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Introduction
Nanomaterials are increasingly used in many different industrial 
fields such as microelectronics, micro-machineries, optics and 
composite materials [1]. In the particular case of silver derived 
nanoproducts, nanoparticles (AgNP) can be found in cosmetics, 
plastics, clothing, toothbrushes, food storage products and in 
coatings on medical instruments [2-5]. Silver is mostly used for 
its antibacterial properties which have been known since ancient 
time [6,7]. Several publications revealed that silver is toxic for 
some aquatic organisms in both ionic and nano particulate 
forms as well as harmful for natural bacterial communities  
[8-13]. It is now recognized that AgNP are released from clothes 
during normal use and washing [2,14-16] and can be found in 
the aquatic environment, although the analysis of nanoparticles 

dispersed in environmental samples is still a major analytical 
challenge [17-19]. 

The environmental chemistry of AgNP attracted the attention of a 
large number of researchers in recent years [20-24]. These studies 
and some others led to a generally accepted model involving a 
dissolution mechanism of AgNP in natural waters where surface 
metallic silver is first oxidized by dissolved molecular oxygen to 
form Ag2O coating layers on AgNP surface, followed by a rapid 
dissolution of Ag2O to get free Ag+ in solution [25-27]. Actually, 
Ag+ can be trapped by chloride (Cl-) and stabilized as chloro-
complexes in fresh and saline waters [24,25]. It was concluded by 
a number of authors that AgNP are not stable in natural waters 
and should vanish by the combined effects of aggregation and 
dissolution. However, coating agents such as citrate, as well 
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Abstract
The fate of bare and polymer coated-AgNP was studied in river and coastal waters 
and factors influencing dissolution kinetics such as polymer coating, dissolved 
oxygen content and ionic composition have been explored. As expected, bare-
AgNP showed slow aggregation process in river water (RW), but seawater 
(SW) induced a fast auto-aggregation due to high ionic strength. Due to strong 
repulsive forces of amine groups, poly(allyl)amine coated nanoparticles (PAAm-
AgNP) showed only a slight aggregation in RW and SW. Both bare- and PAAm-
AgNP released immediately after dispersion a notable amount of free Ag, a 
result attributed to a fast initial dissolution of surface Ag2O for bare-AgNP and 
to Ag+ displacement from coating polymer by competing cations for PAAm-
AgNP. Dissolution in river water over two weeks was not evidenced for both 
bare- and PAAm-AgNP, but a slow and constant increase of free Ag (as soluble 
chloro-complexes) was observed for PAAm-AgNP in SW. A low oxygen content 
(<25% saturation) did not markedly affect aggregation and dissolution for both 
AgNP species in RW and SW. Results suggest  a very slow dissolution of both bare- 
and polymer coated-AgNP in river water where natural dissolved organic matter 
may have play a role. Taking in account their high stability, very low solubility 
and hetero-aggregation with suspended particulate matter, these nanoparticles 
would be persistent and potentially transported to surface coastal waters in days 
and weeks following their discharge where they are expected to slowly dissolve 
and be available to marine organisms.
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as polymers like polyvinylpyrrolidone (PVP), polyallylamine 
(PAAm) and some polysaccharides are known to enhance the 
stability (reduce solubility and aggregation) of nanoparticles in 
water [28,29]. Properties of AgNP can also be changed along 
with their shape and their coating agent dependent on chemical 
composition of waters. Recently, studies reported complex 
interactions between organic coated AgNP and natural organic 
matter (NOM) with the influence of pH and particle size [30,31]. 

Although recent studies highlighted chronic effects of AgNP on 
stream microbial communities and uptake of AgNP in saltmarsh 
plants and associated microbial communities little is yet known 
about the chemical behaviour of AgNP in freshwater and marine 
ecosystems, and some discrepancies in the literature need to 
be addressed [32,33]. Properties of estuarine waters such as 
alkalinity, ionic strength, as well as composition and concentration 
of natural organic matter vary greatly in the mixing process 
between fresh and salt waters and could strongly influence AgNP 
chemistry. Because of the high ionic strength of saline waters, 
early work suggested that nanoparticles dispersed in marine 
waters would rapidly aggregate and be found in the sediment 
biofilms [34]. A fast dissolution in seawater by formation of 
soluble silver chloro-complexes (AgCln

n-1) was alternatively 
proposed in such a way that AgNP might not contaminate the 
marine sediment because they would not be persistent in 
environmental compartments containing dissolved oxygen 
[22,25]. However, other researchers observed only a partial 
dissolution of AgNP, even after 125 days, AgNP were still present 
in the suspension in pure water [21]. It was concluded by these 
authors that aggregation process in presence of natural organic 
matter slowed down dissolution of nanoparticles by a reduction 
of the chemically active surface of nanoparticles. Also the size 
of AgNP is considered as very important as dissolution of very 
small AgNP (5 nm) in natural river and lake waters was observed 
over a 4 month exposure period, but only very slow dissolution 
for large organic coated AgNP (50 nm) appeared under similar 
conditions [35]. There is clearly a need to compare aggregation 
and dissolution processes of uncoated and organic coated-AgNP 
in freshwater and saltwater under strictly identical experimental 
conditions to minimize confounding factors.

In an attempt to contribute to our understanding of the fate 
of AgNP in natural waters, our attention was focused on the 
auto-aggregation and dissolution of two very different and well 
characterized AgNP (bare and poly(allyl)amine coated) and 
two highly contrasted natural waters: pristine river water (RW) 
exempt of anthropogenic contamination and natural coastal 
waters (hereafter called seawater: SW) collected along the St. 
Lawrence Estuary (Canada). To simplify experimental design and 
minimize possible confounding effects from some natural factors, 
natural waters were filtered through 0.20 µm membrane to 
remove suspended particulate matter (which included microbial 
community) because our prime interest was to observe auto-
aggregation process over time and effects of dissolved organic 
matter. In addition, to mimic the fate of AgNP in hypoxic waters 
(O2 content below 25% saturation) in bottom layers of some lakes 
and deep estuarine waters, the effects of high and low dissolved 
O2 concentrations were determined. Constant low temperature 

(7°C) to minimize bacterial activity, if any and absence of light 
were maintained during experiments. 

