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ABSTRACT

Rare Earth Elements (REEs) are used in increasing amounts in technical applications and consumer
products. However, to date, the contribution of industrial sources to the loads of individual REEs in
wastewater streams have not been quantified. Here, we determine the REE contents in sludge collected
from 63 wastewater treatment plants (WWTPs) across Switzerland. To quantify the industrial fraction of
individual REEs in the sewage sludge, we develop two complementary approaches, based on REE ratios
and REE pattern fitting. Unspecific (background) inputs, with REE patterns similar to the averaged REE
pattern of soils collected across Switzerland, dominate the REE budget of most WWTPs. A few WWTPs
receive significant REE inputs from specific industrial sources. Based on population equivalents of
Switzerland, we estimate a total annual load of 4200 kg Cerium (Ce, 0.5 g Ce year™! capita™!), with an
industrial contribution of 2000 kg year’\. The latter agrees with estimates of probabilistic mass flow
models for engineered nanoscale CeO, particles discharged to the sewer network. About 7 kg year™' of
Samarium (Sm,total for Switzerland: 184 kg year! or 0.02 g Sm year! capita!) and 3 kg year' of
Europium (Eu,total for Switzerland: 44 kg year™! or 0.005 g Eu year™! capita™) are assigned to industrial
inputs from single WWTPs. Gadolinium (Gd) is used in the form of a stable complex as contrast agent in
magnetic resonance imaging. Assuming 10% removal of Gd during wastewater treatment, we calculate an
annual discharge of 90 kg of Gd from one individual WWTP to surface waters. WWTPs with exceptionally
high industrial inputs of specific REEs warrant detailed investigations to identify the respective sources
and to assess whether REE concentrations in effluents are elevated to the same degree.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

explains their similar geochemical behavior. The only exceptions
are Ce and Eu, which can also occur in the tetravalent (Ce**) or the

Rare earth elements (REEs) include the lanthanides (La to Lu)
and share comparable geochemical properties. According to the
IUPAC definition, also Scandium (Sc) and Yttrium (Y) belong to the
REEs (Connelly et al., 2005), but are often excluded in studies
focusing on REEs. Starting from Lanthanum (La) with an outer
electron configuration of 5d'6s? the 4f orbitals are filled up with
increasing atomic weight. Thus, all REEs have an almost identical
ionic radius ranging from ~1.15 A (La) to ~0.97 A for Lutetium (Lu),
which, together with their common trivalent oxidation state,
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divalent (Eu®>*) oxidation state. The different properties of Ce*+ and
Eu’" compared to their trivalent counterparts results in well-
described anomalies (Bau, 1991; Goldstein and Jacobsen, 1988;
Kidder et al., 2003; Sinha, 1983). Although REEs are not as rare as
the name suggests (the name relates to rare minerals rather than to
low abundances), the REEs are classified as technologically critical
elements because of their importance in high-tech applications in
the fields of energy technology, communication and mobility
(Cobelo-Garcia et al., 2015). Therefore, the identification and
quantification of relevant REE waste streams in combination with
the development of efficient and ‘green’ recycling approaches are
required. In addition, REEs are considered as emerging micro-
pollutants for which still limited knowledge of impacts on
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ecosystems is available (Celis et al., 2020; Gwenzi et al., 2018).

Several high-tech industries, including automotive, electronics
and renewable energy are dependent on REEs, which, therefore, are
intensively mined (Du and Graedel, 2013; Ramos et al., 2016). The
world production in 2018 amounted to 170,000 metric tons of REE
oxides with more than 70% mined in China. The application of REEs
is generally distributed as follows: catalysts, 60%; ceramics and
glass, 15%; metallurgical applications and alloys, 10%; polishing, 10%
(Mineral commodity summaries, 2015).

