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Abstract: According to Statistics Poland, an average of around 1 million tonnes DM of sewage sludge has been
generated in Poland annually over the past several years, of which approximately 30% has been used in nature,
e.g. in agriculture, to grow plants for compost production, or for land reclamation (Statistics Poland 2004-2022).
Most research on sewage sludge has focused on investigating its fertilizing value (nitrogen, phosphorus), identi-
tying the composition of organic matter and determining the total content of heavy metals (including primarily
cadmium, copper, nickel, lead, zinc, mercury and chromium) and the forms of their occurrence that determine
their mobility and bioavailability. The occurrence of rare earth elements (REEs) in sewage sludge has hardly been
addressed in research, even though their presence in production processes and everyday objects is increasing-
ly common. The results presented in this article of studies of the concentrations of individual REEs in sewage
sludge from selected industrial and municipal wastewater treatment plants located in Poland indicate that they
are significantly lower than the average lanthanide level in the Earth’s crust. This may suggest that anthropogenic
sources of REEs do not affect the composition of the wastewater and sludge studied. The calculated median con-
centration of ZREE in sludge from industrial wastewater treatment plants is 9.47 mg/kg, whereas in municipal
sewage sludge, the midpoint value for REE concentration is 13.5 mg/kg. Normalization of the obtained results
with respect to Post-Archean Australian Shale (PAAS) and to topsoil and subsoil from Poland shows that the
sludge is generally depleted in REE relative to the standards used. An assessment of the contamination of sewage
sludge with rare earth elements, based on the calculated values of the geoaccumulation index (I,,,) for these ele-
ments, also shows that the content of lanthanides in the studied sewage sludge is lower than in the soils of Poland.
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INTRODUCTION

Geochemically, rare earth elements, also called
lanthanides or abbreviated REEs, comprise 15 met-
als with ordinal numbers ranging from 57 (La)
to 71 (Lu). Due to their high chemical (resulting
from their specific electron shell structure) and
geochemical similarity, REEs occur in nature iso-
morphically (excluding radiogenic promethium),
mainly as trivalent cations (exceptions are Ce,
which can also occur as the Ce*" ion, and Eu, which

can occur as the Eu*" ion) and show an affinity to
combine with oxygen (e.g. Kabata-Pendias & Muk-
herjee 2007, Paulo & Krzak 2015). The average
concentration of total REEs in the Earth’s crust is
approximately 120-190 mg/kg (Long et al. 2010,
Paulo & Krzak 2015). Of all REEs, cerium (average
60 mg/kg), lanthanum (average 30 mg/kg) and
neodymium (average 28 mg/kg) show the highest
concentrations. Thulium and lutetium, despite be-
ing the least abundant of the lanthanides (average
0.5 mg/kg), are nevertheless found in the Earth’s
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crust in higher concentrations than elements
such as antimony, bismuth, cadmium or thallium
(Gambogi & Cordier 2012).

Rare earth elements have been used on an in-
dustrial scale since the 1960s. As their separation
and purification are demanding analytically and
technically, initially the so-called mischmetal, i.e.
an unseparated REE mixture also known as a ce-
rium mixture, was mainly used (Charewicz 1990,
Gupta & Krishnamurthy 2005, Paulo & Krzak
2015). Currently, production processes use either
elements in the free (metallic) state, or their com-
pounds (mainly oxides) (Paulo & Krzak 2015),
and demand for REEs is steadily increasing. USGS
data (2022) shows that the global REE produc-
tion in 2018 was 190,000 metric tonnes of REO
equivalent. Estimates for 2023 indicate a value of
350,000 tonnes (USGS 2024). In terms of the main
applications of REE, industries related to magnet
production, metallurgy, and catalyst production
dominate the market structure. Other industries
for which REEs are crucial are the production of
polishing agents, glass and ceramics, batteries and
luminophores. In addition to these sectors, REEs
are also used, e.g., in medicine or in the produc-
tion of fertilizers (e.g. Goodenough et al. 2017, Fil-
ho et al. 2023). REEs are seen as one of the most
important strategic raw materials, enabling both
the transformation of traditional industries to-
wards low-emission technologies and the devel-
opment of advanced and latest national defence
technologies (Zhang 2022, Liu et al. 2023).

