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Abstract The quantities of engineered nanoparticles (NP) released to the environment are
often influenced by their fate in waste water treatment plants (WWTP). Here, 40 nm silver NP
(AgNP) were spiked into a mesocosm simulating the process used at a major municipal
WWTP. The evolution of the mass distributions and number concentrations were followed by
fast acquisition speed technique single particle inductively coupled mass spectrometry (FAST
spICP-MS) using a high-resolution ICP-MS. It was thus possible to detect smaller Ag
containing NP than hitherto possible in similar studies. These small particles (ca. 5-10 nm in
corresponding metallic Ag equivalent spherical diameter) were possibly dissolved Ag’
precipitated as Ag,S particles. They were detected immediately upon spiking and were stable

%g with respect to aggregation and thus much less removed by the WWTP process compared to
%O the 40 nm AgNP. The results also suggested that any transformation of the latter AgNP
31 occurred without dissolution. Most of these larger AgNP were probably removed by
%é aggregation with large floc particles and subsequent sedimentation with the suspended
% 4 particulate matter in the simulated WWTP process. The results have implications for
85 differentiating the fate of nanoparticles as a function of size and demonstrate how spICP-MS
86 can reveal such size-dependent fate dynamics.

%2 Environmental Significance Statement

@Zg The size distributions of Ag nanoparticles during simulated waste water treatment were
41 followed by FAST spICP-MS. The high sensitivity allowed to detect particles with an Ag
42 mass as small as ca. 5 nm in corresponding metallic Ag equivalent spherical diameter. These
43 small particles were contrary to expectations stable with respect to aggregation with
j’é suspended particulate matter.

j? Introduction

jg The rapidly developing nanotechnology market is leading to exposure of the environment to
50 engineered nanoparticles (NPs). Use of silver NP (AgNP) as an antiseptic, for instance, has
51 spawned a demand for both environmental monitoring, and toxicological tests of particulate
52 silver. A decade of environmental risk-assessment-related research on NPs has shown that
53 some standard procedures used for dissolved chemicals must be altered, and that some of
gg these procedures are even irrelevant for assessing NP risk. The number-based NP size
56 distribution (PSD), for instance, informs NP risk assessment much more than mass
57 concentrations (c,,) alone, because the size of single NPs or their aggregates determines their
58 fate and thus bioavailability in the environment'. The number concentration (cp) and PSD are
59
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thus more relevant dose metrics than mass in this respect, because aggregation rates increase
linearly with this metric?.

A key phase in the life cycle of AgNPs is wastewater treatment (WWT), because the
interaction of NPs with sludge determines the extent by which these NP are emitted to aquatic
compartments, or are carried with the sludge to be deposited on agricultural soils or to be
incinerated®. Several studies have reported that, on a mass basis, more than 95 % of NPs
become associated with sludge4, but risk assessments of NP also need to be informed on the
form of NP, i.e. their size, composition or other properties that determine their hazard or fate
in following environmental compartments. Chemical transformations of AgNP during WWT
following oxidative dissolution have been relatively well studied. This process is, depending
on the availability of ligands, followed by precipitation of AgCl or Ag,S NPs*, processes that,
lower the hazard potential of AgNP°. The size of NP aggregates likely changes as well during
this process. The high salt concentration in wastewaters may induce aggregation, whereas
dissolved organic matter (DOM), such as humic and fulvic acids stabilizing smaller particles,
can also be found in wastewater®, and dissolution of AgNP reduces their size’.

Studies on these types of fate dynamics are relatively scarce, probably because they require
powerful analytical techniques that determine more parameters than ¢, alone in challenging
environmental matrices and that are fast enough to monitor the fast changes of PSD.
Moreover, the techniques have to be sensitive and selective, because the concentrations of
engineered NPs in the environment, including WWT plants (WWTPs), are in the ng L
rangeg’ ’  whereas the concentration of naturally occurring particles is many orders of
magnitude higher and these particles sometimes contain similar elements as the NP of
interest'’. Single-particle inductively coupled plasma mass spectrometry (spICP-MS) is
currently the only technique where specific analysis of number-based PSDs of NPs in
environmental samples is possiblelo. The ion clouds produced by individual NP or NP
aggregates in the ICP plasma are detected at a fast rate, after which the mass per ion cloud can
be calculated into corresponding spherical diameters (d,4) assuming a particular composition
of the NP and the number of ion clouds into ¢,". ICP-MS is element-specific and sensitive for
Ag and can thus measure mass distributions of relatively small Ag containing NP in the
presence of many other particles.

