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Transformation of Silver Nanoparticle Consumer Products during 
Simulated Usage and Disposal
Phillip M. Potter,a Jana Navratilova,b Kim R. Rogers,c and Souhail R. Al-Abedd*

Twenty-two silver nanoparticle (AgNP) consumer products (CPs) were analyzed with respect to their silver speciation. Three 
CPs and three lab-synthesized particles were selected to simulate environmental fate and transport by simulating their 
intended usage and disposal methods.  Since many of these products are meant for ingestion, we simulated their usage by 
exposing them to human synthetic stomach fluid followed by exposure to wastewater sludge. We found that during the 
products individual exposure to wastewater sludge, the conversion rate of silver to AgCl and Ag2S was affected by both the 
amount of silver ion present and the properties of the AgNP. The rates of conversion of metallic silver to silver sulfide was 
heavily dependent on the particle size for the lab-synthesized particles, with 90 nm PVP-capped particles reacting to a much 
lesser extent than the 15 nm PVP-capped or the citrate-capped particles. We observed similar sulfidation rates on two of 
the tested CPs with the 15 nm lab-synthesized particles despite containing silver nanoparticles >5 times larger, indicating 
the presence of other influencing factors. Pre-treatment with synthetic stomach fluid modified the rates of Ag2S formation. 
Due to the variable composition of CPs and the conditions they are exposed to between manufacture, sale, use, and disposal, 
their final composition may be somewhat unpredictable in the environment.  In the present study, we have achieved a more 
accurate approximation of the expected interactions between silver nanoparticle-containing CPs and environmental media 
by utilizing real CPs and evaluating them with solid phase and aqueous phase analytical techniques.

Introduction

The worldwide inventory of consumer products (CPs) 
containing nanomaterials is quickly growing(1).  Nanomaterials 
are incorporated into a wide variety of CPs, ranging from 
cosmetics to automotive parts.  Through CPs, nanomaterials 
have a variety of pathways to reach the environment, either 
during their use or after disposal.  Understanding the 
environmental fate of nanomaterials in CPs is crucial to 
identifying potential risks associated with their release.  
Silver nanoparticles (AgNPs) comprise one of the most 
prevalent and growing inventories of nanomaterial-containing 
CPs(1, 2). Their rising production and usage is accompanied by 

increased risk of their release into the environment(3). AgNPs 
are utilized in CPs primarily for their known antimicrobial 
properties.  Common applications for AgNPs include packaging, 
clothing, first aid sprays, surface disinfectants, and dietary 
supplements.

The toxicity of AgNPs is related to their oxidation and the 
subsequent release of ionic silver(4).  The reactivity of AgNPs 
undergoing dissolution or reaction with environmental media is 
known to be affected by a variety of factors, including capping 
agent, particle size, and ionic strength(5-8).  These factors have 
been studied extensively for laboratory synthesized and 
commercial preparations of AgNPs and their effects on a given 
system can be predicted. However, the environmental 
transformation, transport and fate of consumer products 
containing AgNP suspensions remains largely unexplored.
Most AgNP suspensions will eventually enter the waste stream 
and make their way to a wastewater treatment plant (WWTP), 
where they will be exposed to wastewater sludge.  Silver (I) 
sulfide is the primary reaction product from the interaction of 
silver with wastewater media(9, 10).  Ag2S has reduced 
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Environmental Significance

