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Silver nanoparticles (Ag-NP) are increasingly used in consumer products and their release during the use phase
may negatively affect aquatic ecosystems. Research efforts, so far, havemainly addressed the application and use
of metallic Ag(0)-NP. However, as shown by recent studies on the release of Ag from textiles, other forms of Ag,
especially silver chloride (AgCl), are released inmuch larger quantities thanmetallic Ag(0). In this field study, we
report the release of AgCl-NP froma point source (industrial laundry that applied AgCl-NPduring a piloting phase
over a period of several months to protect textiles from bacterial regrowth) to the public sewer system and in-
vestigate the transformation of Ag during its transport in the sewer system and in the municipal wastewater
treatment plant (WWTP). During the study period, the laundry discharged ~85 g of Ag per day,which dominated
the Ag loads in the sewer system from the respective catchment (72–95%) and the Ag in the digested WWTP
sludge (67%). Combined results from electron microscopy and X-ray absorption spectroscopy revealed that the
Ag discharged from the laundry to the sewer consisted of about one third AgCl and two thirds Ag2S, both
forms primarily occurring as nanoparticles with diameters b 100 nm. During the 800 m transport in the sewer
channel to the nearby WWTP, corresponding to a travel time of ~30 min, the remaining AgCl was transformed
into nanoparticulate Ag2S. Ag2S-NP also dominated the Ag speciation in the digested sludge. In line with results
from earlier studies, the very low Ag concentrations measured in the effluent of the WWTP (b0.5 μg L−1) con-
firmed the very high removal efficiency of Ag from the wastewater stream (N95%).

© 2015 Elsevier B.V. All rights reserved.
l Environment: Special issue:
s and transformation”.
1. Introduction

Due to the well-known antimicrobial activity of Ag+ ions (Grier,
1983; Russell and Hugo, 1994), Ag has been used as antimicrobial
agent for many decades (Nowack et al., 2011). With the advance of
nanotechnology, enabling to accurately control the size and shape of
engineered nanomaterials, Ag-NP have been increasingly applied to
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Fig. 1. Histogram of the duration of the individual discharge events. The duration of indi-
vidual discharge events was derived from conductivity measurements of the wastewater
at the pointwhere thewastewater from the laundrywas discharged into the sewer system
(Figs. S2 and S3).
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consumer products (Dastjerdi and Montazer, 2010). The toxicity of Ag
compounds varies considerably (Ratte, 1999) and it is still debated
whether physical particle–organism interactions increase the toxic re-
sponse of Ag-NP compared to the effect resulting from released Ag+

ions (Marambio-Jones and Hoek, 2010; Fabrega et al., 2011; Levard
et al., 2012). Experiments conducted under strictly anoxic conditions
in minimal medium (NaHCO3 buffer solution, 2 mM) suppressing the
oxidation of Ag(0) and thus the release of Ag+ into the media did not
show any toxic response to Escherichia coli suggesting that released
Ag+ is responsible for the toxic effects of Ag-NP (Xiu et al., 2012). How-
ever, Ag-NP attached to biological targets can serve as localized reser-
voirs of Ag, from where Ag+ may be continuously released which may
enhance the toxic response of organism to Ag-NP (Yin et al., 2011).

Research on the effects of Ag-NP has been focused on the metallic
form of Ag, but several studies have documented the use of AgCl in
(nano)-particulate form. For example, AgCl–benzalkonium chloride
(BKC) coated catheters were reported to have superior properties com-
pared to Ag–sulfadiazine (SD)–chlorhexidine (CSA) coated catheters
and may thus be beneficial to further reduce catheter related infections
(Li et al., 1999). Furthermore, the synthesis of AgCl nanocrystals at the
surface of silk fibers was demonstrated (Potiyaraj et al., 2007). Lorenz
et al. (2012) investigated the release of Ag-NP from different textiles
and reported that the released Ag was dominantly in the form of AgCl.
In the EU anannual production of 48 t (36 t forwater disinfection) of an-
timicrobial silver has been estimated in a recent survey (Burkhardt
et al., 2011) and the production of Ag particles (within the size range
of 50–500 nm) for textiles was dominated by AgCl (3.0 t AgCl, 3.8 t Ag
particles in total).

