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ABSTRACT: Quantitatively monitoring the presence of engineered, natural, or incidental nanoparticles (NPs) is essential to
understand their potential environmental and ecotoxicological implications. In particular, a significant number of NPs may travel
through wastewater treatment plants (WWTPs), as a conduit to their release to the environment, either in treated effluent or in
wastewater sludge (biosolids). Here we developed a fast and simple protocol for full quantitative multielement analysis of metallic or
metal-containing NPs in wastewater and sludge samples via single-particle ICP-MS. We employed centrifugation to separate NPs
from wastewater sludge, with high recoveries (>84%) for Au and Ag NPs, which have rather high densities (19.3 and 10.5 g cm™3,
respectively). In wastewater samples, particle mass concentrations ranged from <1 ng/ L for Cd-based NPs to almost 100 ,ug/L for
Mg particles. Particles from most elements detected in wastewater were <100 nm in size, although TiO, in raw wastewater was
around 250 nm in size, and Mg was >1500 nm in size, well beyond the nanoscale. The efficiency of removal of NPs throughout the
WWTP was significantly dependent on the type of metal-containing particles and the influent concentration.

KEYWORDS: multielement spICP-MS, wastewater, sludge, nanoparticle, separation, retention

B INTRODUCTION

Over the past decade, knowledge about the potential

there is a clear need to measure actual concentrations, to
validate models and assumptions.

Within the WWTP, the average hydraulic retention time
(HRT) from pretreatment to secondary clarifier is typically 6—
24 h,'° and the sludge retention times (SRT) could be up to
14 days.17 Because the NPs are subjected to a number of

implications of engineered nanomaterials (ENMs) has grown
at a fast pace, generating the ability to make predictions about
their potential human and ecological risks.'™” However, the

ability to reliably detect and quantify the presence of

18—=21 . . . . .
pIOCESSES, ll'lCIl.ldlIlg agglomeratmn, aggregatlon, coatmg

nanoparticles (NPs) in the aquatic environment and in
anthropogenjc flows to the environment has proven to be
much more challenging. Thus, evaluating model predictions
with reliable measurements is key for improving our under-
standing of the risks posed by ENMs.

The increasing use of ENMs in common consumer
products, such as food and personal care prochlcts,8_ll is a
cause for concern. After the use of these products, the
embedded ENMs enter the wastewater stream and eventually
pass through the sewer systems and wastewater treatment
plants (WWTPs).">""° Although material flow analyses can

generate predicted environmental concentrations (PECs),"
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with organic matter, and transformations (via both dissolution
and redox processes), only a small fraction of the initial NPs in
consumer products generally remains in the treated effluent,
while the majority is transferred to the sludge, in many cases,
significantly transformed.”” Although a number of recent
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studies have measured NP concentrations of a few elements in
treated effluent,”>** only a few studies have applied the szpi(:ll
MS for the quantification of NPs in wastewater sludge™ and
biosolids.”® Because the microorganisms involved in waste-
water are artifacts during quantification of NPs, imaging the
NPs in the sludgew’28 or biosolid samples29 via electron
microscopy is a reproducible approach to confirm the presence
of NPs in such media but limited for quantification. Therefore,
there is also a need to exclude the biomass involved in
wastewater treatment to quantify the NPs in wastewater. Some
studies have indicated that filtration prior to spICP-MS reveals
adsorptive loss of the NPs,>”*' which influence the
concentration measured of NPs. New approaches to separate
the biomass from NPs should be conducted.

Because PECs of NPs in the effluent of WWTPs are
predicted to be in the range from nanograms per liter to
micrograms per liter,”'”'* it has been a major challenge for
conventional NP characterization methods to detect them and
provide accurate, quantitative concentrations. Dynamic light
scattering (DLS), transmission electron microscopy (TEM),
and differential centrifugal sedimentation (DCS) cannot
practically achieve these low concentrations; nanoparticle
tracking analysis (NTA) can detect NPs in this range but
provides no information about NP composition. Single-particle
inductively coupled plasma mass spectrometry (spICP-MS)
has gone from being a technique developed in a few research
31735 o a viable approach applied in many
laboratories for detecting metallic NPs in many matri-
ces 233036~ spICP-MS provides the mass and number
concentration of NPs, the background dissolved ion concen-
tration, the size of the NPs (assuming a spherical NP, which
may not be accurate), and the elemental mass fraction.
Detection is best at low concentrations (nanograms per liter to
micrograms per liter), making it ideal given the PECs; it
actually requires dilution if the samples are expected to be at
higher concentrations.

