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Understanding the effect of various environmental factors on the transformation of silver nanoparticles (Ag
NPs) is crucial to determine their toxicity and fate in the environment. Ag NPs are inevitably exposed to
sunlight and will be in contact with chloride (Cl7), a ubiquitous ligand in natural water, once released into
the environment. In this study, the combined effect of Cl™ and light on various physicochemical
properties (optical property, dissolution, morphology, surface charge) of different sizes Ag NPs was
studied. The results showed that light irradiation, in the presence of Cl7, led to a great decrease in the
concentration of dissolved Ag and a remarkable increase in the zeta potential of Ag NPs, as well as the
generation of some tiny Ag NPs and fusion aggregates. AgCl was suggested to rapidly coat onto Ag NPs
after exposure to Cl™. And the AgCl layer was obviously destroyed by photoreduction under light
irradiation. Meanwhile, the Ag NP size exhibited a great impact on the destruction of the AgCl layer. It
was further observed that the AgCl layer gradually re-formed when the light was removed, which
suggested that Ag NPs might present different states during the daytime and at night in aquatic

rsc.li/rsc-advances environments.

Introduction

Nanomaterials have been widely employed in medical,
commercial and industrial products in the past several decades
due to their unique chemical and physical properties.”® Among
these nanomaterials, silver nanoparticles (Ag NPs) with
outstanding optical, catalytic, electrical, and antibacterial
properties are currently one of the most widely used engineered
nanoparticles. As a result, Ag NPs will be inevitably released
from the related products of Ag NPs during production, use and
washing and eventually introduced into the environment.® Ag
NPs have been reported to be highly toxic to a variety of model
organisms by many studies.”" Hence, there is a growing
concern about the potential risk of released Ag NPs to human
and ecological health. Therefore, it is crucial to understand the
transformation and fate of Ag NPs in the environment.

After releasing into the environment, Ag NPs are inevitably
exposed to sunlight. It was reported that light irradiation had

Shanghai Institute of Pollution Control and Ecological Security, State Key Laboratory
of Pollution Control and Resource Reuse, School of Environmental Science and
Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, People's
Republic of China. E-mail: minghaosui@tongji.edu.cn

T Electronic supplementary information (ESI) available: UV-vis spectra of Ag NPs
during dark treatment in 0.5 mM NaCl, UV-vis spectra of Ag NPs during light
treatment in ultrapure water and 0.5 mM NaNO;, XRD patterns of Ag NPs, TEM
images of Ag NPs after treating with 0.5 mM NacCl for 9 h in dark conditions
and the residual rate of Ag NPs absorbance with time after introducing H,0,
(dark control). See DOI: 10.1039/c9ra09261g

228 | RSC Adv, 2020, 10, 228-235

a strong effect on various properties of Ag NPs. Under light
irradiation, the dissolution of Ag NPs was obviously acceler-
ated.”® Furthermore, the dissolution rate was found to be
affected by irradiation conditions (UV-365 > xenon lamp > UV-
254) and surface coating (bare-Ag NPs > PVP-Ag NPs > citrate-
Ag NPs).** In addition, exposing Ag NPs to light irradiation
also induced the destabilization of Ag NPs and promoted
formation of aggregates.*>**

The behavior and fate of Ag NPs in aquatic environment are
also sensitive to environment conditions. In the presence of
natural organic materials (NOMs), the stability of Ag NPs was
enhanced due to the electrostatic and steric repulsion caused by
the adsorption of NOMs on the surface of Ag NPs."”*° Owing to
the photoreduction of NOMs, Ag* would be reduced to Ag’,
which also greatly suppressed the dissolution of Ag NPs,'7"'%2
Cl7, a ligand with strong affinity for oxidized silver, ubiqui-
tously presents in natural water and Ag NPs are inevitably in
contact with CI™ in aquatic environment. It was reported that
Cl™ could significantly affect the dissolution of Ag NPs, and the
kinetics of dissolution were closely related to the ratio of Cl/
Ag.”” At low Cl/Ag ratio, C1~ reacted with dissolved silver and
AgCl coating was generated on Ag NPs.”»** The formation of
AgCl coating, a passivating layer, would remarkably suppress
the dissolution rate of Ag NPs.>* However, the dissolution rate of
Ag NPs was obviously enhanced at high Cl/Ag ratio owing to the
generation of soluble AgCL,* Y~ species. The increase in the
amount of dissolved silver also led to increased toxicity.*