The Fast Acquisition Speed Technique (FAST) was used to extend the capabilities of spICP-
MS in this work. The presence of a dissolved background or carry-over can increase the size
detection limit (DL;) of spICP-MS, because small particles generate similar signals to
dissolved ions®. Conventional spICP-MS typically uses dwell times (Z4,.1), i.e. the time over
which ion clouds are measured, in the order of a few ms. In FAST mode, the 4.y iS even
shorter, typically 30 ps, so that more than one data point per ion cloud is obtained. The
authors previously developed an algorithm to distinguish dissolved ions from small
nanoparticle events in FAST data, a procedure that can reduce the size detection limit''.
Moreover, FAST has a more extended linear range in terms of particle number
concentration'" '? than conventional spICPMS, because especially at higher concentrations,
more than one ion cloud formed by particles can arrive at the detector during the long #4,.1
used in conventional spICP-MS.

Using spICP-MS, NPs have previously been detected in freshwaters” > and WWTP
effluents® °, but the present study is the first to use spICP-MS for studying time-dependent
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processes of AgNP in a WWT mesocosm. The goal was to investigate the time-dependent
changes in AgNP mass distribution during WWT. It is already established that, in general,
most of AgNP are sulfidized and become aggregated and removed with the sludge. However,
less is known about the size dependency of this process. With FAST spICP-MS there is
potential to reach size detection limits (DL;) as low as ~ 5 nm and therefore to probe at least
part of the size range where the particles’ physical properties change rapidly with size.

Experimental

Chemicals. A suspension of 40 nm nominal diameter citrate coated AgNP was obtained from
BBI, UK. The dissolved Ag, In, and Au standards (Ultra Scientific, RI, USA) for
spectrometer tuning and calibration were diluted in ultrapure water from 1000 ppm solutions
in 2 % HNO;. A certified 60 nm CRM Au NP suspension was purchased from NIST
(Gaithersburg, MD, USA) for nebulization efficiency (f,.») determination.

spICP-MS analysis and data treatment

Calibration and particle characterization. The ICP-MS instrument tune parameters were
optimized using dissolved In standards. The instrument tune and calibration parameters, and
sample introduction components are given in Table 1. The nebulization efficiency, f,., was
determined based on the NIST 60 nm Au NP according to the size method by Pace ef al.’.
The ICP-MS was first calibrated using dissolved Au standards followed by a measurement of
10° times diluted (in water) dispersion of the 60 nm Au NP. The assumed f,., was adjusted

%g during calculations until the measured spICP-MS number-average d, of the NIST 60 nm
30 CRM Au particles matched the certified number-average based diameters, as measured by
c°31 Electrospray Scanning Mobility Particle Sizer, SEM, and TEM. For the measurement of
32 AgNP ¢, and PSD the ICP-MS sensitivity was calibrated using dissolved Ag standards (0.03,
;33 0.1, 1,2,5, and 10 pg L'l) that were measured at the same measurement settings in water or
ig WWTP liquor (Table 1). A Burgener nebulizer'’> was used, a nebulizer that is adapted for
36 introducing particles into an ICP-MS'®.

%g Data acquisition. All measurements were carried out on an Element 2 (Thermo electron,
B9 Bremen, Germany) sector field ICPMS instrument. A FAST data acquisition method'' with
40 the Zs0 set to 0.1 ms was used for all measurements of AgNP samples. Calibrations were
41 carried out using a 10 ms #.;. For each sample 300000 — 350000 dwells were acquired to
jé monitor the signal during at least 30 s.

44 Data analysis. The data was processed in matlab 7.11 software. A data treatment algorithm
jg described elsewhere'' was used to distinguish peaks due to NP from the dissolved analyte
47 signal. In short, the algorithm is an adaption of the iterative outlier detection algorithm® for
48 datasets generated by rapid data acquisition, were the particle events may be spread over
49 several dwells. Its parameters were optimized using the same AgNP colloid and
50 instrumentation as in the study by Tuoriniemi et al.''. The algorithm identifies peaks by
g; locating zero crossings of the derivative (i.e. where the derivative (slope) changes from
53 positive to negative) and requiring the intensity at the same time to exceed a predefined
54 number (n=35) of standard deviations of the dissolved background signal. The peak dwell, and
55 a set number of dwells (w=3) surrounding it are considered as part of the particle event and
56 removed from the dataset. This procedure is repeated until no more peaks are detected. If the
g; dissolved background signal is low enough for the detection threshold to fall below 2 ion
59
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counts, the algorithm resorts to cluster detection for identifying the smallest particles. The
criterion for detection is that at least M = 4 ions should arrive in patterns characteristic for
Gaussian particle events. Although it was previously shown that M = 2 can be sufficient for
distinguishing particles with diameters close to the DL;, a higher value of 4 was used in this
study to minimize the frequency of false positives.

