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Editor: Damia Barcel6 The presence of heavy metal(loid)s in sewage sludge is a cause of concern and an obstacle to its agricultural
valorisation. This study analysed the elemental composition of sewage sludge from 42 Portuguese wastewater
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Human health risk Mg, and Ca comprised 80 % of the sludge nutrient profile. No seasonal variations were found, but sludge
composition varied with WWTP size, wastewater origin, and between thickened and digested samples. Envi-
ronmental hazard indicators showed significant sludge contamination with Zn, Cu, and Cd. However, the geo-
accumulation index, potential ecological risk indicators, and risk characterization ratios showed no significant
risks to sludge-amended soils, assuming a single application of 5 tons ha~!. Human health risk assessment for
workers handling sewage sludge identified dermal contact as the main route of exposure, with non-carcinogenic
risk for Cr and carcinogenic risk for Ni and Cr at the highest reported levels. Sewage sludge produced in Portugal
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was considered suitable for agricultural use, provided that it is closely monitored and well-managed to meet the
needs of crops and receiving soils, while mitigating environmental risks.

1. Introduction

Effluents reaching wastewater treatment plants (WWTPs) undergo a
variety of mechanical, physicochemical, and biological processes to
ensure that the treated wastewater meets the requirements for its safe
reuse or discharge to the environment (Rorat et al., 2019). The solid
residues and contaminants removed from wastewater are concentrated
in sewage sludge, a semi-solid waste that requires further treatment and
proper disposal.

Sewage sludge composition depends on the type and degree of
treatment used at WWTPs but is mainly determined by the origin of the
wastewater reaching treatment facilities (Buta et al., 2021; Kanteraki
et al., 2022). The final sludge contains a significant amount of water,
even after dewatering (Bianchini et al., 2015; Rorat et al., 2019), and its
solid fraction has a high load of organic matter, essential soil macro-
nutrients such as nitrogen (N), phosphorus (P), and potassium (K), as
well as several other micronutrients that can improve soil fertility
(Kanteraki et al., 2022). On the other hand, it also accumulates a wide
range of contaminants, including heavy metals, pharmaceuticals,
chemicals used in personal care products, microplastics, polycyclic ar-
omatic hydrocarbons, and pathogens (Fijalkowski et al., 2017).

Current approaches to sludge management reflect a paradigm shift in
the perception of this by-product of WWTPs. Direct disposal routes such
as ocean dumping and landfilling are either banned or being phased out,
replaced by strategies more in line with a circular economy model
(Bianchini et al., 2015; Di Costanzo et al., 2021; Raheem et al., 2018;
Rorat et al., 2019). Sewage sludge is now seen as a widely available and
cost-effective source of energy and materials, rather than simply an
undesirable waste product. Its agricultural valorisation is often
appointed as one of the most appropriate management strategies
(D’Imporzano and Adani, 2023; Hoang et al., 2022; Kanteraki et al.,
2022; Kowalik et al., 2022; Seleiman et al., 2020).

Sewage sludge use as a soil-amendment has been associated with
positive effects on crop yields and improvements in overall soil structure
(Hamdi et al., 2019; Kanteraki et al., 2022; Koutroubas et al., 2014;
Sharma et al., 2017). Its enriched nutrient profile contributes to soil
fertility, while reducing dependence on synthetic fertilizers derived
from energy-intensive processes (N) and non-renewable and geograph-
ically scarce minerals (P and K) (D’Imporzano and Adani, 2023; Selei-
man et al., 2020). However, there is growing concern about the potential
risks to soils and crop safety related to the occurrence of numerous
contaminants in sewage sludge (Buta et al., 2021; Feng et al., 2023;
Fijalkowski et al., 2017; Kanteraki et al., 2022; Liu, 2016). In addition,
the sludge nutrient profile can also lead to imbalances of these elements
in amended soils, negatively affecting the sustainability of farmland and
the quality and safety of food goods (Breda et al., 2020; Seleiman et al.,
2020).

In the European Union, sewage sludge production remained rela-
tively stable between 2007 and 2018, at 7 to 8 million tonnes dry weight
(dw) per year (European Commission, 2022). Its use on soils has been
regulated since 1986 by the Council Directive 86/278/EEC, which es-
tablishes rules for its application and sets limits for the concentration of
6 heavy metals in sludge and receiving soils (namely, cadmium, copper,
nickel, lead, zinc, and mercury). Almost 40 years after the imple-
mentation of this Directive, no major amendments have been adopted.
However, most Member States have introduced stricter limits for heavy
metals and metalloids, including for chromium (for which the EU
Directive never addressed levels) and arsenic, as well as restrictions for
some pathogens and organic micropollutants (Collivignarelli et al.,
2019; European Commission, 2022).

In terms of sewage sludge management at the EU level, up to 50 % is

applied to land, while the remaining fraction is incinerated (31 %),
landfilled (12 %), or managed in some other way (European Commis-
sion, 2022). Although agricultural valorisation remains the preferred
option, there are significant differences in the acceptance of this practice
among Member States, ranging from little or no use in some countries to
up to 80 % of the produced sludge being applied to soils in others.
Several factors contribute to these differences, including the amount of
sludge generated and the availability of receiving soils, compliance with
national legal limits, the competitiveness of sewage sludge with other
fertilizer alternatives, and the overall perception and acceptance by
landowners and the public, often driven by precautionary principles.

Sewage sludge stabilization is required prior to land application to
prevent fermentation of organic matter in amended soils and to mini-
mize odour emissions (Hoang et al., 2022). Conventional approaches to
sludge treatment in WWTPs include thickening and dewatering, often
aided by the addition of synthetic polymers or iron salts, and biological
stabilization through anaerobic digestion, which produces biogas that
can be used for energy recovery (Kanteraki et al., 2022; Raheem et al.,
2018; Rorat et al., 2019). By removing water and decomposing biode-
gradable solids, these processes reduce the amount of generated sludge,
facilitating storage and transport. The temperatures achieved during
biological stabilization, especially under thermophilic conditions, can
also kill pathogens and help reduce the load of some contaminants
(Hoang et al., 2022; Kanteraki et al., 2022). However, sludge treatment
has little effect on heavy metal(loid)s removal (Feng et al., 2023;
Montusiewicz et al., 2020). These constitute a major environmental
concern due to their toxicity, persistence, environmental mobility, and
potential for bioaccumulation in trophic chains (Buta et al., 2021; Feng
et al., 2023; Liu, 2016).

Heavy metal(loid)s in sewage sludge are mainly derived from the
wastewater reaching treatment facilities (Feng et al., 2023). In domestic
effluents, human excreta are a noteworthy contributor, especially for Zn
and Cu (Sorme and Lagerkvist, 2002). Other sources include corrosion
and leaching from plumbing systems (Zn, Cu, and Pb in old pipes), use of
toiletries, personal care products, laundry detergents and household
cleaning goods (Zn, Cu, Cr, Cd, As), colouring agents, paints, and textile
pigments (Zn, Cd, As), metal alloys and coatings in kitchenware and
sanitation installations (Zn, Cu, Ni, Cr, Pb, Cd) (Buta et al., 2021; Feng
et al., 2023; Sorme and Lagerkvist, 2002). Surface runoffs constitute
significant sources of Zn (leached from galvanized materials in buildings
and traffic infrastructure), Cu (from degradation of roofing materials)
and metal-rich dust that builds-up on roads and urban surfaces (Cheng
et al., 2022; Feng et al., 2023; Sorme and Lagerkvist, 2002). As for in-
dustrial wastewaters, petrochemical refining, power plants, metal cast-
ing industries and production of metal alloys are known sources of Zn,
Cu, Cd, Cr, Cu, and Ni. Other industrial activities releasing heavy metal-
rich discharges include the manufacture of batteries and electronic de-
vices (Cu, Hg, Cd, Ni, Pb, Zn), plastics (Cd, Cu, Zn), tyres (Zn), textiles
(Cr, Cu), tanneries (Cr), and intensive livestock farming (Cu, Zn, As)
(Buta et al., 2021; Cheng et al., 2022; Feng et al., 2023; Sorme and
Lagerkvist, 2002). Although regulatory controls and improved industrial
practices have led to a reduction in heavy metal(loid)s entering WWTPs
over the years (largely due to pre-treatment of effluents prior to
discharge into sewerage systems), industrial activities remain a signifi-
cant source in municipal sewage sludge (Buta et al., 2021; Fijalkowski
et al., 2017).

Monitoring the heavy metal(loid) and nutrient content in sewage
sludge is of paramount importance to reap the benefits of its use on
farmland without compromising environmental safety and public
health. Previous studies have reported levels of metal(loid)s in sewage
sludge, but most deal with local or narrow regional scales, and an in-
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depth characterization of sewage sludge composition in terms of macro-
and micronutrients is relatively uncommon in the literature. On the
other hand, while some country-level analyses have been carried out on
this topic, the contamination status of sewage sludge and the environ-
mental and human health risks associated to its use in agriculture have
not been thoroughly assessed. This study fills these gaps by investigating
the levels of 23 elements in final dewatered sewage sludge from 42
representative WWTPs across mainland Portugal. Differences in sludge
composition were evaluated between seasons and regarding the WWTP
size, wastewater origin, and type of sludge produced (thickened or
anaerobically digested). The suitability of sewage sludge for agricultural
soil-amendment was investigated and the contamination status of
sewage sludge was assessed using different ecological and environ-
mental risk indicators. A comprehensive assessment of the environ-
mental and human health risks of metal(loid)s associated with sewage
sludge application to soil was proposed.

2. Materials and method
2.1. Sample collection and characterization

Dewatered sewage sludge was collected from 42 urban WWTPs
located throughout mainland Portugal in two monitoring campaigns,
carried out in summer (June/July 2019) and winter (January/February
2020). Most of the Portuguese population is concentrated in urban areas
served by WWTPs of >2000 population equivalent. Smaller WWTPs
produce negligible amounts of sewage sludge, which are often trans-
ferred to larger plants for further treatment. For this reason, sampling
points were selected from about 450 urban WWTPs serving >2000
population equivalent. The selected 42 WWTPs were chosen in collab-
oration with national bodies responsible for wastewater management to
cover the entire territory of mainland Portugal and to be representative
in terms of WWTP size (categorized based on population equivalent),
sewage source (domestic wastewater or the mixture of domestic and
industrial effluents), and type of sewage sludge produced (thickened
only or anaerobic digested). Information on each sampled WWTP is
presented in Table S1 of the Supporting information (SI). In each season,
a single grab sample of sewage sludge of approximately 0.5 kg was
collected from each WWTP. Whenever possible, the sludge was sampled
directly at the outlet of the dewatering process. When sampled from a
stockpile, sludge was only considered if it had been generated in the
previous 24 h, and a polypropylene spoon was used to take a portion
from throughout the pile. Samples were stored in a sterile resealable
polyethylene bag, and transported in a cooler until proper storage in the
laboratory at 0-4 °C. An aliquot of fresh sample was sent to an
accredited laboratory for the determination of nitrogen levels (N Kjel-
dahl), and another portion dried to constant mass at 105 + 5 °C, finely
grinded with a mortar and pestle, and used for the analysis of heavy
metal(loid)s and nutrients by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). Water content was determined by oven
drying at 105 + 5 °C to constant mass, and organic matter estimated
following a loss on ignition protocol at 550 + 25 °C. Sample pH and
electroconductivity were measured in a suspension of 5 g (fresh sample)
in distilled water, at a 1:5 (w/v) ratio, using a Bante900 multiparameter
equipped with a P18 pH probe (Sentek) and a CON-1 conductivity
electrode (Bante Instruments). Three replicates were performed for each
parameter.

