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ABSTRACT: The stability of engineered nanomaterials in a
natural aquatic environment has drawn much attention over the
past few years. Silver sulfide nanoparticles (Ag2S-NPs) are
generally assumed to be stable in a natural environment as a
result of their physicochemical property; however, it may vary
depending upon environmental conditions. Here, we investigated
whether and how the environmentally relevant factors including
light irradiation, solution pH, inorganic salts, dissolved organic
matter (DOM), and dissolved oxygen (DO) individually and in
combination influenced the stability of Ag2S-NPs in an aquatic
environment. We presented for the first time that transformation
of Ag2S-NPs can indeed occur in the aqueous system with an
environmentally relevant concentration of Fe3+ under simulated
solar irradiation and natural sunlight within a short time (96 h), along with significant changes in morphology and dissolution.
The photoinduced transformation of Ag2S-NPs in the presence of Fe3+ can be dramatically influenced by solution pH, Ca2+/Na+,
Cl−/SO4

2−, DOM, and DO. Moreover, Ag2S-NP dissolution increased within 28 h, followed rapid decline in the next 68 h, which
may be a result of the reconstitution of small Ag2S-NPs. Taken together, this work is of importance to comprehensively evaluate
the stability of Ag2S-NPs in an aquatic environment, improving our understanding of their potential risks to human and
environmental health.

■ INTRODUCTION

Over the past decade, engineered nanomaterials (ENMs) have
been widely used in products and industrial processes as a
result of the rapid innovation and commercialization in
nanotechnology.1−3 Among ENMs, silver sulfide nanoparticles
(Ag2S-NPs) have been widely used in solar cells, magnetic field
sensors, optical filters, and photodetectors, resulting in an
increasing potential for their release into the environment.4−7

Moreover, previous studies have shown that silver nanoparticles
(Ag-NPs) are readily transformed to Ag2S-NPs in sewage
treatment systems.8−11 These have led to concern regarding a
buildup of Ag2S-NPs in environments, especially a natural
aquatic environment, where aquatic organisms are exposed
daily to Ag2S-NPs.

12,13 Of particular concern is their stability in
natural environments, which is closely associated with their
risks to human and environmental health, although Ag2S-NPs
are assumed to be physicochemically stable and biologically
inert.14−18

More recently, Sekine et al.19 reported that Ag2S-NPs were
stable in soils and remained sulfur bound after 7 months of
incubation. Besides soils, Ag2S-NPs in sewage sludge were also

shown to be stable over a 6 month period simulating
composting/stockpiling.8 However, previous studies have also
repeatedly shown that sunlight has potential to influence the
stability and transformation of metal (e.g., silver and gold) NPs
in a natural aquatic environment.20−22 Yu et al.23 presented that
sunlight induced aggregation of Ag-NPs, causing particle fusion
or self-assembly to form larger structures and aggregates. Few
studies reported potential transformations of Ag2S-NPs in an
aquatic environment, where Ag2S-NP stability may be
influenced by sunlight as a result of high transparency of
water, resulting in poorly comprehensive evaluation of fate and
risks of Ag2S-NPs. More importantly, even though Ag2S-NPs
undergo transformations, as a result of the complex matrices of
soils, transformations, such as dissolution, may be ignored in
previous studies, which will overestimate the stability of Ag2S-
NPs in natural environments. Therefore, investigation of Ag2S-
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NP stability in an aquatic environment under sunlit is essential
to improve our understanding of their risks to human and
environmental health.
Herein, the overall objective of the present study was to

evaluate the stability of Ag2S-NPs in an aquatic environment.
We expected to find that Ag2S-NPs in an aquatic environment
may undergo transformation under the light condition. To this
end, we comprehensively investigated whether and how
environmentally relevant factors including solution pH,
inorganic salts, such as Fe(NO3)3, CaCl2, Na2SO4, and NaCl,
dissolved organic matter (DOM), and dissolved oxygen (DO)
influenced the stability of Ag2S-NPs within a short time (96 h)
under sunlight and dark conditions. This is the first study
focused on stability of Ag2S-NPs in an aqueous system under
environmentally relevant conditions, improving our under-
standing of Ag2S-NP risks to human and environmental health.

