
RESEARCH PAPER

On the transformation mechanism of polyethylene glycol-
and citrate-coated silver nanocolloids under sunlight
exposure

Sylvie Motellier & Isabella Römer &

Nathalie Pélissier & Eugenia Valsami-Jones

Received: 19 March 2019 /Accepted: 13 June 2019 /Published online: 22 July 2019
# Springer Nature B.V. 2019

Abstract As the use of nanomaterials continues to in-
crease, their release into the environment is also expected
to increase. During the use phase of nano-enhanced prod-
ucts containing silver nanoparticles (Ag NPs) or after the
release of Ag NPs in the environment, the latter are likely
to be altered by the conditions they will encounter, such as
sunlight irradiation. In this work, suspensions of citrate-
stabilized and PEG-stabilized Ag NPs of around 20 nm in
diameter were synthesized and aged for a week in a
climatic chamber under controlled temperature (40 °C)
and sunlight irradiation. The suspensions were analyzed
by UV/visible spectroscopy, asymmetric flow field flow
fractionation—inductively coupled plasma mass spec-
trometry (AF4-ICP-MS), dynamic light scattering (DLS),
and transmission electron microscopy (TEM). We found
that the electrostatic-stabilizing citrate promoted particle
morphology changes with the emergence of a transient
and minor secondary population of truncated 2D prisms
(110–120 nm in size) but postponed the final

sedimentation step. Conversely, the initial protecting role
of the steric-stabilizing PEG was reduced by the
photodegradation of the polymer chains and eventually
favored inter-particle bridging resulting in aggregation
and sedimentation. It is hypothesized that the bridging
process proceeds via PEG chain interpenetration between
two adjacent particles and reduction by the polymer
photodegradation products of the Ag+ ions generated by
oxidative dissolution.
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Introduction

Silver nanoparticles (Ag NPs) are now incorporated in
many consumer products such as printed electronics with
functional inks or fabrics with antibacterial properties
(Mitrano et al. 2015; Rajan et al. 2016; Reidy et al.
2013). In 2015, more than 400 products containing Ag
NPs were listed in the Nanotechnology Consumer Prod-
ucts Inventory, with an overall marked enhancement in
applications (Vance et al. 2015). This large amount of uses
for Ag NPs increases the potential risk of discharge to the
environment, which is a real concern given the undisputed
biological adverse effects related to Ag NP solubility.

Contamination processes of the environment may
occur throughout the life cycle of Ag NPs, from their
synthesis to their incorporation into products, use phase,
recycling, and disposal. Direct release (from paints ap-
plied on outdoor facades for instance (Kaegi et al.
2010)) or release through waste streams (e.g., after
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household laundering of textiles (Mitrano et al. 2014))
yields predicted concentrations of Ag NPs in the ng L−1

range for surface waters (Fabrega et al. 2011).
Once in the environment, Ag NPs will experience

concurrent transformations based on the physico-
chemical conditions of the medium (pH, aerobic/anaero-
bic, nature and concentration of salts and interfering or-
ganic reagents, light/darkness, etc.) and on the particles
themselves (coating, size and shape, crystallinity, etc.):
redox processes, dissolution, aggregation/precipitation,
photodegradation. As an example, a significant amount
of Ag released from wastewater treatment plants was
found to have transformed into sulfidized nanoAg species
(Azodi et al. 2016). Among the numerous parameters that
strongly affect the stability of Ag NPs and, consequently,
their (eco)toxicological impact (Misra et al. 2012), the
capping agent aiming at controlling the synthesis of the
particles and protecting them fromdissolution and agglom-
eration was found to be an important factor (Tejamaya
et al. 2012). Citrate is commonly used as a charge repul-
sion stabilizer (Römer et al. 2011), which is weakly bound
to the core, while polymers are chosen to stabilize the NPs
sterically. In this instance, polyethylene glycol (PEG) is an
interesting candidate because it is water-soluble, which is
an essential property for efficient stabilization in aqueous
medium. It also preserves the biological activity of the
material and reduces toxicity due to the fact that it is known
to be well tolerated by the human body (Pinzaru et al.
2018).