Until recently, spICP-MS could detect only a single element
per run. The user would have to select a specific element and
isotopic composition for the NP of interest. However, most
environmental samples, including wastewater and wastewater
sludge, usually contain very diverse NPs, with different
elemental and/or isotopic compositions. Although the sample
can be run several times to detect NPs with different
elements,” this entails a much longer analytical time. The
ability to detect more than one element, or several isotopes of
a given element, can help to identify the source of the NPs.
ICP coupled with time-offlight mass spectrometry (ICP-
TOFMS) is an alternative solution to overcome the single-
isotope restrictions of conventional ICP-MS instruments for
spICP-MS analysis.*” spICP-TOFMS can be applied to detect
different NPs simultaneously, with some trade-offs such as data
analysis, a lower sensitivity for some elements, and drift.”

Given the fast acquisition time of state-of-the-art ICP-MS, it
has recently become feasible to collect signals for up to 16
different elements or isotopes consecutively in the same sample
run (sequential acquisition within 100—500 us). " Just as in
single-element analysis (i.e, only one element collected in a
run), data needed to estimate particle size, particle
concentration, and particle distribution for each element can
be collected at the same time, with only a need to have the
computing power to extract the information from the acquired
signals. Compared to acquiring NP data separately for each
element of interest,g’5 the multielement approach simplifies the

laboratories

analytical protocol and shortens data acquisition and
processing times considerably.

In this study, we applied multielement spICP-MS to detect
and quantify NPs within real wastewater and wastewater sludge
samples. We developed a simple sample pretreatment of sludge
to separate the NPs, which we validated with recovery studies
of high-density NPs. We then determined the presence of 13
different common types of metal-based NPs in the wastewater
treatment process, including the aqueous streams and the
sludges.

B MATERIALS AND METHODS

Reagents. Ultrapure water (deionized) was obtained from
a Barnstead NANOpure water purification system (Thermo
Scientific, Boston, MA) and used throughout this work. Nitric
acid (67—70% HNO;) of ultrahigh purity for quantitative trace
metal analysis at the parts per trillion level (BDH Aristar Ultra
grade) was used to prepare ionic calibration standards.
Certified individual ICP-MS ionic calibration standards
containing 100 mg/L gold (Au), 10 mg/L silver (Ag) in 2%
HNO;, and a multielement calibration standard containing 10
mg/L aluminum (Al), cadmium (Cd), cerium (Ce), cobalt
(Co), copper (Cu), iron (Fe), magnesium (Mg), manganese
(Mn), nickel (Ni), titanium (Ti), and zinc (Zn) in a matrix of
5% HNO; were purchased from Agilent Technology (Santa
Clara, CA).

Nanomaterials. Two gold NPs, with nominal diameters of
60 + 4 and 30 + 3 nm, and one silver NP, with a nominal
diameter of 60 + 4 nm, were purchased from nanoComposix
(San Diego, CA) as bare, dispersible, gold, and silver
nanospheres in aqueous solution (2 mM sodium citrate).

Wastewater and Waste Sludge Samples. Wastewater
and waste sludge samples were collected from a WWTP in
southern California. Samples were collected from six points
within the treatment process (as shown in Figure S1): (1)
influent, (2) postprimary, (3) secondary effluent, (4) reclaimed
after ultrafiltration, (S) waste sludge from secondary treatment,
and (6) anaerobic sludge from the sludge digester. Poly-
ethylene containers (1 L) with polypropylene caps were rinsed
and stored in plasma pure grade nitric acid (10%) overnight
before the sampling day. On site, the containers were rinsed
three times with the respective wastewater or sludge samples
before they were filled, and samples were stored at 4 °C until
their analysis by multielement spICP-MS and physicochemical
characterization.

Separation of NPs from Wastewater Sludge. To
separate the NPs from sludge, the samples were centrifuged
at different speeds (2500, 5000, and 10000 rpm, equivalent to
949g, 3796g, and 15180g, respectively) and times (5, 10, and
20 min) in a superspeed centrifuge (RC-5B plus, Sorvall) with
a fixed angle (23°) rotor (SLA-1500, Thermo Scientific).