To summarize, the ions arriving during the +w dwells surrounding an identified particle event
are assigned as particle bound Ag, while ions that cannot be associated with particles are
considered to originate from dissolved Ag. Because dissolved Ag arrives simultaneously with
particles, the average dissolved Ag signal is subtracted from the particle bound Ag signal
intensities. The particle-bound intensities are thus integrated per particle event and the
integrated intensity is calculated, using the calibrated nebulization efficiency into a
corresponding spherical diameter, i.e. a spherical shape is assumed for calculating diameters
from the Ag mass per particle event. Note that both Ag’ and e.g. Ag,S composition can be
assumed during this calculation as single-element spICP-MS does not provide info on the
composition of each particle.

Table 1 Typical values for ICP-MS tune and calibration parameters

Sample gas flow rate 0.520 ml min™

Auxiliary gas flow rate 0.75 ml min™'

Cool gas flow rate 15.01 ml min™

Sample uptake rate 0.48 ml min™

RF power 1205 W

Nebulizer Burgener Mira mist

Spray chamber 4 mL Cyclonic (Glass expansion)
Torch Fassel type (Thermo Finnigan)
Sample cone Nickel 1.0 mm orifice diameter
Skimmer cone Nickel 0.8 mm orifice diameter
Sensitivity 4.6*10" (counts g Ag in pure water)
Nebulization efficiency 0.88 %

Waste water treatment plant mesocosm
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Waste water treatment process. The secondary treatment process used at the GRYAAB'
WWTP in Gothenburg was emulated on a laboratory scale by letting primary treated sewage
spiked with AgNP pass through a mesocosm where the conditions were as close as possible to
subsequently the anoxic, oxic, and settling stages used at the secondary treatment of the plant.

The process at the plant can be outlined as follows. After coarse filtering of the raw
wastewater and sedimentation of large debris in the primary treatment, iron sulfate is added as
a flocculating agent. The primary treated wastewater is mixed with recirculated activated
sludge (RAS) of the secondary treatment and recirculated effluent from a nitrification
trickling filter. This mix then undergoes anoxic, and then oxic conditions where air is pumped
into the reactor achieving ca. 2.5 mg L™ of dissolved oxygen. This is followed by a settling
stage where the flocks are allowed to settle and the cleared effluent flows to further treatment
(nitrification, phosphate removal, denitrification and filtering) and the settled sludge is either
recirculated to the oxic treatment as RAS or removed for further treatment and eventually
disposed - for example to be used as fertilizer.

WWTP Sampling.

Because the mesocosm set up here is not a continuous system where sludge is recycled it
requires realistic RAS. It is nearly impossible to produce RAS that bears any resemblance to
that produced at an actual WWTP. Therefore it was chosen to sample the relevant fractions,
primary treated wastewater, nitrification effluent, and RAS from GRYAAB and mix them in a
mesocosm. A disadvantage is that the WWT process cannot be finely regulated to e.g.

gg investigate specific chemical influences such as pH and ionic strength, i.e. the composition of
%O the WWTP fractions was a given. This choice may limit the potential to generalize from the
g; current study to other WWTPs.

33 Five experiments were carried out in which the liquor for the microcosm experiment was
34 created by mixing outflow from the primary wastewater treatment, RAS, recirculated
%g nitrification trickling filter outflow and iron sulfate in the same proportions as at the WWTP
%7 achieving a TSS as in the secondary treatment at the plant at the day of sampling. It was
38 chosen not to sample RAS from the outflow of the secondary clarifier, because preliminary
B9 experiments showed that the settled sludge was much less active compared to sludge
40 suspension taken before the clarifier. So, the final settling stage was simulated in the
j; laboratory in an Imhoff cone before the beginning of the experiment and sludge was collected
43 from the bottom of the cone to achieve the TSS concentration that was measured in RAS of
44 the plant at the day of sampling. This allowed the simulated RAS to be fresher and therefore
45 more realistic than if already thickened RAS had been collected and then stored for the time
46 needed to return to the laboratory and set up the experiment. The high biological activity of
j; sewage sludge means that sample characteristics can change significantly in a short period of
49 time. Therefore, care was taken to keep sample storage to a minimum and all sampling
50 occurred less than 2 hours before the start of the spICP-MS measurements. To protect the
51 ICP-MS from large fibers coming mainly from toilet paper the WWTP samples were filtered
gg through a 0.1 mm mesh prior to the settling stage described above.