Mass flow analysis revealed that a major fraction of engineered
nanomaterials (ENM) from textiles and personal care products will be
discharged to the sewer system and thus highlighted the critical role of
wastewater treatment plants (WWTP) in controlling the release of
ENM to surface waters (Gottschalk et al., 2009, 2013; Keller et al., 2013,
2014; Sun et al., 2014). Release of Ag-NP from textiles has been observed
in several studies (Benn and Westerhoff, 2008; Geranio et al., 2009;
Impellitteri et al., 2009; Benn et al., 2010; Kulthong et al., 2010; Lorenz
et al., 2012) and Impellitteri et al. (2009) revealed the transformation
of Ag(0)-NP to AgCl during washing in the presence of bleach. Lombi
et al. (2014) observed substantial transformations of Ag species present
in new textile fabrics during washing, with AgCl being the dominant Ag
species after machine washing. Thus, the release of AgCl-NP into the
sewer system as a result of either the direct application of AgCl-NP or
the rapid transformation of other forms of Ag seems very likely.

Based on a pilot-scale experiment, we previously investigated fate
and transformation of Ag(0)-NP in sewer systems and revealed that Ag-
NP are sulfidized to various degrees during their transport in the sewer
system (Kaegi et al., 2013a). Mass balance calculations combined with
electronmicroscopy analysis revealed that Ag-NPadded to the sewer sys-
tems were very efficiently attached to the biomass and thus transported
by colloids along the sewer without substantial loss to the sewer walls.

Based on this brief literature summary, the release of AgCl-NP from
consumer products seems very likely and an efficient transport in the
sewer system can be anticipated. However, the release and transforma-
tion of AgCl-NP in municipal sewer systems has not been studied to
date. In this paper, we report the first field study on the release, trans-
port and transformation of AgCl-NP discharged into the sewer system
by an industrial laundry over severalmonths during a piloting study de-
signed to evaluate the suitability of the addition of AgCl to protect the
textiles from bacterial regrowth. During the AgCl application period,
we established mass balances for Ag and wastewater based on total
Ag analysis and on measured discharged water volumes. We used a
combination of synchrotron X-ray absorption spectroscopy (XAS) and
scanning and transmission electron microscopy (SEM and TEM) to
identify and quantify the relevant Ag transformation products and to
determine the size of the Ag particles in wastewater samples collected
at different sampling points.
2. Materials and methods

2.1. Setup of the study

During a piloting project conducted over several months, an indus-
trial laundry was evaluating the application of AgCl particles to protect
the textiles from bacterial regrowth. For that purpose, the washed tex-
tiles were soaked in an AgCl suspension at the end of the washing pro-
cess. Despite intensive internal recycling of the washwater, the use of
AgCl resulted in considerable amounts of Ag that was discharged into
the municipal sewer system. The wastewater from the laundry was pe-
riodically discharged into the local sewer system after sedimentation in
a settling tank. The laundry wastewater had a very high ionic strength
and conductivity measurements were therefore used to identify indi-
vidual discharge events. For that purpose the conductivity in the
sewer channel close to the discharge point was continuously recorded
over 10 days (μS-Log3040-INT, Driesen-Kern, D). Furthermore, the
water level in the settling tank was monitored over a working day
using a radar based stream gauge to derive discharged wastewater vol-
umes. During the study, fresh AgCl suspensions used by the laundry,
wastewater samples from the effluent of the laundry, wastewater sam-
ples from the influent to the WWTP nearby and digested sludge of the
WWTP (anaerobic digestion) were collected for microscopic and spec-
troscopic analysis. The WWTP included mechanical treatment (screen,
grit removal, primary clarifier), activated sludge treatment (nitrifica-
tion, partial denitrification) with simultaneous phosphate removal
(Fe2SO4), followed by sand filtration. To assess the temporal fluctua-
tions of the Ag concentrations of the laundry wastewater, an
autosampler was installed at the settling tank to collect samples every
15 min for 24 h. Four consecutive samples were automatically merged
resulting in 24 composite samples with a time resolution of 1 h. After
the last sample was collected, the samples were filled into acid
(HNO3) cleaned polypropylene (PP) bottles (50 mL) and analyzed for
the total Ag content.