The environmental fate of silver nanoparticles is typically studied using pristine lab-synthesized nanoparticles. The nanoparticles emitted by nano-
enabled consumer products differ from lab-synthesized particles in many properties, specifically particle size distribution and silver speciation. Using a 
unique experimental setup that allows real-time monitoring of silver speciation by X-ray absorption spectroscopy, we have shown that nano-enabled 
consumer products behave differently from their lab-synthesized counterparts. The complex matrices and various usage pathways lead to drastically 
different particles entering the waste stream and raise new concerns over the fate and transport of silver nanoparticles in the environment.
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solubility compared to other forms of silver and past studies 
have concluded that this lower solubility leads to limited 
transport and reduced toxicity to certain organisms(11, 12).  
Nevertheless, the viewpoint that sequestration of Ag+ in the 
form of Ag2S is an endpoint to silver reaction in the environment 
is currently being challenged.  In two studies performed by Li et. 
al.(13, 14), Ag2S-NPs were found to dissolve in the presence of 
either Fe(III) or ClO-, and then form smaller AgNPs.  This process 
could lead to a cycle of Ag2S-NPs -> Ag+ emission -> smaller 
AgNPs -> smaller Ag2S-NPs -> Ag+ emission in which the toxic 
effects of Ag+ would likely be observed.  Wang et. al.(15) also 
observed toxicity in plants due to uptake of Ag2S-NPs.  If Ag2S is 
not an endpoint to Ag+ transport in the environment, then 
further study into its formation is needed.

Research has shown that AgNP consumer products can undergo 
drastic physicochemical changes during their use that could 
have further effects on their future interactions with 
environmental media(16). AgNP dietary supplements meant for 
ingestion will be exposed to stomach fluid if used as intended.  
Studies have shown that human synthetic stomach fluid (SSF) 
not only affects the AgNPs morphology and promotes 
aggregation, but also induce their chemical transformation to 
silver (I) chloride(17, 18).  AgCl shows a low solubility in water 
and precipitates quickly in the presence of Ag+ and Cl-. The AgNP 
particle size influences both aggregation rate and AgCl 
transformation(18).  The capping agent also affects aggregation 
rate in SSF(17) with some preventing significant morphological 
changes for up to 90 days in SSF(19). While there has been some 
research involving the exposure of AgCl-NPs to wastewater 
sludge(12), no study has been performed involving sequential 
exposures to simulate intended usage and subsequent disposal 
of the same particles.

Some research has been performed to investigate dissolution 
and reaction of AgNP-containing CPs, although it has primarily 
focused on AgNPs deposited on solid objects such as textiles 
and packaging(20-22).  This study focused on aqueous products, 
such as surface sanitizers, disinfectant sprays, and dietary 
supplements, due to the ease and speed with which they can 
reach the environment, compared to those products in which 
the AgNPs are incorporated into a solid matrix.  A total of 22 CPs 
advertising some combination of either colloidal, ionic, or nano-
sized silver were obtained.  These products represent unique 
mixtures of different parameters such as particle size, 
concentration, capping agent, ionic strength, pH, and additional 
organic or inorganic additives. The fate and transport of AgNPs 
in the environment has been typically studied using only 
pristine, lab-synthesized particles and by monitoring their 
exposure to only one type of media.  We intend to more 
accurately describe the transformations that these products 
undergo in the environment by using real consumer products 
(CPs) and sequentially exposing them to multiple types of 
relevant media.  The goal of this work is to utilize X-ray 
Photoelectron Spectroscopy (XPS) and X-ray Absorption 
Spectroscopy (XAS) to determine the initial silver chemical 
speciation and then investigate sulfidation rates when the 

products are sequentially exposed to SSF and wastewater 
sludge.  A unique experimental setup allows real-time analysis 
of nanoparticle reactions by XAS. By comparing the chemical 
properties of these products to well-studied lab-synthesized 
AgNPs, the interaction and importance of different NP 
parameters will be determined.

Methods
Physicochemical Characterization of AgNPs

Various parameters, such as particle size, silver concentration, 
and ionic content for the 22 colloidal silver CPs used for this 
study, have been measured and discussed in a previous 
publication(23).  A summary of characteristics can be found in 
the Table S-1, including hydrodynamic diameter (HDD), 
polydispersity index (PDI), pH, and chloride concentration.  
Lab-synthesized AgNPs capped with citrate (cit), PVP, and BPEI 
were synthesized as described in a previous publication(24).  
Additional PVP-capped AgNPs were synthesized with a size of 
90 nm by increasing the initial amount of AgNO3 from 0.08 g to 
0.35 g in the reaction mixture.  Three PVP-capped AgNP 
standards were acquired from nanoComposix (San Diego, CA) 
with nominal sizes of 20 nm (AGPB20-1M), 50 nm (AGPB50-
1M), and 100 nm (AGPB100-1M).