2.2. Chemicals and reagents

For sample digestion, 34 % hydrochloric acid (HCI) and 67 % nitric
acid (HNO3), NORMATOM® for trace metal analysis, were purchased
from VWR. A multi-element standard solution for ICP with 21 elements
(AL As, B, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Si, Ti,
Zn), 100 mg L' in 5 % HNO3, and a mercury ICP standard, 1000 mg L™}
in 10 % HNOj3, (ARISTAR®, VWR Chemicals, Leuven/Belgium) were
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used for calibration. Yttrium standard for ICP (TraceCERT®, Sigma-
Aldrich, Buchs/Switzerland), 1 g L 'in2% HNO3, was used as inter-
nal standard. Ultrapure water was obtained from an Elix® reverse
osmosis system combined with a Synergy® UV purification unit (Merck
Millipore, Germany). Argon (99.9999 %), for plasma generation, was
supplied by Air Liquide (Maia, Portugal).

2.3. Sample analysis

Heavy metal(loid)s and nutrients in sewage sludge were determined
by microwave-assisted digestion with aqua regia, followed by ICP-OES
analysis. Samples were digested in closed 100 mL modified polytetra-
fluoroethylene vessels in a Milestone START D Microwave Digestion
System (Sorisole, Italy), equipped with an HPR-1000/10S high pressure
rotor (holding up to 10 vessels) and an ATC-400 CE temperature sensor.
Three replicates were performed for each sample, and a procedural
blank was prepared for each microwave-assisted digestion run. A pre-
viously described protocol was used (Rocha et al., 2022). In short, 0.4 g
of dried and finely grinded sample were mixed with 9 mL of 37 % HCl
and 3 mL of 67 % HNOs in a digestion vessel. The vessels were sealed,
and the microwave-assisted digestion was performed with the following
temperature programme: 20 min ramp to 210 °C, followed by 15 min at
210 °C, and allowed to cool for 25 min with ventilation. The digested
samples were then filtered through Grade 542 hardened ashless paper
(Whatman® GE Healthcare) and their volume made up to 50 mL with
ultrapure water prior to ICP-OES analysis. Additional dilutions were
performed when required. Yttrium was added as an internal standard at
a concentration of 1 mg L™! prior to the instrumental reading. Analysis
was performed in a Thermo Scientific® iCAP 7400 ICP-OES Duo,
coupled with a CETAC® ASX-520 Autosampler. Argon was used as
plasma source. Instrumental specifications and acquisition parameters
(plasma observation view and spectral emission lines for each element)
are detailed, respectively, in Tables S2 and S3 (SI).

2.4. Quality assurance and quality control

To minimize contamination during sample preparation and analysis,
ultrapure water and reagents suitable for trace level analysis were used.
Glassware was kept for 24 h in a bath of 10 % (v/v) HNOj solution and
rinsed with ultrapure water. Digestion vessels were cleaned in a mi-
crowave cycle (20 min ramp to 200 °C, held for 15 min) with 12 mL of
30 % (v/v) HNOs solution, then rinsed with ultrapure water.

The method validation was performed considering the linearity
ranges, coefficients of determination, limits of detection and quantifi-
cation, precision, and accuracy (Rocha et al., 2022). Instrumental
detection limits (IDL) ranged from 0.05 pg L1 (Cd) to 32 pg L1 (K),
while method detection limits (MDL) ranged from 0.03 mg kg_1 dw (Cd)
to 22 mg kg~ dw (Ca). Accuracy, assessed by the recovery percentage in
a certified reference material, varied between 92 and 133 %, while
precision (intra- and inter-day), evaluated by the relative standard de-
viation (RSD), was lower than 10 % for most elements (Table S3, SI).

2.5. Sewage sludge contamination status and ecological risk assessment

Considering the potential use of sewage sludge in agricultural soils,
the geoaccumulation index (Ige,) (Eq. (1)) was used to evaluate the de-
gree of contamination of all target elements in sewage sludge in relation
to a reference concentration in the soil (Tytta and Widziewicz-Rzonca,
2023).

Gi
Igeo = 1082 (15 < B) (1)

C; is the concentration of a given element (i) in sewage sludge (mg
kgaw), B; is its background concentration in a reference soil (mg kgge),
and the factor 1.5 is used to account for variability in the soil levels. I,
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values were ranked into 7 classes (Table S4, SI), ranging from “not
contaminated” (Ige, < 0) to “extremely contaminated” (Ige, > 5).

The degree of ecological risk was assessed for each heavy metal(loid)
using the potential ecological risk factor (Er) (Eq. (2)) (Hakanson, 1980).

Er; =Tr; x% 2)

C; is the concentration of the heavy metal(loid) (i) in sewage sludge
(mg kgaw), B; is its background concentration in a reference soil (mg
kgEvlv), and Tr; is the respective toxic-response factor. Tr values used were
40 for Hg; 30 for Cd; 10 for As; 5 for Cu, Ni, and Pb; 2 for Cr; 1 for Zn
(Espinoza-Guillen et al., 2024; Hakanson, 1980). Er values were calcu-
lated for 8 heavy metal(loid)s and then summed to determine the po-
tential ecological risk index (PERI). PERI assesses the degree of
ecological risk resulting from the occurrence of multi heavy metal(loid)s
in the same matrix (Eq. (3)) (Hakanson, 1980).

PERI = Z Er; 3)

The classification of the potential ecological risk level for both in-
dicators is shown in Table S5 (SI), ranging from “low” (Er < 40; PERI
<150) to “very high” (Er > 320; PERI >600). The background concen-
trations in a reference soil (B; values) considered for the calculation of
these indicators were the median values of the target elements in Eu-
ropean agricultural soils (Matschullat et al., 2018; Reimann et al., 2018),
presented in Table S6, SI.

2.6. Environmental risk assessment in sewage sludge-amended soils

The environmental risk assessment (ERA) of heavy metal(loid)s in
agricultural soil after a single application of sewage sludge was carried
out using the methodology and assumptions proposed in the EU Tech-
nical Guidance Document on Risk Assessment (European Commission,
2003). This approach was chosen because it is widely adopted for
numerous contaminants and provides a standard for comparison with
other studies in the literature.

The concentrations of heavy metal(loid)s in sewage sludge were used
to estimate their predicted environmental concentrations in soil (PEC-
soi)- For the heavy metal(loid)s investigated, their occurrence in soil
prior to sludge addition should also be considered (ECHA, 2008).
Therefore, the predicted total concentration in sludge-amended soil
(PECsoi total, Mg kgaw) was calculated by summing the predicted envi-
ronmental concentration added by sewage sludge application (PECs;,
added> ME kga‘},) with the background concentration in a reference soil (B;,
mg kg~ 'dw) (Eq. (4)).

MECsludge x APP] leudge
DEPTH;,; x RHOqi

PECsoil‘toml = pECsoil,added +Bi= +Bi (4)

MECjdge is the measured concentration of the target heavy metal
(loid) in the sewage sludge (mg kg’1 dw), APPLgpqg is the sewage sludge
application rate (0.5 kg m~2 yr~1), DEPTH,; is the soil mixing depth
(0.20 m) and RHOq; is the bulk density of dry soil (1500 kg m’3).

PEC;,; values were then compared to the predicted no-effect con-
centrations of heavy metal(loid)s in terrestrial organisms (PNECj;) for
the determination of risk characterization ratios (RCRs) (Eq. (5)). PNEC
values were surveyed in literature and are presented in Table S7, SI. A
RCR higher than 1 indicates a potential environmental risk.

PE Csoil
PNE Csoil

RCR = 5)

Two approaches were considered for the calculation of the RCR
(ECHA, 2008). If the background concentrations in soil were not sig-
nificant compared to the PNEC values, the Total Risk Approach was used
and the RCR was determined using the PECsoj; a1 If the background
concentration of a given heavy metal(loid) in soil was significant
compared to the PNEC value, the Added Risk Approach was used. In this
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case, given the availability of PNECy44eq values for some heavy metal
(loid)s (estimated based on the added concentrations in toxicological
studies), the RCR was determined using the ratio of PECy44eq and PNE-
Cadded- This takes into account that species are fully adapted to the
ambient background concentration, and therefore only the added frac-
tion is considered for the ERA (ECETOC, 2003; ECHA, 2008).

In addition to the RCR, the degree of contamination and the potential
ecological risk in agricultural soils following a single sewage sludge
application was also assessed using the I, Er, and PERI indicators. The
values of PECqii 1ot Were used instead of the concentration in sewage
sludge in the respective equations.

2.7. Human health risk assessment

The potential non-carcinogenic and carcinogenic effects of heavy
metal(loid)s exposure on the health of workers (adults) in contact with
sewage sludge were assessed using the methodology proposed by the U.
S. EPA, considering three routes of exposure — accidental ingestion,
dermal contact, and inhalation (Varol et al., 2021; Yakamercan et al.,
2021). The parameters and input assumptions used in the risk models
are summarized in Table S8, SI.

The non-carcinogenic risk was estimated according to Eq. (6), by
calculating hazard quotients (HQs) comparing the average daily dose
(ADD; mg kgﬁ‘}, dayfl) of each heavy metal(loid) (i) for each exposure
route (j) with the respective risk reference dose (RfD; mg kgpa day ).

_ ADD;;
RfDiJ

Risk reference doses for ingestion (RfDjngesiion) Were adopted from
literature (El Fadili et al., 2022; U.S. EPA, 1996; Varol et al., 2021). Risk
reference doses for inhalation (RfDinnalation) Were estimated according to
Eq. (7), where InhR is the inhalation rate (m® day_l), BW the body
weight (kgpw), and RFC; is each heavy metal(loid)’s inhalation reference
concentration (mg m~3). Risk reference doses for dermal contact
(RfDgermar) Were estimated based on the RfDingestion and the gastrointes-
tinal absorption factor (GIABS), according to Eq. (8).

HQy; ©

InhR
RfD iinhalation — RF Ci X W (7)
RfDi,dermal = R'fDi7iylggSﬁDn x GIABS ®

The average daily doses were estimated as follows (Egs. (9) to (11)):

Ciiudgei % INgR x 107® x RBA; x EF x ED

ADDi.ingestion = BW x AT (9)
Catudeei X SA x SL x 107 x ABS; x EF x ED
ADD; ggmq =~ WA AT 10)
C, i X InhR x EF x ED
ADD; ihatation = —28 X MRS X AL X an

PEF x BW x AT

where Cgygge is the concentration of heavy metal(loid)s in fresh sewage
sludge (mg kg™1), IngR the ingestion rate of sewage (mg day 1), InhR the
inhalation rate (m3 day_l), SA the exposed skin area (cmz), SL the skin
adherence factor (mg cm 2 day’l), 107° is a conversion factor (kg
mg 1), RBA; the relative bioavailability factor, ABS the dermal absorp-
tion factor, EF the exposure frequency (day year!), ED the exposure
duration (year), BW the body weight (kgnw), AT the averaging time
(day) and PEF the sewage sludge-air particulate emission factor (m®
kg’l).

Along with the hazard quotients (HQs), the hazard index of each
heavy metal(loid) (HI;), defined as the sum of HQs of all exposure routes
for a given metal (Eq. (12)), and the total hazard index (THI), as the sum
of the HQs of all metal(loid)s for a given exposure route (Eq. (13)), were
also calculated.
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HIi = HQi.ingestion + HQi,demml +H(zi.inhalation (12)

THI; = » "HQ; a3
i

If HQ or HI or THI is >1, it reflects the possibility of non-carcinogenic
health effects in workers exposed to heavy metal(loid)-contaminated
sewage sludge.

The carcinogenic risk (CR) of each heavy metal(loid) (i) was calcu-
lated for each exposure route (j) based on Eq. (14), multiplying the
lifetime average daily dose (LADD; mg kgp day™!) by the respective
cancer slope factor (CSF; kg day mg -,

The lifetime average daily doses were estimated similarly to the
average daily doses in the non-carcinogenic risk model (Egs. (9) to (11))
but using a different AT. The AT gncr Was determined based on an
average life expectancy of 70 years. CSF;ingestion Values were obtained
from literature (Karimian et al., 2021; U.S. EPA, 1996; Varol et al.,
2021), while the dermal and inhalation cancer slope factors were esti-
mated from Egs. (15) and (16):

CSFi.ingestion
CSF; =— 15
i,dermal GIAB Si ( )
IUR; x BW
CSF, iinhalation = I;’IT (16)

where GIABS is the gastrointestinal absorption factor, IUR the inhalation
unit risk (m® mg1), and BW the body weight (kgpy).