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra09261g&domain=pdf&date_stamp=2019-12-23
http://orcid.org/0000-0001-8886-0600
http://orcid.org/0000-0002-7444-7791
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09261g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010001

Open Access Article. Published on 24 December 2019. Downloaded on 12/5/2025 8:08:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Additionally, the intrinsic properties of Ag NPs, like particle
size, also have significant influence on its behavior. Particles
size was found to have an inverse effect on Ag NPs dissolution:
small Ag NPs exhibited higher solubility than large ones.>*?®
Small Ag NPs with higher surface-to-volume ratio have higher
surface energy and reactivity than large particles. Ivanova et al.
have demonstrated that the standard redox potential of metal
nanoparticles decreased with decreasing size.””

Many studies have focused on the fate and behavior of Ag
NPs during light irradiation,"”*>** however, little is known
about the combined effect of light irradiation and Cl ™, as well as
particle size, on various physicochemical properties of Ag NPs.
Here, polyvinyl pyrrolidone (PVP) coated Ag NPs with different
size (20, 40 and 57 nm) were synthesized. And then, we inves-
tigated the evolution of physicochemical properties (optical
property, dissolution, zeta potential and morphology) of three
sizes Ag NPs after exposing to Cl~ solutions under light irradi-
ation, and this study was expected to provide more information
on the behavior and fate of Ag NPs in natural water.

Materials and methods

Materials

Tannic acid (TA), poly(vinylpyrrolidone) (PVP, K29-32, M,, =
58 000), trisodium citrate (NazCeH;0,-5H,0), hydrogen
peroxide (H,0,), sodium chloride (NaCl) and sodium nitrate
(NaNOj;) were purchased from Aladdin Chemistry Co. Ltd. Silver
nitrate (AgNO3) was purchased from Sigma-Aldrich. Ultrapure
water (Aqualore 2S, USA, 18.2 MQ cm) was used to prepare all
solutions.

Synthesis and characterization of Ag NPs

According to the method proposed by Bastus et al.,* PVP coated
Ag NPs with different sizes were synthesized. And then, Ag NPs
were dispersed in ultrapure water and stored in dark conditions
at 4 °C for later use. The total concentration of Ag NPs stock
suspension was measured by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7700). Samples were digested
with HNO; and H,0, before ICP-MS analysis. Transmission
electron microscopy (TEM, JEM2011, Jeol) was used to charac-
terize the morphology of synthesized Ag NPs. TEM size distri-
butions were obtained from more than 200 particles of each Ag
NPs type. The UV-vis spectra from 300-700 nm were collected by
using a UV-3600 spectrophotometer. Hydrodynamic diameter
and the polydispersity index (PDI) of Ag NPs, as well as zeta
potential, were determined by a zeta potential analyzer (Nano Z,
Malvern).

The light irradiation experiment

The experiments were carried out in a solar simulator equipped
with a 500 W Xe lamp to simulate the sunlight. The reaction
vessels were 50 mL quartz tubes and rotated around the light
source to ensure each sample obtain similar levels of light
exposure. Meanwhile, the incident light would pass through the
cooling water layer to remove infrared rays before reaching the
reaction vessels. The reaction vessels filled with 30 mL Ag NPs

