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etal-engineered nanoparticles

(MENPs) with unique optical, elec-

tronic, and chemical properties
have potential applications in catalysis, op-
tical devices, and electronic applications.’
Particularly, metallic silver nanoparticles
(AgNPs) have been applied as a broad-
spectrum antimicrobial agent in recent
years. Colloidal nanosilver has been used
for more than 100 years and has been
registered as a biocidal material in the U.S.
since 1954.2 AgNPs are the most common
materials in nanotechnology-based consu-
mer products, and the worldwide produc-
tion of AgNPs was estimated at 500 t/a in
2008.% Inevitably, these MENPs can be dis-
charged into the environment through the
manufacturing, usage, disposal, and recy-
cling processes of commercial products.*~”
The potential toxicity® and bioaccumula-
tion®~"" of MENPs such as gold nanoparti-
cles (AuNPs) and AgNPs make it necessary
to probe their fates and behaviors in the
environment, including transport, aggrega-
tion, dissolution, and other transformation
processes.

Besides anthropogenic sources, metal na-
noparticles can also form naturally in the
environment from larger non-nano-objects'?
or ions in solution by chemical'® or bio-
logical'*'® reduction. This is evidenced by
the observation of AuNPs and AgNPs in ore
deposits'®'” and environmental waters.'® It
is believed that these nanoparticles play
important roles in geochemical reactions,
weathering processes, metal migration, and
supergene enrichments.'® Although there
is high correlation between metal enrich-
ments and organic matters,'® the source
of AuNPs and AgNPs in the natural envi-
ronment is still not well understood. Dis-
covering the pathway and mechanism for
formations of metal nanoparticles in the
natural environment is critical for better
understanding the environmental fates of
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ABSTRACT

+ Agt - AuCl~
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Despite the possible occurrence of metal nanoparticles in the environment due to the
discharge of engineered nanoparticles and the natural transformation of metal ions into metal
nanoparticles, little is known about the transformation mechanism, fates, behaviors, and
effects of these nanoparticles in the environment. Here, we show that dissolved organic matter
(DOM) in environmental waters can mediate the reduction of ionic Ag and Au to their metallic
nanoparticles under natural sunlight, suggesting that this process may be general for metals
with high reduction potential. We demonstrated that the reduction was mediated by
superoxide from photoirradiation of the phenol group in DOM, and the dissolved 0,
significantly enhanced the formation of Ag nanoparticles. These results imply that previous
knowledge about 0,-induced dissolution and its effect on persistence of Ag nanoparticles
should be reconsidered in a sunlit DOM-rich aqueous environment. This study can also shed
light on understanding possible natural sources of Ag and Au nanoparticles in the aquatic
environment, which is possibly critical in the supergene enrichment of Ag and Au.

KEYWORDS: silver nanoparticles - gold nanoparticles - naturally occurring
nanoparticles - reduction - dissolved organic matter - superoxide

MENPs and also the biogeochemical cycles
of important metal elements, such as Au,
Ag, and Cu.

Dissolved organic matter (DOM) is a poly- ~ *Address correspondence to
dispersed mixture of natural high molecular ~ Jfiu@rcees.ac.cn.
weight polymer macromolecules derived . aived for review May 23, 2012
from the debris of organisms and is ubiqui-  and accepted July 22, 2012.
tous in aquatic ecosystems. Although chem- . .
. L. i Published online July 22, 2012
ical characteristics of DOM are still not well 19 1021/nn302293r
understood, the fate, mobility, transfor-
mation, and bioavailability of natural and ©2012 American Chemical Society
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Figure 1. Identification of AgNPs produced by the reduction of 0.01 mmol L' AgClO, in Chaobai River water under sunlight.
(a) TEM, (b) EDS, and (c) UV—vis spectrum of the formed AgNPs. The cumulative PAR is 10124.51 E m~2. Note, in (c), the
background absorption of Chaobai River water was deducted from the prepared AgNP solution.