The total cancer risk (TCR) for a given heavy metal(loid) was ob-
tained from the sum of the CRs for the three exposure routes (Eq. (17)),
and the cumulative cancer risk (CCR) as the sum of the CRs of all metal
(loid)s for a given exposure route, according to Eq. (18).

TCRI = CRi.in,gestion + CRi.deﬂnul + CRi.inhalatian (17)
CCR; = CRy 18)
i

If CR, TCR or CCR < 107, the carcinogenic risk to human health can
be considered negligible; from 1 x 107 to 1 x 10~* it could be
considered an acceptable risk, and if >1 x 10™* it represents a high risk
of cancer development in humans.

2.8. Statistical analysis

Statistical analyses were performed using the IBM® SPSS® Statistics
software, Version 27. Normality tests were performed using the
Kolmogorov-Smirnov and Shapiro-Wilk statistics. Since normality was
not found for most cases, non-parametric Mann-Whitney U tests and
Kruskal-Wallis tests were used to compare the distribution of the con-
centration of the studied elements across sample groups. Spearman’s
correlation analysis was used to assess correlations between target ele-
ments. In all tests, significance was set at a 0.05 probability level (p-
value). For these statistical analyses, the non-detected values were
replaced by half of the method detection limit of the corresponding
element.

3. Results and discussion

3.1. Physicochemical parameters and elemental composition of sewage
sludge

Dewatered sewage sludge was collected from 42 WWTPs in summer
and winter seasons, resulting in a total of 78 samples (42 in summer and
36 in winter). The range and mean values of the elemental composition
and the physicochemical parameters of the investigated samples are
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presented in Table 1. The moisture content ranged from 58.2 to 88.6 %
(mean: 80 + 5 %), and the volatile solids varied between 49.0 and 91.4
% of dw (mean: 76 + 9 % of dw). Overall, sludge pH was close to neutral
in most samples (mean of 6.9 + 0.7), varying between 4.7 and 8.2.
Electroconductivity ranged from 0.2 to 4.3 mS cm ™' (mean: 1.5 + 0.7
mS cm’l).

The concentrations of 23 elements in the different sewage sludge
samples are summarized in Fig. 1. These include 8 potentially toxic
metal(loid)s (Cd, Cr, Cu, Hg, Ni, Pb, Zn, As) (Fig. 1A), typically regulated
in sludge to be used in soils, and 11 soil macro and micronutrients (N, P,
K, Mg, Ca, S, Fe, Mn, B, Mo, Co), plus 4 other elements (Na, Al, Si, Ti)
that integrate this matrix composition (Fig. 1B). With the exception of
the metalloid As, the Portuguese Decree-Law No. 276,/2009 establishes
limits for their concentration in sewage sludge (Table 2). It should be
noted that some of these heavy metal(loid)s, namely Cu, Zn, and Ni, are
also considered essential plant micronutrients at trace levels (Molaey
et al., 2024). However, in the context of this study, the significance of
Cu, Zn, and Ni as potentially toxic metals in sewage sludge was
emphasized over their classification as micronutrients, and these were
therefore grouped alongside the other targeted heavy metal(loid)s. The
values determined in this study are the pseudo-total concentrations (aqua
regia soluble). For N, total Kjeldahl nitrogen was measured, i.e. the
organic N plus ammonia (NH3) and ammonium (NHZ).

Regarding the 8 heavy metal(loid)s, Hg was detected in only 19 % of
the samples, up to 1.4 = 0.2 mg kg~ dw. The others were quantified in
all sewage sludges and ranged from 0.46 + 0.02 mg kg~! dw (Cd) to
5120 + 49 mg kg’1 dw (Zn). The sum of the heavy metal(loid)s con-
centrations in individual samples differed by >10-fold, varying from
398 mg kg~ dw (WWTP#28, winter) to 5852 mg kg ™! dw (WWTP#18,
summer), with a mean of 1378 + 1034 mg kg~! dw. Zn and Cu were
consistently found at higher concentrations, accounting for an average
of 67 % and 21 %, respectively, of the total heavy metal(loid)s in the
studied samples, while Cd (0.2 %) and Hg (< 0.02 %) were consistently
at the lowest levels. Overall, the concentrations decreased in the
following order: Zn (mean of 885 mg kg~ dw), Cu (332 mg kg~ dw), Cr
(76 mg kg’l dw), Ni (37 mg kg’l dw), Pb (36 mg kg’1 dw), As (10 mg
kg~! dw), Cd (2.2 mg kg~ dw), and Hg (0.7 mg kg~! dw). In fact, this
profile can be explained by the widespread presence of heavy metal
(loid)s such as Zn and Cu in domestic and industrial waste, whereas
heavy metal(loid)s such as Cd and Hg tend to be more toxic and there-
fore their use is usually more restricted and subjected to stricter regu-
latory controls. Similar trends have been reported in the literature (Chen
et al., 2021; Yakamercan et al., 2021). Feng et al. (2023) reviewed the
average concentration of heavy metals in sewage sludge from different
countries and identified the order Zn > Cu > Cr ~ Pb ~ Ni > Cd in most
cases. Fewer studies include Hg and As, but their levels in sewage sludge
are usually lower than those of most heavy metal(loid)s (Zhang et al.,
2017). The concentration ranges reported in this work are also in the
same order of magnitude as those reported in sewage sludge from other
countries (Abreu et al., 2017; Chen et al., 2021; Cheng et al., 2022;
Espinoza-Guillen et al., 2024; Garcia-Delgado et al., 2007; Sichler et al.,
2022; Singh et al., 2021; Vriens et al., 2017; Yakamercan et al., 2021), as
shown in Table S9, SI.

Concerning the occurrence of nutrients, all elements were quantified
in all samples. The sum of 11 nutrients ranged from 73 g kg™! dw
(WWTP#8, winter) to 297 g kg’1 dw (WWTP#12, winter), with an
overall mean of 145 + 38 g kg~! dw. N was found in higher concen-
trations in most samples (mean of 63 g kg~! dw), followed by P (22 g
kg’1 dw),Ca(21g kg’1 dw), Fe (17 g kg’1 dw),and S (13 g kg’1 dw).
On average, these macronutrients accounted for up to 93 % of the total
nutrient content of sewage sludge (44 % N, 14 % P, 14 % Ca, 12 % Fe,
and 9 % S). The prevalence of these elements was expected as all samples
were collected from urban WWTPs, which predominantly treat sewage
generated in households, public and commercial facilities. In addition,
regardless of the different treatment processes employed, all WWTPs
increased the solid content of sludge by thickening processes and used
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Table 1
Physicochemical parameters and elemental composition of sewage sludge. Concentrations in mg kg~* dw.
All samples Thickened Digested
(n=178) (n=129) (n=49)
Parameter Min-Max Mean + SD Min-Max Mean + SD Min-Max Mean + SD
Moisture (%) 58.2-88.6 80 +5 73.3-88.4 82+4 58.2-88.6 79+ 6
TS (%) 11.4-41.8 20+5 11.6-26.7 18 +4 11.4-41.8 21+6
VS (% dw) 49.0-91.4 76 £9 66.6-91.4 83+6 49.0-90.0 72+9
pH 4.7-8.2 6.9 + 0.7 4.7-7.5 6.5+ 0.7 5.3-8.2 7.2+ 0.6
EC (uS cm ) 230-4347 1452 + 727 230-3180 1202 + 629 315-4347 1599 + 746
>~ 8 heavy metal(loid)s 398-5852 1378 + 1034 398-1221 791 + 238 620-5852 1725 + 1162
Ccd 0.6-11.1 22+1.9 0.5-3.1 1.1+ 0.5 0.7-11.1 3+2
Cu 78-4429 332 +£ 601 78-407 175 £ 73 107-4429 424 + 743
Ni 8.2-206 37 £43 8.2-115 23 +24 8.3-206 45 + 49
Pb 11.1-204 36 + 28 11.1-52.3 22 +10 16.4-204 44 + 32
Zn 271-5120 885 + 678 271-870 532 + 177 381-5120 1095 + 773
Hg" 0.4-1.4 0.7 £0.3 0.4-0.8 0.6 £ 0.1 0.4-1.4 0.7 £ 0.3
Cr 10.3-919 76 + 133 10.3-100 30 +£19 15-919 103 + 161
As 2.6-31 10+7 2.6-25.7 8+5 2.8-31 11+8
3" 11 nutrients 73,171-297,142 144,706 + 38,059 73,171-175,654 130,147 + 23,971 87,046-297,142 153,323 + 42,244
N 30,700-97,000 63,442 + 13,168 42,200-97,000 69,806 + 13,544 30,700-82,000 59,676 + 11,499
P 7819-53,461 21,776 + 10,218 7819-42,065 20,123 + 9072 9343-53,461 22,754 + 10,809
K 1380-11,895 4289 + 2541 1847-11,895 5436 + 2941 1380-9709 3610 + 2012
Mg 1470-14,284 3862 + 2114 1841-8306 3647 + 1532 1470-14,284 3989 + 2399
Ca 5585-51,922 20,726 + 11,994 5585-28,446 12,830 + 6211 8502-51,922 25,400 + 12,177
S 4970-37,883 12,897 + 5265 4970-37,883 11,076 + 6246 7362-26,366 13,974 + 4304
Fe 1581-132,307 17,359 + 22,291 1581-35,608 6760 + 6621 2476-132,307 23,632 + 25,758
Mn 37-895 209 + 184 37-895 143 + 183 52-848 249 + 175
B 5.0-96.4 24 +19 5-96.4 23 +25 5.0-57.3 25+ 14
Mo 2.1-83 7+11 2.1-20.8 5+5 2.8-83 8+14
Co 1.2-5514 114 £ 712 1.2-5514 299 + 1156 1.3-16.9 5+3
>~ 4 minerals 6089-85,380 23,463 + 14,507 6089-85,380 20,854 + 16,544 6856-63,406 25,008 + 13,091
Na 236-6773 1296 + 1217 236-6773 1459 + 1571 385-4446 1199 + 953
Al 3273-77,188 20,069 + 14,425 3273-77,188 17,223 £+ 16,097 3784-60,556 21,754 + 13,224
Si 806-2721 1629 + 453 875-2721 1792 + 475 806-2484 1533 + 414
Ti 158-1781 469 + 259 158-831 380 + 120 203-1781 522 + 303
Min - minimum; Max — maximum; SD - standard deviation; TS — Total solids; VS — Volatile solids; EC — Electrical conductivity.
2 Hg was only detected in 15 samples (thickened, n = 7; digested, n = 8).
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Fig. 1. Concentrations of 8 heavy metal(loid)s (A) and 11 nutrients and other elements (Na, Al, Si, Ti) (B) in sewage sludge from the different WWTPs. S (summer); W
(winter). *Due to technical problems, these samples could not be collected.
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Table 2

Science of the Total Environment 964 (2025) 178595

Overview of the concentrations of heavy metal(loid)s reported in sewage sludge and comparison with regulated limits in Portuguese and EU legislation.