XPS Analysis

A glass well plate was used for sample preparation on which 
samples could be dropcast repeatedly and allowed to dry in a 
desiccator until sufficient nanomaterial is collected in the 
bottom of each well to allow analysis.  Survey and high-
resolution spectra were collected on a PHI Quantera II XPS 
(Physical Electronics, Chanhassen, MN) equipped with an Al Kα 
source. Data analysis was performed using CasaXPS version 
2.3.16 (Casa Software Ltd).  Chemical species were assigned 
according to both binding energy of Ag 3d5/2 peaks and auger 
parameters.

XAS Analysis

Spectra were collected at Sector 10-ID of the Advanced Photon 
Source at Argonne National Laboratory.  Aqueous samples 
were mounted in a sample plate with Kapton tape walls.  
Spectra were collected from -200 to 1000 eV relative to the K-
edge of Ag (25514 eV), with a step size of 0.5 eV.  All data were 
processed and fit using the XAS fitting program Athena, a part 
of the software package IFEFFIT version 1.2.12.

Simulated Usage and Disposal
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A sample of anaerobic biosolids was collected from a local 
WWTP and used with no further treatment. The SSF consisted 
of 0.4 M HCl and 0.4 M glycine in deionized water adjusted to 
a pH of 1.5.  Reactors were fashioned from polystyrene test 
tubes by sawing a 1 cm tall window 180° around the side of 
each tube. The window was covered with Kapton tape, 
providing a watertight seal while still allowing x-ray 
transmittance.  By placing the tube into a plastic stand on top 
of a stir plate, the window was positioned in the x-ray beam to 
allow analysis (photo of a reactor can be seen in Figure S-1). 
First, 2.0 mL of product solution or lab-synthesized particles 
was prepared to contain 150 ppm Ag and added into the tube.  
Second, the micro stir bar was added and preliminary spectra 
were taken to align the window in the beam.  Finally, 1.0 mL of 
either SSF or wastewater sludge was added and data 
acquisition initiated.  Lag time between addition of 
wastewater and the start of data acquisition was 
approximately 35 seconds. For sequential exposure, the AgNP 
solutions were mixed 1:1 with SSF for 1 hour prior to addition 
of the wastewater sludge.  The energy range was adjusted to 
allow spectrum collection every 18 seconds, or 200 spectra in 
60 min.

Results & Discussion
Speciation of Silver in CPs

One advantage of XAS for the determination of silver 
speciation is the ability to conduct analysis on aqueous 
samples, thereby eliminating the need for sample preparation 
that could generate interferences.  XPS was chosen as a 
complimentary technique for investigating the surface of the 
nanomaterials, although the need for ultra-high vacuum 
required the drying of the aqueous products. All observed 
silver in the 22 CPs was in the form of either elemental silver 
or silver (I) oxide (Table 1).  Silver (I) chloride was not detected 
with these techniques, which is unexpected, because the 
concentration of Cl- is high enough to expect AgCl formation in 
some samples (Table S-1).

XPS spectra for the Ag 3d region of all CPs with detectable 
silver can be seen in Figure S-2. XANES of all 22 CPs can be 
seen in Figure S-3 and Figure S-4. Nine of the products 
exhibited a higher percentage of Ag2O when analysed by XPS 
compared to analysis by XAS: CP6, 9, 10, 13, 15, 16, 17, 18, and 
19.  There may be several reasons for these differences. First, 
XPS is primarily a surface characterization technique with an 
analysis depth of approximately 10 nm, and therefore ignores 
the bulk of larger AgNPs and aggregates. CP6 and CP17 have 
diameters >10 nm and likely have an outer coating of Ag2O 
that is closer in concentration to the value determined by XAS, 
but the value is slightly inflated by XPS analysis that only 
analyses the surface of the AgNPs.  The similarity in Ag2O 
content determined by XPS and XAS for CP1 indicates the 
AgNPs contain Ag2O throughout their structure and not just as 

an outer shell.  Second, exposure to air during the evaporation 
process required for sample preparation may have exposed 
surface Ag0 to a greater level of oxidation than for the XAS 
measurement which was performed in aqueous suspension. 
This explanation, however, would not account for results with 
the products CP5 and CP14 which showed 100% Ag by XPS as 
compared to 4% Ag2O and 10% Ag2O, respectively, by XAS. 
Another explanation for differences in the level of observed 
oxidation of silver may involve the influence of both stabilizing 
agents and matrix components which have been shown to 
influence AgNP reactivity(25, 26).