Elevated, Post-Archean Australian Shale (PAAS)-normalized
values of specific REEs relative to the normalized values of the
remaining REEs can only be achieved by a selective input of specific
REEs and point towards an industrial contribution of the respective
REEs. Amongst all REEs, the fate of Gd received the most attention,
due to the use of Gd-based contrast agents for magnetic resonance
imaging (MRI, European Medicines Agency, 2017). Elevated con-
centrations of Gd in surface waters are associated with hospital
wastewater (Kovalova et al., 2013; Kiimmerer and Helmers, 2000)
as first reported by Bau and Dulski (1996) more than two decades
ago. Since then, elevated Gd contents have been detected in several
rivers and lakes (Bau et al., 2006; Elbaz-Poulichet et al., 2002;
Klaver et al., 2014; Knappe et al., 2005; Lerat-Hardy et al., 2019;
Moller et al, 2002, 2003; Parant et al., 2018; Rabiet et al., 2009; Song
et al,, 2017). Following Gd, also La (Klaver et al., 2014; Kulaksiz and
Bau, 2011) and more recently Sm associated with anthropogenic
uses were observed in surface waters (Kulaksiz and Bau, 2013).
Compared to Gd, which is present in aqueous solutions as a stable
complex, La and Sm are transported together with the particulate
phase and occur mainly in the colloidal size range between 10 kDa
and 0.2 pm (Klaver et al., 2014; Kulaksiz and Bau, 2013). Further-
more, slightly elevated La and Sm concentrations in the Han river
have been associated with emissions from fluid catalytic converters
(Song et al., 2017). Elevated REE concentrations reported for
Western Xiamen Bay (China) were explained by inputs of sewage
sludge and fallout from coal combustion (Hu et al., 2019). However,
all REEs were enriched to a comparable degree, indicating that
specific REE sources in the wastewater were absent. High concen-
trations of La, Ce, Pr, Nd and Sm and enrichment of light REEs
(LREEs, La — Gd) compared to the heavy REEs (HREEs, Tb — Lu) in
selected sewage sludge samples were explained by industrial dis-
charges to wastewater systems (Kawasaki et al., 1998; Vivian, 1986).
However, no attempts were made to quantify these industrial in-
puts. Elevated concentrations of REEs were also reported from
three different WWTPs in China and were assigned to industrial
sources (Suanon et al., 2017). In the same study, only the enrich-
ments relative to the average crust were determined and the
quantitative industrial inputs of the respective elements were not
assessed. Nkinahamira et al. (2019) suggested crustal materials as
the main source of REEs reported from 7 WWTPs in Xiamen city,
China, as opposed to industrial inputs. Selectively increased La and
Ce values compared to other (normalized) REEs, however, pointed
towards an industrial input of La and Ce. Verplanck et al. (2010)
investigated the REE patterns in sewage sludge from four large
metropolitan WWTPs in the United States, but did not observe any
REE anomalies. The available data from the literature, therefore,
suggest that a wide range of different amounts of individual REEs
from specific industrial sources are discharged to wastewater sys-
tems but this has not been addressed systematically.

To obtain an overview of the REEs contents in sewage sludge, we
determined the REE concentrations in sewage sludge samples
collected from 63 representative WWTPs across Switzerland. For
the identification of the fraction of all REEs related to specific in-
dustrial inputs, we refined the approach recently presented by
Gogos et al. (2020), which relies on the change of REE ratios in
sewage sludge due to the selective input of specific REEs.
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Additionally, the industrial fractions of individual REEs were esti-
mated by fitting the REE patterns of the sludge to a background REE
pattern, represented by the averaged REE pattern of 10 soils
collected across Switzerland. Both approaches included the whole
suite of REEs and enabled us to identify REE anomalies, estimate the
industrial fractions of REEs in sewage sludge and quantify their
contents in the sludge in terms of kg year™\. As both approaches rely
on a change of the REE patterns, industrial inputs having similar
REE patterns as the background will not be detected and will
contribute to the background REE loads. In the manuscript, we
therefore define industrial REE inputs as inputs from industrial
sources with specific REE patterns, which are different from the REE
patters of the background. We also attribute excess Gd, which is
mostly related to contrast agents for MRI, to industrial sources. Gd
based contrast agents are mainly found in hospital waters, but they
still have an industrial origin with a very specific REE signature.

2. Materials and Methods
2.1. Soil samples

Soil samples were obtained from the Swiss Soil Monitoring
Network (NABO, 2019) and included a range of different lithologies
and land uses. The locations of the 10 soils and the characteristics of
the respective soils are given in the SI (Figure S1, Table S1).

2.2. Collection of sewage sludge samples

All sludges included in this work were collected between
February and March 2016 and are described in Vriens et al. (2017)
The locations of the corresponding WWTPs are provided in the SI
(Figure S2). The data on the connected population and on the
sludge production volumes were updated and correspond to the
years 2016 (sludge production volumes) and 2017 (connected
population) (Table S2).

2.3. Characterization of soils and sewage sludge

To determine the total REE content of the sludge and the soil
samples, between 30 and 50 mg of powdered material were
digested using a two-step digestion protocol. The samples were
first digested in 5 mL nitric acid (HNO3, 69 wt%, Suprapur Roti-
puran, Carl Roth GmbH) and 300 uL hydrofluoric acid (HF, 48 wt%,
Suprapur, Sigma-Aldrich) using a microwave system (MLS ultra-
CLAVE, MLS GmbH, Leutkirch, Germany). In the second step, the
digests were reacted with 2.4 mL boric acid (H3BOs, 5 wt%, Merck,
Germany) and afterwards filled to 50 mL with doubly deionized
(DDI) water (Millipore, 18.2 MQ-.cm). The measurements were
conducted using inductively-coupled plasma mass spectrometry
(ICP-MS, Agilent 8900, Agilent Technologies Inc., CA, USA).