Legal limit in sewage sludge (mgkg~!  Concentration in sewage sludge (mg

Amount of heavy metal(loid) added annually to agricultural soil (kg ha™* yr™")

dw) kg’1 dw)
Portugal’  EU" Mean Maximum Regulated limit® in Portugal’/EU"  Estimated from maximum concentration in sludge
n=78 (=78

cd 20 20-40 2.2 11.08 0.15 0.05
Cu 1000 1000-1750 332 4429 12 22
Ni 300 300-400 37 206 3 1
Pb 750 750-1200 36 204 15 1
Zn 2500 2500-4000 885 5120 30 26
Hg 16 16-25 0.7 1.4 0.1 0.01
Cr 1000 nd 76 919 4.5¢ 4.6
As nd nd 10 31 nd 0.16

nd - not defined.
2 Decree-Law No. 276/2009.
b Council Directive 86,/278/EEC.
¢ Maximum amounts that can be added yearly, based on a 10-year average.
4 Value for Cr not defined in the EU legislation.

mechanical dewatering to improve water removal from the final sludge,
often aided by the addition of polymers or salts. N, P, and Ca are mostly
derived from human waste and the use of certain soaps and detergents
(U.S. EPA, 2023), while a significant fraction of Fe is related to the use of
iron salts in wastewater and sludge treatment (Bratby, 2016; Wei et al.,
2018). S is also mainly derived from domestic wastewater, but addi-
tional sources include industrial emissions and the use of sulphate salts
in WWTPs (Fisher et al., 2017; Wei et al., 2018). The use of coagulants in
WWTPs is also a source of Al (Bratby, 2016), which was found in sewage
sludge with a mean of 20 g kg~ dw. Lower levels of other nutrients were
found in the following order: K (mean of 4.3 g kg~ dw), Mg (3.9 gkg™?
dw), Mn (209 mg kg~ ! dw), Co (1114 + 81 mg kg~ dw), B (24 mg kg *
dw), and Mo (7 mg kg_1 dw). The magnitude of the concentrations
found is consistent with previous studies in other countries (Abreu et al.,
2017; Chen et al., 2021; Cheng et al., 2022; Sichler et al., 2022; Singh
et al., 2021; Vriens et al., 2017), as shown in Table S10, SI.

3.1.1. Seasonal variation and correlations between elements

The elemental composition of samples collected in summer and
winter (Table S11) was compared to assess possible seasonal variations.
Analysing the distribution of the combined concentrations of 8 heavy
metal(loid)s and 11 nutrients in summer and winter (Fig. 2), no statis-
tically significant differences were found between seasons (p > 0.05).
When analysing each element individually, although in some cases the
mean concentrations were slightly higher in winter (e.g. As, N, P, K, Fe),
no significant differences were found either (p > 0.05). The only
exception was Al (p = 0.003), with winter samples ranging from 7 to 77
g kg™t dw (mean of 25 g kg ! dw), and summer samples ranging from 3
to 53 g kg~ dw (mean of 16 g kg ™! dw). Al is commonly introduced into
WWTPs through the use of aluminium-based coagulants, which are
frequently used to enhance the removal of suspended solids and phos-
phorus. In winter, increased rainfall and runoff in urban areas can lead
to higher loads of suspended particles, requiring greater use of co-
agulants to maintain treatment efficiency, potentially resulting in higher
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Fig. 2. Distributions of the combined concentrations of 8 heavy metal(loid)s (A) and 11 nutrients (B) in sewage sludge samples grouped according to sampled season,

WWTP size, source of treated effluent, and type of sludge treatment.
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Al concentrations in the sewage sludge. Yakamercan et al. (2021) also
analysed potential seasonal differences in sewage sludge from 22
Turkish cities, collected in the summer and winter, and found no sig-
nificant variability. Similarly, Chen et al. (2021) investigated factors
influencing the elemental composition of dewatered sludge from 32
WWTPs in Japan, sampled in four seasons over 1 year, and concluded
that season had minimal influence. However, Garcia-Delgado et al.
(2007) reached different conclusions while monitoring Cd, Cr, Cu, Ni, Pb
and Zn in samples collected in Salamanca (Spain) during summer and
winter months over 3 years. Significantly higher concentrations of Cr,
Cu, Ni and Zn were reported in summer, which was explained by a faster
decomposition of organic solids during this season, resulting in an
increased proportion of inorganic matter (and heavy metal(loid)s) in
final samples. However, in our study, no significant variations in total
solids (mean of 20 + 4 % in summer and 20 + 6 % in winter) or organic
matter content (volatile solids of 77 + 9 % of dw in summer and 76 + 9
% of dw in winter) were found between seasons (p > 0.05), which could
explain the different results.

Correlation analysis was carried out to look for relationships be-
tween the different elements measured in the sewage sludge. Spear-
man’s correlation coefficients between the concentrations of heavy
metal(loid)s and nutrients in samples collected in summer and winter
are presented in Tables S12 and S13, SI, respectively. In general, similar
correlation patterns were found in both seasons. Very high and highly
significant positive correlations were observed between thirteen pairs of
elements: Cd—Pb (r; > 0.71), Cd—Ca (rs > 0.70), Cd—Fe (rs > 0.90),
Cu—Zn (rg > 0.71), Ni—Cr (rs > 0.78), Ni—Co (rs > 0.75), Pb—Fe (rg >
0.76), Zn—Ca (rs > 0.77), Zn—Mn (15 > 0.70), Zn—Co (rs > 0.77), Ca—S
(rs > 0.73), S—Mo (r5 > 0.78) and Mn—Co (rs > 0.75). This may indicate
common sources, identical behaviour in WWTPs, or even interdepen-
dence. For example, Cu—Zn, which are used together in alloy produc-
tion and galvanization processes, Ni—Cr, which are also used together in
alloy production and metal plating due to their corrosion resistance, or
even Ca—S, which are both used in fertilizers and in various industrial
processes (e.g., in steel production, calcium oxide (lime) and sulphur
compounds used as fluxes to remove impurities). In previous studies,
some of these positive correlations have been observed (Chen et al.,
2021; Espinoza-Guillen et al., 2024; Tytta and Widziewicz-Rzonca,
2023; Yakamercan et al., 2021), especially between heavy metal(loid)s,
as few works include the study of nutrients. Chen et al. (2021) also
included some nutrients in their work, with no significant correlations
reported for N and K, while P was strongly correlated with Mg (a
moderate correlation in our study) and moderately correlated with Fe,
Ca, and S.

3.1.2. Differences in the heavy metal(loid)s and nutrients content
Significant differences were found in the distribution of concentra-
tions of most elements among the sampled WWTPs (p < 0.017). The only
exceptions were Hg (p = 0.310), Al (p = 0.053), and Si (p = 0.125). For
instance, analysing Fig. 1A, higher total concentrations of heavy metal
(loid)s were found in WWTP#14 (mean of both seasons of 5167 + 863
mg kg~! dw) and WWTP#18 (mean of both seasons of 5166 -+ 969 mg
kg~! dw). Both WWTPs receive domestic and industrial inputs and
sewage sludge is anaerobically digested. In WWTP#14, these high
concentrations are mainly explained by the unusually high levels of Cu
(4429 + 46 mg kg' dw in summer and 3295 + 21 mg kg™ dw in
winter), which accounted for 75 % of the total heavy metal(loid) load in
these samples, but on average only 20 % in sludge from other WWTPs.
The sewage sludge from this WWTP also has a higher Ni content (179 +
1 mg kg~! dw in summer and 151 + 7 mg kg~ dw in winter) compared
to the total average concentration for this metal (38 mg kg™! dw).
WWTP#14 receives wastewater from an important industrial area
where several foundries and metallurgical companies are located, with
relevant production of alloys and copper castings, which may explain
these values. In the case of WWTP#18, the predominant heavy metal
(loid) is Zn (3842 =+ 46 mg kg~ ! dw in summer and 5120 + 49 mg kg~
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dw in winter), with a concentration 4 to almost 6 times higher than the
overall average of Zn in other samples. This WWTP receives effluents
from intensive pig farming as well as slurry that is treated together with
the sewage sludge. The slurry is characterized by high levels of Zn,
which is used as an additive in swine feed formulations and is inevitably
excreted by the animals as it is not fully absorbed (Sonne et al., 2019).
Considering the levels of nutrients and other elements in the different
WWTPs (Fig. 1B), the reported concentrations were higher in samples
from WWTP#12 (mean of both seasons of 286 + 42 g kg’1 dw), with Fe
(117 + 21 g kg™! dw) accounting for about 41 % of this total, followed
by Ca (47 + 6 gkg ™ dw, 16 %), P (45 + 12 gkg~! dw, 16 %) and N (39
+ 1 g kg~! dw, 14 %). This WWTP receives mainly domestic effluents
and serves a population equivalent of 230,000. The sewage sludge is
anaerobically digested, suggesting that the high levels of Fe are due to
the use of iron salts in the wastewater and sludge treatment lines. On the
other hand, samples from WWTP#8 show the lowest combined con-
centration of nutrients and other elements (mean of both seasons of 88
+ 6 g kg~! dw), with N (44 + 3 g kg~ dw) representing about 50 % of
total, followed by Al (11 + 4 g kg™! dw, 12 %), P (8.4 + 0.8 g kg™ ! dw,
10 %), Ca (6 =1 gkg ' dw, 7 %), S (5.4 + 0.6 g kg ! dw, 7 %), and only
6 % Fe (5 + 3 g kg~! dw, 14 %). This WWTP receives both domestic and
industrial inputs, serves a population equivalent of 42,000, and sewage
sludge is not digested.

The previous examples highlight the wide variability in the
elemental composition of the studied samples. To identify possible
patterns of variation in the sludge composition, some factors related to
the characteristics of sampled WWTPs were investigated, namely the
size of treatment facility, source of wastewater, and degree of treatment
of final sewage sludge. Fig. 2 compares the distribution of the combined
concentration of 8 commonly regulated heavy metal(loid)s and the sum
of 11 nutrients between selected groups of samples.

To assess differences in sewage sludge composition related to the size
and design capacity of WWTPs, samples were grouped into 4 categories
based on the population equivalent (PE) of the respective treatment
facility — Small (PE < 20,000); Medium (20,000 > PE > 50,000); Large
(50,000 > PE > 100,000); Very Large (PE > 100,000) (Table S14, SI).
The results showed that the sum of heavy metal(loid)s concentrations
was not the same across these categories (p = 0.017), being higher in
samples from large to very large WWTPs (mean values of 1690 + 1368
and 1614 + 1209 mg kg~* dw, respectively), compared to small (974 +
458 mg kg ! dw) and medium ones (1132 + 567 mg kg~ ! dw). Larger
WWTPs typically serve more diverse and densely populated areas, often
in the vicinity of industrial clusters, which may result in a greater influx
of wastewater with higher loads of heavy metal(loid)s. In addition, 77 %
of larger WWTPs in this study treat sewage sludge by anaerobic diges-
tion, compared to 42 % of small and 50 % of medium-sized WWTPs,
which may also contribute to these findings. Looking at heavy metal
(loid)s individually, the contents of Cd, Ni, Zn, and As varied signifi-
cantly with WWTP size (p < 0.028), while Cu (p = 0.079), Pb (p =
0.193), Hg (p = 0.314) and Cr (p = 0.070) did not show any significant
variation. Significant differences were also found in the distribution of
the sum of 11 nutrients between most pairwise comparisons based on
WWTP size (p < 0.001), except for similar levels between large/very
large (means of 164 + 39 and 160 + 42 g kg™! dw, respectively) and
small/medium WWTPs (means of 126 + 16 and 122 + 25 g kg™ dw,
respectively). A more detailed analysis showed no significant differences
for the contents of N (p = 0.112), Mg (p = 0.663), B (p = 0.114), and Co
(p = 0.155) or for the elements Al (p = 0.257),Si (p =0.112) and Ti (p =
0.881). For P, Ca, S, Fe, Mn, Mo, and Na, higher concentrations were
typically found in samples from larger WWTPs. While serving areas with
higher demographic pressure, larger WWTPs treat larger volumes of
wastewater from more diverse sources, often using more efficient
treatment processes to remove organic loads and contaminants from the
wastewater. These elements can accumulate and concentrate in the
sewage sludge, especially when it is further stabilized by anaerobic
digestion, a treatment process more commonly used in larger WWTPs. In
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contrast, K levels in small WWTPs (mean of 7 + 2 g kg’1 dw) were
higher than in medium/larger ones (mean concentrations between 3 and
4 g kg~! dw). This may be related to the type of wastewater entering
smaller WWTPs (of the 10 small WWTPs assessed, 9 treated only do-
mestic sewage), as well as their lower design capacity and sewage flow
rate. Assuming that K levels in wastewater are mainly derived from
human metabolic wastes, domestic effluents are expected to be the main
source of this nutrient in sewage sludge. Moreover, K is easily leached
into the water phase during sludge treatment (Johansson, 2018). Due to
the smaller volumes of wastewater reaching smaller WWTPs, there may
be less dilution of K, contributing to higher concentrations in sewage
sludge. In addition, significant losses of K solubilized in the water phase
may also occur during mechanical dewatering of sewage sludge. In the
samples analysed, the moisture content of sludge from small WWTPs
(mean of 84 + 3 %) was significantly higher (p < 0.024) than that of
samples collected from larger treatment plants (mean varying between
77 % in very large WWTPs and 81 % in medium-sized WWTPs).
Therefore, the less effective water removal in small WWTPs may also
have contributed to the higher K content in the sludge produced.