During the use phase of the nano-enhanced products,
AgNPs are likely to be altered by the conditions they will
encounter, such as sunlight irradiation for textiles which
are regularly worn outdoor. Light-induced growth/
transformation of Ag NPs is a well-known phenomenon
that has been used for Ag NP synthesis (Jin et al. 2003;
Krajczewski et al. 2015; Tang et al. 2015), including
directly in polymeric matrices (Chiolerio and
Sangermano 2012). Recent studies have indicated that
Ag nano-enhanced textiles which first underwent a UV
exposure had fewer subsequent speciation changes upon
laundering the fabric (Mitrano et al. 2016). In a previous
work, citrate-stabilized Ag NPs of different sizes were
found to behave differently when aged for a week in a
climatic chamber under artificial sunlight (Motellier et al.
2018). Beside the role of the particle size, the influence of
the coating on the fate of Ag NPs exposed to light is
controversial: while Li and Lenhart found that Tween 80
(sterically)-stabilized Ag NPs dissolved more rapidly
under artificial sunlight exposure than did bare or

citrate-coated NPs (Li and Lenhart 2012), Li et al. found
that the concentration of Ag+ ion was more important for
bare NPs followed by PVP-coated and citrate-coated Ag
NPs after 5 h of irradiation (Li et al. 2013).

In order to address this last point and try to clarify the
role of the particle coating on the fate of suspensions of
silver nanoparticles when they are exposed to sunlight
irradiation, citrate- and PEG-coated Ag NPs of 20 nm in
size were irradiated in a climatic chamber and the kinet-
ics of the particle degradation was followed by various
techniques. Transmission electron microscopy (TEM)
and dynamic light scattering (DLS) were proposed as
reference techniques for the characterization of particle
morphology and population size distribution, respec-
tively. Because of the characteristic absorbance spectra
of colored Ag NPs due to their surface plasmon reso-
nance, UV/visible spectroscopy has been extensively
used for the monitoring of Ag NP synthesis and mor-
phology evolution under various solicitations (Callegari
et al. 2003; Jiang et al. 2010; Jin et al. 2001; Maillard
et al. 2003) and was evaluated in the present study.
Asymmetric flow field flow fractionation (AF4) allows
the fractionation of colloidal particles according to their
size (Baalousha et al. 2011), which is a valuable tool
when dealing with complex colloidal populations. It has
been successfully coupled to UV/visible detection for
the characterization of the stability of Ag NPs in several
media (Cumberland and Lead 2009; Römer et al. 2011).
However, on-line UV/visible detection is not specific
and suffers from numerous interferences, particularly
for polymer-capped Ag NPs where the polymer may
potentially change its color (from transparent to yellow)
upon degradation (Yu et al. 2014). The use of an on-line
elemental technique like inductively coupled plasma
mass spectrometry (ICP-MS) is an interesting alterna-
tive that provides specific quantitative detection of
metal-based nanoparticles (Dubascoux et al. 2010;
Hagendorfer et al. 2012). AF4-ICP-MS has been used
to characterize the stages of suspension evolution under
irradiation with the aim to evaluate its interest compared
to the more conventional techniques cited above.

Experimental

Chemicals

Ultrapure (UP) water (Milli-Q, Millipore, Billerica,
USA) was used throughout the experimental work.
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Nitric acid (HNO3 Suprapur quality, 65 wt%) and sodi-
um hydroxide (NaOH Suprapur quality, monohydrate)
were from Merck (Darmstadt, Germany). Sodium ni-
trate, sodium citrate, silver nitrate, sodium borohydride,
and thiolated PEG (PEG-SH, MW5000) were from
Aldrich (St Louis, USA). The ionic Ag standard for
ICP (1000 mg L−1 in 2% HNO3 Tracecert grade) was
from Fluka (Sigma-Aldrich, St Louis, USA). Suspen-
sions of citrate-stabilized AgNPs (20, 30, 40, 50, 60, 70,
80, and 90 nm) used for the calibration of the AF4 were
provided by the Joint Research Center (JRC, Ispra,
Italy).

Synthesis of Ag NPs

Two aqueous dispersions of silver nanoparticles (elec-
trostatically stabilized citrate- or sterically stabilized
polyethylene glycol (PEG)-coated) of ca. 20 nm in size
and ∼40 mg L−1 in concentration were synthesized
according to the protocol described in detail in the
supporting information (SI). They will be referred to
as Ag Cit and Ag PEG. Basically, Ag Cit particles were
prepared from a standard reduction of a silver salt in
sodium citrate (Römer et al. 2011), cleaned by ultrafil-
tration, re-dispersed in citrate solution to avoid further
growth, and concentrated by ultrafiltration to 44mg L−1.
Once the citrate-capped Ag NPs were produced and
washed, an aliquot of citrate-stabilized Ag NPs was
converted to PEG-coated NPs by addition of thiolated
PEG-SH to coat the particles with 4 molecules of PEG-
SH per nm2 (Fernández-López et al. 2009; Tejamaya
et al. 2012). DLS and UV/visible were used to confirm
that the citrate-coated Ag NPs had been converted into
PEGylated Ag NPs with no further changes. Ag PEG
particles were then purified, re-dispersed in PEG-SH
solution, and concentrated to a final concentration of
38 mg L−1. The particles were characterized by TEM to
measure their core size. The Ag Cit mean diameter was
estimated to be DAg Cit, TEM = 21.2 ± 7.0 (n = 100) and
that of Ag PEG was DAg PEG, TEM = 21.3 ± 5.7 (n =
124).