54 Spiking of AgNP. The 40 nm AgNP stock suspension was sonicated to break up any clusters
gg of NP and spiked to a concentration of 5, or 50 pg L™ into the WWT mixture at the beginning
57 of the experiment. The anoxic stage was simulated by gently stirring the mixture in a glass
58 beaker for 180 minutes while measuring dissolved oxygen using an oxygen probe. The
59
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sample was then transferred to a plastic Imhoff cone for 120 minutes of oxic treatment. Here,
air was pumped into the sample while continuously measuring dissolved oxygen using a
probe, to maintain a dissolved oxygen concentration of ~ 2.5 mg L', which is the operating
oxygen concentration at the WWTP. Finally, the air was turned off and the sample was
allowed to settle for 100 minutes in the cone, simulating the clarifier stage. The following
parameters were monitored during these experiments: temperature, reactive phosphate,
nitrate, nitrite, bromide and chloride, pH, conductivity, and the dissolved oxygen
concentration. Phosphate was measured with the molybdenum blue method, and the anions
were measured using ion chromatography. The pH, conductivity and dissolved oxygen were
measured using electrodes.

spICP-MS in WWTP liquor. High rates of carbon deposition on the sampler cone lead to a
gradually decreasing sensitivity during the mesocosm experiments. Ag standards were
therefore measured in pure water between the wastewater samples to correct for sensitivity
drift which was calculated by linear interpolation. Experiment 1 was conducted with a spiked
AgNP concentration of 5 pug L™ and the sensitivity calibration was done with Ag standards
dissolved in pure water. The procedure was changed for experiments 2 and 3, because the
measurements failed several times due to the high solids deposition rate from the concentrated
WWTP liquor. A higher concentration of AgNP (50 pg L) was used so that the mesocosm
samples could be diluted 5 times immediately before measurement to lower the TSS
concentration. It was not an option to only dilute 5 times without increasing the AgNP dose,
because the sensitivity would not have been high enough to measure a statistically significant
particle number within the time constraints of the ongoing mesocosm experiment that is
producing samples continuously. For experiments 2, and 3 the Ag sensitivity calibration was
carried out in the 5 times diluted WWTP liquor instead of pure water, but the correction for
sensitivity drift was still carried out in pure water because the properties of the WWTP liquor
change during the experiment.

Results and discussion

Chemical parameters. Some monitored chemical parameters are shown in Table 2. Other
measured parameters ([O,], Reactive phosphate, [Br], [FT], [NO5*], [NO,*], [CIT, [SO42'])
are shown in supporting information (SI). The properties of the WWTP mixture in terms of
pH, conductivity, and chemistry were similar for all three experiments, except for the TSS,
which was considerably lower during the first experiment. This was because the RAS flow at
the WWTP into the anoxic stage, that provides most of the TSS, was considerably lower than
normal at the time of sampling.

The oxygen content dropped to ca. 0.1 mg L almost immediately during the anoxic stage in
experiments 2, and 3, whereas it took ca. 30 min in experiment 1 to decrease to such levels
from the initial 5.5 mg O, L' (SI). This was probably because of the relatively low TSS. The
oxygen level was kept stable around 2.5 mg L' during the anoxic treatment by adjusting the
air flow through the suspension, whereas the oxygen concentration decreased again during the
settling stage, albeit slower than during the anoxic stage (SI).

The reactive phosphate concentration decreased, and most of the nitrite and all nitrate was
depleted during the anoxic stage. This indicates that the microcosm was microbially active
throughout all experiments with microorganisms using nitrate as electron acceptor and using
phosphate to grow. The explanation for the higher Br™ to CI ratios in experiments 2, and 3 is
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probably the higher RAS content that is enriched in Br™ released from decomposed biological
matter'®. In summary, it can be argued that the microcosm experiments demonstrated
chemical conditions similar to actual plants.