To analyse the influence of the type of effluent treated by WWTPs on
the elemental composition of sewage sludge, the samples were grouped
into two categories — Domestic (from WWTPs treating predominantly
wastewater from households and public infrastructure) and Mixed (from
WWTPs treating urban sewage with industrial effluents, or directly
collecting industrial discharges) (Table S15, SI). Significant differences
in the total heavy metal(loid) content were found (p = 0.012), with
higher mean concentrations in sludge from WWTPs treating mixed ef-
fluents (Mixed: 1840 + 1499 mg kg~! dw; Domestic: 1133 + 548 mg
kg~! dw). This is consistent with information in the literature indicating
a strong dependence on the origin of the sewage that reaches the WWTPs
and the heavy metal(loid) content, which is commonly associated with
industrial activities (Feng et al., 2023; Zhang et al., 2017). When ana-
lysing heavy metal(loid)s individually, Cd, Ni, Zn, and Cr were found in
higher concentrations in samples from WWTPs receiving industrial in-
puts (p < 0.034). No significant differences were found for Cu (p =
0.105), Pb (p = 0.121), Hg (p = 0.951), and As (p = 0.854), suggesting
that their occurrence in the sludge is likely less related to the industrial
contribution. For the total nutrient content of the studied samples, sig-
nificant differences were also found between sludge originating from
domestic and mixed effluents (p = 0.004). The sum of 11 nutrients was,
on average, higher in samples from WWTPs treating also industrial in-
puts (mean of 159 + 41 gkg ™! dw vs 137 + 34 g kg™ ! dw in sludge from
WWTPs receiving only domestic sewage). Looking at individual nutri-
ents, concentrations of Ca, S, Mn, Mo, and Co were significantly higher
(p < 0.033) in sludges from WWTPs treating mixed effluents. Industrial
effluents reaching these WWTPs may contain higher amounts of these
elements, which were found to be strongly or moderately correlated
with Cd, Ni, Zn, and Cr (Tables S12 and S13, SI), heavy metals also found
in higher concentrations in sludge from WWTPs treating mixed efflu-
ents. On the other hand, K concentrations were higher (p = 0.003) in
samples from WWTPs treating domestic sewage (mean of 5 + 3 g kg ™!
dw vs 3 + 1 g kg~! dw in the “mixed” category). No correlations were
found between K and heavy metal(loid) content (Tables S12 and S13,
SI), suggesting that its source is less related to industrial inputs. This is
consistent with the reported higher concentrations of K in WWTPs
treating only domestic effluents. No significant differences were found
for N (p = 0.950), P (p = 0.686), Mg (p = 0.364), Fe (p = 0.102), and B (p
= 0.217), nor for the elements Na (p = 0.296), Al (p = 0.065), Si (p =
0.871), and Ti (p = 0.904).

Finally, regarding the degree of sewage sludge stabilization, the
elemental composition of the samples studied was compared between
two groups of samples — Thickened (thickened and dewatered sludge)
and Digested (thickened, anaerobically digested, and dewatered sludge)
(Table 1). The total heavy metal(loid) content in digested samples was
significantly higher (p < 0.001), with a mean of 1725 + 1662 mg kg !
dw, almost twice the mean in undigested samples (791 =+ 238 mg kg !
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dw). This parameter clearly influenced the results obtained for the in-
dividual heavy metal(loid)s (p < 0.013), except for Hg (p = 0.452). The
average concentrations in the digested samples were about 1.4 times
higher for As, around 2 times higher for Cu, Ni, Pb, and Zn, and up to 3
times higher for Cd and Cr than in the thickened samples. Other studies
in the literature also indicate that anaerobic digestion can result in an
increase of heavy metal(loid)s concentrations in sewage sludge (Chen
etal., 2021; Feng et al., 2023). Assuming that heavy metal(loid)s are not
removed from the solid fraction in the sludge treatment line, this could
be related to the loss of volatile solids during digestion, resulting in an
increase in the concentration of these elements in the solid medium
(Feng et al., 2023). In fact, volatile solids were significantly lower in
digested samples than in thickened sludge (mean of 72 + 9 % of dw vs
83 + 6 % of dw, respectively) (p < 0.001). Dry matter content also
differed between these groups of samples (p = 0.019), with a mean of 21
=+ 6 % in digested sludge and 18 + 4 % in thickened samples.

Significant differences were also found between thickened and
digested samples in terms of total nutrient content (p = 0.021), with the
sum of 11 nutrients registering higher values in digested samples (mean
of 153 + 42 g kg™! dw vs 130 + 24 g kg™! dw in thickened sludge).
However, a more detailed analysis revealed that the concentrations of N
and K were significantly higher in thickened samples (p < 0.002), with a
mean for N of 70 + 14 g kg™' dw vs 60 + 11 g kg~! dw in digested
sludge, and a mean for K of 5+ 3 g kg ' dw vs 4 + 2 g kg~! dw in
digested samples. This could be explained by the decomposition of the
biomass-bounded nitrogen during anaerobic digestion, resulting in sig-
nificant N losses by volatilization, as well as N re-solubilisation into the
water phase, which is later removed during the final sludge dewatering
process (Hoang et al., 2022). The lower K concentrations in digested
sludge are also most likely related to leaching to the liquid fraction
during digestion (Johansson, 2018). In the case of P and Mg, no statis-
tically significant differences were found, although the mean concen-
trations were 13 % and 9 % higher in digested sludge, respectively. In
the case of these elements, the effect of the concentration increase due to
the decomposition of organic matter during anaerobic digestion may
have been partially offset by possible losses of P and Mg from the solid
fraction of the sludge. Volatilization of P and Mg is not expected to occur
as in the case of N, but several P species are released to the water phase
during anaerobic digestion, including Mg-bound P (Yu et al., 2021).
However, these P complexes are only partially removed during dew-
atering, mainly due to their limited water solubility. Precipitation can
occur in the digestor, with part of P and Mg tending to remain in the
solid fraction of the sludge (Marti et al., 2008; Yu et al., 2021), so there
were no significant differences between thickened and digested samples.
As for the other nutrients, Fe, S, Ca, Mn, Mo, and B were significantly
higher in digested samples (p < 0.015). As mentioned above, the loss of
volatile solids during the anaerobic digestion of sewage sludge may help
to explain these results. Moreover, the higher Fe and S concentrations
may also be related to the use of FeClg prior to the digestion process to
reduce the release of odour-causing compounds, generally volatile
organic sulphur gases (Park and Novak, 2013). As less S is released in the
form of gas during the decomposition of organic matter, it eventually
accumulates in the sewage sludge (Dewil et al., 2009; Zhang et al.,
2023). In the case of Co, the highest recorded values for this element are
both from the WWTP#34 (average of both seasons of 4306 + 1708 mg
kg™! dw), a treatment facility generating thickened sewage sludge.
These values are clearly outside the typical range observed for this
element (1.2-17 mg kg~! dw without accounting for this WWTP) and
are most likely related to industrial inputs. Comparing the distribution
of Co concentrations without these outliers between digested and
thickened samples, a statistical difference is still found (p < 0.001), with
higher average concentrations in digested sludge (mean of 5 + 3 mg
kg~ dw vs 2.5 + 0.8 mg kg~ dw in thickened sludges). As for the other
elements, Al, Si, and Ti varied significantly between digested and un-
digested sludge (p < 0.021), while no differences were found for Na
content (p = 0.873).
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3.2. Compliance with legislation and suitability of sewage sludge for its
use in soils

Concerning the heavy metal(loid) content of sewage sludge, most of
the samples in this study were suitable for their use in soil, considering
national and EU regulations (Table 2). However, a total of 5 samples
were deemed unsuitable for agricultural use due to high concentrations
of Zn and Cu. The limit concentration in sewage sludge to be used in soils
in the Portuguese legislation for Zn (2500 mg kg~ dw) was exceeded in
2 samples, both from WWTP#18 (3841 mg kg~! dw in summer and
5120 mg kg’1 dw in winter), and for Cu (limit of 1000 mg kg’1 dw) in
the 2 samples from WWTP#4 (4429 mg kg~ ! dw in summer and 3295
mg kg™ dw in winter) and in 1 sample from WWTP#3 (1072 mg kg !
dw in winter). These unusually high values were attributed to industrial
effluents entering these WWTPs, and to pig slurry treated with sludge in
WWTP#18. No limit values are set for As in sewage sludge in the EU or
Portuguese legislation. However, as a reference, the limit value for
inorganic As was set at 40 mg kg~ dw in different classes of fertilizers
(including organic and organo-mineral fertilizers, soil improvers, and
growing medium) by the Regulation (EU) 2019/1009 on fertilising
products. In this study, total As was below this value in all sewage sludge
samples, up to a maximum of 31 mg kg~* dw.

The maximum amounts of heavy metals that can be added annually
to the soil are also established in EU and Portuguese legislation (except
for the metalloid As) (Table 2). These limits are based on a 10-year
average and aim to prevent the accumulation of these contaminants in
the soil. Assuming a standard application rate of sewage sludge of 5 tons
ha™! (dry weight), the added amount of each heavy metal(loid) was
estimated for the sludge samples collected in this study. All but 3 sam-
ples could be applied to agricultural soils on an annual basis (assuming a
single application per year). The exceptions are the two samples from
WWTP#18 because of the high Cu content (16 and 22 kg of Cu per ha
would be added yearly, whereas the limit is set at 12 kg ha™! year™!),
and the sludge from WWTP#5 in winter due to the Cr levels (4.6 kg of Cr
per ha would be added yearly to soil, limit of 4.5 kg ha* year™1).

In terms of agronomic parameters, the Portuguese regulation also
requires the characterization of sewage sludge in terms of total solids,
organic matter, pH, and the content of macronutrients such as N, P, K,
Mg and Ca. Although no specific levels are mentioned for these pa-
rameters in sewage sludge legislation, its use in agriculture must meet
the requirements of the receiving soils and the cultivated crops, while
avoiding impairment of soil quality. For instance, in Portugal, the De-
cree-Law No. 235/97 implements the European Union Nitrates Direc-
tive. In this regard limits were established for the amount of total N to be
applied to nitrate-vulnerable zones, i.e., areas of land that drain into
waters that are or may be polluted by nitrates and where agricultural
practices may exacerbate the problem. In these areas, the amount of N
from organic fertilizers (including sewage sludge) must not exceed 250
kg ha™! per year, of which no >170 kg ha™! per year from manure.
Considering that concentrations of N in the studied samples ranged from
31 to 97 g kg~! dw (mean of 63 g kg~ dw), the application rate of
sewage sludge to agricultural soils in nitrate vulnerable zones would be
limited to 2.6 to 8.1 tons ha ' dw per year (4.1 tons ha~! dw per year,
considering the mean of N in all samples). In other areas of the territory,
these limits do not apply, but the amounts of sewage sludge to be used as
soil-amendment must be in accordance with the requirements of the soil
and the crops grown. Within the framework of these regulations, a code
of good agricultural practices provides information and measures to be
implemented by farmers on a voluntary basis.

Regarding other agronomic parameters, the agricultural use of
sewage sludge has been reported to increase soil electrical conductivity,
a measure of soil salinity conditions (Sharma et al., 2017). Soil salini-
sation is currently a major threat to European soils, critically reducing
fertility and leading to land degradation, which can occur at electrical
conductivity values above 4 mS em! (Daliakopoulos et al., 2016;
Dhanker et al., 2021). In the sludge studied, a single value above this
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threshold was found (4.1 mS cm’l), and electrical conductivity was
below 2 mS cm™! in 80 % of the samples. Depending on the dose of
sludge application, these values do not seem to pose a risk to receiving
soils and are lower than the electrical conductivity of other organic
wastes used for soil improvement, namely composted organic matter
(Alvarenga et al., 2015).