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

suspensions (6.4 mg L', 59.3 uM) and accompanied with
magnetic stirring. And then, 0.5 mM of NaCl was introduced to
the reaction solutions. The dark control was conducted in the
same simulator without light irradiation. At selected time point,
samples were taken from the reaction tubes to determine the
UV-vis spectra, concentration of dissolved Ag (Agis)) and zeta
potential of particles. In addition, the H,O, mediated oxidation
experiments were conducted after the characterization of UV-vis
spectra. H,O, (200 mg L") was introduced into the sample, and
then the change of absorbance over time at the maximum
absorption wavelength was monitored immediately. Agqis) was
separated from Ag NPs by Amicon centrifugal ultrafilters
(Amicon Ultra-15 3K, Millipore, Billerica, MA). Samples were
centrifuged at 15 000 rpm for 10 min in centrifugal ultrafilters.
All Ag in collected solutions was defined as Ag(qjs) in this study
and the concentration of Ag;s) was measured by ICP-MS after
acidifying with HNO;. It was worth mentioning that some tiny
Ag NPs with a size smaller than the pore size of the filter
membrane might be generated during light irradiation. Hence,
Ag(ais) in this study included mainly free Ag" and some tiny Ag
NPs that could pass the filter membrane. After 9 h of light and
dark treatment, samples were also characterized by TEM to
monitor the change of morphology of Ag NPs. X-ray diffraction
(XRD) of Ag NPs before and after being incubated with NaCl in
dark and light conditions was collected by an X-ray diffract
meter (D-8 Advance, Bruker).

Results and discussion
Characterization of Ag NPs

TEM images of prepared three sizes Ag NPs were showed in
Fig. 1. All of the prepared Ag NPs were in quasi-spherical shape
and presented monodispersed. TEM size distributions of
synthesized Ag NPs were statistically obtained, which ranged in
diameters from 13 to 25 nm, 34 to 45 nm, and 51 to 61 nm,
respectively. And the average diameters were 20 = 6 nm (nAg-
20), 40 £ 6 nm (nAg-40) and 57 £ 5 nm (nAg-57). In situ DLS
showed hydrodynamic diameters of 43.6 nm, 61.2 nm and
82.2 nm with PDI of 0.184, 0.135 and 0.088, respectively, sug-
gesting that the three sizes of Ag NPs were well monodispersed
without significant aggregation. Compared with TEM size, the
larger hydrodynamic diameter of Ag NPs is probably due to the
presence of some aggregates and PVP coating which decrease
the diffusivity of particles.” The UV-vis measurements revealed
that the surface plasmon resonance (SPR) peaks of synthesized
Ag NPs were single peak with sharp shape, which also demon-
strated that the products were well size-distributed and highly
monodispersed.® In addition, the absorbance peaks of Ag NPs
were 401, 416, and 435 nm for nAg-20, nAg-40, and nAg-57,
respectively. The position of extinction peaks presented red-
shifting as particle size increased, which was in consistence
with previous studies.”® The zeta potential of prepared Ag NPs
was —7.05 mV, —8.37 mV and —10.4 mV for nAg-20, nAg-40, and
nAg-57, respectively. Similar zeta potential values have been
also reported in many studies on PVP-coated Ag NPs.>**'** The
negative charge of PVP-coated Ag NPs might be attributed to the
adsorption of some side products on the surface of Ag NPs
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Fig. 1 TEM images (left), UV-vis spectra (right) and size distributions
(inset) of synthesized Ag NPs (nAg-20 (a), nAg-40 (b), and nAg-57 (c)).

during the synthesis of Ag NPs.** The surface area of single Ag
NPs increases with the increase of particle size. Thus, more side
products might adsorb on the surface of large Ag NPs, resulting
in the zeta potential of large Ag NPs become more negative than
small one.