A certified reference material (BCR® — 667, estuarine sediment)
with reference values for all REEs was used for quality assurance.
Recoveries were determined based on BCR samples digested and
measured along with the sludge and soil samples. The BCR material
digested in duplicates or triplicates on 10 different days gave mean
recoveries for all REEs ranging between 95% (Lu) and 113% (Pr)
(Figure S3). Experimental samples (sludge and soil) were mostly
digested in triplicates and in a few cases in duplicates. For further
data evaluation, the average of the triplicates/duplicates were used.
All data are presented in Table S2 (sludge) and S3 (soil). Oxide and
hydroxide formation of (lighter) REEs in the plasma of the ICP-MS is
well documented and can lead to interferences with heavier REEs
(Aries et al., 2000; Dulski, 1994). We, therefore, measured single
elements standards of Ba, and selected REEs (La, Ce, Eu, Gd, Dy, Ho,
Er, Lu). Most important for the current project were possible
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interferences between CeO/CeOH and Gd, as Ce showed the highest
abundances of all REEs in the sewage sludge. ICP-MS measure-
ments of a Ce single element standard indeed resulted in increasing
counts of ’Gd (Figure S4), however, the oxide/hydroxide pro-
duction rate was < 0.1% and a respective correction of the measured
Gd values, did only marginally affect the calculated, industrial
fractions of Gd in the sewage sludge. Nevertheless, the Gd values
were corrected accordingly. Furthermore, up to 10 ppb of Ba did not
result in quantifiable counts for Eu and, thus, the BaO/BaOH pro-
duction rates were considered negligible.

In addition, single element standards of Sn and Sb were
measured to evaluate interferences of these elements and their
oxides (123sb'%0)/hydroxides ('?2Sn'®0H) with *°La. Even 10 ppb
of Sb and Sn did not result in any quantifiable La counts. Also Ba up
to 10 pbb did not result in any quantifiable counts of the neigh-
boring *°La.

2.4. Quantification of the industrial REE-fractions

In several studies, REE anomalies (mainly Gd, but more recently
also La and Sm) were quantified by estimating the background
concentrations of an element of interest (Eol) via an inter- (La, Sm)
or an extrapolation (La) of the concentrations of other, mostly
neighboring REEs (Bau and Dulski, 1996; Hatje et al., 2016; Klaver
et al., 2014; Knappe et al., 2005; Kulaksiz and Bau, 2013). Moller
et al. (2002) used a third-order polynomial fit to the log10 trans-
formed REE patterns to assess the background concentration of Gd.

Recently, an alternative method to identify and quantify in-
dustrial contributions of REEs in sewage sludge has been presented
(Gogos et al., 2020), which exploits the difference between specific
REE ratios in the sewage sludge and in the background. In this work,
we further modified and extended this approach (later referred to
as A1) to include the whole suite of REEs (La: Lu). Alternatively, we
fit REE patterns of the individual sewage sludge samples the
background REE pattern and assign the differences to the industrial
contribution of the respective REEs (approach A2). In both ap-
proaches, which are explained below, we use the averaged REE
pattern of 10 soils collected across Switzerland as a proxy for the
background REE pattern in sewage sludge. Individual WWTPs
receiving substantial amounts of selected REEs were identified
based on outlier criteria.

2.4.1. Calculations based on the REE ratios

The approach A1l is based on the assumption that the total
amount of REEs in the sludge can be described as the sum of an
industrial and a background fraction, whereas the background
fraction exhibits a constant REE pattern reflecting the averaged REE
pattern of the collected soil samples. Any modification of this
(background) REE pattern results from an input of specific, indus-
trial REEs. The industrial fraction of specific REEs in the sewage
sludge can, thus, be calculated as follows:

';ié fies ';;f J fﬁé
b
REE REE® REE REE ~ REET (eq 1)
. REngf REE! ;{’ZJ’?
with —pg=const; — Zi =0
Eol
SLG BK
i B (eq2)
REEBK REESLC

Ref
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SLG
fIND REE Ref REEE& (eq 3)
REE REEBKf REESLG

REE3L, REEBK and REEIND refer to the concentrations of a specific
element of interest (in sludge (SLG) and in the background (BK))
with a possibly elevated concentration in the sludge due to specific

industrial inputs (IND). REEI%? and REEgé} refer to the concentra-

tions of reference REEs in the sludge and in the background, which
are assumed to be unaffected by specific industrial inputs. There-
fore, the term REE'N}’ - reflecting the industrial contribution to the

specific reference element - becomes zero. If a selected reference
element is affected by industrial contributions - which occasionally
will be the case as our approach is based on using the whole suit of
REEs - the calculated background factions (f5X.) will be larger than 1
pointing to an unsuitable choice of the reference element. Our full
factorial approach results in 13 individual estimates (14 REEs minus
the Eol) for every REE in all sewage sludge samples. The data are
visualized using boxplots, where the central mark indicates the
median, and the bottom and top edges of the box indicate the 25t
and 75™ percentiles, respectively. The whiskers extend to the most
extreme data points not considered as outliers, and the outliers are
plotted individually using the '+’ symbol. Outliers are defined as
values that deviate more than 1.5 times from the interquartile range
(top or bottom of the box).

2.4.2. Calculations based on REE pattern fitting

In the A2 approach, it is assumed that most of the REEs follow a
background pattern, represented by the averaged REE pattern of
the soils. The log10 transformed REE concentration values of the
sewage sludge samples are fitted to the log10 transformed and
averaged REE concentration values of the soil samples (back-
ground) following equation (4) and (5).