Changes in soil pH have also been attributed to the use of sewage
sludge (Dhanker et al., 2021; Sharma et al., 2017). The availability of
plant nutrients is pH dependent, and the mobility and bioavailability of
heavy metals tend to increase at lower soil pH (Dhanker et al., 2021;
Feng et al., 2023). For this reason, sludge pH should also be monitored to
avoid unwanted changes in this parameter in the soil. In the samples
studied, thickened sludge had on average a slightly more acidic pH (6.5
+ 0.7) than digested sludge (7.2 + 0.6) (p < 0.001), but overall, these
values are suitable for sludge use in farmland. The decrease in soil pH
following sludge application may also be related to the release of organic
acids from the decomposition of organic matter (Dhanker et al., 2021).
As noted above, the organic matter content of the samples studied was
significantly higher in the thickened undigested sludge, which in addi-
tion to its lower pH value suggests that these sludges are more likely to
reduce soil pH than digested sludges. Anaerobic digestion not only re-
duces the organic matter content, but also contributes to its biological
stabilization, thus preventing its rapid deterioration after application to
soils (Hoang et al., 2022). Despite some losses of key macronutrients
during digestion (mean concentrations of N and K in digested samples
were, respectively, 15 % and 34 % lower than those in thickened
sludge), both types of sewage sludge showed an interesting nutrient
profile with potential to suppress soil deficiencies. In fact, the nutrient
content of all the samples analysed was significantly higher than the
median concentrations reported for European agricultural soils. For
instance, comparing the concentrations of the three main soil macro-
nutrients in the studied samples to the median levels in European agri-
cultural soils, sewage sludge contained 18 to 57 times more N, 12 to 82
times more P, and similar amounts to up 10 times more K. On the other
hand, these large variations in the nutrient profile highlight the need for
routine analysis of sludge before choosing this valorisation route, as well
as regular monitoring of the receiving soils after application.

3.3. Contamination status and ecological risk assessment of heavy metal
(loid)s in sewage sludge

3.3.1. Geoaccumulation index

The geoaccumulation index (Ig,) essentially compares the concen-
tration of a given element in the matrix under investigation with that in
a reference medium. It was initially proposed for the assessment of metal
contamination in sediments (Miiller, 1969), but has since been applied
to other environmental samples, including sewage sludge (Espinoza-
Guillen et al., 2024; Suanon et al., 2017; Sundha et al., 2023; Tytta and
Widziewicz-Rzonca, 2023). In this context, background elemental con-
centrations in the upper continental crust, or regional or local topsoil
concentrations, have been used as a reference. In this study, I, was used
to assess the degree of accumulation of the target elements in sewage
sludge to be used on farmland, hence the median concentrations in
European agricultural soils were used as reference (Table S6, SI). The I,
of all 23 elements studied was determined for the sewage sludge pro-
duced by each sampled WWTP, using the mean concentration of samples
collected in summer and winter. The results and the classification of the
Ige, values are summarized in Fig. 3. For the typically regulated heavy
metal(loid)s, most sewage samples appear to be heavily contaminated
with Zn and Cu, moderately to heavily contaminated with Cd, and not
contaminated to moderately contaminated with Ni, Pb, Cr, and As. The
Ige, values for Hg, found in sludge from 13 WWTPs indicate mainly
heavy contamination with this metal. Regarding the I, values for nu-
trients and other elements, the sewage sludge was generally classified as
extremely contaminated with S, and heavily to extremely contaminated
with N and P. The degree of contamination for Na and Mo varied from
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Fig. 3. Distribution of the geoaccumulation index (I,) for 23 elements in sewage sludge from 42 WWTPs.

moderately to extremely contaminated, with mean I, values of 3.8 for
Na and 3.0 for Mo, while most samples were moderately to heavily
contaminated with B and not contaminated or only moderately
contaminated with K. I, values were generally below 0 for Mg, Fe, Mn,
Co, and Si, indicating that concentrations of these elements in the sludge
are similar to or lower than the median levels in agricultural soils. The
lowest Iy, was determined for Si, an abundant element in soils, pri-
marily in the form of silicate minerals. Although Si is not expected to be
a major constituent of sewage sludge, it may have been undetermined in
the samples studied, as aqua regia digestion is not the most appropriate
method for its determination (Sichler et al., 2022). The accumulation of
some of the elements studied in sewage sludge was remarkably high
compared to typical levels in agricultural soils. However, when sludge is
applied to soils, the amounts of these elements transferred to farmland
will largely depend on the frequency and rate of application. As
mentioned before, the concentration of the target elements was esti-
mated in sludge-amended soil after a single application of sewage sludge
at 5 tons ha™! (dry weight). The Ige, values determined using these
estimated concentrations indicate no contamination in the sludge-
amended soils (I, < 0 in all but one case). The only exception was
due to the high levels of cobalt in the sludge from WWTP#34, which
resulted in an I, of 0.4 (class 1 — not contaminated to moderately
contaminated).

3.3.2. Potential ecological risk factor and potential ecological risk index
Although the reported concentrations of heavy metal(loid)s in
sewage sludge are typically higher than the background levels in agri-
cultural soils, their potential ecological risk is also influenced by their
toxicity. The potential ecological risk factor (Er) and the potential
ecological risk index (PERI) are indicators that include a toxicity-
response factor (Tr) to weight in each metal(loid)’s toxicity along with
its contamination degree (Hakanson, 1980). Er and PERI have been used
to assess the potential ecological risk of heavy metal(loid)s in different
environmental matrices, including sewage sludge (Espinoza-Guillen
et al., 2024; Sundha et al., 2023; Tytta and Widziewicz-Rzonca, 2023).
Er and PERI were determined considering the content of 8 heavy
metal(loid)s in sewage sludge produced by each sampled WWTP. Results
are detailed in Table S16, SI. In general, Er for Ni, Pb, Zn, Cr, and As was
below 40 in most samples, indicating a low potential ecological risk. The
few exceptions, related to unusually high levels in sewage sludge, were
mainly from WWTPs that also treat industrial effluents. On the other
hand, Cu presented a moderate to high potential ecological risk in most
samples (Er between 40 and 160 in sludge from 35 WWTPs). A very high
potential ecological risk was reported for Hg, with Er for this metal
varying between 533 and 1867, mainly due to its high toxicity-response
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factor (Tr of 40). Similarly, Cd presented a high or very high potential
ecological risk in most samples, despite the low levels found compared
to other heavy metals, also due to its high toxicity (Tr of 30). PERI values
were higher than 150 in all samples. A moderate potential ecological
risk (150 < PERI < 300) was reported for sewage sludge from 19 % of
WWTPs, a considerable potential ecological risk (300 < PERI <600) for
24 %, and a very high potential ecological risk (PERI >600) for 57 % of
the samples (Table S16, SI). PERI values in sewage sludge from WWTPs
treating domestic effluents ranged from 206 to 2022, with an average of
722. These values were generally lower than those found in samples
from WWTPs treating also industrial effluents, which ranged from 193
to 2352, with an average PERI of 1007.

Assuming a typical sewage sludge application rate of 5 tons ha~! (dry
weight), the resulting concentrations of heavy metal(loid)s in a refer-
ence agricultural soil were estimated, and the potential ecological risk in
sludge-amended soils was also assessed. In this scenario, Er values in
sludge-amended soil indicate a low potential ecological risk for all heavy
metal(loid)s, except for Hg (for which Er ranged from 40.9 to 43.1,
indicating a moderate potential ecological risk). Similarly, PERI values
ranged from 98.3 to 101.9, indicating a low ecological risk. Despite the
low ecological risk estimated in sludge-amended soils after a single
application of sewage sludge, the significant risk due to the heavy metal
(loid) content assessed by these indicators in the sewage sludge samples
underlines the need to regulate and monitor its use in agriculture.
Especially bearing in mind that successive sludge applications may lead
to an accumulation of heavy metal(loid)s in the soil over time, with
potential cumulative effects on the terrestrial environment.

3.3.3. Environmental risk characterization ratios of heavy metal(loid)s in
sludge-amended soil

The environmental risk assessment of heavy metal(loid)s is a chal-
lenging task. In addition to the natural occurrence of heavy metal(loid)s
in soils and the conditioning of plants and soil-dwelling organisms to
ambient background concentrations, changes in their chemical specia-
tion and bioavailability depend on abiotic and environmental condi-
tions, making it difficult to establish fixed thresholds (ECETOC, 2003;
Zhang et al., 2017).

In this study, risk characterization ratios were determined for the 8
typically regulated heavy metal(loid)s in sewage sludge intended for soil
application. Potential risks for the soil compartment were assessed
following a worst-case scenario approach, in which no corrections were
made for the bioavailability fraction of heavy metal(loid)s in sewage
sludge, i.e., using the total concentrations measured in sewage sludge for
the estimation of PEC,;. The concentration of heavy metal(loids) in soil
resulting from a single application of sewage sludge at 5 tons ha™! (dry
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weight) was estimated from the reported concentrations in the investi-
gated samples and then added to the median values for European agri-
cultural soils. These values (PECqi o) Were then compared with
predicted no-effect concentrations (PNEC) derived from the literature.
For most metal(loid)s, the toxicity to terrestrial organisms is well
described and PNEC values are typically derived from species sensitivity
distributions with low assessment factors (Table S7, SI). The lowest
PNEC values were chosen for a more conservative determination of
RCRs. In the case of As and Cr, PNECs based on the added concentration
in toxicological studies (PNEC,44eq) Were collected from the literature
and the RCR was determined based on the added approach. Table 3
summarizes the input parameters used to calculate the RCRs and the
respective results. These RCRs were <1 for all heavy metal(loid)s in all
samples, indicating a low environmental risk for terrestrial organisms in
sludge-amended soil. Urbaniak et al. (2024) also used the PEC/PNEC
approach to assess the environmental risk of heavy metal(loid)s in soil,
after a single application of sewage sludge at 5 tons ha™! (dry weight),
and found a low level of risk, although they did not consider pre-existing
levels in the soil. It should be noted that this assessment was based on a
single sludge application, as in our study, and did not address the po-
tential accumulation of heavy metal(loid)s in the soil with repeated
sludge use.

The increase in soil concentration of heavy metal(loid)s due to a
single sludge application was very small compared to the median con-
centrations in agricultural soils (Table 3). On average, it varied from a
0.3 % increase for As, to a 3.8 % increase for Cu. However, the contin-
uous and long-term application of sewage sludge to agricultural land
may pose an increased risk to the soil compartment, as the concentration
of potentially toxic metal(loid)s may build up over time, which was not
assessed in this study. The fate and distribution of heavy metal(loid)s in
the soil is influenced by numerous factors, including sorption processes
between the solid and water phases of the soil, leaching, surface runoff,
volatilization, and uptake by crops. These are influenced by the physi-
cochemical properties of the metal(loid)s, soil characteristics, climatic
conditions, and environmental biotic factors (ECHA, 2008; Eggen et al.,
2022). For these reasons, and in the absence of specific data, risk
assessment modelling of heavy metal(loid)s in long-term sludge appli-
cation scenarios is a very challenging task. On this matter, a Norwegian
report (Eggen et al., 2022) assessed the environmental risk of the use of
fertilizer products, including sewage sludge, by modelling the potential
accumulation of heavy metal(loid)s in soils after repeated use. Although
soil concentrations of most heavy metal(loid)s were expected to increase
to undesirable levels, these were not expected to exceed the PNEC values
in most regions. Similarly, a Danish report (Pedersen et al., 2019) on the
risk assessment of soils considering repeated sewage sludge application
concluded that heavy metal(loid)s posed a medium to low risk to the soil
environment. Concentrations in sludge-amended soils were estimated to
increase by <1 % per year in relation to continuous sludge application

Table 3
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and were only expected to reach levels close to or above the PNECs only
within 100 years.

