphene
sheet.*> XPS was utilized to prove this hypothesis. Figure S1
(Supporting Information) shows that the collection of Tween
20-Au NPs with reduced graphite oxide—Fe;O, NP composites
resulted in two binding-energy peaks at 87.5 and 83.8 eV, which
were assigned to Au 4f;/, and Au 4f, ,, respectively. Apparently,
reduced graphite oxide—Fe;O, NP composites indeed captured
Tween 20-Au NPs in artificial seawater. The zeta potential of
Tween 20-Au NPs was measured to be —5.5 + 0.8 mV in
artificial seawater, signifying that the presence of salt and
Tween 20 almost neutralizes the surface charge of citrate-
capped gold NPs. However, Tween 20-Au NPs were still
dispersed in artificial seawater because of the steric hindrance of
Tween 20. We tested the ability of Tween 20-Au NPs to
remove Hg** from artificial seawater. The as-prepared artificial
seawater contains a high concentration of NaCl, indicating that
HgCl, complexes exist in artificial seawater. Tween 20-Au NPs
(8.3 nM) were incubated with 1.2 mL of 10 uM (2 ppm) Hg**
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Figure 3. (A) Effect of incubation time between (a) 10 uM Hg** and 8.3 nM Tween 20-Au NPs and (b) 10 4uM Hg** and 8.3 nM citrate-capped
gold NPs on the elimination efficiency. (B) Effect of the concentration of Tween 20-Au NPs on the elimination efficiency of 10 uM Hg*". The
incubation time is 30 min. (C) Effect of the solution pH on the elimination efficiency; 10 M Hg** was incubated with 8.3 nM Tween 20-Au NPs for
30 min. (D) Elimination efficiency of 10 uM Hg?* in recycle runs using regenerated and reactivated gold NPs (8.3 nM). The incubation time is 30

min in each cycle.

at ambient temperature for 0—24 h. ICP-MS was used to
determine the concentration of Hg’* in the supernatant at
various incubation times because of its high selectivity and
sensitivity for Hg*'. Note that ICP-MS was capable of detecting
Hg”" concentrations as low as 250 pM. Tween 20-Au NPs
removed >99.3% of the 10 uM Hg*" within 30 min (Curve a in
Figure 3A). By contrast, citrate-capped gold NPs removed only
41% of the 10 uM Hg*" by 24 h (Curve b in Figure 3A).
Because salts induce citrate-capped gold NPs to aggregate
(Figure S2, Supporting Information), a decrease in the surface-
area-to-volume ratio leads to a decrease in the elimination
efficiency. However, Tween 20-Au NPs were stable in artificial
seawater (Figure S3, Supporting Information), enabling them
to efficiently capture Hg**. Puntes et al. reported that citrate-
capped gold NPs (6.6 nM) removed 58% of 24 uM Hg*" in
deionized water.”® Liu et al. used DNA-functionalized hydro-
gels to capture 97% of 1 M Hg?" in deionized water by 6 h.*’
Compared with the adsorbents used in previous studies,*>*
Tween 20-Au NPs provided the advantages of rapidity,
simplicity, and efficiency for removing Hg** from high-salt
matrices. The maximum elimination efficiency of Hg** was
examined by varying the concentration of Tween 20-Au NPs at
a fixed concentration of Hg*". The elimination efficiency of
Hg*" progressively increased with an increase in the
concentration of Tween 20-Au NPs increased and reached a
saturation plateau at 33.2 nM (Figure 3B). Tween 20-Au NPs
(332 nM) removed 99.85, 99.82, 99.80, 54.41, 21.18, and
18.61% of 10, 50, 100, 250, 750, and 100 uM Hg2+ in artificial
seawater within 30 min, respectively (Figure S4, Supporting
Information). We next investigated the effect of solution pH on
the removal of Hg** with Tween 20-Au NPs. Figure 3C shows

that the elimination efficiency of 10 uM Hg*" with Tween 20-
Au NPs (8.3 nM) remained above >99.7% in the pH range of
2.0 to 8.5, signifying that the sorption efficiency of Hg*" onto
the surface of Tween 20-Au NPs is independent of change pH
between 2.0 and 8.5. This is attributed to the fact that Tween
20-Au NPs are stable in a wide pH range.”’ > The reusability
of Tween 20-Au NPs (8.3 nM) was evaluated when they were
used to remove 10 M Hg** from artificial seawater. Puntes et
al. suggested that a thermal process can be used to recover gold
from Au—Hg amalgam because the volatility of Hg” increases
with temperature.”> Note that the volatility of Hg" at 20 °C is
0.056 mg/ h-cm? Thus, a mixture of Hg“—adsorbed gold NPs
and reduced graphite oxide—Fe;O, NP composites was heated
at different temperatures for 10 min. Figure SS (Supporting
Information) shows that the optimal temperature for the
regeneration of gold NPs was 80 °C. The elimination efficiency
of Hg*" was still larger than 95.0% after 10 repeated adsorption
and desorption cycles. (Figure 3D). The elimination efficiency
of Hg*" remained more than 60% after recycling 15 times. This
result clearly reflects that the developed nanomaterials were
reusable for removing Hg*" from artificial seawater.