2.2. Elemental analysis of Ag

Laundry effluents, raw wastewater and digested sludge samples
(10 mL) were filled directly into pre-cleaned quartz glass crucibles and
mixed with 2.5 mL HNO3 (VWR Suprapur grade 65%) and 4.5 mL HCl
(VWR Suprapur grade 30%). As chlorine was already present in the sam-
ple matrix, we used a mix of HNO3 and HCl to guarantee an excess in
chlorine ions resulting in the formation of a soluble [AgClx]1 − x complex.
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Fig. 2. Discharged wastewater volume per discharge event derived from the
i) measurement of the water level in the settling tank and ii) the discharge rate (corre-
sponding to the slope between the maximum and the following minimum in the water
level against time plot (Fig. S4)).
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The quartz crucibles were placed into Teflon® digestion vessels and
0.5 mL H2O2 and 4 mL of doubly deionized (DDI, 18.2 MΩ cm) water
were added. Digestion was carried out in an Ethos 1 (MLS GmbH,
D) microwave at the following conditions: 5 min ramping to 200 °C at
1000 W, holding at 200 °C for 10 min at 1000 W, and cooling down to
below 50 °C before opening.

Acid-digestedwastewater sampleswere diluted 1:5 usingDDIwater
and measured against an external calibration using inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7500cx, Agilent Technolo-
gies, USA). Ag was determined at m/z 107 and m/z 109 in normal
mode. Rhodium (m/z 103) was used as internal standard to correct
for non-spectral interferences. The quantification limit (LOQ) was
0.08 μg L−1 for Ag. The acid-digested sludge samples were diluted
1:1000 and measured using ICP-optical emission spectrometry (ICP-
OES, Ciros, SPECTRO Analytical Instruments GmbH, D). The detection
limit for Ag was 10 μg L−1.
2.3. X-ray absorption spectroscopy (XAS)

About 400 mL of discharged laundry wastewater, influent to the
nearby WWTP and digested sludge from the WWTP receiving the
wastewater from the laundry were concentrated by centrifugation for
Table 1
Ag concentrations (influent (catchments A and B), digested sludge and effluent of theWWTP)
represent the sampling campaigns that were conducted at the beginning (S) and towards the en
values are given in italics.

Sample Catchment A

Ag conc. (in), μg L−1 Ag flux, g day−1a

S 14 91
E 18 120

Sample Digested sludge

Ag conc., μg L−1 Ag flux, g day−1d Laundry, %e

S 870 130 67
E 860 130 67

a Calculated based on the average inflow rate of 6500 m3 d−1 for the catchment A (data fro
b Calculated based on the average inflow rate of 5300 m3 d−1 for the catchment A (data fro
c Represents the percentage that the emission of the laundry contributes to the total Ag load
d Calculated based on an average removal rate of 4000 kg digested sludge per day and a tot
e Represents the percentage that the emission of the laundry contributes to the total Ag loa
f Calculated based on the combined inflow of catchment A (6500 m3 d−1) and catchment B
g Represents the percentage of Ag that is removed in the WWTP, using the Ag flux of the di
10min at 4000 rpm (~4000 g, height of the water column in the centri-
fugation vessels ~ 4 cm). The supernatant was decanted and all
centrifugates were frozen, freeze dried and pressed into 13-mm
diameter pellets for XAS analysis. In the laundry wastewater, nanoscale
AgCl/Ag2S particles were dominantly attached to the tissue fibers
(Figure S1) and also in wastewater/sludge samples Ag-NP were always
observed in close association with the biosolids (Kaegi et al., 2011,
2013b). Therefore, we assume that the applied centrifugation condi-
tions were sufficient to separate the particulate Ag species from the su-
pernatant, although we cannot exclude that a small fraction of Ag
remained in the supernatant.

Reference materials for the interpretation of XAS data included me-
tallic Ag, Ag2S (Alfa Aesar, CAS 21548-73-2; N99.8%), and AgCl (CAS
7783-90-6, 99.9%). The latter two were used as received and diluted
to achieve a transmission edge jump of about unity. All reference mate-
rials were pressed into 13-mm pellet for XAS analysis.