Another aspect that significantly affects the potential risks to agri-
cultural soils is related to the transformation of heavy metal(loid)s
speciation over time. They can occur in different valence and oxidation
states, depending on the pH of the medium, the redox potential, the
presence of reductants/oxidants (related to the organic matter content
and mineral constituents), and the reaction kinetics. Interactions be-
tween certain heavy metal(loid)s species and essential soil and plant
nutrients can disrupt plant nutrient uptake, leading to deficiencies in
crops and reducing agricultural productivity (Angon et al., 2024).

Heavy metal(loid)s mobility and bioavailability in sewage sludge
and sludge-amended soils can also be significantly affected by adsorp-
tion, ion exchange, and precipitation mechanisms, as well as by the
formation of complexes with organic and inorganic complexing agents
and reactions with humic substances acting as chelating agents.
Depending on the specific interactions involved, these processes can
increase or decrease the heavy metal(loid)s mobility and bioavailability
in the soil (Li et al., 2022; Lwin et al., 2018). In the case of increased
solubility, leaching to deeper soil layers may occur, with serious im-
plications for groundwater contamination. Furthermore, increased
metal(loid)s bioavailability affects soil microbial diversity and function,
and promotes translocation to plants, leading to bioaccumulation in the
food chain with enhanced impacts at higher trophic levels, including
human health (Angon et al., 2024; Zhang et al., 2017). Chronic exposure
to heavy metal(loid)s through contaminated food can lead to serious
health effects, including neurotoxicity, kidney damage and carcinogenic
risks (Angon et al., 2024). On the other hand, these binding reactions
can result in less soluble chemical species that contribute to the immo-
bilisation of metal(loid)s, limiting their bioavailability (Li et al., 2019;
Lwin et al., 2018). However, this can lead to long-term accumulation in
the soil. Over time, the decomposition of organic matter and changes in
soil physical, chemical, and microbiological parameters may gradually
release immobilised heavy metal(loid)s back into soluble and bioavail-
able forms (Li et al., 2022; Molaey et al., 2024; Zhang et al., 2017).

Several approaches can be used to mitigate the potential risks posed
by heavy metal(loid)s in sewage sludge for soil application. Improved
sludge stabilization, such as co-composting with bulking agents, can
help reduce their concentration prior to land application (Zhang et al.,
2017). Alternatively, specific nutrients can be recovered from sewage
sludge, such as N by ammonia stripping or simultaneous recovery of N,
P, and K by struvite precipitation (Di Costanzo et al., 2021). Emerging
demetallization techniques for the removal of heavy metal(loid)s from
the solid fraction of sewage sludge are also gaining importance,
including bioleaching (relying on the activity of microorganisms to
mobilize and remove heavy metal(loid)s from sludge), chemical leach-
ing (using acids or chelating agents as extractants), or electrokinetic
treatments (using electric fields to mobilize and transport charged ions

Summary of estimated PECs, PNEC values, and environmental risk characterization ratios (RCRs).

Median concentration in European agricultural soils® (mg kg’1 dw) PECqoil-added PECsoil-total PNEC;.j; RCR

Min-Max Min-Max 1

(mg kg’l aw) (mg kg dw) (mg kg™ dw) Mean Max
Ccd 0.181 0.001-0.018 0.182-0.199 0.9° 0.21 0.22
Cu 14.5 0.15-6.44 14.65-20.94 65" 0.23 0.32
Ni 14.7 0.01-0.30 14.71-15.00 29.9¢ 0.49 0.50
Pb 15.8 0.02-0.25 15.82-16.05 166 0.10 0.10
Zn 45 0.5-7.5 45.5-52.5 83.1° 0.56 0.63
Hg 0.03 0.001-0.002 0.031-0.032 0.07 0.43 0.46
Cr 20.2 0.02-1.27 20.22-21.47 3.20 0.04 0.40
As 5.48 0.005-0.05 5.485-5.53 2.9% 0.006 0.02

@ Reimann et al. (2018).

> ECHA CHEM.

¢ European Commission (2008).
d Eggen et al. (2022).

" PNECagq.
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through the aqueous phase of sewage sludge for subsequent removal)
(Molaey et al., 2024). The use of soil amendments, such as liming ma-
terials, biochar, manure and composted organic materials, can also help
to the immobilisation of heavy metal(loids)s in the case of ongoing soil
contamination (Lwin et al., 2018), but these only serve as a temporary
solution as heavy metal(loid)s are not effectively removed from the soil.
Remediation techniques using hyperaccumulator plants to effectively
remove of heavy metal(loid)s from contaminated soils (phytoextraction)
appear to be a promising approach to address this issue but currently
lack efficiency and require further development (Liu et al., 2018).

3.4. Human health risk assessment for farm workers

Undoubtedly, workers involved in sewage sludge handling are the
most exposed to this matrix and its contaminants. Therefore, a human
health risk assessment was performed to estimate the potential health
risks (non-carcinogenic and carcinogenic) resulting from the exposure of
adults (workers) to heavy metal(loid)s present in sewage sludge,
considering three exposure routes — inhalation, dermal contact, and
accidental ingestion. The average daily exposure (ADD) to heavy metal
(loid)s from sewage sludge was estimated from the mean and maximum
concentrations reported for each heavy metal(loid) in this study
(Table S17, SI). The results of this human health risk assessment are
presented in Table S18, SI. The main route of exposure for farmers was
dermal contact, followed by ingestion and inhalation. For inhalation, the
ADD values were 3 to 4 orders of magnitude lower than for the other
routes and could therefore be neglected. For the dermal contact, the
mean ADD values can be ranked as Zn > Cu > Cr > Ni > Hg > As > Pb >
Cd. For ingestion and inhalation, the order is similar, except for the last
four heavy metal(loid)s, which are substituted by Pb > As > Cd > Hg.
Previous studies usually point to ingestion as the main pathway for
heavy metal(loid)s from sewage sludge (Espinoza-Guillen et al., 2024;
Tytta and Widziewicz-Rzonca, 2023; Yakamercan et al., 2021), but the
ingestion rate of sewage sludge used in these studies is also higher
(typically 100 mg day ! for adults) than the value used in our model (50
mg day™ ).

Considering the HQs values used for the assessment of the non-
carcinogenic health risks, the highest mean values were found for Cr
and As for the ingestion route, Cr and Zn for the inhalation, and Cr and
Hg for the dermal contact pathway. In general, most of the HQs were
below the acceptable non-cancer risk level (HQ < 1), except for the
HQgermal for Cr considering the maximum concentration (1.4). Conse-
quently, the highest HI was found for this metal (0.12 and 1.5, for the
mean and the maximum concentration in sewage sludge). Considering
the combination of exposure routes, the THI was 0.17 or 1.6, based on
the mean and maximum concentrations of all heavy metals, respec-
tively, revealing a non-carcinogenic health risk only when considering
the maximum concentrations in sludge.

The carcinogenic risk (CR) was calculated considering exposure to
Cd, Ni, Pb, Cr and As, the investigated heavy metal(loid)s identified as
potentially carcinogenic by the International Agency for Research on
Cancer (IARC). The results are also detailed in Table S18, SI. The CRs for
Ni and Cr for dermal contact were higher than 10~*, indicating a sig-
nificant cancer risk, but only for the maximum concentrations reported
in sewage sludge. However, when adding together the CR values for all
heavy metal(loid)s considering the mean values in sewage sludge, the
resulting CCR germq also indicates a significant cancer risk (1.8 x 1079,
but one order of magnitude lower than the same value based on the
maximum concentrations in sewage sludge (1.6 x 10’3). The dermal
route contributes >96 % of the total cancer risk (TCR) values for Ni and
Cr. For the remaining exposure routes and metal(loid)s, the CRs are
considered negligible or tolerable. No studies were found that applied
the health risk assessment approach to farmers or workers involved in
sewage sludge handling, but Tytla and Widziewicz-Rzonca (2023) re-
ported a TCR value for Ni indicative of cancer risk for adults, which
derived mainly from a high CR due to ingestion exposure. In that study,
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CRingestion for Cr and Cd also indicated a risk for children.
4. Conclusion

This study provided a snapshot of the elemental composition of final
dewatered sewage sludge from 42 urban WWTPs in mainland Portugal,
collected in summer and winter. The suitability of the sewage sludge for
agricultural use was assessed and potential risks associated with its
application to soils were investigated.

No seasonal differences in the elemental composition of sewage
sludge were found, and significant strong correlations (rs > 0.700) for
thirteen pairs of elements were similar in both summer and winter,
suggesting possible common sources, interdependence, or identical
physicochemical behaviour during wastewater transport and treatment.
The combined concentrations of 8 potentially toxic heavy metal(loid)s
in individual samples varied >10-fold, ranging from 398 mg kg~! dw to
5852 mg kg~ dw. Overall, Zn and Cu accounted for almost 90 % of the
heavy metal(loid)s content in the samples investigated and exceeded
regulatory limits in samples from 3 WWTPs receiving industrial efflu-
ents. Furthermore, the results showed significantly higher concentra-
tions of some heavy metal(loid)s, namely Cd, Ni, Zn, and Cr, in WWTPs
also receiving industrial effluents. This highlights the need for more
responsible management of industrial discharges to urban WWTPs and
reinforces the importance of routine analysis to monitor the levels of
heavy metal(loid)s in the sludge produced. Concentrations of heavy
metal(loid)s were also generally higher in larger WWTPs, and average
concentrations in anaerobic digested sludge were about 1.4 times higher
for As, 2 times higher for Cu, Ni, Pb, and Zn, and up to 3 times higher for
Cd and Cr than in thickened sludge alone. Regarding the nutrient profile
of the investigated samples, N and P (mean 63 and 22 g kg™! dw,
respectively) were the predominant macronutrients, followed by Ca, Fe,
and S. The K content was consistently lower than the other macronu-
trients in sewage sludge (mean of 4.3 g kg~ ! dw), which may be related
to losses to the water phase during dewatering in the final sludge
treatment stages. The nutrient composition and other agronomic prop-
erties such as organic matter content, pH and electrical conductivity
were compatible with its use as a soil-amendment. The combined macro-
and micronutrient content of sewage sludge was generally higher in
samples from larger WWTPs, in those receiving industrial effluents, and
in anaerobically digested samples. However, more detailed analysis
revealed that some of the individual nutrients deviated from these
trends. For instance, N, Mg, B, and Co did not vary with WWTP size,
thickened sludge showed considerably higher levels of N and K than
digested samples, N, P, Mg, Fe, and B did not vary with the source of
effluent, and K was at significantly higher levels in small WWTPs and in
sludge from WWTPs treating exclusively domestic sewage. The signifi-
cant differences in the nutrient profiles of the sludge samples highlight
the need to monitor these parameters to ensure that the fertilization
needs of sludge-receiving soils are adequately addressed.

The I, and the potential ecological risk indicators reported critical
concentrations for some heavy metal(loid)s in sewage sludge compared
to typical levels in agricultural soils, namely Zn, Cu, Cd, and Hg. How-
ever, when modelling a single sewage sludge application of 5 tons ha™!
(dw), the level of contamination and potential risks in sludge-amended
soil were hampered by the relatively small amounts added compared to
ambient background levels. Similarly, the determination of risk char-
acterization ratios based on the PEC and PNEC values of the target heavy
metal(loid)s also indicated no risk to the soil compartment, after a single
sludge application. However, the persistence of metal(loid)s in the soil
along with repeated sludge applications may lead to long-term accu-
mulation of heavy metals, with potential impacts on the soil environ-
ment and ultimately on human health due to contamination of food
chains.

Dermal contact was the main route of exposure to heavy metal(loid)s
for workers handling sewage sludge, followed by accidental ingestion
and inhalation. The human health risk assessment identified a non-



F. Rocha et al.

carcinogenic risk for Cr and a carcinogenic risk for Ni and Cr via dermal
exposure, at the maximum modelled concentrations in sewage sludge
(919 mg kg~ ! dw for Cr and 206 mg kg* dw for Ni). These results
underline the importance of wearing adequate personal protective
equipment that covers the skin and exposed parts of the body, when
workers handle sewage sludge. No health risks were identified for other
heavy metal(loid)s or exposure routes.