Natural processes are the main factors respon-
sible for the occurrence of REEs in the environ-
ment. However, the rapid development of REE
technologies and the resulting demand for these
metals are making anthropogenic sources in-
creasingly important in the distribution of lantha-
nides. In addition to the mining and processing
sectors, rare earth elements can be released into
waters and soils as a result of waste disposal, the
use of phosphate fertilizers, as well as with waste-
water. It is evidenced by, e.g., a positive gadolini-
um anomaly observed in surface and tap waters of
large cities (Verplanck et al. 2010, Wysocka et al.
2018, Balaram 2019, Wysocka et al. 2023).

The potential presence of rare earth elements
in wastewater also makes it reasonable to identify
their occurrence in sewage sludge that constitutes

approximately 1-2% or even 3% of the total vol-
ume of wastewater flowing into treatment plants
and contains more than half of their total pollu-
tion load (Oleszkiewicz 1998, Bien & Wystalska
2011). The processes of sludge treatment, stabili-
zation, dewatering and management are an im-
portant element of the operation of wastewater
treatment plants but can also bring about many
problems. Inappropriate and ineffective sludge
management can pose a genuine hazard to the en-
vironment and human health, especially if sludge
is used for natural purposes (in agriculture, for
the reclamation of degraded land, or for the pro-
duction of compost). In this context, it should be
noted that REEs of anthropogenic origin usually
enter the environment in biologically bioavailable
forms and can therefore alter the existing biogeo-
chemical balance in a given environment (Zhang
& Shan 2001). Previous results of research on the
effects of REEs on soils and plant and animal or-
ganisms are ambiguous and it is likely that they
may not be representative of actual environmental
conditions because most experiments were con-
ducted under laboratory conditions (Tommasi
et al. 2021).

Research on the occurrence of lanthanides in
sewage sludge has been conducted to varying ex-
tents, among others, in Japan (Kawasaki et al. 1998),
Sweden (Eriksson 2001), China (Suanon 2017,
Nkinahamira 2019) and Switzerland (Kaegi et al.
2021), while in Poland the issue is poorly devel-
oped. However, taking into account the need for
sustainable development and the growing impor-
tance of the concept of the circular economy, the
issue seems to be an intriguing one. Furthermore,
in terms of the natural use of sewage sludge and es-
pecially in agriculture, more data on its chemical
composition, and thus its potential pollutant load,
may provide an important clue when taking mea-
sures aimed at maintaining the chemical balance of
soil ecosystems and their biodiversity.

The paper presents the results of a study of REE
content in 49 sewage sludge samples from select-
ed industrial and municipal wastewater treatment
plants in Poland. The calculations and tests were
performed to compare the variation in REE con-
tent in sewage sludge generated in municipal and
industrial installations. An assessment of REE
contamination of the studied sewage sludge was
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also carried out on the basis of I, geoaccumula-
tion index values, taking the lanthanide content
of Poland’s soils as the geochemical background.
The enrichment/depletion of the sewage sludge
with rare earth elements was assessed on the basis
of REE contents normalized with respect to PAAS
and to topsoil and subsoil from the area of Poland.
In addition, relationships (correlations) between
REEs in municipal and industrial sewage sludge
were analysed.

MATERIALS AND METHODS

Collection of sewage sludge samples

Sludge samples were collected from nine indus-
trial wastewater treatment plants representing
the following industries: chemical (fertilizer pro-
duction) (IWTP 1 and IWTP 2), pulp and paper
(IWTP 3-6), electrical engineering IWTP 7),
metallurgy (IWTP 8) and mining and metallur-
gy IWTP 9), and from 28 municipal wastewater
treatment plants (MW TP 10-37) located in Poland.