Materials and Methods 
Materials 
Silver nitrate powder (AgNO3, >99%), maltose powder (90-95%) 
and polyallylamine (PAAm) (as a viscous liquid with molecular 
weight ~65,000 Da) were purchased from Sigma Aldrich. Sodium 
hydroxide pellets came from Anachemia. Ammonium hydroxide 
(29.2%), nitric acid and hydrogen peroxide solutions were trace 
metal grade and purchased from Sigma Aldrich. The deionized 
water (DW: 18 MΩ⋅cm resistivity) was provided by a deionized 
water system Nanopure Infinity™ from Barnstead. All labware 
and glassware were cleaned using 10% nitric acid and rinsed 
twice with deionized water before use.

Synthesis of silver nanoparticles 
Bare AgNP and PAAm AgNP were synthesized following published 
methods to obtain nanoparticles with a diameter around 20 to 
40 nm [29,36]. In the case of bare AgNP, 2 mL of 0.01 mol⋅L-1 
silver nitrate (AgNO3) were poured in a 50 mL beaker with 10 
mL of 5.84 mM ammonium hydroxide, then 250 µL of 0.1 M 
sodium hydroxide and 8 mL of 25 mM. D-maltose was added. The 
solution quickly turned yellow-brown and was stirred at ambient 
temperature for 15 min. The suspension was dialysed with 10 
kDa molecular weight cut off regenerated cellulose membranes 
from Thermo Scientific® against deionized water over a 24 h 
period. The dialyzed water was changed 4 times to maximize the 
removal of free silver ions and maltose residues [29]. Bare AgNP 
was stored in the dark at 7°C for a maximum of one day before 
use. Immediately after dialysis, a sub-sample was analysed for 
total silver. Another one was ultracentrifuged (150,000g) for 20 
min and the supernatant was analysed for free silver ions. The 
cut-off of the centrifugation was estimated to 5-6 nm, which 
means very small AgNPs could have contributed to the dissolved 
phase. The bare AgNP stock suspension had a total concentration 
of 4.06 mM with 0.26% free silver ions (0.09 µM).

For PAAm AgNP synthesis, a volume of 190 mL of deionized 
water (DW) was poured in a 500 mL two-neck round-bottom 
flask with glass beads. A volume of 5 mL of 200 mg⋅mL-1 silver 
nitrate and 5 ml of 280 µL⋅mL-1 PAAm were added to the flask. 
The solution was brought to slow ebullition for 60 min. After 
cooling the suspension was ultrafiltered through Ultracel® 30 
KDa (ultrafiltration Disc regenerated cellulose from Millipore®) 
and washed several times to remove unreacted silver ions and 
PAAm in excess. The retentate was recovered in DW and the 
resulting PAAm-AgNP suspension was stored in dark at 7°C for a 
maximum of 24 h before use. After ultrafiltration, a sample was 
analysed for total silver and a sub-sample was ultrafiltered and 
filtrate analysed for free silver ion concentration. PAAm-AgNP 
stock suspension had a total silver concentration of 2.8 mM with 
2.6% free silver ions (0.9 µM). This method could underestimate 
the amount of free silver ions as some Ag+ could be trapped on 
filter membrane [37]. Ultracentrifugation was not used in this 
clean-up process because dissolved PAAm prevented settling of 
PAAm-AgNP in centrifuge tube.
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Experimental setting
The dissolution and aggregation of different AgNP were observed 
over a period of 13 days in different waters and with different 
concentrations of dissolved oxygen. Modified 125 mL amber 
plastic bottles (HDPE, Nalgene®) were used for the experiment 
with two syringe needles, one located on the shoulder of the 
bottle and reaching near the bottom for bubbling air or nitrogen 
and the other one through the screw cap of the bottle for adding 
reactants or removing samples. Sampling, injection and bubbling 
were performed via top or side needles in a way that water in 
bottles had not been in contact with the atmosphere during the 
experiment period to avoid possible contamination from outside. 

The bottles were filled with 119 mL of river water (RW) or 
seawater (SW). Then, a first set of bottles was bubbled with 
dust-free air from a pressurized cylinder to obtain a saturated 
concentration of dissolved oxygen, for 15 min before the 
experiment and for 5 min after each sampling to maintain 
oxygen saturation level during the experiment. In a similarly way, 
nitrogen gas (analytical grade 99.95%) was bubbled instead of air 
in another set of bottles to reduce the O2 level in water samples 
to mimic a hypoxic situation (below 25% O2 saturation). Dissolved 
O2 concentration was measured with an oxygen probe YSI 550A 
from YSI Inc. Bottles were kept in the dark at 7°C to avoid photo-
oxidation and reduce possible bacterial development. A total of 
8 conditions were studied: 2 different natural waters × 2 different 
AgNP × 2 different oxygen contents. Each condition was tested in 
duplicate.

At the starting point of the experiment, 1.0 mL of AgNP (bare 
or PAAm AgNP) suspension was injected in the bottles. 
Concentrations of nanoparticles in bottles were of 34 µM (3.625 
mg⋅L-1) for bare-AgNP and 24 µM (2.550 mg⋅L-1) for PAAm 
AgNP. The sampling started a few seconds after the injection 
of AgNP suspension (day 0) and was repeated after days 1, 2, 
3, 4, 6, 8, 10 and 13. Before each sampling, each bottle was 
vigorously shaken to homogenize the suspension, and a volume 
of 5.0 mL was immediately sampled using a 5 mL syringe. One 
mL was transferred to a glass cuvette to determine the size 
distribution of nanoparticles using DLS technique and the rest 
was ultracentrifuged at 150,000g for 20 min for bare AgNP. For 
PAAm AgNP, ultracentrifugation was not efficient enough and 
ultrafiltration was performed using a 10 KDa copolymer styrene/
butadiene membrane with a centrifugal filter device (Amicon 
Ultra 4, Millipore), samples were centrifuged at 7,150g for 15 min 
with a Centrifuge 5430 R from Eppendorf. After the separation 
was completed, 2 mL of filtered water were sampled; 1 mL was 
added to 2 mL nitric acid in cryovials in duplicate and stored at 
7°C for further digestion and ICP-MS analysis. The same protocol 
was used for both types of AgNP. Again, ultrafiltration may have 
underestimated the amount of dissolved silver ions in filtrate 
[37]. 