Table 2 Chemical parameters at the start of the microcosm experiments in undiluted mixed
WWTP samples.

Experiment Spiked Ag Conductivity pH TSS

concentration (puS cm'l) (%)
(gL
1 5 900 73 0.7
2 50 1050 7.1 24
3 50 1060 7.0 23

Sensitivity and size detection limit. The DL, for AgNP detection as a function of time during
experiments 1, 2, and 3 are shown in Fig. 1. The decreasing sensitivity clearly had a profound
effect on the DL;. In conventional spICP-MS, the DL; is often determined by the dissolved
background®. Here the #s,; was much lower, and the dissolved signal was therefore low
enough for the DL to be determined by the sensitivity of the instrument. The DL, in the
current study is the d,, of a large enough particle to deliver 4 ions on average to the detector,
so that the particle event can be recognized as a Gaussian cluster. The sensitivity was
considerably higher in experiment 1 (DL; ~5.4 nm) and fluctuated less as a function of time
compared to the two other experiments (DLs ~ 30 - 40 nm) despite the 5 times dilution
bringing the TSS down to similar levels to experiment 1. The main reason for this was
deposition of solid material on the sampler cones. Despite the correction for drift, the
accuracy in determined sizes and concentrations for experiment 2, 3 were most likely reduced
compared with experiment 1. These experiments were terminated when the sensitivity
deteriorated after > 200 min, because the DL; became very high and very few Ag particles
could be detected any more (Fig. 1).

80 -
70 - o
60 o © Experiment 1
'g 50 1 O Experiment 2
< 40 - D“
J P
Experiment 3
® )
2 ﬂ%&m
a
10 A1
o
O ? °I l° L] 1
0 100 200 300 400
Time (min)

Fig. 1. The DL, during the mesocosm experiments.

The sensitivity of an ICP-MS is proportional to the product f.cp*fion *firans, With fion being the
fraction of analyte converted to singly charged ions in the plasma, and f.ns giving the fraction
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of these that eventually reach the detector’. In conventional ICP-MS, it is often enough to
calibrate for sensitivity in the same matrix as the samples to compensate for matrix effects.
However, to calculate accurate values of ¢, and d,,, with spICP-MS8 one would need to
determine both f,.; and fion *firans in the same matrix, and then separately monitor the drift in
these parameters to accurately calculate the corresponding spherical size of the NPs at all
measurements times.

Organic loadings. The high organic loadings in the WWT samples may have increased or
decreased f,.» and ﬁonw. Surface tension is the main parameter controlling f.; of solutions of
non-volatile organic compounds'®. The WWTP liquor contains surfactants and the resulting
lower surface tension might improve f;e;', but at the same time the particles that are large
enough to be removed in the spray-chamber are wetted and may reduce the f,., by taking
water with them to the spray-chamber waste flow”’. A high organic load requires increased
plasma energy to break the organic compounds. This effectively quenches the plasma,
reducing f;,,, and more so if the organic loading is higher’'. While the f;,, and f;.; are thus
both relatively sensitive to organic loading, f;.,s is most likely affected much less. Liu and
Beauchemin®' found that whereas the intensity of ions in the presence of organic solvents was
lower compared to 1 % nitric acid as a solvent, only addition of solvents with low boiling
points resulted in a different spatial radial profile of ions generated in the plasma, because
they evaporate earlier from the water. Ag ions measured in WWTP samples thus probably had
the same radial profile compared to Ag in clean water and thus a similar f;,,,,, albeit that a
lower proportion was ionized. The f.ns Will however decrease when sampler cone openings
are narrowed by deposition of solids.

Because f,., was too low to be measured by the waste collection method it was assumed in all
experiments that its value was equal to that in pure water. If its value in WWTP liquor was for
instance smaller, the ¢, would be underestimated. The sensitivity calibration for experiments
2, and 3 was done in WWTP liquor diluted to the same concentration as the samples. The Ag
sensitivity was 20-30 % of that in pure water. By matrix calibrating regularly, the decrease in
sensitivity can be compensated for, but the ¢, and d,. can still not be calculated with full
certainty, because the contributions of f,ep, fion, and firans cannot be distinguished from each
other. However, the matrix calibration still served the purpose of establishing boundaries for
the expectable magnitude of errors. For instance, any error in fion *firans 1S propagated as their
third root to the dpmg. Therefore, it is unlikely that ignoring the 80-70 % drop in sensitivity in
waste water would ever cause the d,,, to appear more than 30-40 % smaller than their actual
size, even in the worst case when f,,.;, equals to its value in pure water. The regular
measurement of Ag standards during the mesocosm experiments was most likely enough to
compensate for the drift in fi.,s due to sampler cone blockage, because the buildup of
contamination occurs on slower time scales than the measurement of a single sample.