The fieldwork was carried out between October
and December 2013 and in July 2014. Fresh sludge
samples were collected from installations whose
owners and/or operators agreed to collect mate-
rial for testing, after dewatering. At 12 treatment
plants, where older batches of sludge were tempo-
rarily stored, additional sludge samples were tak-
en (marked with “*”). A total of 49 sludge samples
were taken for testing, including 11 samples from
industrial treatment plants and 38 samples from
municipal treatment plants. As the selection of
sampling sites (based on the consents of the own-
ers and/or operators of the treatment plants) did
not comply with the principles of representative-
ness, hence the samples discussed in this article
are non-representative ones.

Each sludge sample was collected in 0.5 litre
plastic (polypropylene) containers (directly, e.g. by
placing the container under the machine press or
using a plastic spatula).

Analytical methods

The sludge material was collected and delivered
to the Central Chemical Laboratory of the Polish
Geological Institute — National Research Institute
for testing. In accordance with the research proce-
dures, air-dry sediment samples were grated and

dissolved in aqua regia (3HCl + HNO,), and then
the contents of rare earth elements were deter-
mined by inductively coupled plasma mass spec-
trometry (ICP-MS) using a Perkin Elmer ELAN II
DRC apparatus. The limit of determination of the
method was 0.5 mg/kg for La, Ce, Pr and Nd, and
0.05 mg/kg for Eu, Sm, Gd, Tb, Dy, Ho, Er, Tm,
Yb and Lu.

Methods of results evaluation
and interpretation

Statistical processing of the study results was car-
ried out using Microsoft Office Excel 2010 spread-
sheet and the STATISTICA 12 software. Taking
into account the different nature of municipal sew-
age sludge and that produced in industrial waste-
water treatment plants (determined, in particular,
by the type and composition of wastewater from
which the sludge is derived), selected measures of
descriptive statistics were first calculated for the
elements studied: arithmetic mean, geometric
mean, median, percentiles (25 and 75), and stan-
dard deviation. If the content of the determined
element was below the limit of determination of
the analytical method, a value equal to half the
detection limit was taken in the calculation of its
measures, although the actual concentrations in
some samples may have been lower. Considering
elements for which the percentage of results below
the limit of determination exceeded 50% (praseo-
dymium in industrial sewage sludge samples and
thulium and lutetium in industrial and municipal
sludge samples), the calculation of selected mea-
sures of descriptive statistics was abandoned. The
normality of the distribution of the determined
variables was then examined using the Shapiro-
Wilk test. As the test result for some elements (de-
spite data transformation) was negative, position-
al statistical measures and non-parametric tests
were used to interpret the results.

The coefficient of variation of the quartile devi-
ation (positional coeflicient of variation) - V, was
used to assess the variation in the content of rare
earth elements in industrial and municipal sew-
age sludge, calculated according to the formula:

v =2 100% m
M

e

where: Q - quartile deviation, M, - median.
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To test the hypothesis that there is no shift in
the distributions taken for comparison, i.e. that
the differences between the medians of the vari-
ables in the sample sets (in sludge from industrial
wastewater treatment plants and in sludge gener-
ated in municipal installations) are not significant,
the Mann-Whitney U test was applied.

An attempt was made to assess the sludge con-
tamination with REE by calculating the geoac-
cumulation index (I,,,), which is widely used in
geochemistry. Introduced by Miiller (1969), the
parameter is described by the equation:

I =log, —n
geo 08, 1.5B (2)

n

where: C, - concentration of the element under
study, B, - geochemical background value of the
element.