XAS analyses at the Ag K-edgewere performed on the Dutch Belgian
Beamline (DUBBLE) at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The energy of the Si(111) double crystal
monochromator was calibrated by setting the first maximum of
the first derivative of the absorption edge of a metallic Ag foil to
25,518 eV. All spectra were measured at room temperature; sample
spectra in fluorescence mode using a Ge solid-state detector, and refer-
ence spectra in transmission mode using Ar-filled ion chambers.

For the extraction of the X-ray absorption near-edge structure
(XANES) and the extended X-ray absorption fine structure (EXAFS)
spectra and their analysis by linear combination fitting (LCF), we used
the software code Athena (Ravel and Newville, 2005). For data extrac-
tion, E0 was set to 25,518 eV. A first-order polynomial was fit to the
data from 25,448 eV to 25,488 eV and subtracted from the raw data. A
second-order polynomial fit to the data from 25,538 eV to 25,658 eV
was used to normalize the edge-jump at E0 to unity and to flatten the
spectrum. The EXAFS spectrum was extracted by fitting a spline func-
tion to the k-range 0.5 to 9 Å−1 (using the Autobk algorithm with
Rbkg = 1.2 Å). Linear combination fitting (LCF) analysis of the XANES
spectra was performed from−20 to +100 eV around E0 and LCF anal-
ysis of the EXAFS spectra over the k-range 3 to 8 Å−1 using the reference
spectra of metallic Ag, AgCl and Ag2S and constraining individual frac-
tions to range between 0 and 100%.
2.4. Electron microscopy (EM)

Samples for transmission electron microscopy (TEM) analysis were
prepared by ultracentrifugation of the respective suspensions directly
on TEM grids (carbon coated Cu grid, Plano GmbH, D) following
, derived Ag fluxes and calculated fractions of Ag resulting from the laundry input. S and E
d (E) of thefield study (1month). Values are rounded to 2 significant digits. The calculated

Catchment B

Laundry, %b Ag conc. (in), μg L−1 Ag flux, g day−1c

95 1.9 10
72 1.6 8.5

Effluent

Ag conc., μg L−1 Ag flux, g day−1f Ag removal, %g

0.54 6.4 95
0.19 2.2 98

m the WWTP).
m theWWTP).
from the catchment B.

al suspended solid content of 27 g kg−1 (data from the WWTP).
d of the digested sludge.
(5300 m3 d−1).
gested sludge as input.



200 nm

Fig. 4. Scanning transmission electron microscope (STEM) image of a sample collected
from the settling tank, recordedwith a HAADF detector.White, dashed circlesmark small-
er particles (~10 nm) and black dashed circles mark larger particles (50–80 nm). On the
larger particles the formation ofmetallic Ag is indicated by the very bright dots in close as-
sociation with the larger AgCl-NP.
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procedures described in Kaegi et al. (2010). Samples were investigated
in conventional mode (parallel illumination, bright field images) on a
CM30 (source LaB6, FEI, USA) or in scanning mode using a high-angle
annular dark-field (HAADF) detector (F30 STEM, FEI, USA). Elemental
analysis of individual particleswas performedwith anenergy dispersive
X-ray analysis (EDX) system attached to the microscopes (Noran Sys-
tem SIX (CM30), EDAX (F30)). Dried sludge samples were embedded
in epoxy resin, polished and coatedwith a thin (~20nm) layer of carbon
(MED20, Baltec, Li). Polished sections were imaged with a scanning
electron microscope (SEM, NOVA NanoSEM230, FEI, USA) using a
backscattered electron (BSE) detector for image formation. Elemental
analysis was performed with an EDX system (INCA 4.15, X MAX 80,
Oxford, UK) attached to the SEM.

3. Results and discussion

3.1. Discharged water volumes and water mass balance

The amount of water released to the local sewer system by the in-
dustrial laundry was derived from conductivity measurements in the
sewer at the point of discharge of the laundry wastewater in combina-
tion with the measurements of the water level in the settling tank (de-
tails of the calculations are given in the SI). About 12 discharge events
(97 events, 8 work days) occurred per work day with an average dis-
charge time of 19 min (Fig. 1, Figs. S2 and S3). The volume of wastewa-
ter discharged per event was either directly calculated from the water
level change recorded in the settling tank (Fig. S4) or from the discharge
rate in combination with the average duration of a discharge event
(Fig. 2). Both calculation methods (details given in the SI) resulted in
an average discharge volume of about 10 m3 per discharge event
(10.15m3±0.30m3 (level change), 10.39m3±1.25m3 (discharge rate)).