Adsorption of silver on bottle inner wall
It has been previously reported that ionic silver can quantitatively 
adsorb on glass and plastic surfaces in the course of field and 
experimental work [38-40]. The simple measurement of 

adsorbed silver on bottle inner wall at the end of the experiment 
described above would not provide an appropriate result as 
the adsorption is not considered as a linear process with time 
and it would be impossible to distinguish adsorbed silver ions 
from adsorbed AgNP. Not considering adsorption on bottle 
inner wall would have led to apparent precipitation instead of 
dissolution curves for AgNP which is not expected. To circumvent 
this problem and estimate the contribution of silver adsorption 
on HDPE bottle inner wall to dissolution curves, a parallel 
experiment was conducted using same HDPE bottles and water 
types as described in the previous section. Bottles were carefully 
cleaned in nitric acid and rinsed with DW to assure no silver was 
present on their inner surface before experiment. Each bottle 
was filled with 119 mL of one of the two water types and one mL 
of a silver nitrate solution in DW was added to reach a silver final 
concentration of 1.0 µM, a value corresponding to the mid-range 
of silver concentrations found in solution after dispersion of both 
bare- and PAAm AgNPs. Bottles were capped, shaken and stored 
in the dark at 7°C. At the following sampling times: 1 h, 6 h, 12 h, 
24 h, 2 days, 4 days, 8 days and 12 days, one bottle for each water 
type was sampled for silver analysis. Also one bottle was used as 
a method blank without addition of silver for each sampling time. 
The samplings started by shaking vigorously the bottle, and then 
empty it from its content. After 30 min letting the bottle upside 
down to drain completely, 10 mL of concentrate nitric acid were 
added, and the bottle shaken twice within 5 min. Nitric acid was 
entirely poured out in a 15 mL Flacon® tube for further ICP-MS 
analysis. This method provided the adsorption kinetic of silver 
ions on bottle inner wall assuming the fate of Ag+ in experimental 
bottles was the same as observed in this parallel experiment 
because experimental conditions were strictly the same in both 
assays.

Characterization of water samples
The conductivity and pH were measured with a conductivity 
probe, EC215 Conductivity Meter Hanna instrument, and a pH 
probe, pH 213 Microprocessor pH meter Hanna instrument, 
respectively. River water (RW) was sampled from the Neigette 
River (QC), a small river mainly draining a forested area without 
anthropogenic inputs. One large sample of seawater (SW) was 
collected from the biological station of ISMER/UQAR, located 
along the St Lawrence Estuary near Rimouski (Canada). All water 
samples were filtered through 0.2 µm nylon sterile filters (Fisher 
Scientific) before use in experiments to avoid any contribution 
of particulate matter from natural waters and minimize any 
interference from bacterial development. Major ions were 
analysed by ICP-MS and dissolved organic carbon (DOC) was 
determined by high temperature catalytic oxidation (Shimadzu 
TOC-5050, Pt catalyst).

Diameter and size distribution of nanoparticles
The hydrodynamic diameter and the distribution size of the 
bare- and PAAm coated AgNP were determined by dynamic light 
scattering (DLS) using a Zetasizer Nano ZS (Malvern instrument 
UK). The measurement temperature was 7°C and the scattering 
angle was 173°. To determine a mean size distribution, six 
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measurements of six successive runs of 15 s were performed 
for each water sample and two replicates for each sampling 
time were analyzed. Disposable cuvettes, pre-washed with 10% 
hydrochloric acid and rinsed with deionized water and ethanol 
(100%) were used. Zetasizer® measurements provided the mean 
hydrodynamic diameter from volume based calculation. An 
important increase of the hydrodynamic diameter was assumed 
to be due to aggregation of AgNP. Preliminary work with DLS 
showed that intensity-based size provided erratic results with 
polydisperse AgNP suspensions by exaggerating the proportion 
for large particles and obscuring the distribution of smaller ones 
(results not shown). The volume-based size determination was 
preferred to the intensity-based size (Z-average) also because 
the polydispersity index (PDI) was always below 0.3 on a scale of 
0 to 1 (Malvern software). In monodisperse samples, the volume-
based distribution could give a mean value smaller than the real 
value (Malvern instruction manual), whereas some unexpected 
very small particles could appear in polydisperse suspensions. 
These artefacts are addressed in the interpretation of AgNP 
distribution. Transmission electron microscopy (TEM, LVEM5 
Delong Instrument®) was used to observe the size and shape of 
AgNP. One drop of AgNP suspension diluted in dry ethanol (100%) 
was placed on a holey carbon film coated on 400 mesh copper 
grid from Ted Pella Inc. Nanoparticles were mostly spherical and 
highly opaque to light transmission indicating a similar high metal 
density for both bare- and PAAm AgNP. The mean distribution 
size of nanoparticle suspensions was determined just before 
injection into experimental bottles.

Aggregation of bare AgNP
For a closer examination of the effects of DOC and ionic strength 
on AgNP aggregation kinetics for both water types, the previously 
described experimental setting was repeated with bare AgNP, 
keeping all conditions unchanged, including bubbling of air or 
nitrogen. Only the sampling design was different with sampling 
times at 15 min, 1 h, 6 h, 12 h, 2 days, 4 days, 8 days and 12 days. 
The experiment was not repeated with PAAm AgNP because size 
determination by DLS method did not provide accurate enough 
measurements (high variability attributed to polymer coating 
around nanoparticles) to observe minute changes in particle 
distribution with time.