Originally, the I, index was used to assess the
degree of metal contamination in water sediments,
but many authors also use it to determine the con-
tamination level in sewage sludge (e.g. Duan et al.
2017, Chen 2019, Li et al. 2019, Nkinahamira
etal. 2019, Tytla 2019, Latosinska et al. 2021, Sund-
ha et al. 2022). In this paper, the median value of
REEs in Poland’s soils, calculated from data select-
ed from the Geochemical Atlas of Europe (De Vos
etal. 2006), is used as the geochemical background
for the studied REEs.

In order to verify the occurrence of the relation-
ship between the variables in sludge samples from
industrial and municipal wastewater treatment
plants, and to determine it, the Spearman’s rank
correlation coefficient rho (p) was calculated; how-
ever, elements for which more than 50% of results
were below the limit of determination were ignored.

REE contents are usually presented as normal-
ized values relative to reference values in the ma-
terial taken as a reference standard (e.g. in mete-
orite, sedimentary rocks, soil). Therefore, in this
publication, the results obtained for REE contents
in sludge from industrial and municipal waste-
water treatment plants were normalized relative
to the average REE content of Post-Archean Aus-
tralian Shale (PAAS) (Taylor & McLennan 1985).
The PAAS is characterized by a negative europi-
um anomaly relative to the chondrites and shows
enrichment with LREE (La-Eu) relative to HREE
(Gd-Lu). Studies have shown that the REE content

is generally higher in younger sediments (Nance
& Taylor 1976); hence, this method is considered
representative in the studies of hypergenic pro-
cesses, including environmental studies. Taking
into account the natural use of sewage sludge, the
determined REE contents were also normalized in
relation to the average content of these elements in
Poland’s topsoil and subsoil.

RESULTS AND DISCUSSION

The contents of rare earth elements in sludge sam-
ples collected from industrial wastewater treat-
ment plants were characterized by a wide range
of variability (Fig. 1A). The sludge from industrial
wastewater treatment plants contained an average
of 9.47 mg REE/kg. Lanthanum was found in the
concentration range from 0.8 to 67.1 mg/kg, ceri-
um - from 1.8 to 69.4 mg/kg, praseodymium con-
centrations ranged from below the limit of deter-
mination to 12.6 mg/kg, neodymium - from 0.8 to
51.2 mg/kg, samarium - from 0.18 to 10.13 mg/kg,
europium - from 0.05 to 2.46 mg/kg, and gado-
linium - from 0.19 to 11.25 mg/kg. The minimum
contents of terbium, holmium, thulium and lute-
tium were below the limit of determination of the
method used, while the maximum concentrations
of these elements were, respectively: 1.65 mg/kg,
2.41 mg/kg, 0.93 mg/kg, and 0.95 mg/kg. The con-
centrations of dysprosium, erbium and ytterbi-
um were 0.17-10.65 mg/kg, 0.09-7.21 mg/kg, and
0.08-5.84 mg/kg, respectively. The highest con-
centrations of rare earth elements were found in
samples from a treatment plant receiving waste-
water from the chemical industry (fertilizer pro-
duction), with the XREE of 253.8 mg/kg (sam-
ple IWTP 2*) and 141.2 mg/kg (sample IWTP 2),
respectively. In the sludge sample from another
treatment plant receiving wastewater generated
by a chemical plant IWTP 1), YREE content were
much lower and attained a value 34.9 mg/kg. The
lowest content was determined in a sample from
the IWTP 3 treatment plant, which receives waste-
water from paper production (XREE 4.6 mg/kg).
Other sludge generated by facilities operating in
the pulp and paper industry contained rare earth
elements in the range of 7.5-10.4 mg/kg. A similar
range of lanthanides content was found in sludge
from the treatment plants of the mining and
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metallurgy industry (5.1-8.5 mg/kg) and metal-
lurgy (9.1 mg/kg), while a sample from the waste-
water treatment plant from an electrical engineer-
ing factory contained 21.3 mg/kg REE.