anthropogenic pollutants is believed to strongly de-
pend on their interaction with DOM.2>?" The ability of
DOM to mediate and facilitate a wide variety of re-
duction reactions has been recognized for several
decades.”®~%? In this process, natural sunlight is often
a controlling factor influencing the redox kinetics of
many metal elements, including Hg(ll),?® Fe(lll),?* Mn-
(IV),*® and Cr(vI).>®

Here, we present the direct evidence for the photo-
chemical reduction of ionic Ag and Au to metallic
nanoparticles by DOM in natural waters under sunlight.
Moreover, the formation kinetics and mechanism of
AgNPs were further probed by using humic acid (HA)
as a model for DOM. These findings are helpful to
enrich our knowledge on the environmental fates of
engineered nanoparticles of Ag and Au, as well as the
occurrence of naturally occurring AgNPs and AuNPs
and their effect on biogeochemical cycles of Ag and
Au.

RESULTS

Photoreduction of Ag* to AgNPs in Environmental Waters
under Sunlight. The formation of AgNPs in environmen-
tal water (from Chaobai River, Beijing) was investigated
by spiking 0.01 mmol L™' (~10 mg L™ as Ag) AgClO,
as a precursor and exposing the mixture to sunlight
with a cumulative PAR (photosynthetically active
radiation) of 10124.51 E m~2 for 4.0 h. Formation of
AgNPs was evidenced through transmission electron
microscopy (TEM), energy-dispersive spectroscopy
(EDS), and UV—vis spectrum results (Figure 1).

As the characterization of AgNPs at low concen-
tration is challenging, further experiments were
performed with higher concentrations of AgClO,
(0.2 mmol L") as the precursor. For DOM-rich (9.04—
34.18 mg L™ dissolved organic carbon (DOC)) envir-
onmental waters (such as water from Chaobai River,
Wenyu River, and Yongding River in Beijing), a wide
absorption peak was observed at 400—550 nm (Figure S1a
in Supporting Information). The AgNP suspensions were
tinted red rather than yellow with absorption at
~550 nm. It is assumed that the wide absorption peak
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is formed by the overlap of an absorption peak at
400 nm (surface plasmon resonance (SPR) absorbance
of monodisperse AgNPs)?” and an absorption peak at
higher wavelength (SPR absorbance of stable AgNP
agglomerates).?”?® This assumption was validated
with the observance of Ag™ reduction when spiking
Suwannee River HA (SRHA) into environmental waters
and subsequently exposing the mixture to sunlight
(Figure S1b). We found that SRHA, functioning as both
a reducing and capping agent, could improve the total
AgNP formation and the fraction of dispersed AgNPs.
The formation of AgNPs in environmental waters
was demonstrated comprehensively by TEM, high-
resolution TEM (HRTEM), selected area electron diffrac-
tion (SAED), EDS, X-ray diffraction (XRD) (Figure 2a—e),
and X-ray photoelectron spectroscopy (XPS, Figure S2)
analysis. The SAED patterns (Figure 2c) and lattice
planes observed in HRTEM imaging (Figure 2b) can
be indexed to face-centered cubic (fcc) silver metal.
XRD data (Figure 2e) evidence the existence of both
AgCl and AgNPs with the fcc structure matching that of
metallic silver. The XPS data (Figure S2) further con-
firmed the presence of zerovalent silver. The generated
AgNPs were stable at room temperature (RT) and 4 °C
in the dark (Figure 2f). However, when these AgNPs
were continually exposed to sunlight over 3 h, visible
black sedimentation of the formations was observed,
and the tint of the solution changed from red to clear.

The UV absorption of AgNPs at ~550 nm indicated
that some portions of the AgNPs were aggregated.
We tested the effects of environmental waters on
the induced aggregation of AgNPs. After engineered
AgNPs  (polyvinylpyrrolidone (PVP)-coated AgNPs)
were mixed with river water, the absorption peak at
~400 nm (SPR absorbance of single AgNPs)?’ de-
creased significantly, while a new absorption peak
appeared at a higher wavelength (SPR absorbance of
stable agglomerates)®” and the tint of the solution
changed from yellow to red. This absorption intensity
was observed to increase with time, suggesting in-
creasing amounts of aggregation with continual ex-
posure to river water contents (as shown in Figure S3).
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Figure 2. Identification and characterization of AGNPs produced by the reduction of 0.2 mmol L~' AgClO, in Chaobai River
water under sunlight. The cumulative PAR is 7887.73 E m~2. (a) TEM, (b) HRTEM, (c) SAED, (d) EDS, (e) XRD, and (f) UV—vis
spectrum of the formed AgNPs. Note, UV spectrum results suggest the formed AgNPs in environmental water are stable

at 4 °C and RT in the dark.