Silver analysis
The total silver content and total dissolved silver concentration of 
AgNP stock suspensions were determined by inductively coupled 
plasma mass spectrometry (Agilent ICP-MS 7500C equipped 
with ChemStation v.3.04). Before ICP-MS analysis, 2.0 mL of 
concentrated nitric acid and 0.5 mL hydrogen peroxide were 
added to samples and, without sealing the cap, samples were 
put under the fume hood for 45 min. Digestion was completed in 
a water bath (65°C) for 45 min. After digestion, 1 mL of digested 
sample was mixed with 5 mL of deionised water, stored at 7°C and 
analysed within 2 days. Using isotope 107Ag, each measurement 
was a mean of five repetitions with an acquisition time of 1.9 sec. 
The calibration was done from silver standard in 2% HNO3 (1.000 
mg⋅L-1) purchased from Certiprep®. The calibration curve had 9 

points from 0.75 to 200 µg⋅L-1. The detection limit was 0.015 µg⋅L-

1 (0.14 nM) and the quantification limit was 0.120 µg⋅L-1 (0.0011 
µM).

Statistics
All errors are expressed as standard deviation (SD). Dissolution 
slopes, regression coefficients and significance (p) were 
determined using free access software PAST (version 3.09) 
from University of Oslo (https://folk.uio.no/ohammer/past/). 
Differences in conditions influencing dissolution were tested with 
repeated measures ANOVA with 3 factors: AgNP types, water 
types and dissolved oxygen concentrations. Normality of the 
residues and variance were not reached. After transformation 
for normality, results were similar to untransformed data, so 
the database was not modified. All statistical analyses were 
computed using JMP Pro 11™ software. 

Results 
Characteristics of water samples and 
synthesized AgNP
Main characteristics of water samples used in this experiment are 
given in Table 1. Concentrations of all major ions and conductivity 
of seawater (salinity: 28.5 psu) were much higher than RW, but 
DOC was lower than RW. Silver was naturally present at very low 
concentrations in RW and SW. Ionic strength in RW was about 
200 times lower than SW, but pH was slightly more basic in RW. 
Chloride ions concentration in RW was very low (0.13 mM or 4.6 
mg L-1) compared to seawater (437.2 mM or 15.5 g L-1) (Table 1).

Main characteristics of bare and PAAm coated-AgNP and 
concentrations added in bottles are summarized in Table 2. The 
mean size of bare-AgNP was slightly higher when determined by 
DLS compared to TEM direct observation indicating little or no 
effect of any organic coating and confirmed the bare nature of 
these AgNP. In contrast, the mean size of PAAm-AgNP determined 
by DLS was more than 17 times larger than observed by TEM. 
The presence of high molecular weight PAAm coating AgNP could 
explain high values in light scattering measurement although 
PAAm coating was not visible by TEM, which provided a realistic 
average diameter of 19 nm. UV-Vis measurement provided 
λmax=420 nm for bare AgNP in DW. Because the size could be a 

Components RW SW
Calcium (mM) 1.0 11.4

Magnesium (mM) 0.35 48.6
Sodium (mM) 0.41 396.1

Potassium (mM) 0.01 8.0
Chloride (mM) 0.13 437.2

Silver (nM) 5.0 2.4
DOC (µM) 308 217

pH 8.02 7.61
Conductivity (µS/cm) 255 44,000

Ionic strength (M) 0.0030 0.5418

Table 1 Major ions (mM), natural silver (nM) concentrations, dissolved 
organic carbon (DOC), pH, conductivity and calculated ionic strength of 
river water (RW) and seawater (SW).

https://folk.uio.no/ohammer/past/
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determining factor in dissolution rate of AgNP in natural waters, 
concentrations of bare- and PAAm AgNP were adjusted to provide 
a similar surface of silver (Ag0) exposed to water types although 
the number of AgNP was about 3 times higher in PAAm AgNP 
[23,41]. Using the mean diameter of nanoparticles as determined 
by TEM, the number of nanoparticles was estimated for each 
type of particles assuming a spherical shape and the absence 
of aggregation before the beginning of the experiment. Total 
surface of each type of AgNP was calculated from their estimated 
number and their TEM diameter. Concentration of free silver ions 
in experimental bottles was 0.09 and 0.6 µM for bare and PAAm 
AgNP, respectively, due to the difficulty to remove completely 
ionic silver from PAAm AgNP stock solution (Table 2).

high ionic strength. Most importantly, these results show that 
more than 70% of an initial amount of 1.0 µM Ag+ added to RW 
was adsorbed on inner wall leaving only 30% as “free Ag+” in 
solution after 8 days with a plateau until day 12. Adsorption of 
silver added to SW was negligible and not correction was applied. 
Assuming in first instance that the adsorption kinetic was only 
depending on initial free Ag+ concentration in water (other 
chemical species being in large excess and not controlling the 
adsorption reaction), it becomes possible to apply a correction 
factor to dissolution curve to take in account adsorption on 
bottle inner wall which was occurring simultaneously with the 
dissolution process of AgNP, but was impossible to determine 
during the course of the experiment. To do so, the adsorption 
percentage for RW found in Figure 1 (using the best fit equation) 
for each sampling period was applied to the corresponding initial 
Ag+ concentration (measured after 15 min) and the result added 
to the analytical value. As an example, the inner wall adsorption 
after 2 days in RW was 27%. This percentage was applied to the 
initial concentration of free Ag of bare AgNP in RW with high 
O2 (0.51 µM in top left panel in Figure 2) and the result (0,138 
µM) was added to the mean value already obtained by chemical 
analysis of day 2 sample (0.26 µM) to give a total of 0.40 µM. 
Relatively slow but important adsorption of silver ions on bottle 
inner wall in RW is attributed to a co-adsorption of DOC+Ag+ on 
HDPE surface at pH ≈ 8 [39]. Although this empirical method can 
be subject to critics mainly because calculations are based on 
initial Ag ions concentration and on-going dissolution of AgNP 
during the experimental time, it is still the only method found 
to take in account, at least in part, Ag wall adsorption during 
AgNP dissolution process. It should be noted that both bare and 
PAAm AgNP could also be adsorbed on bottle inner walls during 
the course of the experiment, but this should not have drastically 
changed the dissolution process because most of the surface of 
nanoparticles should stay available to oxidative process, if any or 
release of entrapped silver ions. Total surface of bare or PAAm 
AgNP in each bottle was much smaller than total surface of inner 
walls of bottle them (108 cm2) and should not have interfered on 
adsorption of Ag+ on inner walls (Figure 1 and Table 2).