The samples of municipal sewage sludge con-
tained (Fig. 1B) 1.3-6.6 mg/kg of lanthanum and
2.3-11.3 mg/kg of cerium. Praseodymium concen-
trations were found ranging from below the lim-
it of determination to 1.5 mg/kg, neodymium -
from 0.9 to 5.9 mg/kg, samarium - from 0.17 to
1.21 mg/kg, europium - from 0.03 to 0.28 mg/kg,
and gadolinium - from 0.22 to 1.15 mg/kg. The

100.00

minimum contents of terbium, holmium, thuli-
um and lutetium were below the limit of determi-
nation of the method, while the maximum con-
centrations of these elements were 0.16 mg/kg,
0.18 mg/kg, 0.06 mg/kg, and 0.06 mg/kg, respec-
tively. Dysprosium was present in the range of
0.13-0.91 mg/kg, erbium - 0.07-0.50 mg/kg and
ytterbium - 0.07-0.42 mg/kg. The concentration
of total rare earth elements in the sludge samples
from municipal wastewater treatment plants var-
ied between 5.6 and 28.9 mg/kg, while the median
YREE was 13.5 mg/kg.

1.00 -
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0.01
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Fig. 1. Rare earth element contents [mg/kg] of sludge samples from industrial (A) and municipal (B) wastewater treatment

plants
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A review of the literature indicates that publi-
cations on the REE content in sewage sludge from
industrial installations are scarce. The paper by Ka-
wasaki et al. (1998) presents, among others, the re-
sults of a study of sludge generated by wastewater
treatment processes from food (n = 10) and chem-
ical (n = 10) industry plants. The contribution by
Gao et al. (2012) provides information on REE con-
tent of a single sludge sample from an industrial
wastewater treatment plant. By comparing the re-
sults obtained by the present author, it was found
that the mean and median values of individual
REEs for the studied set of sludge samples from in-
dustrial wastewater treatment plants in Poland are
higher than in sludge from the chemical industry,
studied by Kawasaki et al. (1998). This statement
should be supplemented with the information that
the calculated central measures were influenced by
relatively high REE contents in the IWTP 2 and
IWTP 2* samples. The concentrations of some
REEs, especially lanthanum and cerium, were
more than twice as high as their concentrations in
the sample studied by Gao et al. (2012), while the
median values of the other REEs calculated for the
studied group of sludge were lower.

Theliterature on the occurrence of REEs in mu-
nicipal sewage sludge is somewhat more extensive,

and the results obtained by the author were com-
pared to the results of studies conducted in Swit-
zerland (Kaegi et al. 2021), Sweden (Eriksson 2001)
and Japan (Kawasaki et al. 1998). The data sum-
marized in Table 1 show that the cluster of munic-
ipal sewage sludge samples studied by the author
is characterized generally by the lowest concentra-
tions of rare earth elements. The sum of the av-
erage contents of the individual REEs calculated
for the cluster (13.5 mg/kg d.m.) was 1.8-3.7 times
lower than in the groups taken for comparison
(Switzerland 24.54 mg/kg, Japan 30.5 mg/kg, and
Sweden 50.77 mg/kg). Although the Swedish sew-
age sludge in general showed the highest enrich-
ment with rare earth elements, the highest av-
erage cerium content was found in sludge from
Switzerland. The elevated level of this element was
associated with the influx of industrial wastewa-
ter into several of the studied installations (Kae-
gi et al. 2021).

The calculated values of the coefficient of vari-
ation of the quartile deviation (V) (Table 2) in-
dicate that sludge from industrial installations
is characterized by a very strong variation in the
occurrence of most REEs; only cerium shows
a strong variation from the median in a narrowed
area of variation.