Au NPs, used as reference materials, were spiked into
wastewater sludge samples before and after the separation
process, to obtain pre- and postseparation spike recoveries, and
determine the optimal conditions for separation. Two different
sizes of Au NPs (30 and 60 nm) were spiked into the
wastewater sludge samples to evaluate the optimized
separation method for recovering different size ENMs. The
concentration of Au NPs spiked into the samples was 100 ng of
Au/L. After centrifugation, the supernatant was analyzed via
multielement spICP-MS. The recoveries were calculated using
eq S1.
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Figure 1. Size distribution of 60 nm reference materials in DI water measured in multielement spICP-MS mode: (A) Ag NPs and (B) Au NPs.
Frequency indicates the number of detected NPs in each particle size bin, normalized by the most frequently detected particle size. A minimum of
100 particles were considered, and in some cases, >1000 NPs were measured.

Table 1. NP Centrifugation Conditions and Recoveries for Au Spiked into Sludge (n = 3 for each condition)”

precentrifugation spike

postcentrifugation spike

centrifugation speed centrifugation time recovery recovery
rpm) (min) median size (nm) mean size (nm) (%) median size (nm) mean size (nm) (%)
2500 10 S4+1 S3+1 65+ 32 4+0 54+ 0 92 + 34
5000 5 S4+1 54+0 59+ 1.3 S55+0 54+0 91 + 4.3
5000 10 S55+1 55+0 64 + 3.0 5540 5+0 97 + 0.4
5000 20 55+0 54+£0 64 £ 23 55+£0 55+0 107 + 2.8
10000 10 54 +2 S4+£2 11 +0.26 550 54+0 86 + 2.6

“Standard deviations of the values are given.

NP sample preparation and dilution were performed on the
day of the analysis to avoid sample degradation and minimize
the potential dissolution of NPs after processing. Before
dilution of the samples and again prior to their analysis, all
solutions were placed in an ultrasonic bath for 10 min, to
ensure that the samples were fully homogenized.

To further evaluate the effectiveness of the separation of
NPs from the waste-activated sludge (waste sludge), Au and
Ag NPs were spiked into the waste sludge simultaneously, at
concentrations of 100 ng of Au/L and 100 ng of Ag/L.

splCP-MS Measurement. An Agilent 7900 ICP-MS
instrument equipped with standard nickel sampling and
skimmer cones, a standard glass concentric nebulizer, a quartz
spray chamber, and a quartz torch [with a small internal
diameter (1.0 mm) injector] was used to perform multiele-
ment spICP-MS analysis to determine the NP composition,
size, and concentration in all samples. Samples were
introduced directly into the ICP-MS instrument with the
standard peristaltic pump and tubing (internal diameter of 1.02
mm). Analyses were performed using the Rapid Multi-Element
Nanoparticle Analysis mode of the Single Nanoparticle
Application Module of the Agilent ICP-MS MassHunter
software (version C.01.05, build 588.3). Data on the elements
of interest were collected sequentia]ly in time-resolved analysis
(TRA) mode using an integration time (dwell time) of 100 us
per point with no settling time between readings, and 15 s of
lag time between masses. The instrumental settings used for
the spICP-MS analysis are summarized in Table S5.

pICP-MS detects and analyzes individual nanoparticles,
allowing for the determination of the number of nanoparticles,
the distribution and size of the nanoparticles, and the
concentration of the element(s) present in each nanoparticle.

In this technique, a flow of diluted, suspended, nanoparticles is
introduced into the ICP-MS plasma, via the sample
introduction setup. If the nanoparticle sample suspension is
appropriately diluted, only one particle is introduced into the
plasma at each time point. As individual nanoparticles enter
the plasma, they produce a flash of ions that generate a large
transient signal. Acquisition of each of these events in time-
resolved acquisition (TRA) mode allows the determination of
the number of particles in a given sample volume.

The signal intensity of each measured NP is then converted
to a mass, using information from the reference material (Au
NP, 60 nm), the nebulization efficiency (calculated using eq
S2), and the determination of the baseline for each element.
The mass concentration of the NPs can be calculated by
integrating the peaks identified for a given NP.

In this study, the reference material was 60 nm Au NP
reference material (nanoComposix) in deionized (DI) water.
The reference material was diluted to 100 ng of Au/L with DI
water in metal-free polypropylene tubes. The nebulization
efficiency was determined to be 0.065 for the Agilent 7900
instrument with the operating conditions indicated in Table
S5. A sample inlet flow of 0.346 mL/min was used. To
determine the elemental response factor (R) for each analyte, a
multielement ionic standard containing all analytes of interest
(10 mg/L) was first diluted to 1 pg/L with 1% HNO,. The
response factors are listed in Table S3. The average ionic
background for each of the elements of interest in the sample
was determined by measuring the signal between nanoparticle
peaks. The dissolved ionic concentration is determined using
eq S3.