Concentration of free + adsorbed Ag ions
The concentration of free + wall adsorbed Ag increased quickly 
in the first moments of the experiment under all conditions and 
then evolved slowly following the type of water used. Bare AgNP 
released 4 to 5 times more Ag in SW than in RW although such 
a difference is not seen with PAAm AgNP. The concentration 
of free Ag in SW remained relatively stable for bare AgNP, but 
increased slowly and steadily for PAAm AgNP until the end. No 
clear evidence of dissolution is observed for both bare and PAAm 
AgNP in RW although the amount of free Ag released by PAAm 
AgNP in RW is much higher than bare AgNP. High and low O2 
content had little or no visible effects on the long term pattern 
of dissolution of both bare and PAAm AgNP in RW, but low O2 
slightly increased dissolution of PAAm AgNP in seawater (Figures 
2 and 3). 

A closer examination of the behaviour of free silver in the first 48 
h of the experiment revealed a complex pattern, particularly with 
bare AgNP. The first determination of free silver was obtained 

Parameters Bare-
AgNP

PAAm-
AgNP

Mean diameter by DLS (nm) determined in 
deionized water before experiment

41 ± 2
(n=6)

337 ± 9
(n=6)

Mean diameter by TEM (nm) determined in dry 
ethanol before experiment

33 ± 5
(n=43)

19 ± 5
(n=87)

UV-visible analysis (λmax, nm) 420 n.d.

AgNP concentration in bottle (µM) 34 24

Free silver ions concentration (µM)
% of free silver at t=0 in bottle

0.09
0.26%

0.6
2.6%

Total number of AgNP in bottle (× 1010) 2.14 7.63

Total surface of AgNP in bottle (mm2) 73.1 85.6

Table 2 Main characteristics of bare and PAAm AgNP in stock solutions 
and concentrations added in bottles. Number of measurements (n) is 
given in brackets.

*n.d.: No data provided due to interference of PAAm on UV-Vis 
measurement

pH, dissolved oxygen and initial AgNP 
concentration
The pH was monitored in experimental bottles for one hour 
following the addition of various nanoparticles species. Results 
indicated that adding nanoparticles in water did not influence 
the pH, variations being not significantly different between 
nanoparticle types for the same water composition (results not 
shown).

Concentrations of dissolved O2 were determined for different 
water samples after bubbling with air or nitrogen. River water 
with a low ionic strength showed saturation level in oxygen at 
13.0 ± 0.6 mg⋅L-1 whereas SW reached a lower value around 10.8 
± 0.4 mg⋅L-1. As expected, nitrogen bubbling did not remove all 
dissolved oxygen and residual O2 was 2.8 ± 1.2 mg⋅L-1 for RW and 
1.8 ± 0.6 mg⋅L-1 for SW. Taking saturation levels as 100% for each 
water sample, it is observed that N2 bubbling reduced O2 content 
at 21.5% for RW and 16.4% for SW. These O2 levels corresponded 
to hypoxic conditions often encountered in deep water layers of 
some lakes, fjords and estuaries.

Adsorption kinetics of silver on bottle inner wall
Slow adsorption of dissolved silver on bottle inner wall was 
observed for RW and was almost absent in SW (<3%) due to 
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about 15 min (including sampling time and centrifugation or 
filtration) after the injection of AgNP suspension in bottles 
(considered as t=0 in statistical analysis). In all cases with bare 
AgNP, the maximum value was observed at the first sampling 
time and then concentrations of free Ag decreased over a period 
of 12 to 24 h and started to slowly increase or stay almost stable. 
The pattern was different in the case of PAAm AgNP where the 
first release reached 2.5 to 3 µM for both water types, which was 
much higher than bare AgNP. Although the same instant increase 
of free Ag was present in all experimental bottles, the decrease 
in the first 24 to 48 h is barely visible or even not present from 
PAAm AgNP (Figures 2 and 3). 

Assuming the first 48 h were mainly governed by fast desorption/
adsorption of Ag species on surface, the dissolution of AgNP in 
both water types can be illustrated by calculating the slope and 
regression coefficient of each experimental curve using a simple 
linear regression between day 2 and the last sampling day. In all 
cases with RW, these slopes are very low, with small R2 and high 
p values, indicating the absence or very low long-term dissolution 
of bare and PAAm AgNP. The only clear exception appeared with 
PAAm AgNP in seawater where slopes are positive with high R2 
values, indicating a slow, but significant, increase of free silver in 
solution. The dissolution rate for PAAm-AgNP in seawater was 
between 0.129 and 0.194 µM/day representing between 8.3 and 
12.9% of initial PAAm-AgNP concentration over 2 weeks for high 
and low dissolved O2, respectively. The dissolution appears to be 
slightly faster in SW with low O2 (Table 3).

Aggregation of bare-AgNP
The protocol for the 12 day experiment was identical to the 
previous one, but was only dedicated to aggregation process of 
bare AgNP in RW and SW. Deionized water (DW) was included 
in results as a reference medium, as DW is completely depleted 
in DOC and shows a very low ionic strength (<10-6 M). In first 
instance, the distribution of nanoparticles was measured 
in all media within 15 min after the addition of bare AgNP. In 
deionized water, the distribution of bare AgNP was unimodal 
with a maximum size of 28 nm and an average size of 31.6 nm. 
The abundance is given in % volume. When bare AgNP was added 
to RW, a tri-modal distribution appeared with some very small 
nanoparticles mainly below 10-15 nm. In SW, the distribution 
was unimodal with an average value of 27.9 nm. Peaks below 
the average size of bare AgNP in different media are attributed 
to artefacts in volume-based determination and are discussed 
below (Figure 4).