The three lab-synthesized silver AgNPs capped with citrate, 
PVP, and BPEI were also air-dried prior to XPS analysis.  While 
the citrate- and PVP-capped particles showed the absence of 
Ag2O by both XAS and XPS, the BPEI-capped particles exhibited 
significant oxidation as measured by XPS.  The amount of Ag2O 
present did not show any correlation to any measured 

XAS XPS

CP1 60% Ag   40% Ag2O 65% Ag   35% Ag2O

CP2 b.d.l. b.d.l.

CP3 b.d.l. b.d.l.

CP4 100% Ag 100% Ag

CP5 60% Ag   40% Ag2O 100% Ag

CP6 85% Ag  15% Ag2O 45% Ag   55% Ag2O

CP7 100% Ag b.d.l.

CP8 100% Ag b.d.l.

CP9 100% Ag 70% Ag  30% Ag2O

CP10 100% Ag 65% Ag  35% Ag2O

CP11 b.d.l. 100% Ag

CP12 b.d.l. 100% Ag

CP13 100% Ag 45% Ag   55% Ag2O

CP14 90% Ag  10% Ag2O 100% Ag

CP15 100% Ag 40% Ag   50% Ag2O

CP16 100% Ag 55% Ag   45% Ag2O

CP17 90% Ag  10% Ag2O 55% Ag   45% Ag2O

CP18 b.d.l. 35% Ag  65% Ag2O

CP19 100% Ag 85% Ag  15% Ag2O

CP20 b.d.l. b.d.l.

CP21 100% Ag b.d.l.

CP22 100% Ag b.d.l.

Cit 100% Ag 100% Ag

PVP 100% Ag 100% Ag

BPEI 100% Ag 55% Ag   45% Ag2O
Table 1. Ag speciation in 22 CPs and three lab-synthesized 
AgNPs as determined by XAS and XPS.  (b.d.l. = below 
detection limit)
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parameter, including particle size, pH, or ionic content; hence 
another factor, such as capping agent, age, or additive is 
responsible for it. Given that surface oxidation of AgNPs 
resulting in the formation of Ag2O has been shown to dampen 
surface plasmon resonance (SPR)(27), it is also interesting to 
note that many of these CPs were clear and did not show SPR 
even though AgNP were shown to be present(23).

The complex composition of these products presents 
numerous interactions with AgNPs that are yet to be 
understood.  For example, a short and incomplete list of 
advertised ingredients in the various products includes:  ethyl 
alcohol, carvacrol, EDTA, hydrogen peroxide, and various 
essential oils.  Some of these are included to add fragrance to 
the product or enhance their cleaning ability but could have 
unforeseen effects on AgNPs. 

Age is likely a factor that could explain the differences in 
speciation and reactivity between the various CPs.  While 
manufacturing dates were not reported on most products, 16 
of the products advertised an expiration date.  All products 
with manufacturer-suggested expiration dates were analysed 
prior to these dates. Unfortunately, many of these expiration 
dates were as far as 3-4 years after the time of purchase which 
is unrealistically optimistic due to the low stability of AgNP 
suspensions.

AgNP Exposure to Wastewater Sludge

Based on preliminary analysis by DLS and XAS, a subset of 
three CPs was chosen to represent the differing composition of 
AgNPs within the 22 products. CPs 4, 6, and 10 were selected 
for reaction with wastewater sludge due to their high silver 
concentration, differing particle sizes, and differing Ag 
speciation.  CP4, 6, and 10 also listed only silver and water as 
ingredients and, therefore, were free of influence from other 
matrix components. In addition to these three products, three 
lab-synthesized AgNPs were also chosen to represent different 
capping agents and different particle sizes:  10 nm citrate-
capped, 10 nm PVP-capped, and 90 nm PVP-capped (Table 2).