To calculate the particle size from the particle mass using the
spICP-MS software, we had to make some assumptions, as

https://dx.doi.org/10.1021/acsestwater.0c00083
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Figure 2. Size distribution of 60 nm Au NP reference materials spiked at 100 ng/L detected in the retentate of activated waste sludge after
centrifugation: (A) precentrifugation and (B) postcentrifugation. Centrifugation was performed at 5000 rpm for 10 min.

5,46

previously considered by others,” regarding (1) the
chemical composition and density of each metal-based
nanoparticle (Table S4) and (2) the spherical shape of the
NPs. Given the measured mass of a NP, its density based on
the assumed composition, and the assumed spherical shape,
the volume of the sphere can be determined, and a nominal
diameter can be estimated. In addition, we assumed only one
element of interest was present in each type of NPs; this is a
simpliﬁcation because most commercial NPs will have
impurities, but without more information about the source of
the NPs in the WWTP stream, at present one cannot assume a
mixed elemental composition.

Each sample was analyzed in triplicate via spICP-MS to
obtain the mean and standard deviation of the particle number
and mass concentration. The samples were diluted with DI
water to ensure the NP concentrations were between 10 and

100 ng/L.

B RESULTS

Multielement splCP-MS Measurement Accuracy. After
spiking 60 nm Ag and 60 nm Au reference NPs into DI water,
we analyzed the samples with the multielement spICP-MS

30 & 60 nm
Au NPs RM
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Figure 3. Size distribution of Au NPs with two different sizes (30 and
60 nm) spiked precentrifugation into waste sludge samples.
Centrifugation was performed at 5000 rpm for 10 min.

method. The size distributions of Ag and Au reference
materials were obtained in one sample acquisition (Figure 1).
For the Ag NPs, the measured mean size of S9 + 1 nm and the
median size of 58 + 1 nm (istandard deviation of mean and
median size, respectively) agreed with the certificate values
obtained via TEM (59 + § nm) and DLS (hydrodynamic
diameter of 60 nm) provided by the manufacturer. A similar
accuracy was achieved for the 60 nm Au NP reference
materials, with measured mean and median sizes of 61 + 1 and
58 + 0 nm, respectively, while the certificate values from the
manufacturer were 60 + 6 nm (TEM).

Recovery of NPs from Complex Environmental
Matrices. WWTP sludge is a rather complex matrix, with a
very high content of solids, as well as chemical oxygen demand
and organic carbon content. Tables S1 and S2 present the
characterization of the wastewaters and sludges used in this
study. Centrifugation can provide a fast and simple approach
for separating free NPs within waste sludge samples. To
evaluate and validate the NP separation method, three
rep]jcates of each sludge sample were spiked with 100 ng/L
60 nm Au NP reference material and then centrifuged using
different centrifugation speeds and times (Table 1).

The recovery of the precentrifugation Au NP spike varied
significantly as the centrifugation speed was increased from
2500 to 10000 rpm, at a constant centrifugation time (10 min).
Notably, only 11% of the precentrifugation spiked Au NPs
were recovered at 10000 rpm (Table 1). No statistically
significant difference in recovery was observed by increasing
the speed from 2500 to 5000 rpm, with ~65% of the
precentrifugation Au NPs remaining in the supernatant after
centrifugation. Adjusting the centrifugation time from § to 20
min at 5000 rpm indicated that while 10 min was better than 5
min, there was no benefit in increasing the time to 20 min. Au
NPs spiked postcentrifugation were recovered substantially,
from 85% to 107% under all tested conditions, indicating a
negligible matrix effect in sludge retentate. Median and mean
sizes of spiked Au NPs pre- and postcentrifugation were also
determined by spICP-MS under all test conditions (Table 1).
As demonstrated, the ENM extraction protocol, using
centrifugation to physically extract ENMs from sludge prior
to introducing the sample into the LC-MS instrument, does
not influence the size measurements. The protocol does not
affect the spICP-MS nebulization transport efficiency and can
be applied in the extraction of other ENMs.

https://dx.doi.org/10.1021/acsestwater.0c00083
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Figure 4. Ag NP size distribution in unspiked (A) influent, (B) postprimary, (C) waste sludge, and (D) anaerobic sludge and in spiked (E)
influent, (F) postprimary, (G) waste sludge, and (H) anaerobic sludge.

