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A rigorous assessment of the impact of engineered nanomaterials (ENM) on the 
(aquatic) environment requires a clear separation between inputs related to 
anthropogenic activities and natural sources. Based on the case of 
ceriumdioxide (CeO2)-(nano)particles (NP) detected in sewage sludge, we 
present a novel approach to quantitatively differentiate between anthropogenic 
and natural Ce inputs into wastewater systems. 
CeO2-NP are used in different industrial applications, eventually resulting in 
their release into the environment. Recent mass flow models suggest that a 
major fraction of the anthropogenic CeO2-NP are discharged to wastewater 
systems. With retention rates of > 95 % in wastewater treatment plants 
(WWTP), the majority of the CeO2-NP will be accumulated in sewage sludge. 
The digested sludge system, therefore, can be regarded as an efficient 
sampling system, averaging the Ce inputs from natural and anthropogenic 
sources over roughly 30 days, corresponding to the typical sludge age of the 
anaerobic digestion. 
Based on the results of a previous screening study, in which we assessed the 
elemental concentration in digested sewage sludge in 64 WWTPs across 
Switzerland, 5 sludge samples were selected for more detailed characterization. 
In addition to the sludge samples, 6 soil samples from different localities were 
also investigated. These soil samples served as references for geogenic Ce 
inputs into WWTPs, assuming that the Ce present in these soil samples was 
exclusively of natural origin. The contents of the rare earth elements (REE) La, 
Ce, Eu, Er, and Dy in all slude and soil samples were quantified by acid 
digestion and inductively plasma mass spectrometry (ICP-MS). The oxidation 
state of Ce in all samples was assessed by X-ray absorption spectroscopy 
(XAS) at the Ce LIII-edge. 
Cerium in soils and sediments is dominantly present as Ce(III) in minerals such 
as allanite, bastnaesite or monazite. Engineered CeO2-(NP), are expected to 
exclusively contain Ce(IV). Therefore, the oxidation state of Ce in sewage 
sludge may be used to estimate the fractions of Ce related to anthropogenic 
activities. XAS analyses showed that Ce in soil samples was up to ~70% Ce(III) 
and ~30% Ce(IV). For the estimation of the anthropogenic inputs from 
measured Ce oxidation state in sludge samples, we thus assumed that natural 
Ce consisted of 70 % Ce(III) and 30 % Ce(IV) and that anthropogenic Ce inputs 
were exclusively Ce(IV). Complementarily, fractions of anthropogenic Ce inputs 
were derived from the contents of the REE La, Ce, Eu, Er, and Dy. Engineered 
of Ce(O2) was assumed to be free of other REEs, whereas natural Ce inputs 
were described by the average Ce/REE ratios (normalized by the respective 
post archean Australian shale (PAAS) ratios) derived from the 5 soil samples. 
The five estimates based on the Ce oxidation state and on the four Ce/REE 
ratios (Ce/La, Ce/Eu, Ce/ Er, Ce/Dy) indicated that Ce in four of the five 
investigated sludge samples was mainly (60-100%) CeO2 of anthropogenic 
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origin, whereas Ce in one sludge was dominated by natural inputs. Estimates 
based on Ce/Eu, Ce/Dy and Ce/Er ratios were in excellent agreement with each 
other, but substantially deviated from estimates based on Ce oxidation state 
and Ce/La ratios. The considerable mismatch between Ce/La-based estimates 
and estimates based on the other Ce/REE ratios can be attributed to additional 
and variable anthropogenic inputs of La that are unrelated to anthropogenic Ce 
inputs. The considerable deviation between the quantifications derived from the 
oxidation state and the results obtained from the Ce/REE ration (excluding La) 
is most probably related to variable fractions of Ce(III) in anthropogenic Ce 
inputs, in contrast to our assumption that Ce from anthropogenic activities is 
exclusively Ce(IV). The fact that the results from the Ce/Eu, Ce/Er and Ce/Dy 
ratios are very comparable suggests that Eu, Dy and Er have negligible 
contents in engineered / anthropogenic materials that reach the wastewater 
stream. 
Thus, based on (normalized) Ce/Eu, Ce/Dy and Ce/Er ratios, we were able to 
reliably estimate the fraction of anthropogenic inputs of Ce into wastewater 
systems. An extension of this analyses to additional REE will further 
substantiate our findings. Assuming that the dominant fraction of the 
anthropogenic Ce particles is classified as ENM, our results will eventually allow 
calibrating current mass flow models of ENMs with experimental data.  