■ MATERIALS AND METHODS
Chemicals and Materials. AgNO3, Fe(NO3)3·9H2O,

NaCl, Na2SO4, CaCl2, H3BO3, HCl, NaOH, and ethanol
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). HNO3 was purchased from Merck
(Darmstadt, Germany). Sulfur (99.998%), polyvinylpyrrolidone
(PVP; MW = 40 000), and humic acid were purchased from
Sigma-Aldrich (St. Louis, MO). The centrifugal ultrafilter unit
(Amicon Ultra-4, 3 kDa) was purchased from Merck Millipore,
Ltd. (Cork, Ireland). Ultrapure water from a Direct-Q system
(Millipore, Billerica, MA) with a resistivity of 18.2 MΩ/cm was
used for preparation of all solutions. Quartz glassware was
thoroughly cleaned with aqua regia solution, rinsed with
ultrapure water, and oven-dried overnight before use. All of the
reagents were of analytical grade and used as obtained without
further purification.
Synthesis of Ag2S-NPs. Ag2S-NPs were prepared by

reaction of AgNO3 with elemental sulfur.19 In brief, 7.1 mg
of sulfur was gradually dissolved in 10 mL of warm ethanol
(∼60 °C) by bath sonication (KQ-600E, Kunshan, China) for
∼10 min. Afterward, the sulfur solution was added dropwise to
50 mL of AgNO3 solution (170 mg/L) containing 10 mg of
PVP-40 under magnetic stirring. The reaction was kept for 5 h
at 95 °C under the dark condition, with a water-cooling system.
Ag2S-NPs were concentrated using centrifugation (9500 rpm
for 30 min) and purified using ultrapure water for 5 cycles, after
which the stock solution was stored at 4 °C in the dark for later
use.
Characterization of Ag2S-NPs. The hydrodynamic

diameter and ζ potential of Ag2S-NPs were determined using
a Malvern zetasizer nano series dynamic light scattering (DLS)
instrument. Ag2S-NP stock solution was dispersed by bath
sonication (KQ-600E, Kunshan, China) for ∼1 min and diluted
to 5 mg/L for DLS measurement, with each measurement
consisting of 11 runs. Ultraviolet−visible (UV−vis) spectra
from 300 to 700 nm were measured on a Shimadzu UV−vis
spectrophotometer (UV-3600, Japan). The morphology of
Ag2S-NPs was observed using transmission electron micros-
copy (TEM) on a Hitachi H7500 at 80 kV. The lattice fringe
spacing was determined on a JEOL JEM-2100F high-resolution
transmission electron microscope (HRTEM) at 200 kV, and
the elemental mapping of imaged objects was characterized
using an energy-dispersive X-ray (EDX) detector (Oxford Inca,
U.K.). The TEM/HRTEM samples were prepared by
depositing 40 μL aliquots of aqueous sample on the ultrathin
carbon-coated copper grids, followed by drying at room

temperature. The silver ions released from Ag2S-NPs, collected
with a 3 kDa centrifugal filter, were quantified using inductively
coupled plasma optical emission spectrometry (ICP−OES,
Thermo Scientific, Waltham, MA). It should be noted that the
silver ions determined in this study refer to all of the dissolved
silver species passing through the 3 kDa filter, including all of
the free silver ions and probably some very tiny particles (<3
kDa) containing silver.

Transformation of Ag2S-NPs under Simulated or
Natural Sunlight. The simulated sunlight studies using 60
mL quartz glass bottles (inner diameter of 25 mm) with quartz
caps were conducted in a solar simulator (SN-500, Beifang
Lihui, Beijing, China) equipped with three wind-refrigerated
2500 W Xe lamps. The intensity of light was set at 550 W/m2