Table 1
Comparison of the concentrations of REE in municipal sewage sludge with the results from studies by other authors
Medians of the concentrations of REEs in municipal sewage sludge
This study Kaegi et al. (2021) Eriksson (2001) Kawasaki et al. (1998)
Element
n=38 n=63 n=47 n=14
[mg/kg]
La 3.1(2.9) 10.90 (7.05) 16 (13) 6.70 (6.17)
Ce 5.7 (5.6) 26.24 (10.26) 24 (20) 14.1 (12.5)
Pr 0.6 (0.6) 1.12 (0.93) 2.8(2.5) 1.48 (1.47)
Nd 2.6 (2.5) 4.09 (3.41) 11 (8.0) 6.00 (5.86)
Sm 0.49 (0.47) 0.94 (0.67) 1.8 (1.3) 1.02 (1.01)
Eu 0.13 (0.12) 0.20 (0.15) 0.30 (0.26) not tested
Gd 0.49 (0.46) 0.87 (0.67) 2.0 (1.7) 1.18 (1.05)
Tb 0.06 (0.07) 0.11 (0.09) 0.34 (0.26) 0.16 (0.16)
Dy 0.37 (0.36) 0.61 (0.51) 1.7 (1.3) 0.93 (0.87)
Ho 0.07 (0.07) 0.12 (0.10) 0.40 (0.35) 0.19 (0.18)
Er 0.20 (0.19) 0.35 (0.30) 1.0 (0.9) 0.57 (0.54)
Tm (<0.05) 0.05 (0.04) 0.21 (0.16) 0.08 (0.08)
Yb 0.17 (0.16) 0.36 (0.32) 1.1(0.9) 0.54 (0.53)
Lu (<0.05) 0.05 (0.04) 0.19 (0.14) 0.08 (0.08)
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Table 2

Variation in REE content in sludge from industrial and municipal wastewater treatment plants based on the coefficient of

variation of the quartile deviation (V)

Coefficient of variation of the quartile deviation [%] in the studied sludge samples

Element

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Yb

Lu not calculated

from industrial wastewater treatment plants

from municipal wastewater treatment plants

Tm not calculated not calculated

not calculated

LEGEND

very high variation

45% < V'<100% | high variation

moderate variation

very low variation

In sludge from municipal wastewater treatment
plants, the observed variation in the content of
most REEs is moderate - the exceptions are neo-
dymium, samarium and ytterbium, whose concen-
trations in the studied set are characterized by low
variation with respect to the median.

The Mann-Whitney U test showed no sig-
nificant difference in the average REE content
between sludge from municipal and industrial
wastewater treatment plants.

Assessment of sewage sludge contamination
by rare earth elements

The geoaccumulation index was calculated for in-
dividual rare earth elements in the studied sewage

sludge samples by taking the median value of REEs
in soils of Poland, calculated from data selected
from the Geochemical Atlas of Europe (De Vos
et al. 2006), as geochemical background values.

The I, index of nine out of 11 industrial sludge
samples indicated the absence of REE contami-
nation (Table 3). Moderate REE contamination
(Class 2) was found in sample IWTP 2 (from
a treatment plant receiving wastewater generat-
ed from fertilizer production). The other sample
from the same installation (IWTP 2*) shows mod-
erate to high contamination with REE (Class 3).
In comparison, none of the tested sludge samples
from municipal wastewater treatment plants was
contaminated by REE.
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Correlations of REE content in sludge
from industrial and municipal
wastewater treatment plants

The Spearman’s rank coefficient values calculated
for the individual pairs of variables under study are
summarized as a correlation matrix (Fig. 2). They
indicate that rare earth elements in sludge from in-
dustrial wastewater treatment plants generally show
very strong and strong positive correlations with
each other (correlation coefficient value p is from
0.83 to 1.00), with the exception of praseodymium,
thulium and lutetium, for which no correlation in-
dex has been calculated as more than 50% of deter-
minations were below the limit of determination.
Very strong and strong positive correlations were
also found between REEs in the sludge generated
by municipal installations (excluding thulium and
lutetium, for which correlation coeflicients have not
been calculated). The occurrence of strong and very
strong positive correlations between REEs in mu-
nicipal sewage sludge is also documented by other
authors (Suanon et al. 2017, Vriens et al. 2017). Pos-
itive correlations between metals may suggest that
they had similar levels of contamination, the same
sources (or a single major source) of origin and ex-
hibited similar transport behaviour (Suresh et al.
2011, Tytla 2020).