REEsc =f+REEpx — ¢ (eq 4)

> "e=> (REEgc —f - REEpy) (eq 5)

REE REE

REEg;; refers to the concentration of specific REEs in individual
sludge samples and REEg, refers to the average concentration of
specific REEs in the background. frepresents the background frac-
tion of REEs in the sewage sludge samples and ¢ represents the
difference between the calculated and the measured REE concen-
trations in the individual sludge samples. The sum of the absolute
values of eover all REEs is minimized for each sewage sludge sample
using the fminsearch routine in Matlab (R2019a). The obtained
background fraction (f) of REEs in the sewage sludge samples can
be converted to linear scale according to f8¢ = 10, The difference
(0, in log10 scale) between the measured and the fitted REE con-
centrations of the sewage sludge samples can be assigned to the
specific industrial input of individual REEs and the share of each
REE related to specific industrial inputs can be calculated according
to fIND =1 — 109, assuming that most of the REE are unaffected by
industrial inputs of individual REE. Using log10 transformed REE
concentration values, the fit of the REE patterns between the sludge
and the background is only marginally affected by occasionally
increased concentrations of individual REEs representing specific
industrial inputs. WWTPs receiving substantial contributions of
selected REEs were identified based on the same outlier criteria as
used for the A1 approach.
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3. Results and discussion
3.1. REE patterns of sludge and soil samples

The REE concentrations of the sludge samples and the medians
thereof together with the average of the investigated soil samples
and the PAAS concentrations, reflecting the average compositions
of the Earth crust, are given in Fig. 1A.The individual REE patterns of
the soils are very similar to the REE pattern of the PAAS. Also, the
HREE patterns of the sewage sludges were similar amongst each
other and closely followed the REE patterns of the soils, although at
consistently lower concentrations. This can be explained by vari-
able inputs of unspecific REE loads having the same HREE patterns
as the averaged soils and, thus, supports the hypothesis that the
averaged REE pattern of the soils can be used as a proxy for the
background pattern of the REEs in sewage sludge. This is in contrast
to the LREEs, where the concentrations show considerable differ-
ences and individual lines connecting neighboring REEs cross each
other. Ce and La concentrations of selected sludge samples project
even above the soil-REE patterns.

The considerable range in (L)REE concentrations in the sludge
samples compared to the soil samples, essentially representing
anomalies of specific REEs in the sludge, is highlighted by
normalizing the data to the PAAS values (Fig. 1B). Individual spikes
suggest an industrial contribution of individual REEs to the sludge,
and Ce appears to have the highest share. Interestingly, a slight
enrichment of the La concentrations (mean values) compared to
the other normalized REEs can be observed.
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Fig. 1. (A) REE patterns of the Post-Archean Australian Shale (PAAS, (Pourmand et al.,
2012), green), the average of 10 soil samples collected across Switzerland (brown
dashed), and the sludge samples (colored). The individual values of the soil samples
are displayed as black circles and the median values of the sludge samples are given in
red circles. The vertical dashed line separates the light REEs (LREEs) from the heavy
REEs (HREEs). (B) PAAS — normalized REE ([REEsjudge, soill/[REEpaas]) patterns of the
average soil (bold brown) and the individual sludge samples (colored). The median
values of the normalized REE values of the sludge samples are given in red circles. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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3.2. Background and industrial fractions of individual REEs in
sewage sludge

Based on REE ratios and using eq (2) and (3) (approach A1),
background (f£X.) and industrial (fi{?) fractions contributing to the
total amount of REE observed in the individual sludge samples were
calculated. The resulting fractions are visualized as boxplots either
with respect to the REEs used as reference elements or with respect
to the WWTPs and will be discussed based on the cases of Ce
(Figs. 2A and 3A) and Sm (Figs. 2B and 3B) as Eol. These two ele-
ments were selected to represent REEs, which are used in high
amounts (Ce) and moderate amounts (Sm).

3.2.1. Differences in the background and industrial fractions of Ce
and Sm calculated using different reference REEs

When plotting the background fractions of Ce and Sm (f&f ;)
with respect to the individual reference elements (REEs on the x-
axis) used for the calculations, f8¢ ¢ close to 1 suggests that the Ce

and Sm contents in the sludge samples are dominated by inputs

from the background. A K. lower than 1 indicates industrial

inputs of Ce and Sm. An fEK  larger than 1 indicates that the

reference element rather than the Eol was affected by industrial
contributions.