(daily total irradiation of 47.52 MJ/m2), and the temperature
was maintained at 25 ± 1 °C using a water-cooling system. For
the studies under natural sunlight, samples were placed on the
platform (without shade) of Building No. 3 in Research Center
for Eco-Environmental Sciences (40° 00′ 26.94″ N, 116° 20′
15.10″ E), Chinese Academy of Sciences, Beijing, China, in
April 2015 when it is mainly sunny or cloudy, with the
temperature between 16 and 26 °C (daily average temperature
of 19.1−24.1 °C). The intensity of sunlight irradiation during
the experimental period was provided by the Beijing
Meteorological Service.
Ag2S-NP stock solution was diluted to 5 mg/L using 5 mM

borate buffer, and 40 mL of Ag2S-NPs aqueous sample was
added to each quartz glass bottle before the solar irradiation.
The effects of sunlight (light versus dark), pH (5.0 ± 0.2, 7.2 ±
0.2, and 8.5 ± 0.2), inorganic salts [Fe(NO3)3, CaCl2, Na2SO4,
and NaCl], DOM (0, 1.0, 2.5, and 5.0 mg/L), DO, and
concentrations of Fe3+ (0, 0.25, 1.0, and 2.0 mg/L) on the
transformation of Ag2S-NPs were individually and in
combination investigated. The pH was modified using 0.5 M
HNO3 or NaOH solution. The dark control was performed in
quartz glass bottles wrapped by three layers of aluminum foil
and placed in the same solar simulator as the above-mentioned
simulator for the light-exposed samples. All experiments were
performed for three samples.
Stock solutions of Fe(NO3)3, CaCl2, Na2SO4, and NaCl were

prepared at concentrations of 50, 2000, 5000, and 2000 mg/L,
respectively. Humic acid stock solution was prepared at 1000
mg/L in ultrapure water, followed filtration using a 0.45 μm
membrane syringe. The DOM concentration of humic acid
stock solution was determined with a TOC-L total organic
carbon analyzer (Shimadzu, Germany). Afterward, different
volumes of these stock solutions were added to the Ag2S-NP
solution according to the desired concentrations. For the effect
of DO on the Ag2S-NP transformation under light or dark
conditions, we conducted the experiments in the presence and
absence of DO, respectively; a group of samples were prepared
using 5 mM borate with ∼6.3 mg/L DO, and another group of
samples, using (99.999%) N2-purged (2 h) deoxygenated
borate, were prepared in a glovebox with N2 headspace. The
pH of the two groups of samples was changed to 5.0 ± 0.2.
Ultrafiltration was used to collect silver ions released from

Ag2S-NPs.
18 In brief, at each time interval (0, 4, 8, 18, 28, 48,

72, and 96 h), 4 mL of aqueous sample was taken from each
quartz glass bottle. Every 4 mL of solution was then divided
into two subsamples: one group of subsamples (1 mL) was
characterized by DLS and TEM or HRTEM−EDX. The other
group of subsamples (3 mL) was added to centrifugal filter
units with 3 kDa nominal molecular weight cut-off (MWCO),

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b03982
Environ. Sci. Technol. 2016, 50, 188−196

189

http://dx.doi.org/10.1021/acs.est.5b03982


followed by centrifugation at 9500 rpm for 15 min, and then
the filtrate was diluted by 5% HNO3 for silver ion
determination using ICP−OES. DLS measurement of the
filtrate demonstrated the absence of Ag2S-NPs in the filtrate.
Also, recovery efficiency of 5 mg/L AgNO3 solution yielded
98.2 ± 1.7%, presenting that negligible loss of the analyte
occurred during the ultrafiltration step.

■ RESULTS AND DISCUSSION

Characterization of the Synthesized Ag2S-NPs. The
synthesized Ag2S-NPs in this study were a little elliptical in
shape, with an average size of 57.2 ± 5.3 nm (panels a and b of
Figure 1). The atomic ratio of Ag/S, determined from the
integrated peak intensity of EDX (Figure 1c), was 2.03 ± 0.18,
which is reasonably close to 2.0 that is expected for Ag2S.
Moreover, Ag2S-NPs showed lattice fringe spacing of ∼2.6 Å
(Figure 1d), which is well-consistent with the {−121} planes of
monoclinic Ag2S.