Evolution of the AgNP size distribution. Fig. 2 shows the evolution of the distribution of
the corresponding equivalent spherical diameter (PSD) during experiment 1. Even though
spICPMS measures the mass of Ag per particle, the PSD provides are more intuitive way of
representing spICPMS results. Such a representation requires an assumption on the shape and
composition of the particles. In this case, spherical metallic silver was used, but implications
of other compositions are discussed further. The PSD measured in ultrapure water prior to
spiking is broad and has a modal value close to its nominal average diameter of 40 nm. There
is a tail in the PSD that disappeared upon spiking to the mesocosm. This tail thus most likely
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contained loose agglomerates that were re-dispersed upon spiking in the WWT liquor,
because FAST spICP-MS has nearly no artefacts of double particle events, which in
conventional spICP-MS could for the measured ¢, cause tails in the PSD at larger particle
diameters'' "% It can be calculated that the corresponding spherical diameter of aggregates
consisting of n particles each having diameter d equals n'? dparr. The corresponding spherical
diameters of doublet or triplet aggregates of 40 nm are thus 50.4 and 57.7 nm respectively.

1
2
3
4
5
6
7
B
QQ
B
<0 The tail of particles at ca. 50 nm in pure water therefore suggests that the stock dispersion
g'; initially contained doublets, which were re-dispersed in the WWTP liquor. The doublets were
3 possibly loosely aggregated and were re-dispersed because of shear and/or the presence of
[§_4 stabilizing dissolved organic matter (DOM).
15 ;
A6 120 - In ultrapure water]
gig 80 - :
39 40 - ]
§0 0 : r PR T I ]
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%2 80
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43 Fig. 2. Evolution of the AgNP size distribution during experiment 1.
44
45 The modal diameter of the 40 nm particles did not decrease during the mesocosm experiments
p g p

46 but stayed close to its value measured in pure water (i.e. 40 nm). This indicates that matrix
j; effects did not significantly affect the spICPMS measurements. The tail of large particles
49 found in the spiking suspension returns as the AgNP re-aggregate during the WWT process.
50 Note that doublets cannot be distinguished from two individual particles hetero-aggregated on
51 the same sludge particle, not even in FAST spICP-MS. Fig. 2 therefore suggests hetero-
52 aggregation with AgNP gathering on the same sludge particle, because homo-aggregation of
53 AgNP is unlikely given the relatively low AgNP concentration added to the WWT liquor,
54 g y g y g q
55 whereas attachment rates of NPs to WWT sludge are known to be high®*. The PSD fell
56 partially below the DL, in experiment 2 and 3. Furthermore, the ¢, are accurate only for d,u.
57 significantly exceeding the DL,. This is both because the relative number of false positives
58
59
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increases for particle sizes close to DL, and the probability for a particle that enters the plasma
to produce a detectable event decreases' .

It is unlikely that the 40 nm AgNP were still pristine AgNP throughout the WWT process.
Several studies have emphasized fast sulfidation kinetics of AgNP during a WWT proces523, a
process that has been observed to occur without prior dissolution of the AgNP**?°. The mass
of silver per particle thus remains the same which explains why the modal diameter does not
decrease. The HS ™ concentration during the mesocosm experiments was not known. However,
it is plausible that sulfidation did occur given that the chemical parameters measured were
representative and that there were ongoing microbial degradation of the waste producing HS".

Fig. 3 shows the evolution of the modal value of the second peak at 5-10 nm that started to
form almost immediately upon spiking AgNP into the WWT liquor and then grew in modal
diameter during the experiment. Note, again, that spICP-MS measures corresponding
spherical diameters calculated from the total Ag mass that arrives simultaneously. Such small
AgNP can therefore possibly originate from dissolved Ag adsorbed to relatively large
suspended organic particles. A simple calculation (see SI) based on the density of adsorption
sites for metal ions®’ suggests, however, that this is unlikely.
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Fig. 3. The evolution of the modal metallic Ag equivalent spherical diameter of small NP
during the WWTP process.