Cerium: The modal values of f8K — indicated by the blue bars in
the box plots and representing the majority of the WWTPs — are
close to 1 for almost all REEs used as reference elements (Fig. 2A),
suggesting that the majority of the investigated WWTPs do not
receive substantial amounts of Ce from industrial sources. The only
exception is observed when La is used as reference element, leading
to a modal value of fZX above 1, suggesting that most WWTPs are
affected by additional La inputs. This is consistent with the higher
PAAS-normalized La values compared to all other REEs (Fig. 1B).
When Ce is used as reference element, its modal value must be 1 as
in this case the reference element and the Eol coincide. Of interest
are the outliers marked as red crosses below 1, indicating WWTPs
that receive substantial amounts of Ce from industrial sources. The
outliers above 1 are caused by our full factorial approach and
represent sludge samples where the REE used as reference element
contain substantial industrial inputs. The sludge from one WWTP
(location Visp) consistently resulted in f8X larger than 1. This
WWTP mainly treats industrial wastewater, which may be depleted
in Ce and thus resulting in Ce-depleted sewage sludge (Figure S5).
This would explain the high f8¢ when Ce is used as Eol. Alterna-
tively, an unusual REE signature of the soil exhibiting a strong Ce
depletion may also explain the REE pattern in the sludge. However,
the REE pattern of a soil collected within the catchment area of this
WWTP nicely aligns with the other soil REE patterns (Figure S5).
We, thus, consider industrial processes resulting in either i) the
selective removal of Ce from the wastewater before Ce is incorpo-
rated into the sludge or ii) higher amounts of Ce passing the WWTP
as more likely.

Samarium: For Sm, the modal values of fS’\r’;;‘T also scatter around
1 and only the values calculated when using La as a reference
element are significantly larger than 1 (Fig. 2B). This observation is
in agreement with the data discussed for Ce and again suggests that
most WWTPs receive La from additional sources. La, thus, cannot be
used as a reference element to quantify fEX. and fJi2 in sewage

sludge. A single outlier below the modal values of f2X can consis-
tently be observed when using any of the other REE as reference
elements. This outlier represents a specific WWTP (location
Windisch) where the industrial inputs of Sm dominate over the

background contributions. Several outliers are located above 1
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when Ce is used as a reference element to calculate fSB,§ (Sm as Eol).
This is consistent with the fact that we previously identified in-
dustrial Ce in sewage sludge from several WWTPs, when using Ce
as an Eol (Fig. 2A). This industrial Ce input distorted the background
contributions and resulted in ‘artificially’ high f2X exceeding 1. In
addition, several outliers above 1 were observed when Gd was used
as a reference element, suggesting that also numerous WWTPs
receive industrial Gd. This is in line with reports where positive Gd
anomalies have been associated with Gd used in contrast agents for
MRI (Bau and Dulski, 1996; Klaver et al., 2014; Kovalova et al., 2013;
Kiimmerer and Helmers, 2000) and will be discussed in more detail
in section 3.5.

3.2.2. Differences in the background and industrial Ce and Sm
fractions calculated for individual WWTPs

When rearranging the data along the different WWTPs instead
of along the different REEs used as reference elements (Fig. 3A and
B), modal values of fE¢. below 1 (blue horizontal lines in the
boxes) indicate that the respective WWTPs receive substantial
amounts of industrial Ce and Sm. It is important to note that the

modal values of f8K . are estimated based on the ratios between

Ce/Sm and all other REEs. For better visibility, and based on the
reason discussed above, the largest outliers (above 1) have been
omitted in Fig. 3A and B. Furthermore, La was excluded as reference
element as it has been identified as unsuitable for this purpose in
the above discussions. In the boxplots, also the Eol was excluded as
a reference element to avoid the situation of using for example Ce
as reference and as Eol, which would by definition result in f8K ¢ of
1 (see eq (1)).

For Ce (Fig. 3A), the modal values for fBX of a few WWTPs are
substantially below 1 suggesting that the amounts of Ce in the
respective WWTP are affected by industrial inputs. Only for one
WWTP, the modal values project substantially above 1. It is the
same WWTP (location Visp) already identified previously based on
the outliers above 1 consistently observed for all REEs used as
reference REE (Fig. 2A).
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For Sm (Fig. 3B), the modal values of f&K of all but of one WWTP
(location Windisch) are close to 1. Thus, Sm seems to be used and
released to the wastewater systems only very locally. The low
modal value off_gﬁ for this specific WWTP is reflected in the outliers

close to the bottom of Fig. 2B.

3.2.3. Differences in the background and industrial fractions of all
REEs in all WWTPs
The calculations of the g_{‘ 5, individually discussed for Ce and

Sm are extended to include all REEs as Eol and are summarized in
the form of boxplots, presented in Fig. 4. The boxplots represent the
modal values of fEK. for the different WWTPs based on all REEs and
the outliers below 1 indicate WWTPs that receive substantial
fractions of the respective REEs from specific industrial sources.
The boxplot for La is very different to the boxplots of the other

REEs and shows a modal value around 0.6 for fg,’(. Furthermore, the

individual values of fLBaK show large variations. This means that most
WWTPs apparently receive substantial and very diverse amounts of
La from additional sources. For all other REEs, the modal values of
fEK scatter around 1, with the exception of a few WWTPs which
receive substantial amounts of specific REEs, most prominently Ce
and Gd.