Similar behavior has previously been reported for
different types of engineered AgNPs exposed to nat-
ural freshwater, synthetic seawater, and simulated
estuarine waters.?”?® According to previous study,
inorganic cations (such as Ca®>" and Mg>™) in environ-
mental waters could induce the aggregation of
AgNPs.?

To eliminate the effects of inorganic ions on the
photoreduction of AgNPs in environmental water,
water from the Chaobai River was subjected to dialysis
(1000 kDa molecular weight cutoffs) to remove most
inorganic ions such as Ca’", Mg?*, CI~, and SO,*~
(Table S1) while retaining DOM content in the environ-
mental water. Untreated and dialyzed river waters
were compared for their ability to reduce Ag* (Figure 3).
We observed that dialysis-treated water samples could
reduce Ag™ to smaller, yellow-colored AgNPs when
compared to untreated water (80% hydrated diameter
reduction). These combined results suggest that the
removal of inorganic ions significantly inhibited the
aggregation of AgNPs, and DOM in natural waters
plays a major role in the reduction of Ag™.

Photoreduction of Au*" to AuNPs in the Environmental
Waters under Sunlight. On the basis of our experience
with silver, we speculate that other metals that are
easily reduced to their zerovalent state should exhibit
similar photoreductive behaviors in environmental
waters. To verify this, we extended our experiments
to include Au** (AuCl,”) and observed AuNP forma-
tion with the addition of 0.01 mmol L™' of AuCl,~
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Figure 3. UV—vis spectrum of AgNPs formed in Chaobai
River water with and without dialysis by spiking 1 mmol L'
AgClO, under sunlight. Note, after dialysis, the peak at
~550 nm (stable agglomerates of AgNPs) disappeared,
and the AgNP solution appeared yellow in color. Addition-
ally, the hydrated diameter (80.7 nm) of AgNPs in the
dialyzed river water is much smaller than that in the
undialyzed river water (413.6 nm), suggesting that the
aggregation of AgNPs was inhibited in the dialyzed river
water.

(Figure 4). The formation of AuNPs was further con-
firmed by the comprehensive characterization of these
nanoparticles formed with higher concentration of
AuCl,~ (0.20 mmol L™") as a precursor (Figure 5 and
Figures S4 and S5). The SAED patterns (Figure 5c,g) and
lattice planes observed in HRTEM imaging (Figure 5b,f)
can be indexed to fcc gold metal. Au(l) was also ob-
served in the XPS (Figure S5), indicating the formation
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Figure 4. Identification of AuNPs produced by the reduction of 0.01 mmol L~ AuCl,~ in Chaobai River water under sunlight.
(@) TEM, (b) EDS, and (c) UV—vis spectrum of the formed AuNPs. The cumulative PAR is 10124.51 E m~2. Note, in (c), the
background absorption of Chaobai River water was deducted from the prepared AuNPs solution.

Energy

Figure 5. Identification of AuNPs produced by the reduction of 0.2 mmol L' Au®" in Chaobai River water. (a,e) TEM, (b,f)
HRTEM, (c,g) SAED, and (d,h) EDS of the formed AuNPs in upper solution (top a, b, ¢, and d), and precipitation (bottom e, f, g, h).

The cumulative PAR is 13251.97 Em 2.

of AuNPs through intermediate Au(l) species.3° Similar
to AgNPs, long-time sunlight irradiation induced ag-
gregation and sedimentation of AuNPs, and the Au
in the sedimentation was confirmed to be elemen-
tal nanoparticles (Figure 5). These results provide
additional evidence that the photoreduction by DOM
is a potential source of metal nanoparticles in the
environment.