The average volume of wastewater discharged per workday (Mon-
day–Friday) therefore amounted to ~124 m3. During dry weather con-
ditions, about 15,000 m3 of wastewater are treated per day in the
WWTP, whichmainly receives wastewater from two equally contribut-
ing catchments (catchmentA, including thewastewater from the indus-
trial laundry and catchment B). Thus, considering that the laundry was
only operative duringfive days perweek, the industrial laundry contrib-
uted to ~1% to the total mass of wastewater from catchment A and to
~0.5% to the total wastewater treated by the WWTP.

3.2. Mass of Ag discharged to the sewer system and Ag mass balance

The Ag concentrations in samples collected from the settling tank
over 24 h varied between 600 and 800 μg L−1 and averaged 687 ±
46 μg L−1 (Fig. S5). Based on these Ag concentrations and in combina-
tion with the amount of wastewater discharged to the sewer system
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Fig. 3. Scanning transmission electron microscope image of the fresh AgCl suspension u
(see Section 3.1), the daily load of Ag discharged by the laundry to the
local sewer system came to ~85 g (see SI for the detailed calculation).

The concentration of Ag in the sewer system (influent to theWWTP,
separated by the two main catchments), in the digested sludge of the
WWTPand in the effluentwater of theWWTPweremeasured at the be-
ginning and towards the end of the field study that was conducted over
a period of roughly one month. Results, including respective wastewa-
ter inflow rates and derived Ag fluxes are provided in Table 1. Even
though the catchments A and B deliver about equal amounts of waste-
water, the Ag concentrations and consequently also the daily Ag fluxes
were clearly dominated by wastewater coming from catchment A. Fur-
thermore, the calculated daily flux of Ag from the laundry (85 g d−1)
strongly dominated the Ag flux from catchment A (72–95%). Ag mea-
surements from the digested sludge (average residence time in the di-
gester was 17 days) revealed concentrations of about 870 μg L−1

(32 mg kg−1 (total suspended solids (TSS)) with 27 g (TSS) L−1)
which translates to a daily Ag input of ~130 g. Thus, approximately
67% of the Ag in the digested sludge results from the input of the laun-
dry (Table 1). These results indicate that themass of Ag delivered to the
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sed by the laundry (left) and the particle size distribution derived thereof (right).
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WWTP was dominated by the emission of Ag discharged by the indus-
trial laundry. The concentrations of Ag in the effluent of the WWTP
were 0.2 and 0.5 μg L−1 corresponding to a daily release of roughly 2
and 6 g of Ag. Compared to the daily input derived from the Ag concen-
trations in the digested sludge (130 g), this corresponds to a Ag removal
efficiency of N95%, which is in line with previous studies (Lytle, 1984;
Shafer et al., 1998; Kaegi et al., 2011).

3.3. Characterization of Ag along the transport

3.3.1. Characterization of the AgCl suspension used in the washing process
The diameter of the AgCl-NP was derived from EM images (Fig. 3)

using image analysis tools (ImageJ, v. 1.49f). In total 638 particles
were included and the particle size distribution was described using a
Gaussian function. The mode of the particle size distribution was at
60 nm (Fig. 3, right side). EDX analysis of individual particles confirmed
that Ag was in the form of AgCl (Fig. 3, inset). On the EM images (bright
field), small (b10 nm) dark spots were observed at the surface of the
AgCl-NP. These spots increased with increasing exposure time under
the electron beam and represented the reduction of Ag+ to
Ag(0) under the electron beam. In addition to the AgCl-NP, considerably
larger AgCl particles (200–500 nm) were observed on selected images
(Fig. S6). However, in terms of a number based size distribution, these
larger particles were insignificant.
Fig. 5. Two type of (larger) Ag-NP (left side) recordedwith a HAADF detector together with the
the formation of metallic Ag resulting in a substantial decrease of the Cl signal intensity in the E
spectrum (right). The ratio of the signal intensities of Ag:S of close to 2 is in agreement with th
3.3.2. Laundry effluent
TEM analysis of samples collected from the settling tank (corre-