24 DLS measurement showed the Ag2S-NP (5
mg/L) hydrodynamic size of 66.2 ± 4.6 nm, with a
polydispersity index of 0.43 ± 0.07, indicating good
monodispersion of Ag2S-NPs. Also, Ag2S-NPs (5 mg/L)
showed a strongly negative charge, with a ζ potential of
−46.1 ± 0.8 mV. Ag2S-NPs synthesized in this study showed
very good stability, because no obvious changes in shape, size
distribution, and dissolution were observed, even after the

Ag2S-NP stock solution was kept in the dark (4 °C) for 2
months.

Transformation of Ag2S-NPs under a Simulated Light
Condition. The individual effect of pH, inorganic salts, DOM,
and DO on the stability of Ag2S-NPs in an aquatic system was
assessed under light and dark conditions. Very good stability of
Ag2S-NPs in an aqueous system was observed with pH ranging
from 5.0 to 8.5 (Figure S1a of the Supporting Information).
Also, DOM and DO showed negligible effects on the stability
of Ag2S-NPs in the light or dark (Figure S1b of the Supporting
Information and Figure 1c). All of these evidently suggest that
Ag2S-NPs are relatively stable in the aquatic environment, being
well consistent with the findings in previous studies, which
presented negligible dissolution of Ag2S-NPs in either bacteria
culture media (5 mM bicarbonate, with pH adjusted to 7 by
HCl) within 6 h or 10 mM NaNO3 aqueous solution at pH 7
within 720 h.18,25 However, significant changes in dissolution of
Ag2S-NPs were observed in the presence of Fe

3+ under the light
condition (Figure S1d of the Supporting Information). This
finding indicates that stability of Ag2S-NPs in aqueous solution
may be overestimated in past studies, suggesting that light and
Fe3+ may be key factors to influence the Ag2S-NP stability in an
aqueous system. Hence, we further systematically investigated
the stability of Ag2S-NPs in the presence of Fe3+ under light
and dark conditions, respectively.

Figure 1. Characterization of Ag2S-NPs synthesized in this study. (a) Low-resolution TEM was used to show the size and shape of Ag2S-NPs. Image
analysis revealed that Ag2S-NPs had an average size of 57.2 nm with a standard deviation of 5.3 nm. (b) Size distribution of Ag2S-NPs (n = 200). (c)
EDX measurement of Ag2S-NPs. The Ag/S ratio was 2.03 ± 0.18 for the NPs. (d) HRTEM image of Ag2S-NPs showing the lattice fringe of 0.26 nm.
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As shown in Figure 2a, there is no dissolution of Ag2S-NPs
occurring in the dark, even under the Fe3+-abundance condition
(2.0 mg/L). In contrast, evident changes in Ag2S-NP
dissolution were observed in the light, even the concentration
of Fe3+ at 1.0 mg/L (Figure 2a), indicating that the Ag2S-NP
dissolution was definitely photoinduced. This is the first report
that light irradiation greatly enhanced the dissolution of Ag2S-
NPs in the presence of Fe3+, even though Yu et al.23 have
presented fusion of Ag-NPs in the light. On the other hand, the
photoinduced dissolution of Ag2S-NPs in the presence of Fe3+

was obvious, but there was negligible Ag2S-NP dissolution in
the absence of Fe3+, even under the light condition (Figure 2a),
demonstrating that Fe3+ played a key role in the photoinduced
dissolution of Ag2S-NPs. Furthermore, the extent of Ag2S-NP
dissolution in the light was significantly dependent upon the
concentration of Fe3+ in an aqueous system; the higher the
concentration of Fe3+, the larger the extent of Ag2S-NP
dissolution (Figure 2a). Besides dissolution, the ζ potential and
hydrodynamic diameter of Ag2S-NPs were also influenced by
the presence of light and Fe3+ (Figure S2 of the Supporting
Information). For instance, the ζ potential of Ag2S-NPs in the
light increased from −40.0 to −5.0 mV when the Fe3+

concentration increased from 0.25 to 2.0 mg/L.
During the Ag2S-NP dissolution in the aquatic environment