Photoreduction of Ag™ to AgNPs by DOM under Controlled
Conditions. The kinetics of the reduction of Ag™ to
AgNPs were investigated using HA as a model for
DOM under simulated sunlight. Various concentrations
of Ag™, concentrations and origins of HA, as well as
irradiation times were studied comprehensively.

Under simulated sunlight, the solution turned to
a pale yellow color with a UV—vis absorption peak
around 400 nm (Figure S6a), which is the plasmon
resonance of AgNPs. With time, the pale yellow color
became increasingly yellow in color, and the corre-
sponding plasmon resonance of AgNPs at ~400 nm
increased significantly. No color change and UV—vis
absorption peak around 400 nm were observed for a
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Ag™—HA solution under dark conditions or Ag™ solu-
tion under simulated sunlight conditions, suggesting
that both HA and simulated sunlight are important for
AgNP formation.

Figure Séb,c in Supporting Information shows the
effects of Aldrich HA and Ag™ precursor concentrations
on the absorbance of AgNPs with time, which char-
acterizes the photoreduction of AgClO, with HA rela-
tive to the initial concentration of both HA and Ag™
concentration. Results showed that the absorbance of
AgNPs increased with HA and Ag" concentration.
Moreover, the absorbance of AgNPs, indicating the
concentration of AgNPs,' increased almost linearly
with irradiation time. The apparent kinetics of AgNP
formation can be written as

A=rxt (1)

in which A is the absorbance of AgNPs at 400 nm, and r
is the formation rate of AgNPs.

Table S2 summarizes the r values at different con-
ditions, which linearly increased with increasing
HA (0—10 mg L™' DOC) and Ag™ (0—1 mmol L")
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concentration. Therefore, under simulated sunlight
irradiation, the formation of AgNPs fits the pseudo-
second-order reaction kinetics:

r = k[HAI[Ag™] (2)

which gives rise to k =813 x 10°*2-h™'-(mg DOC) -
mol™' or 920 x 1077 L2-E"' m?-(mg DOQ) '-mol .
When the HA concentration was over 10 mg L',
however, the increase of formation rate slowed down,
indicating a kinetic shift to zero-order at higher HA
concentration.

For quantification of formed AgNPs, dual-cloud
point extraction was performed for selective extraction
of produced AgNPs followed by microwave digestion/
inductively coupled plasma mass spectrometry (ICPMS)
determination.3**® It was found that for a solution con-
taining 5 mg L' DOC of Aldrich HA and 1 mmol L™
AgClO,4, 4.14% (4.47 + 0.30 mg L") of the contained
Ag™ was transformed to AgNPs after 96 h simulated
sunlight irradiation.

The pH dependence of AgNP formation was inves-
tigated to further elucidate the potential natural
aquatic conditions and to probe possible formation
mechanisms. Samples of HA from various origins,
including two terrestrial HA samples (Aldrich HA and
Acros HA) and one aquatic HA sample (SRHA), were
compared for their ability to form AgNPs. The forma-
tion of AgNPs was found to be strongly dependent on
pH for both Aldrich HA and SRHA. No AgNP formation
was observed at lower pH (pH 4.4 and 5.2 for Aldrich HA
and pH 6.2 for SRHA), and the formation rate constant
of AgNPs increased significantly with pH (Figure S6d
and Table S2). In addition, at higher pH (pH 6.7 for
Aldrich HA and pH 7.2 for SRHA), even in dark condi-
tions, pale yellow colored AgNPs were clearly observed
with the corresponding UV—vis plasmon resonance
peak, although its concentration was much lower than
that under irradiation.

The pH dependence of the formation of AgNPs can
be explained by the linear relationship between the
redox potential of HA solution and pH (Figure S7). A
lower redox potential at higher pH is ideal for AGNP
formation.