Table 2. Concentrations of Ag NPs in Wastewater and The sizes of spiked Au NPs measured in the sludge
Sludge Samples, as Sampled and Spiked Pre- and supernatant were very close to those measured in DI water
Postcentrifugation (Figure 1B), although with a trend toward smaller median and

mean sizes, indicating that the Au NPs transferred to the

concentration in recentrifugation . . . .
P & sludge SOhdS WEre, on average, the larger partlcies. CODSldEHHg

unspiked samples spike recovery postcentrifugation

(ng/L) (%) spike recovery (%) the balance of maximizing the retention of NPs in the
influent 12 + 0.6 66 + 2.1 99 + 1.3 supernatant and minimizing retention in the solid phase,
postprimary L1 +02 84 + 1.1 100 + 2.3 centrifuging the sludge samples at 5000 rpm for 10 min was
waste sludge 45+ 035 41 + 38 72+ 2.7 chosen as the optimal pretreatment protocol. Using the
anaerobic 494 + 6.4 64 + 2.5 93 + 1.0 proposed pretreatment, the size distribution of pre- and

sludge postcentrifugation spiked Au NP reference materials did not

exhibit substantial differences (Figure 2).

Recovery of Multielement NPs from Complex
Matrices. To determine if NPs of different sizes could be
robustly differentiated after separation from a complex matrix,

The time-resolved data for Au NPs in sludge samples exhibit
few peaks for the unspiked sludge sample (Figure S2A),

because Au-containing/Au NPs were rarely detected in the 3 : - ;
sludge of the WWTP. The majority of the signal was such as sludge, using the separation protocol (centrifugation at
5000 rpm for 10 min), we evaluated the recovery efficiency of

30 and 60 nm Au NP reference materials, which were spiked
into waste sludge samples. Two clear peaks at 36 and 64 nm
were observed (Figure 3), indicating that spICP-MS can

provide high-resolution size determination for NPs in waste-

background noise, and the baseline was determined by the
sequential removal of the signal above baseline until a stable
baseline was achieved. The threshold is set where the actual
signal distribution curve starts to separate from the estimated
background curve at the slope of points near zero. As shown in

Table S6, only ~1 particle per liter was detected in the as- water and sludge samples, even at low (environmentally
collected samples, while 206 and 408 particles per liter were relevant) concentrations.
detected in the pre- and postcentrifugation sludge samples, In addition to the 30 and 60 nm Au NPs, 60 nm Ag NPs
respectively, which agrees with the peaks observed in Figure were spiked precentrifugation at 100 ng/L Ag into the
$2A—C. wastewater (influent and postprimary) and sludge (waste and
The measured dissolved ionic concentrations were com- anaerobic) samples to evaluate the capability of the protocol to
parable to the particle mass concentration (Table S6), recover NPs of different elemental compositions from the
indicating acceptable signal separation relative to noise. The complex environmental matrix. There is a clear difference in
background equivalent diameter (BED), yignd (calculated via the Ag NP size distribution between the unspiked samples
eq S4), is another important criterion for determining the (Figure 4A—D) and the spiked ones (Figure 4E—H), with a
cutoff between the signals of the particles and dissolved ions clear second peak for the spiked Ag NPs centered slightly
and permits an estimation of the approximate minimum below 60 nm.
particle size detection limit. Because the reported BEDs (Table The mass concentration of Ag NPs ranged from 1.1 to 493
S6) are much smaller than the nominal and measured Au NP ng/L, with the highest concentration in anaerobic sludge
size (Table 1), this indicates high precision in the size (Table 2), which reflects the transfer of Ag NPs from the
determination for the Au NPs using spICP-MS even in the influent aqueous stream to the biosolids. The recovery of
sludge matrix. precentrifugation spiked Ag NPs was higher in the aqueous
E https://dx.doi.org/10.1021/acsestwater.0c00083
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Figure 5. Mass concentration of NPs at different stages of wastewater treatment: (A) influent, (B) postprimary, (Q) seconday effluent, (D)
reclaimed water, (E) spiked waste sludge, and (F) spiked anaerobic sludge. Error bars indicate one standard deviation.
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Figure 6. Removal efficiency of different NPs based on influent
concentrations.

streams (influent and postprimary) ; there was more retention
in the waste sludge solids.