The change in silver speciation during reaction with 
wastewater sludge only generated Ag2S, which was observed 

in all evaluated products (Fig. 1).  CP10 had the fastest rate of 
reaction and reached >90% Ag2S.  While CP10 contained some 
large nanoclusters, a large portion of its silver was either ionic 
or <1 nm and therefore very susceptible to reaction and 
precipitation within the experimental time frame.  The 90 nm 
PVP-capped AgNPs reacted slowest and had the lowest 
concentration of Ag2S at the end of 60 min.  The lower surface 
area to volume ratio of the 90 nm PVP-capped particles 
exposed less area for reaction with sulfide than the 10 nm 
PVP-capped particles which appeared to be responsible for the 
lower Ag2S yields over a short time frame.  

CP4, CP6, 15 nm PVP-capped, and citrate-capped AgNPs all had 
similar rates of reaction and final concentrations of Ag2S after 
60 min.  Although the HDD values for CP4 and CP6 are in the 
range of 50-60 nm, they show a significant degree of 
polydispersity. In addition, TEM micrographs show the 
presence of smaller particles with less than 10 nm diameter 
(Figure S-5).  These CPs contain particles that react at different 
rates and a variety of compounds are present in their matrices 
that may affect the reaction rates. Consequently, these 
mixtures do not necessarily behave as the average diameter of 
the particles would predict.

AgNP Exposure to SSF

Similar to the rates of formation of Ag2S, the transformation of 
AgNPs to AgCl during exposure to SSF was observed in the four 
tested AgNPs (CP4, CP6, CP10, and PVP-90). CP10 showed a 
more rapid formation than the other three particle 
suspensions (Figure 2). Again, this is most likely due to the 
higher percentage of free silver ion present in this suspension.  

0 10 20 30 40 50 60
0

20

40

60

80

100

CP4 CP6
CP10 citrate-capped
PVP-capped, 15 nm PVP-capped, 90 nm

Reaction Time (min)

%
 A

g 
as

 A
g 2

S

Fig. 1 Silver (I) sulfide formation in the reaction of three AgNP-containing CPs and the three lab-synthesized AgNPs with wastewater sludge.

% Ag+ HDD (nm) PDI

CP4 < 2 57.46 ± 0.90 0.46

CP6 < 2 55.91 ± 15.69 0.42

CP10 33 484.4 ± 224.8 0.72

citrate-capped < 1 11.5 0.42

PVP-capped
< 1 15 0.36

< 1 93 0.56
Table 2. Physicochemical parameters for AgNPs selected for 
reaction with SSF and wastewater sludge.
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The observed similarity in chloride formation towards the end 
of the reaction among CP4, CP6, and PVP-capped (90 nm) in 
the presence of SSF is likely due to either the formation of 
large aggregates which would normalize the available surface 
area or a similarity in capping agent. The formation of 
aggregates and presence of AgCl at the particle surface has 
been previously reported(17) when AgNP were incubated in 
SFF.  After aggregation, the differences in available surface 
area were less pronounced between the tested AgNPs and the 
chlorination rates were similar.  On the timescale of digestion 
processes, most AgNPs would not fully transform to AgCl, but 
would likely gain an AgCl shell that may inhibit further 
dissolution or reaction in other media that they may 
encounter.

Simulated Usage and Disposal

The use of AgNPs as dietary supplements leads to their 
exposure to stomach fluid and, inevitably, wastewater. These 
AgNPs will likely undergo physical and chemical 
transformations during their use and may not resemble their 
original forms when entering the waste water system.  The 
sequential exposure to SSF followed by wastewater may 
approximate the reactions that these AgNPs undergo during 
their use and disposal.  Three PVP-capped OECD AgNP 
standards (20, 50, and 100 nm) were subjected to sequential 
exposure experiments to allow comparison of different 
particle sizes.  CP4 and PVP-capped AgNPs (15 nm) were also 
included for comparison to individual exposure experiments.
XANES spectra of all samples during sequential exposure can 
be seen in Figure S-6. Particle size appeared to be a major 
factor in determining the effect of SSF exposure prior to 

wastewater addition.  None of the three standards showed 
any AgCl presence or Ag2S formation after SSF incubation for 1 
hr and after the first minute of reaction in waste water (Table 