The ability of Tween 20-Au NPs to trap Hg** was tested in
the presence of other added metal ions. When Tween 20-Au
NPs (8.3 nM) were incubated with a mixture of 10 uM Hg**
and 10 uM Pb* in artificial seawater for 30 min, the
elimination efficiency of Hg** remained above 99.3% (Figure
4A). Similar results were observed when Pb** was substituted
by other metal ions, including Cr**, Cu®*, Ag*, Zn®*, Cd**, Fe*',
Fe*, and AI**. The adsorption capability of Tween 20-Au NPs
was apparently maintained in the presence of possible
interfering metal ions. A previous study reported that Tween
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20-Au NPs were suited for sensing Hg** and Ag*.>* Tween 20-
Au NPs were selective for Hg** in the presence of NaCl
because NaCl served as a masking agent for Ag". When 10 yuM
Ag" was added to artificial seawater, the concentration of Ag"
(K, of AgCl is 1.8 X 107"°) was calculated to be 2.4 nM. Thus,
we suggest that Ag* could not be adsorbed on the surface of
Tween 20-Au NPs in artificial seawater. Furthermore, Tween
20-Au NPs efficiently (>99% elimination efficiency) removed
other mercury species (CH;Hg" and C,H;Hg") within 30 min,
suggesting that they can provide a high affinity for organic
mercury species (Figure 4B). Similarly, Chang et al. observed
that citrate-capped gold NPs interacted strongly with organic
mercury species.”* However, thermal heating of CH;Hg'-
adsorbed gold NPs is an ineffective means for CH;Hg"
recovery (Figure S6, Supporting Information). The selectivity
of Tween 20-Au NPs toward Hg>* was evaluated in river water
and seawater. Tween 20-Au NPs (8.3 nM) removed >99.1% of
the Hg?* (1.2 mL, 15 M) in river water and seawater (Figure
4B). This result strongly suggests that the proposed method is
largely free from the matrix effect of river water and seawater.

To clarify the interaction between Hg®* and Tween 20-Au
NPs, we investigated the adsorption isotherm of Hg** on
Tween 20-Au NPs. Figure S7 (Supporting Information) shows
the adsorption capacity of Hg** progressively increased with an
increase in the equilibrium concentration of Hg** and reached
saturation. This could be attributed to the fact that an increase
in the Hg®" concentrations could accelerate the diffusion of

Hg*" on the surface of Tween 20-Au NPs. The equilibrium data
were analyzed by the Langmuir and Freundlich isotherm
models (Figures S8 and S9, Supporting Information).
According to a comparison of the correlation coefficient (R)
values, the Langmuir model (R* = 0.9815) fit the data better
than the Freundlich model (R* = 0.6278), signifying that the
adsorption of Hg** causes the formation of a monolayer on the
surface of Tween 20-Au NPs. By applying the Langmuir model,
the maximum adsorption capacity (guna) of Hg*" on Tween 20-
Au NPs was estimated to be 47.6 mg/g. We compared the
proposed model to the reported NP-based methods for
removing Hg2+, and we suggest that the distinct advantages
of the proposed method are that it is simple, fast (within 30
min), durable (>10 cycles), and highly selective (Table S,
Supporting Information). More importantly, the proposed
method can remove Hg** in a complex matrix and wide pH
range.