in this study, we found that the amount of silver ions rapidly

increased within 28 h, followed an evident decline in the next
68 h (Figure 2a). This phenomenon was probably attributed to
the dissolution followed reconstitution of Ag2S-NPs in the
aqueous system, which was supported by the HRTEM/TEM
images (Figure 3). As shown in panels a and b of Figure 3, no
differences in the morphology are observed between Ag2S-NPs
kept in the light and dark at 0 h. However, Ag2S-NPs showed
partial fusion after 4 h in the light (Figure 3c), whereas no
similar observation was shown in Ag2S-NPs under the dark
condition (Figure 3d). Interestingly, there was a large number
of small particles with size of <15 nm in the Ag2S-NP solution
after 48 h in the light (Figure 3e). Lattice fringe spacing of the
small particles was ∼2.6 Å (Figure 3f), which was determined
by counting 10 lattice spacings, being well-consistent with the
{−121} planes of monoclinic Ag2S.

24 More importantly, EDX
measurement demonstrated the presence of silver and sulfur in
the small particles (Figure 3e), matching with the rise in the
Ag2S-NP peak in the UV−vis spectra (Figure S3 of the
Supporting Information). In contrast, no small particles were
observed in the Ag2S-NP solution after 48 h in the dark (Figure
3g). We also found that all of the Ag2S-NPs in the light and
dark were covered by coating (panels h and i of Figure 3),
which was demonstrated to be solely element iron on the basis
of EDX mapping analysis (Figure S4 of the Supporting
Information), indicating that the contribution of silver ion

Figure 2. Effects of the Fe3+ concentration, pH, and DOM on the dissolution (silver ion release) kinetics of Ag2S-NPs (5.0 mg/L) under light and
dark conditions: (a) Fe3+ concentration, with pH 5.0 ± 0.2 and DOM = 0 mg/L, (b) pH, with DOM = 0 mg/L and Fe3+ = 1.0 mg/L, and (c) DOM,
with pH 5.0 ± 0.2 and Fe3+ = 1.0 mg/L.
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adsorption on the particles to the decline in dissolved silver was
negligible.
The photoinduced transformation of Ag2S-NPs is in contrast

to the general consensus presenting that Ag2S-NPs are very
stable in natural environments.14,19,26 To understand whether
and how the transformation occur in a real aquatic environ-
ment, we further comprehensively investigated the effects of the
environmentally relevant factors on the photoinduced trans-
formation of Ag2S-NPs in the presence of Fe3+.
Effect of Solution pH on the Photoinduced Trans-

formation of Ag2S-NPs in the Presence of Fe3+. To
examine whether the photoinduced transformation can be
influenced by solution pH, we tested Fe3+-abundance Ag2S-NP
solution at environmentally relevant pH ranging from 5.0 to

8.5. Ag2S-NP dissolution in the light increased first, followed by
a rapid decline (Figure 2b), suggesting that dissolution followed
by reconstitution of Ag2S-NPs can readily occur at environ-
mentally relevant pH. However, solution pH exhibited evident
influences on the extent of Ag2S-NP dissolution in the light; the
percentage of dissolved silver increased with the decreasing
solution pH (Figure 2b), with the highest value observed at pH
5.0. More importantly, the curve of Ag2S-NP dissolution
increased to the highest level at pH 5.0. The pH-dependent
dissolution was also observed for the samples in the dark,
although the dissolution extent was much lower than that of
samples in the light, with rapid dissolution equilibrium within 4
h. Clearly, these findings show that acidic conditions can
accelerate the Ag2S-NP dissolution, exhibiting a tendency

Figure 3. TEM images of Ag2S-NPs in the absence and presence of Fe
3+ (2.0 mg/L) under light and dark conditions at time intervals of 4, 48, and 96

h: (a) Ag2S-NPs without Fe
3+ in the light at a time interval of 96 h, (b) Ag2S-NPs without Fe

3+ in the dark at a time interval of 96 h, (c) Ag2S-NPs
with Fe3+ in the light at a time interval of 4 h, (d) Ag2S-NPs with Fe3+ in the dark at a time interval of 4 h, (e) Ag2S-NPs with Fe3+ in the light at a
time interval of 48 h, (f) high-resolution TEM image of the particle with a red circle in panel e, (g) Ag2S-NPs with Fe