The experiments revealed that all three sources of
HA can reduce Ag" to AgNPs, but different kinetic
characters were observed for Acros HA (pH 6.2) and
SRHA (pH 6.4). For SRHA, the absorbance of AgNPs
initially increased linearly and then leveled off, indicat-
ing a decrease in the growth rate of AgNPs. These
phenomena suggested that, in this reaction, the
reducing agent, HA, is the limiting reagent3* In
addition, precipitation of AgNPs was observed with
longer irradiation time, indicating the loss of the
stability of AgNPs under irradiation. At higher pH,
both the reduction capacity and binding capability
of HA increased,® thus this absorbance-level-off
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phenomenon was not observed for SRHA at higher
pH (pH 6.7 and 7.2).

Similarly, natural sunlight can also accelerate the
reduction of Ag™ to AgNPs in the presence of HA
(Figures S8 and S9). No AgNPs were formed without
HA even under sunlight irradiation. In dark conditions,
the formation of a small amount of AgNPs was ob-
served. With sunlight, the formation of AgNPs in-
creased significantly. This result suggests that the
reduction of silver ions is the combined result of HA
and ambient sunlight. Given the higher intensity of
natural sunlight than that of simulated sunlight, the
formation rate of AgNPs under natural sunlight is
expected to be much higher than that under simulated
sunlight. For Aldrich HA (pH 6.2), Acros HA (pH 6.2), and
SRHA (pH 6.4), a linear relationship was observed
between PAR and the absorbance of AgNPs. The
formation rate of AgNPs relative to cumulative PAR is
shown in Table S3. For SRHA (pH 6.7), a fast formation
yellow AgNP was observed at the initial stage, which
indicates that chemical reduction under dark condition
is relatively important at higher pH.">

Figure S10 shows the stability of the formed AgNPs
at room temperature and 4 °C, respectively. In the
investigated period (30 days), no precipitation of
AgNPs was observed. The UV—vis spectra revealed
that both the plasmon resonance peak shape and
intensity had no significant changes at 4 °C. However,
a slight increase of the plasmon resonance peak
intensity was observed at RT, which should be ascribed
to the further formation of AgNPs by HA reduction in
the dark.'® These results suggest that photosynthe-
sized AgNPs are very stable for a long period.

We found much faster formation of AgNPs in
environmental water than in HA solution. Figure S7
and Table S1 show that the redox potentials in envir-
onmental water were much lower than that in HA
solution. The difference of redox potentials between
the environmental waters and HA solution may ac-
count for differences in formation kinetics of AgNPs.

Mechanism of the Photoreduction by DOM. The pH de-
pendence of photoreduction indicates that the phe-
nolic group of HA possibly plays an important role in
the photoreduction of AgNPs. To verify this, original
and phenolic group-blocked HA were compared for
their ability to reduce Ag™ under sunlight (as shown in
Figure 6a). The photoreduction of Ag* to AgNPs was
almost completely suppressed when the phenolic
group-blocked Aldrich HA or SRHA was used, demon-
strating that photoreduction should be ascribed to the
phenolic group of HA.

The photoreduction of Ag™ to AgNPs by the phe-
nolic group of HA suggests that dissolved oxygen may
contribute to this process by reacting with the phenolic
group to produce superoxide anion free radical (O,"7),
which reduces metal ions to low-valent metal.2%263¢
The photoinduced formation of O,"~ in SRHA solution
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Figure 6. Characteristic absorbance spectrum of AgNPs produced by reduction of 1 mmol L~ AgClO, under sunlight by DOM
(10mg CmL™"). (a) Original HA and phenolic OH-blocked HA, (b,c) Aldrich HA and SRHA after purged with air and N, (d) SRHA
in the presence of 150 U mL~" SOD. Note, in (d), the experiments were conducted after purged with air.

was first demonstrated by using a nitroblue tereazo-
lium (NBT) method”3® (Figure S11). To further eluci-
date the possible role of O,"~ in photoreduction, the
effect of dissolved O, on photoreduction of Ag was
investigated (Figure 6b,c). In the absence of oxygen,
the photogeneration of AgNPs decreased significantly,
and subsequently, when oxygen was reintroduced, the
photogeneration of AgNPs significantly increased. This
phenomenon indicated that O, may play a decisive
role in the photoreduction of Ag™.