The small peak therefore originated more likely from Ag,S, or alternatively AgCl particles,
that precipitated from dissolved Ag. The equivalent spherical diameters of Ag,S and AgCl
would be ~ 8 % and ~ 12 % larger than metallic Ag, which is within the range of uncertainty
in these measurements and does not alter the conclusions that could be drawn from Figs. 2,
and 3. A fraction of the Ag particles in a AgNP colloid always occurs as dissolved Ag that can
precipitate very fast with sulfide ions during WWT. Note that, although significant in number,
this peak did never contain more than 2 % of the total mass of Ag.

Figs. 2, and 3 shows that the freshly formed AgNP remain almost constant in number
throughout the experiment, whereas the 40 nm AgNP (Figure 2) clearly decrease in number
over time. There appeared to be loss of the latter particles during all three stages (anoxic, oxic
and clarifier). The spICP-MS cannot show whether the AgNP are associated with sludge or
not, but most likely they were, because all previous studies on AgNP fate in WWTP have
shown a fast partitioning of AgNP to sludge particles™. What has not been studied, though, is
whether the attachment rate between sludge particles and AgNP depends on size. This relation
is not only poorly understood for the case of sludge. Higher attachment rates are theoretically
expected for smaller particles” ", but experiments with algae®' or deposition in
heterogeneous media®>™ have shown that small particles are attaching less efficiently
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compared to larger NPs, a phenomenon that has been attributed to the occurrence of a
secondary energy minimum or, that smaller nanoparticles are assumed to be more sensitive to
surface roughness and heterogeneities. Another explanation for the unexpected stability
comes from assuming that the flocs surfaces are best described as a mesh of polymeric strands
rather than hard spheres. Larger particles can, because of their dimensions, interact with more
strands and binding sites. The association with the flocs by multiple bonds becomes stronger
in a way analogous to the chelate effect’® upon complexation of metal ions. In any case, the
interactions between NP and waste water flocs requires further investigation as it bears
relevance to the subsequent fate of engineered NP.

Evolution of AgNP concentration over time. Fig. 4 shows the ¢, and ¢,, of particle bound
Ag during the mesocosm experiments. The scatter in data is significant. A statistically
significant number of particles®® were detected in most of the measurements so the scatter was
probably caused by the complex heterogeneous matrix. During a typical measurement ~ 0.5
mL of sample is nebulized of which only ~ 2.5 pL enters the plasma. The precision of
graphite furnace atomic absorption spectrometry was found to be dependent on the sample
mass for such small volumes of slurry samples®®. The same is probably also true for ICP-MS
spectrometers. For experiments 2, and 3 the fluctuating DL; also overlaps with the PSD.

350 1,E+06 -4
—~300 - * * Particle bound Ag c
o Experiment 1 m Dissolved Ag 2 _ 8E+05 Experiment 1
2250 y = 2.89E+02e-625603x 5 y = 6.83E+05e-445E-03x
£ 200 4 1 S E 6,E+05 y 1
2 1 23 1
. . 8 N
£ 150  Sedimentation S 2 4405 - Sedimentation
5 1 . 1 ] £y
o 100 | 1 . * o 2 a
5 . . E — 2E+05 ol
S so -Anaerobic Aerobic 2 YT Anaern bir Aporabic -
1 \ - AriuciIuwvi MCciruwvic |
o /mfigm  mm = ' = = 0E+00 T A
0 100 200 300 400 _— 100 200 300 400
9000 - Time (min) ! + Time (min)
28000 . c  8E06 :
S 000 Experiment 2 2 7E+06 - EXperiment 2
- = -1.936-02x @ = -1.53E-02x
S6000 | o y =4.45E+03e £% 6r06 = 4.64E+06e
1 . . o
= 5000 . . Sedimentation 2 » SE+06 - 46 .1 Sedimentation
g | Anaerobic | | ST 4p0s [\ Anaerobic i
3 4000 . . bl | 1
$3000 | * * ! | 2§ 3k : !
£ 2000 : 3 2406 - : f\erob/c :
S 1000 - \ 1,E+06 * |
0 : , ‘ — ! ‘ 0,E+00 S —— S
0 50 100 150 200 0 50 100 150 200
1200 - Time (min) i B Time (min)
7 1000 Y Experiment 3 < 1e+07 + Experiment 3
g . y = 9.54E+02e310E02x 8 y = 1.12E+07-346E-02x
= 800 -\ Anaerobici ® & LE+07 .
kS " £ 3 Anaerobic
2 600 : Sedimentation g, 85406 Sedimentation
8 . 8 3 6,E+06 1
2 400 ! Aerobic ! 5 € Aerobic |
L | ! 2 & 4E+06 1
B 1 1 EZ & :
& 200 I ! 2 2406 .
I . 1 * .
0 + T T 0,E+00 +————7 T >
0 100 Time (min) 200 300 0 100 Time (min)200 300