The reason for the unexpected occurrence La is not clear, but
would imply that industrial La is almost omnipresent in WWTPs. La
is used in hybrid engines, metal alloys and also various applications
in the field of catalysis (Haque et al., 2014). However, emissions
from such applications are less likely to end up in wastewater
streams and the emission from possible production facilities would
rather result in high input rates to a few selected WWTPs.
Furthermore, La is commonly found in flints for cigarette lighters
representing a pervasive application of La (Behrsing et al., 2014;
Haque et al., 2014). However, in this application, La is contained in a
mischmetal, which contains twice as much Ce compared to La
(Behrsing et al., 2014) and respective emissions would go parallel
with Ce. Alternatively, selected soil fertilizers show strong enrich-
ments of La compared to other REEs (Otero et al., 2005; Ramos
et al,, 2016). A contribution from such fertilizers to the waste-
water through agricultural runoff may therefore modify the REE
patterns in the sludge and help to explain the elevated La con-
centrations observed in the sludge samples. Furthermore, biolog-
ical processes within the WWTPs may fractionate La and, thus,
modify the REE patterns of the sewage sludge. For example, LREE-
dependent enzymes required for the methanol metabolism have
been discovered in methylotrophic bacteria about a decade ago
(Cotruvo, 2019; Hibi et al., 2011; Nakagawa et al., 2012; L. L. Wang
et al., 2020). More recently, X. Wang et al. (2020) identified meth-
anotrophic bacteria whose enzymatic activities are strongly
dependent on the La availability. To what extent biological pro-
cesses or fertilizer inputs into the wastewater are responsible for
the high industrial fraction of La calculated for the sewage sludge
samples remains open and needs to be addressed in future studies.

3.3. Industrial contributions of specific REEs in specific WWTPs

The quantified industrial fractions for the individual REEs and
for each of the 63 WWTPs derived from approach A1 are presented
as a heat map (Fig. 5), which allows an easy identification of
WWTPs that receive substantial amounts of industrial REEs. Sig-
nificant industrial fractions of specific REEs in individual WWTPs
are identified as outliers and are projected in grey scale in the heat
map. This heat map clearly shows that only a small number of
WWTPs receive substantial amounts of industrial REEs. A special
case again is La as discussed above. The fact that industrial fractions
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Fig. 5. Heat map of the fé’é’g’ for the individual REEs and the specific WWTPs. Increasing industrial fractions are represented by an increasing darkness.

of La scatter around 0.4 (background contribution of around 0.6)
and show a very broad distribution, results in large interquartile
ranges without the identification of any outliers. For the remaining
REEs, Ce is most important in terms of the number of WWTPs
receiving industrial inputs (7 WWTPs), followed by Gd (5 WWTPs).
High shares for Sm and Eu from industrial sources were detected in
a single WWTP each. These data generally support the hypothesis
that REEs are used in rather specialized applications and their
release to the wastewater reflects individual point sources. These
results are in line with for example industrial Sm detected in the
river Rhine, which was assigned to a single cracking-catalyst pro-
duction facility (Kulaksiz and Bau, 2013). Within a mass flow study
addressing the role of different sewer systems controlling the
amount of engineered nanomaterials discharged to the environ-
ment via stormwater runoff, Zheng et al. (2019) assigned the ma-
jority of CeO,-NP discharged to wastewater systems to industrial
discharges. CeO,-NP are used as polishing agents for glass and sil-
icon, which limits the discharge to a few hotspots. Westerhoff et al.
(2015) concluded that the share of industrial sources of REEs is
small and nearly negligible compared to the crustal input. On
average, this is certainly true, but, as demonstrated by our data, the
input of specific REEs to individual WWTPs can be dominated by
industrial (point) sources.

3.4. Comparison of the results from the two model approaches (REE
ratio vs. REE pattern fitting)

To compare the results of the REE ratio (A1) and the pattern
fitting (A2) approaches to estimate the industrial fractions (f{yf) of
the REEs in sewage sludge, the same heat map as shown in Fig. 5
based on A1 is constructed using A2 (Figure S6). Both heat maps
are very similar, reflected by the marginal differences of the two
heat maps (Figure S7). Based on both approaches, essentially the
same WWTP receiving substantial amounts of specific REEs were
identified. Minor differences in the absolute industrial fractions
were mostly around 5—10% and may be explained by slight varia-
tions of the REE patterns of the soils.

The results discussed so far were addressing industrial and
background fractions of REEs in individual WWTPs. These relative
industrial/background fractions can be transformed into absolute
masses using the sludge production rates of the individual WWTPs
and are discussed in the following section. As both approaches to
estimate the industrial/background fractions of REE in sewage
sludge produced almost identical results, the following discussions
are independent of the calculation method.

3.5. Mass-based industrial contributions of REE to sewage sludge

The mass-based contributions of individual REEs to the sewage
sludge from individual WWTPs were calculated by multiplying the
industrial REE fractions with the measured concentrations and the
annual sludge production (digested sludge, dry mass basis,
Table S3). Ce, and considerably lower amounts of Sm, Eu and Gd
dominate the annual, industrial REE loads scaled to Switzerland
based on population equivalents (Fig. 6A). The data for La have to be
treated with care, as explained in section 3.3. In most WWTPs La
from additional, possibly industrial sources were detected (modal
values for fiN2 around 0.4). However, based on our outlier criterion,
no WWTPs were identified where the (industrial) La contributions
(following both evaluation schemes A1l and A2) qualified as
outliers.