All suspensions (stock and aliquots from time points
of aging) were homogenized 5 to 10 s with a vortex
mixer before dilution to the target concentrations, de-
pending on the analytical method to be used. Sonication
was avoided as it was found to promote agglomeration
of the particles, particularly for the smallest ones, and
damage PEG chains (Murali et al. 2015).

Accelerated weathering testers

The aging experiments were performed in a climatic test
chamber (QSUN model Xe-3, QLab) equipped with
xenon arc lamps and a Daylight-Q filter that reproduce
the full solar spectrum. The temperature was controlled
via a black panel sensor to provide an estimate of the
maximum temperature that the suspension samples may
reach. The chamber air temperature was controlled si-
multaneously using a simple thermometer. Humidity
was monitored during the whole experiment (50%),
although it was not relevant in this experiment. The
weathering conditions used for the aging experiments
were adapted from the guidelines of ISO standards
16474-1:2013 and 16474-2:2013. The irradiance select-
ed value of 1.44 W/m2 (at 420 nm) simulated direct
sunlight at noon in the summer. It was applied in a
continuous manner to increase the rate of aging of the
Ag nano-suspensions. This rate is highly material-
dependent and no single acceleration factor can be ap-
plied. The chamber air temperature was set to a value of
40 °C (70 °C black panel).

All suspensions were aged without dilution. Thirty
milliliters of each suspension were placed in glass vials
sealed with PTFE liner-screw caps and aged in the test
chamber. At selected times, 3-mL aliquots were with-
drawn from the vials, deposited in smaller glass vials,
and stored at 4 °C until further characterization. A dark
control at 40 °C but without irradiance revealed no
changes in the samples, which remained identical to
the pristine suspensions.

It should be noted that the transmittance cut-off of
borosilicate glass is around 300 nm, so that the use of
glass vials decreases sample exposure to the UV part of
the solar spectrum which, in turn, is supposed to de-
crease the rate of particle transformation compared with
direct exposure to the lamps.

Characterization methods

UV/visible spectroscopy Spectra were acquired with a
double beam UV/visible/NIR spectrophotometer
(UV 3100, Shimadzu Corporation) equipped with a
deuterium lamp and a tungsten lamp. The slit was
set to 2 nm. The suspensions were diluted in UP
water by a factor of 6 (Ag Cit) or 10 (Ag PEG) to
ensure that the maximum absorbance is below
1 A.U.
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Size and zeta potential Hydrodynamic diameters (Dh)
and zeta potentials (ZP) were acquired using a Zetasizer
NanoZSP (Malvern Instruments Ltd., Worcs, UK). Size
measurements, expressed as the intensity weighted z-
average hydrodynamic diameters determined by the
cumulant method, were done at an angle of 173°
(backscatter) while ZP measurements were done at 13°
with reference to the 633-nm laser beam. The tempera-
ture was set at 25 °C. Standard 60-nm polystyrene latex
beads (Magsphere) and a ZP transfer standard of
– 42 mV (Malvern) were used for instrument calibra-
tion. Measurements were performed at each time point
after dilution by a factor of 10 (Ag NP final concentra-
tion of ∼4 mg L−1) in 1 mM NaNO3. The sample pH
was adjusted to 6.5 ± 0.5 by addition of HNO3 or N2-
degassed NaOH.

AF4-ICP-MS Asymmetric flow field-flow fractionation
was performed using a device composed of a metal-free
HPLC system (1260 Infinity, Agilent Technologies,
Santa Clara, USA), a flow controller (Eclipse AF4),
and a separation channel (275 mm long, 50 mm wide,
and height defined by a 350-μm thick spacer), both from
Wyatt Technology (Dernbach, Germany). The semi-
permeable membrane was made of regenerated cellu-
lose (RC) with a porosity of 10 kDa (Superon,
Dernbach, Germany). The injection volume was
50 μL. The separation method (see SI, Table SI-1) was
optimized in the course of a previous study (not reported
here). The AF4 system was coupled with two on-line
detectors: a multi-angle laser light scattering (MALLS)
detector (Dawn Heleos II, Wyatt Technology) and an
inductively coupled plasma-mass spectrometer (7700 x
ICP-MS, Agilent Technologies, Santa Clara, USA). The
scattered light signal was recorded at an angle of 90° on
the MALLS detector. The ICP-MS was equipped with a
sample introduction inert sapphire kit (micromist PFA
nebulizer, low-condensation PFA spray chamber, and
sapphire injector), an o-ring-free quartz torch, and Pt-
sampler and skimmer cones. Operating conditions are
listed in Table SI-2 of the supplementary information
(SI). Data acquisition was done in TRA mode with a
dwell time of 1 s for 107Ag. The effluent from the
channel was injected into the ICP-MS by pumping it
through a capillary tubing with the help of the built-in
peristaltic pump at a flow rate of 0.37 mL min−1; the
complementary flow was eluted to waste via a T con-
nector. Avery complete description of the technique can
be found in (Giddings 1993). The AF4 eluent was