sponding to the wastewater discharged to the sewer system) revealed
Ag-NP of two different sizes (Fig. 4). EDX analysis of the larger particles
(50–80 nm) indicated two different types of particles, namely Ag2S and
AgCl particles (Fig. 5). The ratio of the signal intensities of Ag and S
(Fig. 5, bottom)was roughly 2:1which is in agreementwith the stoichi-
ometry of acantite (Ag2S) and indicates total sulfidation of the AgCl-NP.
The signal intensities for Ag andCl of theAgCl particles (Fig. 5, top)were
expected at comparable heights, but the experimental intensities were
strongly dominated by the Ag signal. This is caused by the reduction of
Ag and the formation of metallic Ag(0)-NP under the electron beam.
The formation of metallic Ag(0)-NP from AgCl particles, already ob-
served during the analysis of the pure AgCl-NP suspensions, is indicated
by the bright dots on the HAADF image (Fig. 5, top left) which increas-
ingly appeared and grew in size with increasing exposure time to the
electron beam. The smaller particles (~10 nm) appeared to be
completely sulfidized (Fig. S7). Thus, results from EM analysis suggest
that a fraction of the AgCl-NP particles were already transformed into
Ag2S particles at the point of discharge. To substantiate the results
from these qualitative analyses on the speciation of the Ag-NP we per-
formed XAS analysis at the Ag K edge of bulk specimen collected from
the discharged waters (Fig. 6, S8). LCF analysis of experimental spectra
indicates that already about two thirds of the Ag was transformed into
corresponding elemental analysis (right side). Top: AgCl-NP. The brightwhite dots indicate
DX spectrum shown on the right side. Bottom: Ag2S particle with the corresponding EDX
e formation of Ag2S.
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Ag2S and only one third was still present as AgCl (Table 2), which is in
good agreement to the qualitative results obtained from TEM analysis.
These results suggest that a substantial fraction of the discharged Ag
was already in the form of Ag2S. The Ag2S may have been introduced
with used towels, as part of the previously applied AgCl may have be-
come sulfidized during use. Alternatively, sulfidic species present in
the used towels or in the washwater may have reacted with the fresh
AgCl-NP.

3.3.3. Influent to the WWTP
In samples collected from the influent of the wastewater stream

from the catchment A (which includes the laundry wastewater), small
particles (10–20 nm) were discovered (Fig. 7). EDX analysis of individ-
ual particles revealed that these particles contained substantial amounts
of Ag and S. Furthermore, the intensity ratio betweenAg and S of rough-
ly 2:1 suggested that the particles were silver sulfides (Ag2S, Fig. 7). No
other forms of silver were detected based on TEM analysis.

This is in good agreementwith results from LCF analysis of XAS spec-
tra (Fig. 6, S8, Table 2),whichdid not return anyAgCl fraction, indicating
a complete transformation of the AgCl particles into Ag2S along the
Table 2
Fractions of Ag(0), AgCl and Ag2S of the experimental spectra resulting from LCF analysis.
Numbers in brackets refer to the standard deviation (1σ).

Sample Ag(0) AgCl Ag2S Sum NSSRd × 1000

XANES
Laundry eff.a 3 (1) 35 (2) 61 (3) 100 0.03
WWTP inb 11 (2) 7 (2) 82 (4) 100 0.05
Dig. sludgec 0 (–) 0 (–) 100 (43) 100 0.11

EXAFS
Laundry eff.a 5 (1) 27 (1) 55 (2) 87 1.3
WWTP inb 13 (–) 0 (–) 96 (–) 109 7.9
Dig. sludgec 4 (–) 0 (–) 95 (–) 100 17