Effect on UV-vis spectra of Ag NPs

The evolution of UV-vis spectra of Ag NPs was monitored during
9 h of treatment in 0.5 mM NaCl. As illustrated in Fig. S1,t in
dark conditions, a slight decline was observed in the absorption

View Article Online

Paper

peak intensity of the three sizes of Ag NPs. It has been reported
that the addition of electrolytes (such as NaCl) could promote
the dissolution of Ag NPs.?** In the presence of electrolytes, Ag"
absorbed on Ag NPs would be redistributed and/or replaced by
the electrolyte ions and the dissolution of surface oxide layer
was promoted.” This process also exposed the internal metallic
Ag, leading to the enhancement of further dissolution of Ag
NPs,* which should be responsible for the slight decrease of
absorption peak (Fig. S11). However, under light irradiation, it
was interesting to observe that the absorption peak of Ag NPs
didn't decline in the presence of 0.5 mM NaCl for nAg-40 and
nAg-57, and even the absorption peak of nAg-20 presented
a slight increase (Fig. 2). To further investigate the reason for
the evolution of absorption peak during light treatment, the
experiments were conducted in ultrapure water (to check the
role of light) and 0.5 mM NaNO; (to check the role of Na"). The
results showed that the absorption peak of Ag NPs presented
obvious decline after exposing to light, especially in the pres-
ence of NaNO; (Fig. S27). Therefore, the abnormal evolution of
Ag NPs absorption peak during light irradiation in 0.5 mM NacCl
should be attributed to the presence of Cl™.

Effect on Ag4is) concentration

Fig. 3 showed the evolution of Ag;s) concentration for Ag NPs
suspensions in 0.5 mM CI~ solution during 9 h of dark and light
treatment. It should first notice that more dissolved Ag pre-
sented in pristine Ag NPs suspensions with the decreasing of Ag
NPs size. At the beginning, 315.2 ug L' of Agq;s) was detected
for nAg-20, while the concentration of Ags) was 191.1 pg L™!
and 132.8 pg L™ " for nAg-40 and nAg-57. From Fig. 3, obviously,
the concentration of Ag;s) exhibited different changing trend
in dark and light conditions. During dark treatment, obvious
decrease in the concentration of Agjs) was observed. Many
studies have suggested that the introduction of CI”™ to Ag NPs
suspensions would lead to the generation of AgCl coating on Ag
NPs.”*** In our study, XRD presented in Fig. S31 confirmed the
generation of AgCl as evidenced by the appearing of diagnostic
AgCl diffraction peaks after incubating with NaCl. Therefore,
the decrease of Aguis) concentration should be resulted from
the generation of AgCl. The introduction of NaCl was also
believed to enhance the dissolution of Ag NPs. However, no
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Fig. 2 UV-vis spectra of Ag NPs (nAg-20 (a), nAg-40 (b), nAg-57 (c)) over time during light irradiation in 0.5 mM Cl".
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Fig. 3 Aguis) concentration of different size Ag NPs over time during
light and dark treatment in 0.5 mM Cl™.

increase in Agg;s) concentration was observed, which might be
ascribed to the strong affinity between Cl~ and Ag*. The amount
of Ag" consumed by the formation of AgCl was much greater
than that released from Ag NPs. Therefore, the concentration of
Agis) decreased after the addition of NaCl. In addition, the
generation of a passivating layer (AgCl coating) on Ag NPs could
remarkably inhibit the dissolution of Ag NPs.** Hence, the
decline in absorption peak of Ag NPs slowed down as the time of
contact with NaCl increased (Fig. S17).

Under light irradiation, the evolution of Agjs) concentration
was different from that in dark conditions. During light treat-
ment, the concentration of Agu;is) remarkably decreased and
almost no Ag;s) could be detected after only 3 h light treat-
ment. Yin et al. have reported that the co-occurrence of Cl™
could enhance the photo-conversion of Ag" into Ag NPs owing to
the formation of AgCl.*® AgCl, as a common photocatalyst, can
be excited under UV irradiation and the photogenerated
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electrons can reduce the Ag™ of the AgCl lattice to Ag®. This
process has been demonstrated in many studies.*”~** Therefore,
we speculated that the great decreasing of Ag;s) concentration
after exposing to simulated sunlight irradiation might be
attributed to the Cl -assisted photoreduction of free Ag*. After
9 h of light irradiation, much weaker AgCl XRD patterns than
that under dark were observed (Fig. S31), which was consistent
with our speculation. Plenty of studies have reported that dis-
solved Ag (commonly regarded as the source of Ag NPs toxicity)
exhibited highly toxicity to many aquatic organisms.'?>*
Hence, in aquatic environment, the toxicity of Ag NPs is ex-
pected to be diminished to a certain degree.