composed of sodium hydroxide at a pH adjusted to 10
and filtered at 0.1 μm. Calibration (size versus elution
time) was performed by injecting suspensions of mono-
disperse 20 to 90 nm Ag NPs in the same experimental
conditions so that the diameter from the AF4
fractograms (Dt) directly refers to the geometric diame-
ter here based on TEM estimates provided by the sup-
plier of the Ag NPs used for calibration. The samples
were diluted by a factor of 40 in UP water prior to
injection to reach an injected Ag NP concentration
of ∼1 mg L-1.

TEM The NPs were observed with a TEM apparatus
(Tecnai Osiris, FEI, Hillsboro, USA) equipped with a
high-angle annular dark-field (HAADF) detector and an
energy dispersive spectroscopy (EDS) microanalysis
system (Esprit, Bruker Nano GmbH, Berlin, Germany)
connected to four quadrant silicon drift detectors
(ChemiStem technology, FEI). The acceleration voltage
was 200 kV. Three microliters of samples were depos-
ited on a 400-mesh copper grid covered with a carbon
film. The droplets were left for a fewminutes for particle
settlement, and the liquid was drawn off by using ab-
sorbing paper. The grid was then immediately trans-
ferred to a vacuum chamber to avoid any subsequent
alteration in air until it was analyzed. The average
diameter was estimated from the images using ImageJ
software freely available at http://imagej.nih.gov/ij.

Results and discussion

UV/visible spectroscopy

The most apparent change with exposure time is the
color of the suspension, as seen in Fig. 1 (top). Ag Cit
evolved to a greenish shade of grey (24–48 h) before
sedimentation (220 h), which has been observed before
(Römer et al. 2016). The evolution was faster for Ag
PEG, with a black precipitate occurring within 2 days
and leaving a clear supernatant. These changes were due
to particle alteration in size/morphology and
aggregation/agglomeration state.

Color changes can be monitored by UV/visible spec-
trophotometry (Fig. 1 (bottom)). Aging of Ag Cit result-
ed in a decrease and a broadening in the intensity of the
major plasmon resonance band (λmax = 396 nm) con-
comitantly with a red shift (λmax = 413 nm after 220 h),
as shown in Fig. 2. A second absorption band emerged
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between 500 and 800 nm. The red shift of the main
absorption band reflects transformations of the particles
due to an increase in the primary particle size (Zhang
et al. 2013) and/or the formation of aggregates while the
secondary band in the red part of the spectrum is signif-
icant of the formation of new species of high aspect
ratios (Callegari et al. 2003; Jin et al. 2001). In general,
the broadening of peaks can be due to a slow sharp
transformation or a growth in size distribution, the ap-
pearance of a second peak can be due to shape changes
and the formation of triangles, absorbance at ~ 688 nm
corresponds to the in-plane dipole plasmon resonance
modes of silver nanoprisms (Römer et al. 2016; Zou
et al. 2015).

Ag PEG behaved quite differently: only an overall
decrease in the main band height (λmax = 397 nm to
402 nm after 24 h) was observed (no significant shift
and no secondary band) with aging time. This type of
spectrum profile evolution has been assigned to disso-
lution (Yu et al. 2014) or to some dimerization/
aggregation processes in previous studies (Krajczewski
et al. 2014; Römer et al. 2013) leading to a simple
decrease in the concentration of the suspended primary
particles and finally sedimentation. The global increase
of the baseline level of absorbance in the whole visible
region, which was observed for all Ag suspensions after
8 h of exposure, confirmed the occurrence of black
(probably larger) particles in the suspensions.