REE enrichment/depletion of sludge
generated from industrial and municipal
wastewater treatment plants

Applying the normalization to sedimentary rocks
(PAAS) (Fig. 3A), the sewage sludge from indus-
trial treatment plants was found to be depleted in
rare earth elements — only sample IWTP 2* from
an installation treating chemical plant wastewater
(from fertilizer production) showed a slight en-
richment with REE relative to the standard used.
Values of the La/Yb(PAAS) index ranged from
0.55 to 1.45, indicating poor and, for some sam-
ples, even reverse REE fractionation. The calculat-
ed median of the La/Yb(PAAS) ratio (0.91) indi-
cates the existence of a slight dominance of HREE
over LREE in the studied set of samples from in-
dustrial wastewater treatment plants. Normaliza-
tion against PAAS showed the presence of a weak
positive europium anomaly (Eu/Eu*(PAAS)) in

all sludge samples from industrial installations —
Eu/Eu*(PAAS) values ranged from 1.06 to 1.42,
excluding sample IWTP 2 (Eu/Eu*(PAAS) = 0.89).

Eu and Ce anomalies are often used as a tool to
monitor redox conditions in various environmen-
tal components, including seawater and freshwa-
ter, rocks and soils. The studies show that although
the occurrence of the above-mentioned anomalies
is mainly dependent on the redox potential (Eh),
other parameters, including pH and temperature,
may also be important in forming them. The oc-
currence of REE anomalies in sewage sludge, as
well as in wastewater, is poorly recognised in the
literature, and the lack of pH and Eh measure-
ments further precludes the possibility of drawing
conclusions about the observed phenomenon. As
sewage sludge is produced in wastewater treatment
processes, it can be surmised that the physico-
chemical parameters of the wastewater and the
conditions under which the sludge is formed are
important elements that influence the content and
fractionation of REEs.

Normalization performed on the topsoil and
subsoil from Poland (Fig. 3B, C) also showed
a general depletion of the industrial sludge in
REE. A deviation in this respect was found in the
case of samples IWTP 2 and IWTP 2%, which may
suggest that the raw materials used in the plant’s
production processes contain rare earth elements.
Alongside, it was observed that the depletion rela-
tive to topsoil was slightly lower than that relative
to subsoil.

Normalization of the REE content to sedimen-
tary rocks (PAAS) performed for sludge from mu-
nicipal wastewater treatment plants showed its
depletion in rare earth elements (Fig. 4A). Similar
results were obtained in Switzerland (Kaegi et al.
2021), where sludge from 63 municipal installa-
tions was studied. This may suggest that wastewa-
ter generated in households and public facilities is
not a significant REE carrier. The La/Yb(PAAS)
ratio ranged from 0.74 to 3.14, and values indica-
tive of reverse REE fractionation (enrichment with
HREE) were found only in samples MWTP 30
and MWTP 30* The calculated median of the
La/Yb(PAAS) ratio (1.34) indicates the existence
of a slight quantitative prevalence of LREE over
HREE in the studied data set.
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LEGEND
rho (p) > [0.90| - very strong correlation
|0.70] < rho (p) <[0.90] - strong correlation

x — correlation coefficient not calculated, over 50% of results below the limit of determination