The reduction of Ag™ by 0,°~ was further validated
by the inhabitation of AgNP formation by superoxide
dismutase (SOD) (Figure 6d). The presence of SOD was
found to prevent the formation of AGNPs under natural
sunlight, which clearly confirms that O, is the key
reductant in DOM-induced photoreduction.

DISCUSSION

Silver exists in the natural environment in various
species, including AgCl, Ag.S, freely dissolved Ag™,
DOM-associated Ag™, as well as colloidal and particu-
late silver. The speciation of silver in aquatic system is
controlled by Ey,, pH, and organic or inorganic chelating
ligands (such as DOM, S*~, and CI ™). Theoretically, from
a thermodynamic view, in a typical fresh water system
(1x10 °molL "of Ag™, 1 x 10 >mol L' of HS,0.03
mol L' of CO5%~, and 0.01 mol L' CI7), Ag® is one of
the main possible Ag phases besides AgCl and Ag,S.%°

YIN ET AL.

Although naturally elemental Ag (Ag®) and even AgNPs
have been observed in ore deposits,*° the formation of
naturally occurring AgNPs in the aquatic environment
has not been well understood.

Our comprehensive characterization (UV—vis, TEM,
SAED, EDS, and XRD) of AgNPs provides conclusive
evidence for the formation of AgNPs in environmental
waters. As demonstrated by previous study,*'#* free or
organic binding Ag™ is widely present in a fresh water
environment. This fraction of Ag could possibly be
reduced to AgNPs. Additionally, AgCl was also ob-
served in the solution (Figure 2e), which also can be
transformed into AgNPs under irradiation, as demon-
strated by the early photographic industry.*®

DOM was demonstrated to be the main reductant
for reduction of Ag" in environmental water by a
dialysis experiment. The relationship between forma-
tion of AgNPs, UV—vis, and the fluorescence spectrum
of DOM in environmental water (Table S1) also strongly
suggests that the photoactive chromophoric DOM is
the key reductant. The formation mechanism of AgNPs
was further elucidated by using HA as a model for
DOM. The pH-dependent formation rates indicated
that the HA phenolic group plays an important role
in the reduction. As the photoreduction of Ag™ to
AgNPs was almost completely suppressed when the
phenolic group of HA was blocked by methylation,
we conclude that photoreduction is related to the
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phenolic group of HA. Phenolic-group-mediated
photoreduction of the metal ion could proceed by
the following two possible pathways: (1) direct charge
transfer from the phenolic group to the metalion in the
phenol—metal ion complex;**?' (2) dissolved oxygen
reacts with the phenolic group to produce superoxide
anion free radical (0,°"), which reduces metal ions to
low-valent metal.?>?%3¢ We further found that dis-
solved O, significantly increased the reductive forma-
tion of AgNPs, indicating that O,"™ plays a decisive role
in the photoreduction of Ag™, possibly by the following

reaction:?'**
HAred + 02 +hv — HAG + 0, (3)
0, +Agt — Ag’ + 0, (4)
Ag’ +0;" — Ag’” 40, (5)
Ag°” +Ag” — Ag’ +Ag’ 6)

0,"" has been demonstrated to be an effective redu-
cing agent for Ag™ to form AgNPs.** The generation of
0O,"" can also be significantly enhanced through close
proximity to AgNPs,** which can, in turn, further
enhance the generation and growth of AgNPs. The
reduction of Ag* by O,"~ was validated by the inhabi-
tation of AgNP formation by SOD (Figure 6), which can
catalyze 05"~ into O, and H,0,.** As reductive O, can
be depleted by SOD and the resulting 05***” and
H,0,* can dissolute AgNPs to Ag™, the formation of
AgNPs should be inhibited in the presence of SOD. We
found that SOD can significantly prevent the formation
of AgNPs under natural sunlight. Slight decreases in
AgNP formation by boiled SOD was also observed,
which could be attributed to the complexation of Ag™
by the denatured protein,*® thus decreasing the con-
centration of free Ag'. Nevertheless, these results
clearly confirm that O,"" is the key reductant in the
DOM-mediated photoreduction.