Of the 63 investigated WWTPs, the locations of Yverdon, Bio-
ggio, Hofen and Thal dominanted the total amount of REEs attrib-
uted to specific industrial sources (Fig. 6B). The same pattern can be
observed when looking at the loads of Ce from industrial sources,
reflecting the dominat role of Ce in controlling the total amount of
industrial REEs in sewage sludge (Figure S8A). In the case of Gd, one
WWTP dominates the total amount of industrial Gd identified in all
63 WWTP (Figure S8B). These results only partially reflect the re-
ports documenting industrial REEs in river waters from various
locations. Industrial Ce (from the Loire river in Orleans and in the
form of CeO, nanoparticles) has only been reported very recently
(Phalyvong et al., 2020). Industrial Gd, however, has been observed
in river water, lake water, coastal water, ground water and drinking
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water (selected references are provided in the introduction) and
the presence of Sm in river water (Rhine) has only been reported in
one study (Kulaksiz and Bau, 2013). This bias is related to the
chemical speciation of the respective REEs in the waste- and surface
waters and also to the different sample preparation procedures.
Most of the studies available in the literature targeted the dissolved
fractions and, thus, most samples were filtered and often an ex-
change resin was used to further enrich the dissolved REEs. Any
REEs present in the particulate fraction would not have been
detected using these preparation schemes. The low solubility
products of REE3* - phosphates (=~10"%> (Firsching and Brune,
1991)) in combination with PO3" concentrations of = 107°° M (=
3+1071% M) calculated using the software code ‘Spana’ (version 2020
June-08) for a pH of 7.2 and a total orthophosphate - P concentra-
tion of 3 mgL™! (100 uM (Gujer, 2007)), results in a calculated REE3*
concentration of about 3*10 16 M or 4.6*10""! mgL™! (calculated for
Nd). Thus, we assume that the majority of the REEs are transported
in particulate form in the wastewater and, thus, are efficiently
accumulated in the sewage sludge. Nevertheless, future studies on
selected WWTPs should also investigate the dissolved fraction of
the REEs in the raw and treated wastewater to evaluate to what
extent organic REE-complexes contribute to the total flux of REEs in
wastewater systems.

Gadolinium: The fact that (industrial) Gd is used in contrast
agents in dissolved form as a stable and poorly sorbing chelate,
limits its incorporation into the sewage sludge in WWTPs, where
removal efficiencies in the order of 10 % have been reported
(Telgmann et al., 2012). Kovalova et al. (2013) even reported lower
removal efficiencies (<5%) in a membrane bioreactor and only

insignificant oxidation by ozonation and adsorption to activated
carbon. In this study, we identified individual WWTPs with
elevated Gd contents in the sewage sludge. Total amounts of in-
dustrial Gd in the inflow and in the effluent of the 63 WWTPs were
estimated based on the Gd concentrations in the sewage sludge and
assuming 10% removal during the wastewater treatment. The re-
sults indicate that in total, = 110 kg of Gd are discharged annually
to the 63 WWTPs and thereof, = 100 kg are released to the surface
waters and 11 kg Gd remain in the sludge. From these 11 kg, about
80% can be assigned to one single WWTP (9 kg estimated for the
sludge in the WWTP of Ramsen) and would correspond to a
discharge of 90 kg to the surface water. The WWTP of Ramsen is
located in the northeastern part of Switzerland close to Lake Con-
stance at the border between Switzerland and Germany. It treats
the wastewater (amongst others) from the city of Singen (Ger-
many), where a cancer center including MRI facilities is located
(Hegau-Bodensee-Klinikum Singen). In addition, industrial facil-
ities producing large amounts of Gd-based contrast agents are also
located within the catchment of the WWTP of Ramsen. Thus, the
Gd detected in this WWTP most probably is linked to the produc-
tion and use of Gd-containing contrast agents.