Evidence of the Deposition of Hg?* on the Surface of
Tween 20-Au Nanoparticles. Previous studies have reported
that deposition of Hg*" on the surface of citrate-capped gold
NPs resulted in a slight blue shift in surface plasmon resonance
(SPR), an increase in 6particle size, and the presence of Hg in
the XPS spectrum.”*** To determine whether or not Tween
20-Au NPs and citrate-capped gold NPs exhibited the same
behavior for capturing Hg** in a high-salt matrix, we initially
monitored the extinction spectra of Tween 20-Au NPs in the
absence or presence of Hg*". The SPR wavelength of Tween
20-Au NPs was 523 nm (Curve a in Figure SA). After adding
10 uM Hg*', the SPR wavelength of Tween 20-Au NPs shifted
to 521 nm (Curve b in Figure SA). This blue shift in the SPR
band was characteristic of the presence of Hg® in Au NPs.*°
Figure SB exhibits a comparison of the NPs before and after
adding Hg®". The presence of Hg’ in Au NPs caused an
obvious increase in particle size.”® This phenomenon arose
from the well-known swelling effect as a result of the diffusion
of Hg atoms into gold NPs. To determine whether Hg** was
reduced to HgO, XPS was used to measure the content and
valence states of Tween 20-Au NPs in the absence and
presence of Hg*". The XPS spectrum of the dried Tween 20-Au
NPs exhibited two peaks that corresponded to Au 4f;,, at 87.5
eV and Au 4f,/, at 83.8 eV (Curve a in Figure SC). The line of
best fit indicates that the Tween 20-Au NPs contained 2.7%
Au’ and 97.3% Au’. After treating Tween 20-Au NPs with
Hg*", the binding energies of the Au 4f;, and Au 4f, , electrons
in the Tween 20-Au NPs were 87.6 and 83.9 eV, respectively,
reflecting the presence of 3.1% Au’ and 96.9% Au’ in the
Tween 20-Au NPs (Curve b in Figure SC). Because the
content of Au’ in the Tween 20-Au NPs remained almost
constant before and after the Hg2+ treatment, we reasoned that
the reduction of Hg*" to Hg® was not due to the difference in
standard reduction potentials between Hg** and Au’ (2Au’ +
3Hg™ — 2Au’* + 3Hg’, emf = —0.5 V). Adding Hg*" to the
Tween 20-Au NP solution resulted in two weak binding-energy
peaks at 99.2 and 103.4 eV, which were assigned to Hg 4f,,
and Hg 4f;,, respectively (Figure SD). The binding energy of
Hg 4f,/, at 99.2 eV (Hgo) indicated the appearance of Hg’ in
the Tween 20-Au NPs.*’ This finding confirms that citrate ions
adsorbed on the surface of Tween 20-Au NPs can reduce Hg*"
to Hg’. The deposition of Hg*" on the surface of Tween 20-Au
NPs was also detected using SEM equipped with EDX
detectors. The EDS spectrum reveals the existence of Hg in
the Tween 20- Au NPs after the treatment of Tween 20-Au
NPs with Hg>* (Figure S10, Supporting Information).
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Figure 6. Procedure associated with the removal of Hg?* by the combination of Tween 20-Au NPs and reduced graphite-Fe;O, NP composites.

According to the aforementioned results, we outlined the to capture Hg’* in high-salt matrices when gold NPs catalyze
procedure for removing Hg** via the combination of Tween 20- the citrate-ion-induced reduction of Hg*" to Hg" on the NP
Au NPs and reduced graphite oxide—Fe;O, NP composites surface. After Hg" is deposited onto the NP surface, Hg’
(Figure 6). Tween 20-Au NPs are selective, efficient, and rapid diffuses into the Tween 20-Au NPs. By applying an external
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magnetic field, the Hgo-containing gold NPs are collected using
reduced graphite oxide—Fe;0, NP composites. ICP-MS is used
to quantify the concentration of Hg?* in the supernatant and
thus determine the elimination efficiency. Hg” in gold NPs
evaporates under thermal treatment. The thermal-treated
nanomaterials can be reused for removing Hg’* from high-
salt matrices. Video S1 (Supporting Information) shows the
process for removing Hg** in seawater by using Tween 20-Au
NPs as adsorbents and reduced graphite oxide—Fe;O, NP
composites as collectors of the Tween 20-Au NPs.

B CONCLUSION

This study demonstrated that the combination of Tween 20-Au
NPs and reduced graphite oxide—Fe;O, NP composites
facilitates the selective, efficient (>99% elimination efficiency),
and rapid (within 30 min) removal of Hg?*, CH,Hg", and
C,HHg" from artificial seawater, river water, and seawater. The
procedure for eliminating Hg** involved the citrate ion-induced
reduction of Hg?* to Hg’ on the NP surface and the collection
of Hg’-containing gold NPs by using reduced graphite oxide—
Fe;O, NP composites. When drinking water containing 5 M
Hg2+ was treated using the proposed method, the concentration
of the remaining Hg>" decreased to the maximal level (10 nM,
2 ppb) of mercury permissible in drinking water, as specified by
the U.S. Environmental Protection Agency. This strategy can be
modified to determine the levels of other heavy metal ions in an
aqueous solution by replacing the Tween 20-Au NPs with other
ligand-functionalized gold NPs. Previous studies have reported
that S-thiol-(2-nitrobenzoic acid)- and gallic acid-capped gold
NPs were used to detect Cr’* and Pb** through coordination
between capping ligands and heavy metal ions.**** Therefore,
we suggest that reduced graphite oxide—Fe;O, NP composites
combined with either S-thiol-(2-nitrobenzoic acid)-capped gold
NPs or gallic acid-capped gold NPs could be useful for the
removal of Cr** and Pb*, respectively, from aqueous solutions.
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