Size and zeta potential

The size distributions of the silver suspensions in
NaNO3 1 mM and at near neutral pH are presented in
Fig. 3a. Ag Cit was polydisperse (dispersity of 0.45 ±
0.03) and showed an initial z-average hydrodynamic
diameter of 38.1 ± 1.5 nm. Little evolution was ob-
served with exposure time. This is consistent with the
slight change of color and the small decrease in the
plasmon resonance band of the absorbance spectrum.
The changes were much more significant in the case of
the PEG-coated particles. Starting from the pristine pop-
ulation with a size of Dh = 67.4 ± 0.2 nm and a polydis-
persity of 0.25 ± 0.01 (less polydisperse than Ag Cit),
the hydrodynamic diameter decreased regularly until it
reached that of the citrate-stabilized Ag NPs at 8 h of
aging. At aging times after 24 h, the Dh increased
drastically, reflecting major agglomeration/aggregation
processes, in agreement with the UV/visible absorbance

spectra and the sedimentation of a black deposit in the
vial.

The hydrodynamic diameters measured were larger
than the diameters obtained by TEM, which is in accor-
dance with the electrical double layer thickness charac-
terized by the Debye length (k−1 = 9.5 nm in 1 mM
NaNO3 electrolyte) for Ag Cit. The larger size shift in
the case of Ag PEGwas assigned to the layer of polymer
chains grafted on the particle surface (Jokerst et al. 2011;
Lee et al. 2009; Levin et al. 2006; Marsh et al. 2003); for
5000 MW PEG, the Flory radius is 6.7 nm (Lee et al.
2009; Levin et al. 2006)). Since the grafting density (4
molecules of PEG-SH per nm2) induced amean distance
between the grafting points shorter than the Flory radius,
the chain conformation was supposed to be mainly of
the “brush” type (Jokerst et al. 2011), with a calculated
thickness of the brush of 23.7 nm (Lee et al. 2009).

Concerning ZP measurements (Fig. 3b), no signifi-
cant differences were observed related to the aging
process for the citrate-coated Ag NPs. All values lied
between – 35 mV and – 45 mV at near-neutral pH,
independent of the exposure time. PEG-coated Ag
NPs displayed a less negative ZP and a clear evolution
from – 24 mV to – 38 mVat 220 h of exposure, close to
the ZP values of Ag Cit. From this, we can infer that the
surface characteristics of the final “products” obtained
were very close to one another, regardless of the stabi-
lizing agent of the original particles. In other words, the
PEG coating was most probably seriously damaged or
even destroyed during this process.

AF4-ICP-MS

Fractograms of the studied Ag NPs suspensions at dif-
ferent exposure times of the aging kinetics are presented
in Fig. 4, showing two on-line detector signals (ICP-MS
and MALLS).

Concerning Ag Cit, the peak that corresponded to the
main population decreased steadily in size. Simulta-
neously, the mean diameter (Dt, geometric, based on
external elution time calibration) approximately dou-
bled, from 26 nm for the pristine particles to 47 nm at
the end of the aging experiment (according to the ICP-
MS fractogram profiles). The width of the peak in-
creased as evidence for the increase in the size distribu-
tion of the dispersion. Furthermore, a transient new
population, a small “bump” of 110–120 nm in size,
appeared after 4 h of exposure and started to decrease
in concentration after 8 h. The MALLS signal, which
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favors larger particles, clearly showed the occurrence of
this second newly formed population. Based on the
areas of the ICP-MS peaks obtained, the larger sized
population at 8 h of aging had a maximum mass contri-
bution of 14%. Conversely, the Ag PEG fractograms
showed a shift in the size distribution towards smaller
sizes resulting in a decrease of the mean diameter of the
main population from 44 nm before aging to 32 nm at
8 h of exposure and a substantial increase in the mass of

particles smaller than 20 nm. No secondary populations
were observed but rather a progressive tailing of the
peak towards larger diameters, particularly after 8 h of
exposure. It is clear that major transformations of the
suspension occurred from this time on, which is
reflected in the rapid decrease of the major peak height
as well as scattering of the data points on the MALLS
signal at diameters above 150 nm. This scattering of the
data is likely due to flocculation involving large clusters

(a) (b)

Pris�ne      4h 8h         24h       48h       220h  Pris�ne      4h 8h         24h       48h       220h  

Fig. 1 Alteration of the suspensions of Ag NPs according to exposure time (top) and evolution of the absorbance spectra of Ag NP
suspensions (bottom) for a Ag Cit and b Ag PEG. Dilution factor: 6 for Ag Cit and 10 for Ag PEG in UP water

(a) (b)
Fig. 2 Evolution of a the absorption band maximum (λmax) and b the full width at half maximum (FWHM) with time of aging
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that were not completely eluted in the analytical condi-
tions used due to interactions with the separation mem-
brane. These results are in agreement with the DLS data
that also detected large particles after 8 h of exposure.