Cerium: Compared to Gd, which occurs as a complex and thus
shows a poor removal during the wastewater treatment, industrial
Ce is expected to be present in the (nano) particulate phase, as
suggested by Gogos et al. (2020) and Phalyvong et al. (2020), and is
thus removed much more efficiently during wastewater treatment.
Reported removal efficiencies for nanoscale particles generally
exceed 95% (Georgantzopoulou et al., 2018; Kaegi et al., 2011; Ma
et al, 2014; Westerhoff et al., 2011). The total amounts of Ce
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found in the sludge of the investigated WWTPs which is related to
industrial inputs amounts to ~1000 kg and is dominated by 4
WWTPs (located in Bioggio, Yverdon, Hofen and Thal) contributing
to around 80% of the industrial Ce found in the sewage sludge from
the 63 WWTPs. However, assuming an average removal efficiency
of 95%, 1050 kg would be discharged annually to the WWTPs and
thereof, 50 kg would be released to the aquatic environment. Thus,
although much larger amounts of industrial Ce are discharged to
individual WWTPs compared to Gd (1000 kg Ce vs. 110 kg Gd) the
amount of Gd released to the surface waters is expected to be
considerably higher (100 kg Gd vs. 50 kg Ce). Furthermore, the Ce
particles in the effluent of the WWTP are expected to be present as
heteroaggregates and may be incorporated into larger aggregates
and eventually become integrated into the sediment. Industrial Gd,
however, will be present in the dissolved form as a stable complex
with limited removal from the water phase over time. Combined
with the higher natural abundance of Ce compared to Gd, it is
understandable that (industrial) Gd has been frequently reported in
the surface waters, but (industrial) Ce not yet.

The annual discharge of CeO,-NP to sewer systems has recently
been estimated for Germany (Giese et al., 2018) and values are
around 28,000 kg year!. Scaling these amounts to Switzerland
based on population equivalents (83 mio in Germany vs. 8.6 mio in
Switzerland) results in a value 2900 kg year! of CeO,-NP dis-
charged to wastewater systems. When scaling the total amounts of
industrial Ce in the investigated WWTPs (1000 kg year™) to the
whole of Switzerland based on population equivalents (4.6 mio
considered in this study vs. 8.6 mio total in Switzerland in 2019),
the integrated mass of Ce in sewage sludge in Switzerland amounts
to 2000 kg year. Assuming a 95% removal efficiency and con-
verting Ce to CeO, results in a flux of industrial Ce to sewer systems
of 2600 kg year’!, in agreement with the value of 2900 kg year™!
obtained from the mass flow model study (Giese et al., 2018).
However, our data also indicate that discharge of industrial REEs
from wastewater systems is dominated by a few WWTPs making
the scale-up to discharge amounts across Switzerland challenging
and the respective results should therefore be treated with great
care.

4. Conclusions

The REE patterns from several soil samples were very similar
and represent the background REE patterns observed in the sewage
sludge. These patterns are distorted by inputs of specific REEs
resulting from industrial sources. The extent of distortion of the REE
patterns can be used to estimate the industrial contribution of in-
dividual REEs in the sewage sludge. Very similar industrial fractions
of specific REEs in sewage sludge were calculated based on REE
ratios and on REE pattern fitting approaches. The deviations
resulting from the two approaches were mostly < 5%. Both ap-
proaches include the whole suite of REEs and do not require prior
knowledge on which (industrial) REEs are present in the sludge.

Digested sewage sludge with a typical hydraulic retention time
of 12—16 days in anaerobic digesters integrates REE inputs over an
extended period of time and is thus less susceptible to short-term
variations of the influent concentrations. We showed that the
fluxes of industrial REEs in Swiss sewage sludges are dominated by
a few WWTPs, implying that point sources rather than diffuse
sources control the amounts of industrial REEs discharged to
WWTPs. In future studies it may, thus, be most rewarding to
identify industrial facilities processing specific REEs and then
including WWTPs from the respective catchments. The impact of
different treatment steps (e.g., primary clarification, activated
sludge treatment) on the REE concentration in wastewater streams
of the respective WWTPs should be evaluated to get a better
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understanding of how and in which forms REEs move through
wastewater facilities. Based on the current dataset showing that
several WWTPs receive substantial amounts of industrial Ce, it can
be concluded that industrial Ce is likely the next REE that will be
detected more frequently in surface waters or groundwater and/or
in sediments downstream of selected WWTPs. Enrichments of Gd
observed in selected sewage sludge samples were associated with
the release of Gd-based contrast agents from hospitals and/or
production facilities. La seems enriched in most of the WWTPs, but
without showing clear outliers and therefore we could not assign
the La enrichments to specific industrial inputs. Biological pro-
cesses modifying the retention of La in WWTPs may help to explain
the unexpectedly high apparent industrial fractions of La in sewage
sludge. Alternatively, La contributions from diffuse sources, such as
agricultural runoff of fertilizers with enriched La contents may
additionally contribute to the La enrichments observed in the
sewage sludge.

Apart from the poorly understood ecological consequences of
the REE discharge to the environment, applications relying on
stable REE background patterns may be challenged in the future.
For example, the use of REE patterns to study geochemical pro-
cesses in natural waters (e.g., Elderfield and Greaves, 1982;
Johannesson et al., 2000; Sholkovitz, 1995; Smedley, 1991) may
become increasingly difficult. Furthermore, it has been suggested to
use REE patterns for a source apportionment of food products to
warrant specific quality labels (Magdas et al., 2020). Also this
approach may become limited, if for example sewage sludge
enriched in specific (industrial) REEs is used as fertilizer in agri-
culture. Our results, supported by other, previous reports on the
occurrence of industrial REEs in surface waters, suggest that human
activities can change the (background) REE patterns in (urban)
environments and the increasing REE demand will further accen-
tuate these changes.
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