a Effluent of the laundry (discharged into the sewer system).
b Wastewater from catchment A, collected at the influent of the WWTP.
c Digested sludge from the WWTP.
d NSSR = ∑(datai − fiti)2 / ∑datai2.
transport in the sewer system. The distance between the laundry and
the WWTP was about 800 m, which corresponded to a travel time of
~30min. Interestingly, a small fraction (around 10%) ofmetallic Ag con-
sistently appeared in the LCF results from the XANES and the EXAFS
analysis (Table 2). It is possible that this small fraction results from an-
other (unknown) Ag source discharging metallic Ag to the sewer sys-
tem and thus contributing to the total Ag load of the wastewater. Liu
et al., (2011) estimated half-live times for Ag(0)-NP in sewer systems
ranging from 10 min to 24 h and the sulfidation of Ag(0)-NP spiked to
sewer wastewater was demonstrated in batch experiments. However,
after a reaction timeof 2 h the degree of sulfidationwas still very limited
(Kaegi et al., 2013a). Based on these results, it is conceivable that metal-
lic Ag-NP are not fully transformed into Ag2S during their transport in
the sewer system. However, it also has to be kept in mind that due to
the limited data quality (EXAFS spectra only available until 8 Å−1)
minor metallic fractions are difficult to quantify. Whether the LCF-
derived metallic fraction in these samples were real, or whether they
represented an experimental artifact can therefore not be assessed,
also because the amount of Agwas too low to be quantitatively detected
by TEM analysis.

3.3.4. Digested sludge
Dried sludge was embedded in epoxy resin and polished sections

were analyzed in a SEM. BSE images of selected areas (Fig. 8) revealed
bright spots indicative of heavy elements. Elementalmappings of the re-
spective areas confirmed individual Ag rich particles that were always
associated with S (Fig. S9). Extraction of the spectra from such particles
revealed clear peaks of Ag and S. The ratio between the signal intensities
between Ag (Lα) and S (Kα) was close to one indicating an excess of S
relative to the stoichiometry of Ag2S which would show a Ag:S ratio of
2:1 (Fig. 8, inset). However, S was always present in the sludge matrix
and the excess S, thus, can be explained by a S contribution from the
background, which also explains the considerable signal intensities of
C, O, Al, Si, P and Ca observed in the spectra. Results from LCF analysis
of XAS spectra from digested sludge returned exclusively Ag2S
confirming that Ag2S was the only Ag species present in the digested
sludge (Table 2). These results are also consisted with results from ear-
lier studies (Doolette et al., 2013; Lombi et al., 2013; Ma et al., 2014)
which reported Ag2S as the dominant species after anaerobic digestion
of both Ag(0)- and AgCl-NP spiked sewage sludge.

4. Conclusions

This is the first full-scale study conducted with AgCl-NP that were
discharged into a municipal sewer system by an industrial laundry.
The water balance established for the laundry indicates that the total
amount of laundry wastewater in the sewer represented only a small
fraction (b1%) of the total wastewater transported by the sewer system
during dryweather conditions. However, theAg released by the laundry
during a piloting phase of adding AgCl to the last washing step summed
up to about 85 g of Ag per day, which dominated the Ag inputs to the
local WWTP (72–95% of catchment A, and 67% of the digested sludge).
The results further indicate that the Ag released to the sewer system is
very efficiently transported along the sewer channel, consistentwith re-
sults from a Ag(0)-NP spiking experiment conducted in a sewer system
(Kaegi et al., 2013a). Despite that fact that this field study was conduct-
ed during a piloting phase during which high amounts of Ag were
discharged to the local sewer system over an extended period of time
and thus probably represents worst-case conditions regarding
discharged amounts of Ag, very lowAg concentrationswere determined
in the effluent water of the WWTP.

Combined results from electron microscopy and XAS analysis re-
vealed that the AgCl fraction present in the laundry effluent almost
completely transformed into nanoscale Ag2S within a travel time of
~30 min in the sewer system. Ag2S remained the dominant Ag species
during the wastewater treatment process and consequently Ag was



Fig. 7. STEM images of Ag-NP from wastewater samples collected from the influent to the WWTP (catchment A) recorded with a HAADF detector (left). The EDX spectrum on the right
shows Ag and S at a ratio of roughly 2:1, indicating Ag2S particles. The Si signal results from background contributions.
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exclusively detected as Ag2S in the digested sludge. This study demon-
strates the importance of Ag transformations starting in the sewer sys-
tem or even already during the use phase of the materials which
substantially mitigate the Ag toxicity. Due to the fast transformation of
AgCl-NP relative to the average retention times in sewer systems and
the relatively high sulfide concentrations in sewer systems (Nielsen
et al., 2008), it is very unlikely that unreacted AgCl-NP will reach the
WWTP and the same is also valid for Ag(0)-NP. Thus, results from ex-
perimental studies reporting adverse effects of Ag-NP on the biological
treatment processes of a WWTP have to be treated with care and can
only be transferred to a very limited extent to real wastewater systems.
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Figure S1: TEM (bright field) images of particles / tissue fibers collected from the laundry wastewater. The 
dark spots (right hand side) represent AgCl / Ag2S particles. 
  