3+ in the dark at a time interval
of 48 h, (h) Ag2S-NPs with Fe3+ in the light at a time interval of 96 h, and (i) Ag2S-NPs with Fe3+ in the dark at a time interval of 96 h.
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similar to copper oxide (CuO) and zinc oxide (ZnO) NPs.27,28

Past studies have shown that transformation of metal-based
NPs was highly pH-dependent; lower pH, in general, would
remarkably enhance metal-based NP dissolution,29,30 which is
well-consistent with our finding in this study. On the other
hand, we found that dissolved silver began to decline at
different times among the tested Ag2S-NP solutions with varied
pH (Figure 2b). As shown in Figure 2b, the extent of Ag2S-NP
dissolution begins to decline after 28 h in acidic solution (pH
5.0), whereas the decline has been observed since 18 h at pH
7.2 and 8.5. Clearly, reconstitution of Ag2S-NPs was closely
related with pH values; acidic conditions can delay reconstitut-
ing Ag2S-NPs. Taken together, these results suggest that the
photoinduced transformation of Ag2S-NPs can be influenced by
solution pH but the transformation can occur in the Fe3+-
abundance aqueous system with the environmentally relevant
pH, indicating that the photoinduced transformation of Ag2S-
NPs may be normal phenomena in a natural aquatic
environment.
Effect of DOM on the Photoinduced Transformation

of Ag2S-NPs in the Presence of Fe3+. DOM has been
reported to influence transformation and toxicity of metal-
based NPs because it can easily either adsorb on the surface of
NPs or complex with metal ions.31,32 In this work, the effect of
DOM on the photoinduced transformation of Ag2S-NPs in the
presence of Fe3+ was concerned with the different concen-
trations of DOM (Figure 2c). Dissolution of Ag2S-NPs in the
light is remarkably reduced in the presence of DOM at
concentrations of 2.5 or 5.0 mg/L, but the influence is
negligible for the samples with 1.0 mg/L DOM. Ag2S-NP
dissolution in the light was greatly reduced as a result of the
presence of DOM, which is in good agreement with the
findings of metal oxide NP (e.g., ZnO-NP) dissolution in a past
study,33 probably because NOM entangled either Ag2S-NPs or
Fe3+ and then reduced the release of silver ions from Ag2S-NPs.
On the other hand, the dissolution of Ag2S-NPs in the light was
very limited (∼0.12%) when the DOM concentration reached
2.5 mg/L, but the negative effect of DOM can be overcome by
increasing the concentration of Fe3+ (Figure S5 of the
Supporting Information). Also, we found that the effect of
DOM on the Ag2S-NP dissolution in the dark was negligible
(Figure 2c). Taken together, these results indicate that the great
decrease in Ag2S-NP dissolution as a result of the presence of

DOM was mainly attributed to the complexation between
DOM and Fe3+.

Effect of Inorganic Salts on the Photoinduced
Transformation of Ag2S-NPs in the Presence of Fe3+.
To fully understand the photoinduced transformation of Ag2S-
NPs in the aquatic environment, the effect of inorganic salts,
such as CaCl2, NaCl, and Na2SO4, at environmentally relevant
concentrations on the transformation was investigated. The
inorganic salt component had a significant impact on the
photoinduced transformation of Fe3+-abundance Ag2S-NPs in
the light (Figure 4a). We found that Na2SO4 remarkably
enhanced the photoinduced dissolution of Ag2S-NPs in the
presence of Fe3+, showing positively concentration-dependent
enhancement (Figure 4a). A similar phenomenon was also
observed on the stability of titanium dioxide NPs in an aqueous
system.34 In contrast, CaCl2 and NaCl inhibited the photo-
induced dissolution of Ag2S-NPs (Figure 4a), being probably a
result of the formation of AgCl precipitates,35 which reduced
the amount of dissolved silver in the aqueous system. Also, the
stronger the inhibition observed, the higher the concentrations
of CaCl2 and NaCl, which was consistent with the literature,
showing that Ag-NP dissolution strongly decreased under
increased chloride conditions.36 Moreover, although measura-
ble dissolution of Ag2S-NPs was observed under chloride
conditions, we found that no decline of silver ions was observed
after 28 h, indicating that the reconstitution of Ag2S-NPs did
not occur. This suggests that reconstitution of Ag2S-NPs may
be hindered as a result of the formation of AgCl rather than
silver thiosulfate, which can be normally hydrolyzed to Ag2S
under insufficient oxidant conditions.37 Interestingly, NaCl
showed strong inhibition of photoinduced dissolution of Ag2S-
NPs compared to CaCl2 (Figure 4a), suggesting that
monovalent cations significantly inhibited the Ag2S-NP
dissolution compared to divalent cations.