As expected, aggregation of bare AgNP in seawater was observed 
within a few hours with little changes in following days. Figure 
5 shows the superimposition of seven particle size distributions 
in SW obtained between 1 h and 12 days with high and low O2. 
The average size of particles after 12 h was 590 ± 15 nm for high 
O2 and 496 ± 5 nm for low O2, indicating larger particles in high 
O2 bottles. After 12 days, the average size was 529 ± 125 nm for 
high O2 and 614 ± 56 nm for low O2 which are not significantly 
different from each other (P>0.01) indicating a slow process 

Figure 1 Adsorption of silver on the inner wall of HDPE bottles as a function of time. Error bares stand for variations of two replicates.
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leading to similar results with particles ranging between 0.4 and 
0.6 µm. Formation of much larger particles may be possible, but 
could not be detected with DLS technique (Figure 5).

River water (RW) showed a more complex aggregation pattern 
with observable changes with time. Minor differences appeared 
between samples with high and low O2 contents and can be 
ignored (results not shown for low O2). In the first hour after the 
addition on bare AgNP, the peak of most abundant nanoparticles 
appeared to the left of the expected peak for bare AgNP (vertical 
arrow) most probably related to DLS method. With time, the 
larger peak was moving to the right showing a slow aggregation 
of AgNP and formation of a large bimodal distribution from about 
30 nm up to 500 nm. Even after 12 days, monodispersed AgNP are 
still present indicating a long term stability of these nanoparticles 
in natural river water (Figure 6). 

Statistical analysis of condition impacts
Table 4 shows the result of statistical analysis of the impact of 
AgNP (bare and PAAm), water types (RW and SW) and dissolved 

oxygen (high and low) on concentration of free Ag ions in water 
samples. As expected from Figures 2 and 3, the nature of AgNP 
and the composition of water, both induced high significant 
differences on free Ag+ when taken individually (p<0.0001) or 
together (p<0.05). Dissolved oxygen did not make a difference 
when taken alone (p=0.840), but a significant difference is still 
present when combined to AgNP type (p=0.02) or water type 
(p=0.074). However, when all 3 factors are combined together 
no statistical differences disappeared which means that factors 
are acting in opposite direction. However, this result has to be 
taken with caution because of the limited number of values over 
a relatively short period of time (Table 4).

Discussion
Aggregation and dissolution of bare-AgNP
Bare nanoparticles prepared following the method of Li and 
Lenhart [29] and carefully dialyzed to remove reactants in excess, 
such as ionic silver and maltose residues, did not aggregate 
upon storage and the analysis by ICP-MS of free silver after 

Figure 2 Time changes in free silver (µM) in solution for bare AgNP dispersed in river water (RW) and seawater (SW) with high 
(A and B) or low concentration of dissolved oxygen (C and D). The lowest value on the Y-axis at t=0 corresponds to 
the amount of free Ag+ in bare AgNP stock solution (0.09 µM) before addition to bottles. Differences in y-axis should 
be noted.
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ultracentrifugation indicated that less than 1% of total silver was 
in a «free Ag form». Repeated attempts to reduce again the level 
of ionic silver in stock solution did not succeed as a small amount 
of free Ag always reappeared after each dialysis. This situation is 
tentatively attributed to an oxidative process with the formation 
of Ag2O layers on the surface of nanoparticles in contact with 
dissolved oxygen in deionized water (DW) during treatment and 
the subsequent formation of ionic silver:

Ag2O + H2O → 2 Ag+ + 2OH-          ……. (1)

It was previously observed that bare AgNP is electrostatically 
stabilized against aggregation in DW because they have negative 
charges on their surface layer coming from the presence of 
hydroxo- and oxo- groups [28]. As expected, we observed 
smaller aggregates in river water compared to larger aggregates 
in seawater as the concentration of positively charged ions in SW 
was over a thousand times higher than in RW. Aggregation in SW 
took place very early and remained relatively stable over 12 to 
16 days. 

Aggregation of bare AgNP in RW was observed as a slow process 
taking place in the first 48 h and progressing to the end of the 
experiment. Also observed in some distributions was the presence 
of small nanoparticles with diameter well below the average size 
of added bare AgNP. These small NP (<15 nm) were not observed 
by electron microscopy in bare AgNP suspension prior dissolution 
in RW and cannot be attributed to AgNP dissolution because 
of a too short time period, dissolution being a slow process. 
They cannot be attributed to precipitation of AgCl(s) in RW. 
Speciation of silver in RW using Visual MINTEQ model revealed 
the presence of AgCl(aq) at a high level (>60%), but solubility of 
AgCl in freshwater is about 1.4 mg L-1  which is about 1000 times 
higher than few µg/L-1 of AgCl formed in these experiments. 
They are more likely the result of an artefact introduced by 
DLS volume-based size determination as previously mentioned. 
Also to be considered, RW stock solution was filtered on 0.2 µm 
membrane before adding AgNP which could have allowed organic 
nanoparticles <200 nm in bottles before T0. However, repeated 
attempts to detect very small NP (<15 nm) in stock solutions and 

Figure 3 Time changes in free silver (µM) in solution for PAAm AgNP dispersed in river water (RW) and seawater (SW) with 
high (A and B) or low concentration of dissolved oxygen (C and D). The lowest value on the Y-axis at t=0 corresponds 
to the amount of free Ag+ in PAAm-AgNP stock solution (0.60 µM) before addition to bottles. Differences in y-axis 
should be noted.
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control samples confirmed these small NP were not detectable in 
sampling bottles before adding AgNP.  