1. Calculation of the frequency of the discharge events 

The number of discharge events per day were derived from the conductivity measurements 
(Figure S2). The beginning and the end of the discharge events were characterized by a sharp 
increase / decrease in the conductivity caused by the high salt content of the laundry 
wastewater, resulting in a pronounced peak in the conductivity difference vs. time plot (Figure 
S3). The duration of the individual events correspond to the time elapsed between the minima 
(marked as ‘*’ in Figure S3) and the following maxima (marked as ‘o’ in Figure S3). In total 97 
events were detected over the 10 days corresponding to 8 work days as the laundry was not 
operative over the weekends. 
2. Calculation of the discharged water volumes per discharge event 

The sedimentation tank had a cylindrical shape with a cross section of 12.5 m2 and thus the 
change in the water level can directly be converted into a volume change (∆Volume = ∆height ∙
cross section) . Alternatively, the discharge rate can be calculated from the slope of the peak 
maximum to the following peak minimum (Figure S4) and in combination with the average 
duration per discharge event, the volume per discharge event can be calculated. In addition, the 
sedimentation tank received approximately 10 m3 of wastewater per hour, which translates to an 
additional inflow volume of 3 m3 per 19 minutes (average time per discharge event, 10m3 ∙
19 min
60 min

= 3.2m3). 
3. Calculation of the mass of Ag discharged per day 

For the calculation of the mass of Ag discharged per day, average values for the discharged 
water volumes and number of events per day were used. The mass of Ag discharge per day was 
calculated as follows:  

10′150 𝐿𝐿(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) ∙ 12.13 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒𝑑𝑑 ∙ 𝑑𝑑𝑎𝑎𝑑𝑑−1 ∙ 0.69 𝑚𝑚𝑎𝑎 (𝐴𝐴𝑎𝑎)𝐿𝐿−1 ∙ 1𝑎𝑎−3𝑚𝑚𝑎𝑎 ∙ 𝑎𝑎−1 = 84.92 𝑎𝑎 
 
 
 

Figure S2: Conductivity measurements in the sewer at the point of discharge of the laundry wastewater. 
The measurements were conducted over 10 days (left). A close-up of the data is shown on the right.  
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Figure S3: Difference in conductivity between two consecutive measurements points against time derived 
from the conductivity measurements (Figure S2). The duration of the individual discharge events 
correspond to the time between the minimum and the following maximum (right). 
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Figure S4: Measurement of the water level in the sedimentation tank over 16h. Maxima and minima of the 
water level are marked with circles and squares. 



 
Figure S5: Ag concentration of 1 h composite samples from the settling tank collected over the period of 
24 h. 
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Figure S6: Backscattered electron (BSE) image of the AgCl suspension used in the washing process. 
Besides the small (< 100 nm) AgCl-NP, a few larger AgCl-particles (200 – 500 nm) were observed.  



 
Figure S7: STEM-HAADF image of small (< 10 nm) particles detected on samples collected from the 
settling tank (left). The EDX spectrum of the particle marked with the dashed circle indicates that the 
particles are sulfidized. 
  



 
Figure S8: XANES spectra of reference materials (upper three) and experimental spectra (lower three). 
The light grey lines on top of the experimental spectra represent the results from the LCF analysis using 
Ag(0), Ag2S and AgCl as references. laundryeff: Laundry effluent, WWTPinf: influent to the WWTP 
(catchment A), sludge: digested sludge 
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Figure S9: Elemental distribution maps for S (left) and Ag (right) recorded in the SEM. Areas of elevated 
Ag signal intensities also show elevated S signal intensities suggesting sulfidized Ag-NP. 
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