Effect of DO on the Photoinduced Transformation of
Ag2S-NPs in the Presence of Fe3+. DO has already
demonstrated its great role in accelerating dissolution of
metal-based NPs in previous studies.38,39 However, in this
study, we found that DO significantly decreased the photo-
induced dissolution of Fe3+-abundance Ag2S-NPs (Figure 4b),
suggesting that, here, Ag2S-NP dissolution cannot be a result of
O2-dependent oxidation. The curve and extent of Ag2S-NP
dissolution in the absence of DO were much higher than those

Figure 4. Effects of the inorganic element and DO on the dissolution (silver ion release) kinetics of Ag2S-NPs (5.0 mg/L) under the light condition
(pH 5.0 ± 0.2 and Fe3+ = 2.0 mg/L): (a) inorganic element and (b) DO.
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in the presence of DO, which is contrary to the earlier findings
that DO can remarkably enhance Ag-NP dissolution.38,39

Dissolution of Ag2S-NPs increased to 3.5 ± 0.1 and 5.1 ±
0.2% within 28 h in the presence and absence of DO,
respectively (Figure 4b). This was probably attributed to the
formation of the superoxide anion free radical from DO in the
light,22,40 which can reduce metal ions to low-valent metal,41,42

resulting in an evident decrease of dissolved metal ions
determined in return.
Transformation of Ag2S-NPs in the Natural Sunlight.

To demonstrate whether the transformation can occur in the
natural environment, Ag2S-NP solutions in the absence/
presence (2.0 mg/L) of Fe3+ were placed under natural
sunlight and kept in the dark. As shown in Figure 5a, there is
negligible dissolution of Ag2S-NPs in the absence of Fe3+ under
light and dark conditions. In contrast, obvious dissolution of
Ag2S-NPs in the presence of Fe3+ was observed under the light
condition within 28 h, with the extent of 5.2 ± 0.1%, being
twice as higher as that in the simulated light. Afterward, the
percentage of dissolved silver decreased in the following time,
which was in good agreement with the trend observed under
the simulated light condition, indicating that the reconstitution
of Ag2S-NPs also occurred in the sunlight. Indeed, small
particles in the Fe3+-abundance Ag2S-NP solution were solely
observed under the light condition (Figure S6 of the
Supporting Information), being consistent with the findings
shown in the samples of simulated light. Interestingly, there
were negligible changes in the percentage of dissolved silver
after 72 h when the daily total irradiation of sunlight was greatly
low compared to that of the beginning 72 h (Figure 5a).
Furthermore, the amount of dissolved silver was significantly
positive-correlated with the daily total irradiation (R2 = 0.590; p
< 0.05) (Figure 5b), demonstrating that the dissolution of
Ag2S-NPs was associated with sunlight. The same Ag2S-NP
solution kept in the dark (coverage by three layers of aluminum
foil) showed measurable dissolution (0.4 ± 0.1%), indicating
that the dissolution of Ag2S-NPs in the ambient environment
was more evident than that in the solar simulator, which would
draw much attention to the risks of Ag2S-NPs to the
environmental and human health.
Given all of the findings described above, we speculated that