It can be noted that the diameter deduced from the
fractograms (Dt) is in agreement with the TEM size
obtained for the pristine Ag Cit population but it was

twice the TEM size obtained for the Ag PEG, similarly
to the results obtained with DLS. The main reason for
such discrepancy lies in the fact that TEM images show
the Ag core of the particles only, regardless of the PEG
chains grafted on them. As already discussed, the poly-
mer layer thickness can extend from approximately 7 to
24 nm depending on its conformation. A second—and

(a) (b)
Fig. 3 DLS characterization of the Ag NPs suspensions during
the aging process. a Hydrodynamic diameter (Dh) and b zeta
potential (ZP). Experimental conditions: dilution factor: 10 in

1 mM NaNO3, pH = 6.5 ± 0.5. For precipitate-containing suspen-
sions, homogenization was performed by sonication for 1 min to
re-disperse the precipitate

(a) Ag Cit (b) Ag PEG
Fig. 4 Fractograms of the Ag NPs suspensions: evolution of their
distribution in size with exposure time by on-line ICP-MS (signal
of 107Ag, top) and on-line MALLS (signal of 90° detector,

bottom). a Ag Cit and b Ag PEG. Dt refers to the geometric
diameter after elution time calibration of the AF4 with Ag NPs
of sizes 20 to 90 nm (TEM estimates)
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probably minor—reason cannot be excluded: the nature
of the particle surface is identical to that of the set of Ag
NPs used for size versus elution time calibration for Ag
Cit but different for Ag PEG, which may alter the AF4
elution process for the latter by changing the interactions
with the membrane of the separation channel.

Because of the separation mode of the AF4, ionic
silver in the injected sample was eluted through the
membrane during the focus phase, and the area under
the peak of the ICP-MS fractogram is directly propor-
tional to the mass-based concentration of Ag NPs that
remain in the sample, regardless of their size. Hence, we
can have an indirect estimate of the dissolution rate of
the particles by measuring the area of the peak on the
fractogram that accounts for the particulate form of
silver only. Figure 5 shows the evolution of the peak
area (normalized with regard to the initial fractogram of
the pristine Ag NPs) with time of exposure. Ag Cit
concentration decreased faster than Ag PEG in the first
hours of aging (by 40% for the former compared to 12%
for the latter at 8 h of aging). The kinetics of dissolution
changed between 8 h and 24 h, where the decrease in
particulate Ag (in mass) decreased faster for Ag PEG
than for Ag Cit. The extremely low peak areas at 48 h
and 220 h for Ag PEG reflect the rapid sedimentation of
the black deposit in the corresponding vials (Fig. 1b,
top).

The initial rates of dissolution for both types of NPs
can be assessed by calculating the slope of the curves
(here, between t = 0 and t = 8 h). Time constants of kAg
Cit = 0.0496 h−1 and kAg PEG = 0.0154 h−1 were obtained,
meaning that Ag Cit dissolves approximately three
times faster than Ag PEG at the beginning of the aging
process. The acceleration of the rate of particle mass
decrease for Ag PEG after the first 8 h of exposure
suggests that the PEG capping agent no longer played
its protective role regarding Ag NP dissolution.

TEM

In order to better characterize the particles for morphol-
ogy and chemical composition, TEM observations were
proposed. Some relevant images are given in Fig. 6.

The pristine Ag Cit suspension was organized into
loose clusters of mostly spherical, 5 –50 nm primary
particles along with the same scattered single particles
(Fig. 6a). After 48 h of sunlight irradiance, the density of
particles within the agglomerates looked higher and
some edge-cut polygons and triangular nanoplates

occurred. These particles had an average size of 100 ±
25 nm (n = 10), based on spherical equivalent particles,
and they likely correspond to the small signal increase
observed by AF4 at ca. 110 nm in diameter (Fig. 6b).
The diffraction images of these truncated nanoprisms
obtained by high-resolution TEM are characteristic of
the face-centered cubic system identical to the pristine
particles. The polygons looked more eroded after 220 h
of aging, and some merged to form larger particles of
lower aspect ratio (Fig. 6c), which co-existed with dis-
tinct spherical particles. The average diameter of these
scattered particles (excluding prisms) was measured at
36 ± 11 nm (n = 108), in fair agreement with the AF4-
ICP-MS size distribution mode of 47 nm. There was no
evidence of extended bridging between these particles.
Some of the particles were also found to be embedded in
large micrometric structures. EDS analysis of these
structures revealed that they were composed of silica
(Fig. SI.1) arising from the dissolution of the glassware
as already observed in similar experimental conditions
(Motellier et al. 2018).