Detection of NPs in Wastewater and Sludge. The
multielement spICP-MS analysis of the wastewater and
supernatant of centrifuged sludge samples resulted in a wide
range of concentrations of different particles, with cadmium at
the lower end, <1.0 ng/L in the influent, and magnesium at the
high end, almost 100 pg/L (Figure SA). TEM confirmed the
presence of electron-dense material nanoparticulate in the
influent (Figure S3A—D). Table S7 presents the mean and
standard deviation of measured NP mass concentration values,
while the ionic concentration is listed in Table S9. As expected,
there was a decrease in concentration (Figure 6) in the
aqueous stream as it proceeds through the treatment processes
(influent > postprimary > secondary effluent > reclaimed),
with an accumulation of NPs in the waste and anaerobic
sludges, although the removal efficiency was strongly depend-
ent on elemental composition (Figure 7). Note that the
“negative” removal of Cd and Co NPs reflects the uncertainty
of the measured concentrations, because these NPs were
around 1-3 ng/L in the influent. Mg removal is negligible,
given its very high influent concentration.

https://dx.doi.org/10.1021/acsestwater.0c00083
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reference. Error bars indicate one standard deviation.

Particle sizes for nine elements (Ag, Al, Au, Cd, Ce, Co, Cu,
Ni, and Zn) were generally <100 nm, particularly in the
aqueous stream as treatment progressed (Figure 7A). Ti
particles, ]jkely TiO,, were detected at 255 + 3 nm in the
influent, which is expected for agglomerated NPs, but by the
effluent the particle size was around 86 + 2 nm. Fe and Mn
particles were within 200 and 400 nm, decreasing to the lower
end of the range after ultrafiltration for reclaimed water. In the
waste sludge, the mean particle size remained the same or
increased, relative to that of the influent, but generally
decreased in the anaerobic sludge relative to the influent
(Figure 7B). Mg particles are not presented in Figure 7,
because they were consistently above 1500 nm throughout the
entire process. The data are listed in Table S8, and the BED
data are listed in Table S10.

B DISCUSSION

While we demonstrate that multielement spICP-MS is capable
of detecting a large number of NPs of different elemental
compositions, further work will be needed to discern whether
these are manufactured, natural, or incidental NPs. For many
metal-based NPs (e.g, Fe, Al, and Mg), the background
concentration of natural NPs will likely dominate in these real
samples. In addition, a number of NPs are manufactured with
core—shell configurations, with different elements in the core
and shell, which will complicate the analysis, although it may
shed light on whether they are natural or manufactured.

The background ionic concentration can also present a
challenge for some elements, limiting the ability to detect
smaller NPs. The minimum detectable size for each element
depends on the level of ionic concentration and other
background noise. We also noticed that particular metal-
based NPs (e.g, Fe and Mn), which were present in
wastewater and sludge samples at higher concentrations
(from parts per trillion to sub-parts per million), usually
exhibited larger particle sizes. It may be attributed to a higher
degree of aggregation during the transport of these NPs in the
wastewater treatment plant due to their higher concentrations.

There are a number of important assumptions, in particular
the elemental speciation and the spherical shape. These
assumptions influence the determination of the particle size,
although they do not affect the particle number or mass
concentrations. For a sample taken from a WWTP or natural
waters that receive WWTP effluent, it will be challenging to
verify the validity of these assumptions.

H CONCLUSIONS
Multielement spICP-MS can effectively discern NPs of

different elemental compositions in a single run, with high
accuracy with regard to size distribution, although there is a
cutoft at the lower range of the size distribution, which is
speciﬁc to each element and depends in part on the
background ionic concentration of the element. Preprocessing
via centrifugation results in a high recovery of the reference
NDPs.

It should be noted that these results represent the detection
of natural, incidental, and engineered NPs. Further work will
be needed to discern each NP source, using isotopic ratios as
well as mixed elemental cornposition.q'7 The concentrations of
the NPs ranged from slightly less than 1 ng/L for Cd-based
NPs to nearly 100 ug/L for Mg particles, although these were
not NPs, because their average size was >1500 nm. Most of the
particles were <100 nm in size, although these estimates are
assuming a spherical particle and a particular NP composition
and density. Although the removal efﬁciency of the wastewater
treatment process varied significantly on the basis of elemental
composition, overall there was a high level of transfer of NPs
from the aqueous stream to the sludges. This means that
overall the risk of exposure to these metal-based NPs is
significantly reduced by the treatment process. Multielement
spICP-MS is likely to emerge as the preferred analytical
technique for quantifying the presence of NPs in complex
matrices, such as wastewater and sludges, providing valuable
guidance for the nanoenvironmental health and safety.
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