A sharp increase of free silver was observed for bare AgNP in 
both water samples at the beginning of the experiment. This 
behaviour cannot be attributed to a fast oxidation of Ag0 at 
the surface of AgNP, but rather to the fast release of oxidized 
silver (Ag2O) entrapped at the surface of AgNP [26,27,35]. A fast 

release of Ag+ when uncoated Ag/SiO2 nanoparticles prepared 
in air were dispersed in ion-free water was previously observed 
[24]. Authors postulated that the release of free silver resulted 
from the leaching of one or two layers of oxidized Ag followed by 
fast dissolution of silver oxide in water. Similarly, our synthesis of 
bare AgNP did not exclude dissolved oxygen neither from reaction 
solution nor from purification and storage process, which means 

Figure 4 Size distribution of bare AgNP after 15 min in deionized water (DW), river water (RW) and seawater (SW). The arrows represent the 
original mean diameter of distribution of the silver nanoparticles determined by electron microscopy.
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Figure 5 Size distribution of bare AgNP over 12 days in seawater (SW) with high oxygen concentration (A) and seawater (SW) with low oxygen 
concentration (B). The arrows represent the original mean distribution size of the silver nanoparticles as in Figure 4.
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Nanoparticles Conditions Slope (µM/day) Regression coefficient (R2) Significance p

Bare AgNP

RW high O2 0.015 0.063 0.246
RW low O2 0.009 0.177 0.046
SW high O2 0.007 0.017 0.833
SW low O2 0.035 0.291 0.349

PAAm AgNP

RW high O2 0.003 0.004 0.894
RW low O2 0.040 0.132 0.423
SW high O2 0.129 0.803 0.006
SW low O2 0.194 0.939 <0.001

Table 3 Dissolution slopes, regression coefficients and significance of linear correlations between day 2 and day 13 (bare AgNP) or day 16 (PAAm 
AgNP) for all studied conditions. 

p values<0.05 are underlined
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that bare AgNP were not protected by any coating and were 
sensitive to surface oxidation before dispersion in natural waters 
even if these nanoparticles never went dry. The same conclusion 
may apply to most commercially available AgNP as they are 
usually provided as a dry powder or in suspension without any 
specification about oxidized surface. It follows that the acute 
toxicity of AgNP to bacteria and many other aquatic organisms 
can be attributed, in first instance, to a fast release of Ag2O, and 
an oxidation process within cells is not needed at least on a short 
term period (<24 h) [42]. These chemical results come in support 
to toxicologists who recently concluded that intracellular silver 
release is AgNP size-dependent, but not coating dependent and 
a “Trojan horse” mechanism is best to explain metal cellular 
bioavailability [43].

Figure 6 Size distribution of bare AgNP in river water (RW) with high oxygen concentration as a function of time.
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Factors Dissolution p value
AgNP type <0.0001
Water type <0.0001

Dissolved oxygen 0.840
AgNP type X water type 0.764

AgNP type X dissolved oxygen 0.022
Water type X dissolved oxygen 0.074

AgNP type X water type X dissolved oxygen 0.964

Table 4 Conditions affecting dissolution of silver nanoparticles. p values of repeated measures ANOVA for 3 factors: AgNP types, water types and 
dissolved oxygen concentrations.

We also observed that concentration of free silver was rapidly 
decreased in the first 24 h which is tentatively explained by a fast 
adsorption on inner wall of bottles (and not completely corrected 
by inner wall adsorption curve) and/or by a re-adsorption by 
nanoparticles. Evidence of adsorption of Ag+ on AgNP surface 
was reported in a work using citrate stabilized AgNP and DW [27]. 
It should be noted that the initial peak of free silver in SW was 5 
times higher than in RW. The very large molar excess of chloride 
ions in seawater captured ionic silver as soon as available and 
formed soluble AgCln

n-1, making the dissolution process much 
more efficient than in RW [25]. The precipitation of silver chloride 
is very unlikely in seawater and cannot explain the loss of soluble 
silver in SW samples. 
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Also to be noted, high and low levels of dissolved oxygen did not 
change the general pattern of dissolution of bare AgNP which is 
indicative that oxidation of Ag0 in natural waters is a slow process 
not directly influenced by dissolved oxygen changes between 2 
and 13 mg·L-1 as the O2/Ag0 molar ratio in this experiment ranged 
between 3.6 and 34. Only reducing waters with available sulfide 
ions and organic reducing agents can modify dissolution process 
and lead to a passivation of the surface [7,27]. 

A lack of dissolution of bare AgNP in low ionic strength waters 
was expected from previous work as chloride concentration in 
RW is considered too low to drive the formation of silver chloro-
complexes [22,26,35]. However, dissolution of bare AgNP should 
have been observed in SW due to high ionic strength and high 
chloride concentration, well above the dissolution threshold 
reported by Li and Lenhart [29]. A very slow dissolution rate 
(0.035 µM/day) was observed in SW which is corresponding to 
1.6% dissolution of added bare AgNP over 2 weeks. Reasons 
why bare-AgNP did not dissolve in seawater are not clear 
as AgNP should not be persistent in realistic environmental 
compartments containing dissolved oxygen [22]. An influence of 
Ag concentration on dissolution kinetics may be suggested, but 
the relatively large size of bare AgNP (33 ± 5 nm) may have play 
a determining role in this lack of dissolution [44]. Our results are 
consistent with those reported by Chinnapongse et al. where 
authors observed that citrate-coated AgNP (20 nm) partly 
agglomerated in natural pound waters and SW and persisted in 
suspension [45]. The coating of bare AgNP by marine dissolved 
organic matter (DOM) which could protect surface from oxidation 
and even retain adsorbed Ag+ appears to be a promising avenue 
to explore, but was beyond the scope of this work. 

Results of dissolution of bare AgNP in RW are strongly influenced 
by the correction introduced to take in account the adsorption of 
silver ions on inner walls of HDPE bottles. Without any correction, 
the dissolution curve would have a negative slope indicating a 
precipitation process, which is not predicted under chemical 
conditions (low chloride and sulphur concentrations, near 
neutral pH and oxic waters) used in this experiment. On another 
hand, if the correction model overestimated the Ag adsorption 
in some ways, the dissolution could have been underestimated 
(more Ag has been dissolved in RW than calculated), particularly 
in the second half of the experiment. In addition, it should be 
noted that filtration may also have slightly underestimated the 
amount of dissolved silver due to adsorption of Ag+ on filters 
[37]. Overall, the dissolution observed here for bare AgNP in RW 
has to be considered as a minimum value and not a maximum 
one. Results of dissolution of bare AgNP in SW are not subject to 
above considerations as no correction has been applied.