In the case of the pristine Ag PEG, the NPs were
homogeneously distributed on the TEM grid, forming a
web-like network composed of PEG molecules
(Fig. 6d). Remarkably, all the particles seemed to be
more or less equally distributed in space with an inter-
particle distance of 5–20 nm, close to the PEG confor-
mational extension dimensions (Flory radius of 6.7 nm
and “brush” height of 23.7 nm for 5000 MW PEG).
Upon the first hours of aging, the web-like layout of the
particles disappeared to form compact clusters-
containing unchanged particles along with bridged par-
ticles of worm-like or branch-like morphologies (Fig.
6e). At 48 h of aging, the primary particles were 26 ±
11 nm (n = 106) in diameter, close to that deduced from
AF4-ICP-MS analysis (24 nm). Large micrometric
polymer-like structures of silica with very small (a few
nanometers) Ag NPs attached to them were also ob-
served (Fig. 6e, left). Typical triangular morphologies
were found in the aged Ag PEG samples but less so than
in the Ag Cit case. The size of these clusters increased
with time to finally form micrometric Ag particulate
structures (Fig. 6f).

Degradation pathways

The results discussed above have shown that citrate-
stabilized Ag NPs and PEG-capped Ag NPs do not
follow the same routes and kinetics of aging and yield
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different degradation products. The early aging process
for electrostatically stabilized Ag Cit was likely driven

by oxidative dissolution, as reflected by the early de-
crease in the peak area of the ICP-MS fractogram

Fig. 5 Evolution of the
concentration of suspended
particles (mass-based from AF4-
ICP-MS area of the fractograms)

(a) Ag Cit pris�ne (d) Ag PEG pris�ne

(b) Ag Cit 48 h (e) Ag PEG 8 h

(c) Ag Cit 220 h (f) Ag PEG 48 h

Fig. 6 TEM images of pristine and aged Ag NPs at different sunlight irradiation times. a, b, c Ag Cit; d, e, f Ag PEG
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(Fig. 4a, top and Fig. 5). The initial shift in the popula-
tion size distribution towards larger sizes was tentatively
assigned to the fact that the smallest particles dissolve
more rapidly than the largest ones due to a higher
surface/volume ratio (Ma et al. 2012), enhanced by the
Ostwald ripening process that accounts for the final
increase in size of the major spherical population at the
end of the aging process (Gentry et al. 2011; Pillai and
Kamat 2004; Zhang et al. 2013). During this initial
stage, electrostatic repulsion provided by the citrate ions
prevented the particles from colliding and aggregating.
Then, the reducing properties of citrate promoted the
transformation of the free Ag+ released by the initial
dissolution process into Ag(0) seeds, which were con-
verted into 2D nanoprisms through anisotropic growth
under sunlight irradiation, to a relatively low extent
(14% maximum after 8 h according to AF4-ICP-MS
analysis). The occurrence of these well-faceted particles
has been observed in many instances where Ag NP
samples were submitted to light irradiance (Callegari
et al. 2003; Jin et al. 2001). They were found to be
responsible for the color change of the suspension: for
instance, green and blue shades correspond to truncated
triangular nanoplates similar to those shown in Fig. 6b
for Ag Cit at 48 h of aging (Jin et al. 2001; Jin et al.
2003). In the present experiment, this population was
transient: at the ultimate exposure time of 220 h, the 2D
structures were eroded into particles of undefined shape
that co-existed with stabilized initial particles of 50 nm
in diameter in the suspension. This whole process can be
compared to the evolution of monodisperse 20 nm-,
60 nm-, and 100 nm Ag NPs stabilized with citrate in
similar aging conditions (Motellier et al. 2018). Because
of the wider size distribution of the present Ag Cit, the
evolution of this population features characteristics of
the evolutions observed for monodisperse populations:
the smallest particles dissolved rapidly and formed Ag
seeds that transformed into nanoprisms, which were
further eroded and finally precipitated. Some of the
initial particles (around 50 nm in diameter) were stabi-
lized with the mediation of SiO2 structures from the
glass, while aggregation prevailed for the largest parti-
cles, for which dissolution kinetics was slow.