Under sunlight, various environmental waters and
varying representative DOM samples, including terres-
trial (Aldrich HA and Acros HA) and aquatic HA (SRHA),
can reduce Ag' to AgNPs, indicating that this
reduction process is general for DOM in the natural
environment. The formation of AgNPs fits the pseudo-
second-order reaction kinetics, indicating that the
concentrations of both HA and Ag* in environmental
water play major roles in influencing AgNP formation.
The pH-dependent reduction suggests that alkaline
aqueous environments are favorable for the reduction
of Ag™ by DOM. As in this process, besides as a reductant,'
DOM functions also as a coating agent to stabilize
AgNPs through steric and charge interaction,'**° and
the formed AgNPs are very stable over months in dark
conditions. This stabilizing effect of DOM can improve
the migration of AgNPs with water flow over long
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distances. On the other hand, long-time sunlight irra-
diation could induce the aggregation and sedimenta-
tion of AgNPs, possibly owning to dipole—dipole
interaction between particles,®’ which would lead to
eliminating these AgNPs from water to sediment.

Our new evidence that sunlight-induced reduction
of ionic Ag and Au to their metallic nanoparticles by
DOM in environmental waters suggests that this chem-
ical reduction process may be general for other
metals with high reduction potential. These results
enrich our knowledge about not only the environmen-
tal transformation of EMNPs but also the possible
natural source of AgNPs and AuNPs in the aquatic
environment.

Typically, AgNPs are believed to be nonpersistent in
realistic aquatic compartments containing dissolved
oxygen due to the oxidative dissolution of AGNPs to Ag
ions.**4752 However, findings in our study indicate that
dissolved oxygen can transform to O,"" in sunlit DOM-
rich water and induce the re-formation of AgNPs from
dissolved Ag™, which increases the persistence and
transport of AgNPs. In addition, photoreduction of the
dissoluted Ag™ from AgNPs may decrease the concen-
tration of Ag™, which possibly influences the toxicity of
AgNPs to an organism.”>** These effects should be
taken into account when assessing the environmental
fates and toxicity of engineered AgNPs.

This study also sheds light on the naturally occurring
metal nanoparticles in the environment. In the Ag or
Au ion-rich environments, such as ore tailing and
wastewaters from electronic industry, the formation
of AgNPs or AuNPs from ionic species through the
photoreduction procedure is highly possible. Besides
biogenic pathway,”® the photogeneration of nanoma-
terials from dissolved metals could be a possible source
of naturally occurring AgNPs or AuNPs, which provides
further evidence of the difficulty of differentiating
between natural and engineered nanoparticles. More-
over, the photogeneration of AUNPs and AgNPs might
explain the wide occurrence of AuNPs and AgNPs in
gold and silver deposits,'>%>” which possibly plays an
important role in the biogeochemical cycle of Ag and
Au.'® In the deposition process, AuNPs and AgNPs
could be initially formed through photoreduction by
DOM, and further solar irradiation could induce the
precipitation of these nanoparticles.’’ The precipita-
tion and adsorption of AuNPs and AgNPs on minerals
and rocks (such as sulfide minerals and carbonaceous
rocks) could consequently result in the supergene
enrichment of Au and Ag.>®

Considering the toxicity and possible bioaccumula-
tion of nanoparticles in marine and terrestrial food
chains,”~"" the formation of AgNPs and AuNPs by
natural chemical process is of particular interest to
further elucidate the toxicity and bioaccumulation of
Ag and Au in the natural environment. Additionally,
although organism-mediated reduction of Au* and
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Ag® is widely observed in the lab or environmental
conditions, the exact mechanism of this bioreduction is
still unknown. Given that bacterial production of super-
oxide may be a driving force in Mn(ll) oxidation,®’
superoxide-driven reduction is another reasonable
cause for the organism-mediated formation of nano-
particles of Au® and Ag® in the environment.