Effect on the morphology of Ag NPs

TEM images of Ag NPsin 0.5 mM Cl™ electrolyte solutions were
obtained after 9 h of treatment in dark and light irradiation. In
dark control, no obvious change on Ag NPs was observed
(Fig. S4t). However, after exposing to light irradiation, many
tiny nanoparticles were found in TEM images (Fig. 4). On the
basis of discussion above, these tiny nanoparticles were
believed to be newly produced Ag NPs from the Cl -assisted
photoreduction of Ag". Since much Ag" presented in pristine
nAg-20 suspensions (Fig. 3), plenty of tiny Ag NPs were formed
in nAg-20 after light treatment, which should also be respon-
sible for the slight increase of absorption peak of nAg-20
(Fig. 2a). Some tiny Ag NPs were also generated in nAg-40
and nAg-57, but no increase in the absorption peak was
observed (Fig. 2b and c). We speculated that this might be
attributed to the large difference between the size of re-formed
tiny Ag NPs and pristine Ag NPs in nAg-40 and nAg-57. Hence,
the absorbance of these tiny Ag NPs had little contribution to
the absorption peak of nAg-40 and nAg-57. From TEM images,
we also found that some Ag NPs adhered to each other and
formed irregularly shaped fusion aggregates. The photore-
duction of Ag* to Ag® under light irradiation might generate
nanobridges to connect nearby particles together and led to
the formation of fusion aggregates. Much more fusion aggre-
gates were observed in nAg-20, which should be resulted from

Fig. 4 TEM images of Ag NPs (nAg-20 (a), nAg-40 (b), and nAg-57 (c)) after 9 h of light irradiation in 0.5 mM CL.

This journal is © The Royal Society of Chemistry 2020
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Fig.5 Zeta potential of Ag NPs over tie during light and dark treatment
in 0.5 mM Cl".

the presence of much higher Ag;s) concentration and parti-
cles density in nAg-20.

Effect on the surface charge of Ag NPs

Zeta potential measurements for Ag NPs in Cl~ electrolyte
solutions during 9 h of dark and light treatment were measured.
As displayed in Fig. 5, zeta potential of Ag NPs presented
increasing (more negative) in the dark conditions. Since the
concentration of CI~ (0.5 mM) was much higher than the
concentration of Ag" (the concentration of total Ag in this study
was 59.3 uM), AgCl was most likely terminated by C1™, resulting
in negative charge of AgCl. With the formation of AgCl coating
on the surface of Ag NPs, zeta potential of Ag NPs increased.
Similar results have also been reported in many studies.*****
Compare to dark conditions, more increase in the zeta potential
of Ag NPs was observed under light irradiation (Fig. 5). Two
possible reasons might be responsible for the remarkable
increase of zeta potential during light treatment: (1) light irra-
diation promoted the formation of AgCl on the surface of Ag
NPs. The dissolution of Ag NPs has been reported to be obvi-
ously accelerated under light.’* Ag" was captured by CI~ once
released from Ag NPs, promoting the formation of AgCl coating
on Ag NPs. However, as discussed above, AgCl might also be
photoreduced to Ag° under sunlight and the weak AgCl
diffraction peak was observed in XRD patterns after light irra-
diation (Fig. S371). It suggested that just a little AgCl existed.
Hence, promoting the formation of AgCl layer under light
seemed not to be the reason for the remarkable increasing of
zeta potential. (2) Light irradiation promoted the adsorption of
Cl” on Ag NPs. Cl7, as a nucleophilic reagent, could donate
a pair of electrons to the unoccupied orbital of Ag and adsorb on
the surface of Ag NPs. The adsorption of CI~ on Ag NPs might be
promoted under light irradiation, thereby leading to greatly
increasing in zeta potential.