Fig. 2. Matrix of correlation coefficients for industrial sludge (A), n = 11, p < 0.05 and for municipal sludge (B),
n=38p<0.05
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Fig. 3. REE content [mg/kg] in sewage sludge samples from industrial treatment plants normalized to PAAS (A) and to
topsoil (B) and subsoil (C) from the area of Poland
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Fig. 4. REE content [mg/kg] in sewage sludge samples from municipal sewage treatment plants normalized to PAAS (A) and to
topsoil (B) and subsoil (C) from the area of Poland
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PAAS normalization showed that sludge from
municipal wastewater treatment plants is character-
ized generally by the presence of a weak positive eu-
ropium anomaly - the median of the Eu/Eu*(PAAS)
ratio was 1.22, and the Eu/Eu*(PAAS) ratios for
individual samples ranged from 0.58 to 2.05. Val-
ues <1 were obtained for five samples: MWTP 10,
MWTP 17, MWTP 27, MWTP 32 and MWTP 33*
from different treatment plants. These were both
mechanical-biological treatment plants (MW TP 10,
MWTP 17) and enhanced nutrient removal me-
chanical-biological plants. These plants were char-
acterized by a variable load expressed by the popu-
lation equivalent (p.e.): from 2,457 (MWTP 10) to
160,000 (MWTP 27). The proportion of industrial
wastewater in the treated wastewater stream was
also varied: from none MWTP 10 and MW'TP 33%)
to 34% (MWTP 32). The parameters analysed in the
study do not allow indicating the factors determin-
ing the occurrence of this phenomenon.

Normalization of the REE content to topsoil
and subsoil of Poland in municipal sewage sludge
showed that the studied samples are less abundant
in rare earth elements while considering these
standards as well (Fig. 4B, C). This suggests that
the natural use of municipal sewage sludge will
not result in the anthropogenic enrichment of
soils with rare earth elements.

CONCLUSIONS

The present studies indicate that the content of
rare earth elements in sewage sludge generated in
Poland is relatively low. Sludge from both munic-
ipal and industrial wastewater treatment plants is
characterized by a lower lanthanide content than
the average content in the Earth’s crust. However,
the calculated values of the coefficient of variation
of the quartile deviation showed that sludge from
industrial wastewater treatment plants has a much
greater range of variation in REE occurrence than
sludge from municipal installations. The greater
variation in the elemental content in sludge from
industrial wastewater treatment plants may be
a consequence of the very large differences in the
chemical composition of the wastewater generat-
ed by industrial plants (resulting primarily from
the business profile, as well as from the technol-
ogies and types of raw materials used). In gener-
al, however, the difference between the median

values REEs of the studied sets of municipal and
industrial sludge samples is not significant statis-
tically, as indicated by the Mann-Whitney U test
result. Therefore, it can be concluded with a high
degree of probability that the REEs present in the
sludge are most likely derived from natural sourc-
es and that their concentrations are not a criterion
for distinguishing between sludge from municipal
and industrial installations.

The very strong and strong positive correla-
tions between rare earth elements are undoubted-
ly a consequence of the chemical (including geo-
chemical) similarity between the metals of this
group and suggest that they have a common or-
igin in the sludge.

The results of the chemical tests and its analyses
performed suggest that the sludge tested will gen-
erally not generate negative pressure on the envi-
ronment due to its REE content. The geoaccumu-
lation index values calculated taking into account
the average content of lanthanides in Poland’s
soils indicate no contamination of municipal sew-
age sludge and most of that from industrial instal-
lations by REE. Similar results were also provided
by the normalization of REE content performed
for Australian shale (PAAS) and for topsoil and
subsoil of Poland: the sludge was characterized by
depletion with rare earth elements in comparison
with the standards used. The slight deviation ob-
served in the case of sludge from a treatment plant
receiving wastewater generated by fertilizer pro-
duction may be related to the types of raw materi-
als used in the production process at the plant. On
this basis, it can be concluded that the chemical
composition of sewage sludge generated by some
industries needs to be more precisely identified,
especially when the sludge will be used for pur-
poses connected with nature.

The study was financed from funds allocat-
ed to the statutory activities of PGI-NRI (Project
No. 61.6704.1301.00.0). The article was written in
the framework of the project no. 62.9012.2408.00.0.
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