CONCLUSIONS

In conclusion, we have observed that the DOM in
natural water can reduce Agt and AuCl,” to their
elemental nanoparticles under sunlight. By using HA

MATERIALS AND METHODS

Chemicals and Instrumentation. Silver nitrate, silver perchlorate,
and chloroauric acid (with >99.0% purity) were purchased from
Beijing Chemicals (Beijing, China). Suwannee River humic acid
(SRHA), from an aquatic source, was purchased from the Inter-
national Humic Substances Society (IHSS, St. Paul, MN). Terres-
trial-origin humic acid sodium salts from Acros Organics (Morris
Plains, NJ) and Sigma-Aldrich (St. Louis, MO) were used as
obtained. The dissolved organic carbon, DOC, of HA solution
was determined with a Phoenix 8000 UV-persulfate total or-
ganic carbon analyzer (Tekmar-Dohrmann, Cincinnati, OH).
Superoxide dismutase (SOD) was obtained from bovine ery-
throcytes (Sigma-Aldrich, St. Louis, MO). All pH measurements
were performed on an ORION 4 STAR pH - ISE benchtop (Thermo
Fisher Scientific, Waltham, MA). The redox potential of the HA
solution was also determined on an ORION 4 STAR pH-ISE
benchtop (Thermo Fisher Scientific, Waltham, MA) with a 9678
BNWP combination redox/ORP electrode (Beverly, MA). Before
each measurement, the electrode was calibrated by ORP stan-
dard solution (Orion 96796).

Sampling and Characterization of Environmental Waters. Environ-
mental water samples, including spring water, lake water, and
river water, were collected from Beijing by using gloved hands
to fill precleaned 2 L Teflon bottles. The samples were keptin a
cooler and transported to the laboratory immediately. All of the
water samples were filtered through a 0.2 um glass fiber filter.
The inorganic ions, dissolved organic carbon, redox potential,
UV—visible and fluorescence spectrum were determined before
photochemical experiment (Table S1).

Formation of AgNPs and AuNPs under Simulated Sunlight. Experi-
ments were performed employing a solar simulator (Beijing
Lighting Research Institute, Beijing) equipped with a water-
refrigerated 500 W Xe source lamp. A 200 mL sample was added
into a 250 mL glass beaker and covered with Pyrex glass slide
(1 mm thickness). The incident simulated sunlight was perpen-
dicular with the glass slide. The intensity of the simulated
sunlight was measured as 221 umol m~2 s~' using a LI-192
Quantum Sensor (LICOR Biosciences, Lincoln, NE). During the
simulated sunlight exposure, the reaction temperature was
maintained at ~20 °C by an internal exhaust fan. The pH of
the solutions was measured prior to and after the irradiation,
and no significant changes were noted (ApH < 0.5 units).

Formation of AgNPs and AuNPs under Natural Sunlight. The experi-
ments were performed in 500 mL FEP (fluorinated ethylene
propylene) bottles (Nalgene, Rochester, NY). In each batch of
experiments, dark control experiment was performed in FEP
Teflon bottles wrapped by three layers of aluminum foil and
then one layer of black plastic bags to maintain similar tem-
perature with the sunlight-exposed counterpart. During the
experiments, intensity of ambient photosynthetically active
radiation and temperature were measured at 15 min intervals
routinely using a LI-192 Quantum Sensor and HMP50 Air
Temperature Probe (LICOR Biosciences, Lincoln, NE).

Other experimental details and characterization for AgNPs
and AuNPs are given in Supporting Information.

YIN ET AL.

as a model for DOM, we found that the formation of
AgNPs was highly dependent on pH and the concen-
tration of Ag* and DOM. We have identified that the
reduction was mediated by superoxide from photo-
irradiation of the phenol group in DOM, and dissolved
0, significantly enhanced the formation of AgNPs. This
process is a possible source of naturally occurring
AgNPs and AuNPs in the environment and also possi-
bly critical in the supergene enrichment of Ag and Au.
This study could also sheds light on the transformation,
fates, and effects of AgNPs and AuNPs in the aquatic
environment.
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