The increase in zeta potential of Ag NPs could enhance the
stability of Ag NPs due to the extra electrostatic repulsion.

232 | RSC Adv, 2020, 10, 228-235
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Although some fusion aggregates were observed after light
irradiation in our study, the possibility of the formation of
fusion aggregates in real aquatic environment was significantly
reduced due to much lower concentration of Ag NPs presented
in real aquatic environment than that used in this study. Thus,
it is expected that Ag NPs may be dispersed as a single particle
and suspended in natural water for a long time, displaying
a persistent potential risk to aquatic vertebrates and
invertebrates.

Study of AgCl on the surface of Ag NPs

In the presence of Cl™, light irradiation was found to exhibit
a remarkable influence on various physicochemical properties
of Ag NPs. In dark conditions, AgCl layer was believed to
generate on the surface of Ag NPs after the addition of CI".
However, the change on the surface of Ag NPs during light
treatment was still unclear. The presence of AgCl on the surface
of Ag NPs required further investigation. As a passivating layer,
the AgCl coating could efficiently block the contact of inner Ag
NPs with oxidants, thereby preventing Ag NPs from further
oxidation.** Here, we used H,0, mediated oxidation experi-
ments to verify the presence of AgCl layer. After introducing
H,0,, a strong oxidant, the change of absorbance at the
maximum absorption wavelength was recorded, and the result
was shown in Fig. 6. The blank control (pristine Ag NPs) was
conducted in 0.5 mM NaNO; to ensure the same ionic strength,
and obvious decrease in the absorbance was observed. It should
be noted that oxidation of a thin surface layer of Ag NPs by H,0,
might result in the deterioration of the free electron density on
the surface, thereby strong dampening of SPR. The major part
of Ag NPs remains unoxidized but no absorbance can be
observed. Thus, the decrease of absorbance might be attributed
to the formation of “white” Ag NPs rather than the dissolution
of Ag NPs. To verify whether Ag NPs was dissolved by H,0, in
our system, the size and morphology of nAg-57 after being
treated with H,0, was investigated by TEM (Fig. S51). The size
of residual particles significantly decreased and the morphology
of particles was greatly damaged, indicating that the actual
oxidation of Ag NPs occurred. And the concentration of dis-
solved Ag increased from 153.6 ug L™ to 2694.5 ug L™ " after
reacting with H,O, for 180 s. Hence, the decreasing of absor-
bance should be resulted from actual dissolution of Ag NPs.
Therefore, the dissolution of Ag NPs could be qualitatively re-
flected by the decreasing of absorbance, and He et al. also used
this method to characterize the decay of Ag NPs after the
introduction of H,0,.* In dark control, as shown in Fig. S6,f
three sizes of Ag NPs presented remarkable resistance to the
oxidation of H,O, after the addition of ClI~ and just a little
decreasing in absorbance was observed, which further
confirmed the formation of AgCl layer on the surface of Ag NPs.
Moreover, during 9 h incubation of Ag NPs with Cl™ in dark,
samples, taken at various time points, exhibited almost the
same decreasing trend in absorbance after introducing H,O,.
The sample at 0 h was a sample taken immediately after the
introduction of C1™ to Ag NPs suspensions. Therefore, the AgCl
layer was supposed to be formed on the surface of Ag NPs as

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The residual rate of Ag NPs (nAg-20 (a), nAg-40 (b), nAg-57 (c)) absorbance (A./Ao) with time after introducing H,O, (200 mg L™, where
Ao and A; were the absorbance of Ag NPs at the maximum absorption wavelength before and after oxidation period of time, respectively. Before
the introduction of H,O,, Ag NPs were incubated with 0.5 mM Cl™ under light irradiation.

soon as Ag NPs contacted with Cl™. The strong affinity between
Cl~ and Ag" should be responsible for the rapid formation of
AgCl layer.