Aggregation and dissolution of PAAm AgNP
PAAm AgNP has been used in our laboratory as a model of 
polymer coated silver nanoparticles to study bioaccumulation in 
biological tissues and toxicity mechanisms [8,46,47]. As the high 
molecular weight PAAm (~65,000 Da) is used as the reducing 
agent and each long polymer chain has many reducing sites, it 
is assumed that PAAm molecules are somehow integrated inside 

silver nanoparticles and form «hairy nanospheres» with a complex 
and thick coating around each nanoparticle by PAAm molecules 
bearing amine functional groups (NH2) along their carbon chains 
[36]. In some instances, PAAm can be compared to proteins 
which are linear high molecular weight polymers built from a 
series of amino acids with numerous amino groups available for 
reaction with metallic ions. Amines have one electron doublet 
available and can capture cations such as Ag+ and generate 
dynamic exchange within the surrounding solution. In this 
particular case, the polymeric coating is assumed very stable and 
cannot be displaced away from the surface of the nanoparticles 
by competing organic species. As a drawback, the excess of 
PAAm was difficult to remove after synthesis and the proportion 
of «free silver» remained relatively high (2.5%) even after a long 
clean-up process. PAAm AgNP stock suspensions were stable for 
months (without changes in aggregation and dissolution) when 
stored at high concentration in deionized water.  

Aggregation of PAAm AgNP in RW and SW was not evidenced by 
available DLS technique. Hydrodynamic diameter varied between 
668 and 803 nm in RW and 433 and 449 nm in SW and did not 
change with time (results not shown). These values are not very 
different from the average hydrodynamic diameter (319 nm) 
measured in DW. Considering strong repulsive forces generated 
by amine groups distributed along polymer chains, it can be 
hypothesized that PAAm AgNP are not subject to an important 
aggregation even in seawater because of strong steric and 
electrostatic stabilization of the PAAm polymer chains. Repeated 
electron microscopy observations of PAAm AgNP dispersed in 
RW showed mainly monodispersed nanoparticles with some 
small aggregates. Additional work is required to clarify factors 
affecting aggregation of PAAm AgNP (Figure 7).

Figure 7 Electron microscopy image of PAAm AgNP dispersed in 
river water (RW) where small aggregates and individual 
AgNP can be observed.
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Taking in account that total surface of bare and PAAm AgNP each 
bottle was about the same (73.1 and 85.6 mm2), the dispersion of 
PAAm AgNP in RW quickly released about 6 times more «free Ag» 
compared to bare AgNP. Long-term behaviour of PAAm-AgNP in 
RW is similar to bare AgNP with very slow dissolution, if any. This 
fast early release of Ag+ from PAAm-AgNP is mostly due to cationic 
exchange between Ag+ and competing cations in solution (Na+, 
K+, Mg2+, Ca2+, and others). A fast initial release of Ag+ followed by 
a lack of oxidative dissolution was recently reported for standard 
organic coated AgNP (NM-300K) in natural waters [48]. Authors 
suggested that some Ag+ was already present in the stock 
dispersion of NM-300K bound to stabilizers (polyoxyethylene 
glycerol trioleate and Tween-20) acting probably as a fast 
releasing reservoir for Ag+ and had the additional effect of later 
hindering the access of O2 to the AgNP surface. The polymeric 
coating provided by PAAm from the beginning of synthesis may 
have protected the AgNP from oxidation even during purification 
process and storage. A number of studies reported the protective 
effects of organic coating on AgNP and a reduction of associated 
toxicity [49]. Again, the role of PAAm in protecting AgNP surface 
in freshwater has to be explored, but was out of the scope of this 
work.

The situation is clearly different in seawater where a slow and 
constant increase of free silver is observed over time. It cannot 
be stated if this increase of free silver is due to a slow release 
of Ag+ previously captured by PAAm, or to a true dissolution 
of silver nanoparticles under the action of dissolved oxygen. 
Unexpectedly, a higher release rate was observed when PAAm-
AgNP was dispersed in SW with a low O2 content [27]. This fact 
plays more in favour of a leaching mechanism of soluble Ag 
species from the polymer sphere surrounding the nanoparticle 
and even from the AgNP core itself than a direct oxidation of Ag0 
from the surface.

Summary and Conclusion 
Fate of bare and polymer coated AgNP was studied in filtered 
river and coastal waters under high and low O2 content, and at a 
constant low temperature in the dark. Similarities and differences 
can be summarized as following:

• Bare-AgNP slowly aggregated over days in RW, but SW 
induced a high agglomeration due to high ionic strength, 
as expected. However, low aggregation of PAAm AgNP in 

RW and SW was probably due to long polymeric chains 
bearing amine groups.

• Both bare and PAAm AgNP released immediately after 
dispersion a limited amount of free silver. This fast initial 
release is attributed to dissolution of surface Ag2O for 
bare nanoparticles, but appeared to be associated to Ag+ 
displacement from coating polymer for PAAm AgNP.

• Dissolution over two weeks was not evidenced for both 
bare- and PAAm AgNP in river water although dissolution 
of bare AgNP in RW may have been underestimated. 
In contrast, a slow and constant increase of free Ag+ 
observed for PAAm AgNP in seawater is mainly attributed 
to desorption of Ag+ from polymer coating although a 
slow oxidation and dissolution from AgNP core could also 
have contributed to the process.

In this experimental work with well controlled conditions to 
avoid some confounding factors, the fate of bare- and polymer 
coated AgNP can be clearly divided in two steps: A fast release 
of free silver very early after addition to natural waters, followed 
by a slow (if any) dissolution in days and weeks following the 
dispersion. The lack of dissolution of bare and polymer coated 
AgNP in low ionic strength waters was confirmed and means 
these nanoparticles would persist for days and weeks following 
their discharge and could reach estuarine waters where they 
are expected to slowly dissolve. This very slow dissolution of 
both AgNP species could be attributed (at least partly) to the 
presence of natural DOM present in RW and SW [31]. It should 
be noted that the presence of particulate organic matter as well 
as fine particulate clay mineral in natural waters could change 
this fate of AgNP by inducing hetero-aggregation and long-
range transportation. This complex additional factor is under 
consideration in further studies with estuarine waters. 
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