Fig. 4. The concentrations of AgNP during the mesocosm experiments fitted with an
exponential decay.
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During experiment 1, the ¢,, decreased by 100-200 ng L™ over the course of the experiment
(Fig. 4). As discussed earlier, there were no indications that the AgNP had dissolved, and such
a loss in particle bound Ag would have been matched by a corresponding increase in the
dissolved concentration. Instead the c,, of the dissolved fraction including also the population
of small AgNP remains at levels < 15 ng L. Furthermore, because the ¢, of NP measured by
spICP-MS do agree with reference values obtained by other methods,” adsorption on
container walls are unlikely to play any significant role on the timescale of the experiment.
The missing particles therefore, as argued earlier, aggregated with flocks and escaped
detection by being too large to pass the spray chamber.

Note that the decreasing concentrations cannot be only an artefact of lowered f,., or fion
because in such case, the modal d,,, would decrease with f;,,, and the f,., and concentrations
would probably recover when the TSS drops during the sedimentation stage, but none of this
is observed.

Because of the scatter in data, the trends are easier to visualize if the concentrations are fitted
with a suitable function. The size distribution of flocs in a given shear field and TSS
concentration attains a steady-state condition following a transitory period of attachment and
detachment, after which the size distribution is relatively stable over time’’. Because the ¢, of
suspended particulate matter in the WWTP liquor is much higher than that of the spiked
AgNP, it is possible that the aggregation of AgNP to flocs too large to pass the sample
introduction system is best described by first order kinetics. This would result in an
exponential decay of the ¢, and ¢,. Such functions were fitted in Fig. 4 to the concentrations
during the anoxic and oxic stages. The concentrations at the sedimentation stage were not
considered during the fitting, because contrary to the anoxic and oxic stage, the concentration
of TSS and Ag attached to them decreased because of the additional process of sedimentation.
The exponential functions described the trends relatively well. The half-lifes of the ¢, and ¢,
of AgNP calculated from the fitted exponentials are shown as a function of TSS in Fig. 5. It
seems that the AgNP were removed faster in experiments 2 and 3, because of the higher
concentration of flocs, and because flocs tend to be larger at high TSS and therefore less able
to pass the spraychamber3 7. The half-lives measured for the similar experiments 2 and 3 are
relatively close to each other.

250 -
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Fig. 5. The half-lives of the AgNP as a function of TSS.

Conclusions
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The fate of AgNP was studied by FAST spICP-MS in mesocosms simulating a WWTP
process. To our knowledge, sp[CP-MS measurements have not been conducted in such
demanding matrices before, and this study gives therefore an account of the difficulties and
practical considerations necessary for characterizing samples with a high solids content. It
was possible to obtain information on the mass distribution, and the ¢, and ¢,, of AgNP that
were free or aggregated with flocs small enough to pass the spray chamber. Measuring the
mass distribution that gives an indication of the dimensions of Ag containing particles, can
complement earlier* WWTP fate studies focusing on mass concentrations and speciation. The
particles were not dissolving, which is in accordance with earlier studies suggesting that the
particles are sulfidized directly instead of a dissolution/reprecipitation mechanism. Most of
the AgNP probably aggregated with flocs, agreeing with earlier studies concluding that AgNP
tend to partition to the sludge. However, this mechanism appeared size-dependent as there
were < 10 nm particles that may have partitioned less efficiently to flocs during the
experiments. Relatively smaller NP are thus potentially removed less efficiently compared to
relatively larger particles, which should be confirmed in further experiments as it has
implications for the fate of NPs that travel through WWT during their environmental lifetime.
The fate of engineered NP released into natural water systems after passing or circumventing
WWTP is also governed by heteroaggregation and subsequent sedimentation with the native
particle population®®. Small particles that are highly stable with respect to aggregation are
therefore at risk of being somewhat more persistent in the environment.
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