After light irradiation, the antioxidant ability of Ag NPs was
remarkably reduced and the absorbance of Ag NPs obviously
decreased (Fig. 6). It seemed that the AgCl layer on Ag NPs was
destroyed during light treatment. The photoreduction of AgCl
as proposed above was believed to be the reason for the
destruction of AgCl layer. Hence, the inner Ag NPs was exposed
to outside, which allowed H,0, to erode along the exposed part
to the interior Ag NPs. And then the core-shell structure of Ag—
AgCl was further destroyed. With the loss of AgCl protection, Ag
NPs was significantly oxidized by H,0,, leading to a sharp
decline in the absorbance of Ag NPs (Fig. 6a and b). Meanwhile,
we also noticed that this sharp decline was much more
remarkable when compared with the decreasing of absorbance
in blank control. Moreover, after 7 h of irradiation, the
decreasing rate of nAg-20 absorbance was found to be obviously
higher than blank control. The results suggested that Ag NPs
was easier to be oxidized after lighting treatment in the pres-
ence of Cl1™. Previous study has demonstrated that the oxidation
of Ag NPs would be facilitated in the presence of nucleophiles
owing to the adsorption of nucleophiles on Ag NPs, and the
oxidation rate was dependent on the strength of Ag-nucleo-
phile.** Hence, in our study, the enhancement of H,0,-medi-
ated dissolution of Ag NPs might be resulted from the
adsorption of Cl . It should also be the reason for the
remarkable increase in the value of Ag NPs zeta potential during
light irradiation (Fig. 5). Due to the strong interaction between
Cl™ and Ag NPs, the adsorption of CI™ might also replace the
group of PVP absorbed on Ag NPs, leading to the detachment of
PVP.*® As the prolonging of irradiation time, the time point
when Ag NPs began to be significantly dissolved by H,0, was
constantly advanced (Fig. 6a and b). After 7 h of irradiation,
nAg-20 was remarkably dissolved as soon as the introducing of
H,0,, which indicated that almost no AgCl presented on Ag
NPs. It illustrated that the degree of the damage of the AgCl
layer during light irradiation was positively related to the irra-
diation time. In addition, we also found that the size of Ag NPs
had a great effect on the destruction of AgCl layer during light

This journal is © The Royal Society of Chemistry 2020

irradiation. As Ag NPs size increased, the effect of light irradi-
ation on H,0,-mediated decrease in Ag NPs absorbance was
weakened. After 9 h of irradiation, just a slight enhancement
was observed in the decreasing of nAg-57 absorbance, which
implied that only slight photoreduction was occurred on AgCl
layer. It might also be one of the reasons that less fusion
aggregates were observed in the TEM images of large Ag NP than
small one (Fig. 4). Under light, Ag NPs absorb visible photons
and produce photogenerated electrons and holes, which could
be separated by the surface plasmon resonance (SPR)-induced
local electromagnetic field.*®** The photogenerated electrons
might transfer from Ag NPs to AgCl layer, promoting the
decomposition of AgCl. Small Ag NPs absorb shorter wave-
length light, with higher energy, than large Ag NPs, inducing
more intense SPR. We speculated that photogenerated electrons
were easier to transfer from small Ag NPs to AgCl layer, and then
the AgCl layer on small Ag NPs was destroyed more seriously
during light treatment. After 9 h of irradiation, the light was
removed and samples were kept in dark for 12 h. Then, we
found that the antioxidant ability of Ag NPs was enhanced and
the H,0,-mediated decreasing of Ag NPs absorbance was obvi-
ously inhibited compare with the sample after 9 h of irradiation,
which implied that AgCl was re-formed on the surface of Ag NPs
in dark conditions. During the incubation in dark, surface Ag
atoms were expected to be oxidized by dissolved O, and then
reacted with Cl™ to form AgCl, which should be the reason of
the re-formation of AgCl layer.