3).  While this is expected for the 50 and 100 nm standards, it 
is surprising that the 20 nm particles, having the most surface 
area of the three nanoComposix standards, showed no AgCl 
presence.  Still, both the 20 and 50 nm standards exhibited 
some dissolution, likely caused by the exposure to SSF.  The 
extent of Ag2S formation after 1 hour was also influenced by 
particle size, with the 100 nm standard exhibiting the least 
amount of Ag2S formation.

After exposure of CP4 to SSF for 1 hr, there was significant 
formation of AgCl (see Figure 2), but initial exposure to SSF 

followed by secondary waste water exposure for 1 min 
resulted in lower amounts of AgCl (Table 3). In contrast to 
direct exposure of CP4 to wastewater converting most of the 

silver to Ag2S, after 60 min of secondary waste water exposure 
(following initial SSF exposure) resulted in only a small portion 
of the silver being converted to Ag2S. A comparison of XANES 

Fig. 2 Silver (I) chloride formation in the reaction of three AgNP CPs and a lab-synthesized AgNP with SSF.

0 10 20 30 40 50 60
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CP4

CP6

CP10

PVP-capped 90nm

Reaction Time (min)

%
 A

g 
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 A
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l

 WWTP sludge 
exposure (min)

Ag0

(%)
Ag+

(%)
AgCl
(%)

Ag2S
(%)

N20
1 93 7   

60 59 11  30

N50
1 94 6   

60 66   34

N100
1 100    

60 80   20

CP4
1 91  9  

60 90   10

PVP
(15nm)

1 89  11  

60 6 22  72
Table 3 Silver speciation in AgNP solutions exposed to WWTP 
sludge following exposure to SSF for 1 hour.
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spectra for both individual and sequential exposure of CP4 to 
SSF and wastewater sludge can be seen in Figure S-7. The 
change in rates of sulfidation and chlorination in the 
sequential exposure is likely due to increased precipitation 
upon mixture of the two media. This may have led to uneven 
sampling of the various silver species due to precipitation in 
the reaction cell.  This could also be due to aggregation leading 
to a decrease in available particle surface area, such that the 
resulting silver aggregates could also be shielded by AgCl 
coatings that inhibit sulfidation.  The 15 nm PVP-capped AgNPs 
exhibited a different effect, showing a higher sulfidation rate 
after sequential exposure to SSF and wastewater.  Smaller 
AgNPs will typically react at faster rates due to their higher 
surface area to volume ratios.  The results do not strictly follow 
this relationship between particle size and reactivity, indicating 
the presence of other controlling factors such as variable 
capping agent protocols and particle age.

Conclusion
As the worldwide inventory of AgNP-containing CPs grows, the 
release of AgNPs to the environment will increase.  Aqueous 
products such as dietary supplements, first aid sprays, and 
surface sanitizers represent a simple pathway to silver release 
as their entire content of silver enters our wastewater system.  
In this work, 22 AgNP-containing CPs were analyzed to 
determine the chemical speciation of their silver as purchased 
and selected products were analyzed with respect to when they 
are used and enter the waste stream.  While particle size was 
found to strongly influence the sulfidation rate in lab-
synthesized AgNPs, polydisperse CPs did not behave according 
to their average particle diameter.  This work has shown that 
CPs are typically complex mixtures and our lab-synthesized 
model particles sometimes fail to imitate their behavior. By 
incorporating actual CPs in our future work, we will be better 
able to adjust our models to address and explain the differences 
between pristine particles and CP suspensions.  The sequential 
exposures that AgNPs undergo during their use and disposal 
must also be considered when studying these environmental 
transformations.  The AgNPs in new CPs may be completely 
changed in both chemical speciation and morphology before 
they enter the waste stream.
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