the photoinduced transformation of Ag2S-NPs in the presence

of Fe3+ included dissolution of Ag2S-NPs triggered by Fe3+ in
the light and reconstitution of small Ag2S-NPs, which agreed
well with the trend of Ag2S-NP dissolution kinetics within 96 h
and the finding of HRTEM−EDX analysis. We observed
reduction of Fe3+ to form Fe2+ (see the method in the
Supporting Information) during the photoinduced dissolution
of Ag2S-NPs (Figure S7a of the Supporting Information).
Considering the addition of PVP-40 during Ag2S-NP synthesis
and reducibility of PVP-40, we examined whether the reduction
of Fe3+ to Fe2+ in the Ag2S-NP aqueous system was a result of
PVP-40, showing that no Fe2+ was present in the mixture of
Fe3+ and PVP-40 under the light condition (Figure S7b of the
Supporting Information). Also, pure Fe3+ solution in the light
did not show the reduction of Fe3+ to Fe2+ (Figure S7c of the
Supporting Information). Meanwhile, considering negative
effects of DO on the dissolution of Ag2S-NPs (Figure 4b),
we inferred that Fe3+ rather than oxygen as the electron
acceptor triggered the photoinduced dissolution of Ag2S-NPs.
In other words, one possibility is that the initial electron
acceptor is not oxygen in the solution but rather Fe3+ (Figure
S8 of the Supporting Information), which has been suggested
for the oxidation of pyrite in a previous study.37 Furthermore,
because of the narrow band gap of Ag2S,

37 irradiation with light
would increase the energy level of Ag+ in Ag2S, facilitating the
release of Ag+ ions, and the presence of Fe3+ would contribute
to the process by binding S2− and transforming to Fe2+ (Figure
S8 of the Supporting Information).43,44 Along with the decline
in the amount of Fe3+, Ag2S-NPs were reconstituted in the
aqueous system.37

Environmental Implications. We presented that trans-
formation of Ag2S-NPs including dissolution and reconstitution
can occur in the aqueous system with an environmentally
relevant concentration of Fe3+ under the sunlight condition.
Also, Fe3+, triggering the transformation of Ag2S-NPs, is
abundant in natural aquatic environments, especially in an
oxygen-containing environment,45 resulting in Ag2S-NPs likely
undergoing the photoinduced dissolution in natural environ-
ments. Dissolved silver has already drawn much attention
because it governs, at least in part, the toxicity of particles
containing silver to organisms.15−17 The evidently dynamic
dissolution within 96 h indicated that risks of Ag2S-NPs in the
Fe3+-abundance environment probably should be re-evaluated

Figure 5. (a) Dissolution (silver ion release) kinetics of Ag2S-NPs (5.0 mg/L) with and without Fe3+ (2.0 mg/L) under natural sunlight and dark
conditions, respectively. Meanwhile, daily total irradiation (sunlight) is shown as pink bars. (b) Relationships exist between dissolution of Ag2S-NPs
and daily total sunlight irradiation (R2 = 0.590; p < 0.05).
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in future studies. Moreover, the evident changes in the particle
size would inevitably influence the behavior, including the fate
and transport of Ag2S-NPs in natural environments. In general,
small particles always show greater mobility than big
particles;46,47 therefore, the small Ag2S-NPs reconstituted can
probably deliver much farther distances in the natural
environments, having potential to release to groundwater.
More importantly, the particle size has been shown to influence
the toxicity of particles to organisms; the smaller the size, the
stronger the toxicity.48,49 Hence, elevated acute toxicity of
Ag2S-NPs may occur as a result of the reconstitution of small
Ag2S-NPs during the transformation process.
Given that DOM significantly weakened the photoinduced

transformation of Ag2S-NPs, high stability of Ag2S-NPs is still
expected in aquatic environments with a high concentration of
DOM, probably showing negligible risks to human and
environmental health. Nevertheless, if an elevated concen-
tration of Fe3+ releases into the aquatic environment
continuously, which may occur in estuaries,50 Ag2S-NPs will
inevitably undergo the photoinduced transformation, showing
the potential risk to aquatic organisms. Also, along with the
wide application and release of Ag2S-NPs, resulting in elevated
levels of Ag2S-NPs in natural aquatic environments,12,13 our
findings evidently suggest that Ag2S-NPs may pose a hazard to
human and aquatic organisms in real natural aqueous systems.
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