Schematic diagram

Based on the experimental results and discussion above,
a possible schematic diagram was proposed to describe the
change on Ag NPs after exposing to Cl~ containing water under
light and dark conditions (Fig. 7). In the presence of Cl~, Ag"
was captured by ClI~ and a AgCl layer rapidly coated on the
surface of Ag NPs. This process also resulted in a decrease in
dissolved Ag concentration and an increase in zeta potential of
Ag NPs. The formation of the AgCl layer, a passivating coating,
could prevent Ag NPs from further oxidation, even in the pres-
ence of a strong oxidant, H,0,. However, under sunlight, the
AgCl layer was destroyed due to photoreduction. AgCl could be
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Fig. 7 Schematic diagram illustrating the photoreduction and re-formation of AgCl layer on the surface of Ag NPs under light and dark

conditions.

excited by the UV light in sunlight and produced photoelec-
trons. The photogenerated electrons reduced the Ag' of the AgCl
lattice to form Ag®. In addition, Ag NPs absorbed the visible
light in sunlight and produced photoelectrons by SPR. These
photoelectrons might transfer from Ag NPs to AgCl layer,
promoting the photoreduction of AgCl. The photoreduction of
AgCl led to a great decrease in dissolved Ag concentration and
the formation of some tiny Ag NPs, as well as the destruction of
AgCl layer on Ag NPs. The destruction of AgCl layer was greatly
affected by irradiation time and Ag NPs size. With the pro-
longing of irradiation time, the AgCl layer was more seriously
destroyed. And the AgCl layer on small Ag NPs was more easily
photoreduced than large one. With the loss of AgCl protection,
inner Ag NPs was exposed to the outside and could be oxidized
by external oxidants (like H,O, and dissolved O,). Under
sunlight, the adsorption of CI™ on Ag NPs was also promoted,
which led to a great increase in the zeta potential of Ag NPs.
Moreover, Cl~, adsorbed on Ag NPs, would donate a pair of
electrons to the unoccupied orbital of Ag, shifting the Fermi
level of Ag NPs upward.”> Ag NPs with higher Fermi level was
more easily to loss e”. Therefore, the oxidation of Ag NPs (nAg-
20 and nAg-40) induced by H,0, was obviously enhanced after
light treatment. Unlike the violent reaction between H,0, and
Ag NPs, the reaction of dissolved O, with Ag NPs was relatively
mild, which allowed surface silver atoms to interact with
adsorbed CI™ after being oxidized. Therefore, after removing
light, the AgCl layer gradually re-formed on Ag NPs owing to the
oxidation of dissolved O,.

Conclusion

In aquatic environment, Ag NPs are inevitably affected by
various environmental factors, such as sunlight and ClI". Our
study demonstrated that light irradiation had a great impact on
various physicochemical properties of Ag NPs in the presence of
Cl™. After exposing to Cl ™, AgCl layer was rapidly formed on the
surface of Ag NPs, leading to a decrease in the concentration of
dissolved Ag and an increase in zeta potential of Ag NPs. Under

234 | RSC Adv, 2020, 10, 228-235

light irradiation, the decrease in dissolved Ag concentration was
obviously enhanced owing to the photoreduction of AgCl. The
AgCl layer on Ag NPs was also destroyed, and the adsorption of
Cl™ on Ag NPs was promoted, resulting in the great increase of
zeta potential. In addition, we also found that the destruction of
AgCl layer during light treatment was significantly affected by
Ag NPs size. AgCl layer on large Ag NPs was much more difficult
to be photoreduced than that on small one. Due to the protec-
tion of AgCl layer, large Ag NPs are expected to be more stable
and exist longer time than small one in aquatic environment.
After removing light, surface silver atoms of Ag NPs were
gradually oxidized by dissolved O, and AgCl layer re-formed on
the surface of Ag NPs. It was suggested that the destruction of
AgCllayer during daytime and re-formation at night was a circle
process and Ag NPs might present different states in aquatic
environment during daytime and night.
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