Co n t r a r y t o c i t r a t e , w h i c h i s w e a k l y
(electrostatically) bound to the core of the Ag particles,
PEG is strongly (covalently) grafted to the particle sur-
face (Tejamaya et al. 2012). Despite its potential perme-
ability, the protective PEG layer prevented Ag PEG
from experiencing rapid Ag+ ion release at the

beginning of exposure, in agreement with the enhanced
stability of sterically-stabilized NPs compared to elec-
trostatically stabilized NPs (Li et al. 2012). Dissolution
occurred to some extent, as evidenced by the 12%
decrease of the area of the ICP-MS fractogram peak
after 8 h of aging (Fig. 4b, top and Fig. 5). The substan-
tial shift of the Ag PEG population towards smaller sizes
may be assigned in part to this first stage of the dissolu-
tion process of the silver core, probably initiated at
surface spots where the PEG coverage was deficient,
but we believe that the primary alteration of the Ag PEG
particles was a photo-oxidative deterioration of the poly-
mer shell. Under thermal and UV exposure in air, PEG
chains are known to form radicals that cause main chain
scission and crosslinking (Rabek 2012). These cleavage
reactions induce severe changes in the morphology of
the polymer chains (Das and Gupta 2005) and yield
degradation products, mainly small carboxylic acids
such as glycolic, acetic, oxalic, and formic acids
(Giroto et al. 2010; Madera et al. 2003). The conver-
gence of ZP values of Ag PEG towards the stable values
of Ag Cit during aging is further evidence for the dam-
age of the PEG capping agent and the increase of the
negative surface charge of the particles. In a second step,
particles bridged to one another and formed worm- or
branch-like structures. The formation of chain-like ag-
gregates has already been observed in chloride-
containing medium and was supposedly assigned to
secondary AgCl deposits (Li et al. 2010; Li et al.
2012). The same morphologies were also found with
light irradiation of bare (Li et al. 2013) and PVP-coated
Ag NPs (Cheng et al. 2011). Dipole-dipole interaction
arising from the oscillating electrons of the conduction
band under electromagnetic solicitation is potentially
responsible for inter-particle aggregation. However, this
phenomenon cannot be solely responsible for the aggre-
gation pattern of Ag PEG in our experimental conditions
as it occurred independently from the type of coating.
PEG has been used extensively as a solvent and catalyst
in redox reactions (Chen et al. 2005). In the present
experiments, the thiol group of PEG-SH was effective
in anchoring the stabilizing chain moieties of the poly-
mer to the Ag core, thus preventing their desorption and
allowing their interpenetration and/or compression
when two particles approached one another (Napper
1977). Given the reducing properties of the small acids
generated by the photochemical degradation of the poly-
mer chains and their availability close to the particle
surface, PEG is supposed to play a mediating role in the
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reduction of dissolved Ag+ ions diffusing from the Ag
NP core through the PEG layer. We therefore hypothe-
size that excrescences of Ag(0) were being produced
step by step within the PEG shell. This progressive
reduction is expected to proceed along the polymer
bristles of the “brush”-like structures, between interpen-
etrating neighboring particles where the PEG chain
density and the concentration of the degradation prod-
ucts were the highest, until they finally merged via
bridges to obtain the coalescence pattern observed. This
plausible mechanism, which is diffusion-limited, is like-
ly to occur at a gradually accelerating rate as the PEG
chain density was reduced or even as holes in the
protective PEG coating occurred, favoring subsequent
Ag+ ion release from the bare Ag surface of the core in
direct contact with the medium.

Eventually, as the aging proceeded, the PEG became
less efficient in preventing the Ag NPs from dissolving.
Simultaneously, SiO2 colloids emerged in solution from
the glassware dissolution and some seemed to contrib-
ute to some extent to the Ag+ ions reduction and stabi-
lization (Mohr et al. 2001; Motellier et al. 2018; Timpel
et al. 1997).

Conclusions

The nature of the stabilizing agent was shown to yield
separate pathways of Ag NP colloid alteration when
exposed to sunlight. The electrostatic-stabilizing cit-
rate-promoted particle morphology changes but post-
poned the final sedimentation step. Conversely, the ini-
tial protecting role of the steric-stabilizing PEG was
found to be annihilated by the photodegradation of the
polymer chains and to eventually favor inter-particle
bridging resulting in aggregation and sedimentation.
The networked aggregate structures observed with
PEG-coated particles have also been observed by
mixing Ag NPs with a soil supernatant (Coutris et al.
2012), which suggests that they can also develop with
environmentally ubiquitous natural organic matter, such
as the redox-active humic substances (Fimmen et al.
2007). Natural organic matter has been shown to induce
the transformation of citrate-stabilized Ag NPs into
chain-like structures in the dark after adsorption on the
particle surface (Zou et al. 2015). In a recent study,
bridging interaction mechanism were assigned
to positively and negatively charged functional groups
of natural organic ligands (Afshinnia et al. 2018). These

substances could possibly play the same mediating role
as that played by PEG in our study and could affect the
transfer of Ag NPs between the different environmental
compartments.
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