Sewage sludge produced in urban WWTPs in Portugal was generally
considered suitable for agricultural use in terms of heavy metal(loid)s
content and agronomic parameters. However, the periodicity and rate of
application, as well as the background concentrations in the sludge-
receiving soils, must be taken into account to ensure that fertilization
requirements are met while avoiding soil contamination and bio-
accumulation in the food chain.

CRediT authorship contribution statement

Filipe Rocha: Writing — original draft, Validation, Methodology,
Investigation, Formal analysis. Nuno Ratola: Writing — review & edit-
ing, Methodology, Investigation, Conceptualization. Vera Homem:
Writing — review & editing, Validation, Supervision, Resources, Project
administration, Methodology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was financially supported by: (i) national funds through
FCT/MCTES (PIDDAC): LEPABE, UIDB/00511/2020 (DOIL 10.544
99/UIDB/00511/2020) and UIDP/00511/2020 (DOI: 10.544
99/UIDP/00511/2020) and ALiCE, LA/P/0045/2020 (DOIL: 10.54499/
LA/P/0045/2020); (ii) Project AGRONAUT (PTDC/ASP-PLA/29425/
2017 - POCI-01-0145-FEDER-029425), funded by FEDER funds through
COMPETE2020 - Programa Operacional Competitividade e Inter-
nacionalizacao (POCI) and by national funds (PIDDAC) through FCT/
MCTES; (iii) PhD studentship 2020.09041.BD (Filipe Rocha), financed
by FCT with funds from the State Budget and the European Social Fund
(ESF), within the framework of PORTUGAL2020, namely through
NORTE2020 (DOIL 10.54499/2020.09041.BD). Vera Homem thanks
national funds through FCT - Fundacao para a Ciéncia e a Tecnologia, I.
P., under the Scientific Employment Stimulus — Individual Call — CEE-
CIND/00676/2017 (DOI:  10.54499/CEECIND/00676/2017/CP13
99/CT0004). The authors wish to express their gratitude to all waste-
water treatment entities that participated in this study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2025.178595.

Data availability

Data will be made available on request.

References

Abreu, A.H.M., Leles, P.S.S., Alonso, J.M., Abel, E.L.S., Oliveira, R.R., 2017.
Characterization of sewage sludge generated in Rio de Janeiro, Brazil, and
perspectives for agricultural recycling. Semina: Ciéncias Agrarias 38, 2433-2448.
https://doi.org/10.5433/1679-0359.2017v38n4Supl1p2433.

Alvarenga, P., Mourinha, C., Farto, M., Santos, T., Palma, P., Sengo, J., Morais, M.-C.,
Cunha-Queda, C., 2015. Sewage sludge, compost and other representative organic

14

Science of the Total Environment 964 (2025) 178595

wastes as agricultural soil amendments: benefits versus limiting factors. Waste
Manag. 40, 44-52. https://doi.org/10.1016/j.wasman.2015.01.027.

Angon, P.B,, Islam, M.S,, KC, S., Das, A., Anjum, N., Poudel, A., Suchi, S.A., 2024.
Sources, effects and present perspectives of heavy metals contamination: soil, plants
and human food chain. Heliyon 10 (7), e28357. https://doi.org/10.1016/j.
heliyon.2024.e28357.

Bianchini, A., Bonfiglioli, L., Pellegrini, M., Saccani, C., 2015. Sewage sludge drying
process integration with a waste-to-energy power plant. Waste Manag. 42, 159-165.
https://doi.org/10.1016/j.wasman.2015.04.020.

Bratby, J., 2016. Coagulation and Flocculation in Water and Wastewater Treatment,
third ed. IWA Publishing, London. https://doi.org/10.2166/9781780407500.

Breda, C.C., Soares, M.B., Tavanti, R.F.R., Viana, D.G., Freddi, O.D.S., Piedade, A.R.,
Mahl, D., Traballi, R.C., Guerrini, I.A., 2020. Successive sewage sludge fertilization:
recycling for sustainable agriculture. Waste Manag. 109, 38-50. https://doi.org/
10.1016/j.wasman.2020.04.045.

Buta, M., Hubeny, J., Zielinski, W., Harnisz, M., Korzeniewska, E., 2021. Sewage sludge
in agriculture - the effects of selected chemical pollutants and emerging genetic
resistance determinants on the quality of soil and crops - a review. Ecotoxicol.
Environ. Saf. 214, 112070. https://doi.org/10.1016/j.ecoenv.2021.112070.

Chen, M., Oshita, K., Mahzoun, Y., Takaoka, M., Fukutani, S., Shiota, K., 2021. Survey of
elemental composition in dewatered sludge in Japan. Sci. Total Environ. 752,
141857. https://doi.org/10.1016/j.scitotenv.2020.141857.

Cheng, X., Wei, C., Ke, X., Pan, J., Wei, G., Chen, Y., Wei, C., Li, F., Preis, S., 2022.
Nationwide review of heavy metals in municipal sludge wastewater treatment plants
in China: sources, composition, accumulation and risk assessment. J. Hazard. Mater.
437, 129267. https://doi.org/10.1016/j.jhazmat.2022.129267.

Collivignarelli, M.C., Abba, A., Frattarola, A., Miino, M.C., Padovani, S., Katsoyiannis, I.,
Torretta, V., 2019. Legislation for the reuse of biosolids on agricultural land in
Europe: overview. Sustainability 11, 6015. https://doi.org/10.3390/sul1216015.

Council Directive 86/278/EEC of 12 June 1986 on the protection of the environment,
and in particular of the soil, when sewage sludge is used in agriculture. OJ L 181,
6-12. http://data.europa.eu/eli/dir/1986,/278/0j.

Daliakopoulos, I.N., Tsanis, I.K., Koutroulis, A., Kourgialas, N.N., Varouchakis, A.E.,
Karatzas, G.P., Ritsema, C.J., 2016. The threat of soil salinity: A European scale
review. Sci. Total Environ. 573, 727-739. https://doi.org/10.1016/].
scitotenv.2016.08.177.

Decree-Law No. 235/97, 3 September 1997, Didrio da Reptiblica, No. 203, Series I-A,
4640-4644. https://diariodarepublica.pt/dr/detalhe/decreto-lei/235-1997-641126.

Decree-Law No. 276,/2009, 2 October 2009, Diario da Reptblica, No. 192, Series I,
7154-7165. https://diariodarepublica.pt/dr/detalhe/decreto-lei/276-2009-490974.

Dewil, R., Baeyens, J., Roels, J., Van De Steene, B., 2009. Evolution of the Total Sulphur
content in full-scale wastewater sludge treatment. Environ. Eng. Sci. 26, 867-872.
https://doi.org/10.1089/ees.2007.0335.

Dhanker, R., Chaudhary, S., Goyal, S., Garg, V.K., 2021. Influence of urban sewage
sludge amendment on agricultural soil parameters. Environ. Technol. Innov. 23,
101642. https://doi.org/10.1016/j.eti.2021.101642.

Di Costanzo, N., Cesaro, A., Di Capua, F., Esposito, G., 2021. Exploiting the nutrient
potential of anaerobically digested sewage sludge: A review. Energies 14, 8149.
https://doi.org/10.3390/en14238149.

D’Imporzano, G., Adani, F., 2023. Measuring the environmental impacts of sewage
sludge use in agriculture in comparison with the incineration alternative. Sci. Total
Environ. 905, 167025. https://doi.org/10.1016/j.scitotenv.2023.167025.

Eggen, T., Amlund, H., Barneveld, R., Bernhoft, A., Bloem, E., Eriksen, G.S., Flem, B.,
Kéllgvist, T., Sverdrup, L.E., Trapp, S., @gaard, A.F., Feste, C.K., Lock, E.-J.,
Ringg, E., Steinshamn, H., @rnsrud, R., Krogdahl, /?\., 2022. Risk assessment of
potentially toxic elements (heavy metals and arsenic) in soil and fertiliser products —
Fate and effects in the food chain and the environment in Norway. In: Scientific
Opinion of the Panel on Animal Feed of the Norwegian Scientific Committee for
Food and Environment. VKM Report, Oslo, Norway. https://hdl.handle.net/100
37/28400.

El Fadili, H., Ali, M.B., Touach, N., El Mahi, M., Lotfi, E.M., 2022. Ecotoxicological and
pre-remedial risk assessment of heavy metals in municipal solid wastes dumpsite
impacted soil in Morocco. Environ. Nanotechnol. Monit. Manag. 17, 100640.
https://doi.org/10.1016/j.enmm.2021.100640.

Espinoza-Guillen, J.A., Alderete-Malpartida, M.B., Gallegos-Huaman, R.L., Paz-
Rosales, Y.M., Dominguez-Vivar, R.M., Bujaico-Leén, C., 2024. Ecological risk
assessment and identification of sources of heavy metals contamination in sewage
sludge from municipal wastewater treatment plants in the Metropolitan Area of
Lima-Callao. Peru. Environ. Dev. Sustain. 26, 1559-1590. https://doi.org/10.1007/
s10668-022-02774-w.

European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC), 2003.
Environmental Risk Assessment of Difficult Substances - Technical Report No. 88.
Brussels, Belgium. https://www.ecetoc.org/publication/tr-088-environmental-ris
k-assessment-of-difficult-substances/ (accessed 13 August 2024).

European Chemicals Agency — Chemicals database (ECHA CHEM). https://echa.europa.
eu/echa-chem (accessed 14 August 2024).

European Chemicals Agency (ECHA), 2008. Guidance on information requirements and
chemical safety assessment. Appendix R.7.13-2: Environmental risk assessment for
metals and metal compounds. https://echa.europa.eu/documents/10162/13632/1
nformation_requirements_r7_13_2_en.pdf/0497e68d-4bb5-4b12-a4db-52ce0c1bc237
(accessed 13 August 2024).

European Commission, 2003. Joint Research Centre - Institute for Health and Consumer
Protection. Technical Guidance Document on Risk Assessment. Part II. EUR 20418
EN/2. https://publications.jrc.ec.europa.eu/repository/handle/JRC23785.


https://doi.org/10.54499/UIDB/00511/2020
https://doi.org/10.54499/UIDB/00511/2020
https://doi.org/10.54499/UIDP/00511/2020
https://doi.org/10.54499/UIDP/00511/2020
https://doi.org/10.54499/LA/P/0045/2020
https://doi.org/10.54499/LA/P/0045/2020
https://doi.org/10.54499/2020.09041.BD
https://doi.org/10.54499/CEECIND/00676/2017/CP1399/CT0004
https://doi.org/10.54499/CEECIND/00676/2017/CP1399/CT0004
https://doi.org/10.1016/j.scitotenv.2025.178595
https://doi.org/10.1016/j.scitotenv.2025.178595
https://doi.org/10.5433/1679-0359.2017v38n4Supl1p2433
https://doi.org/10.1016/j.wasman.2015.01.027
https://doi.org/10.1016/j.heliyon.2024.e28357
https://doi.org/10.1016/j.heliyon.2024.e28357
https://doi.org/10.1016/j.wasman.2015.04.020
https://doi.org/10.2166/9781780407500
https://doi.org/10.1016/j.wasman.2020.04.045
https://doi.org/10.1016/j.wasman.2020.04.045
https://doi.org/10.1016/j.ecoenv.2021.112070
https://doi.org/10.1016/j.scitotenv.2020.141857
https://doi.org/10.1016/j.jhazmat.2022.129267
https://doi.org/10.3390/su11216015
http://data.europa.eu/eli/dir/1986/278/oj
https://doi.org/10.1016/j.scitotenv.2016.08.177
https://doi.org/10.1016/j.scitotenv.2016.08.177
https://diariodarepublica.pt/dr/detalhe/decreto-lei/235-1997-641126
https://diariodarepublica.pt/dr/detalhe/decreto-lei/276-2009-490974
https://doi.org/10.1089/ees.2007.0335
https://doi.org/10.1016/j.eti.2021.101642
https://doi.org/10.3390/en14238149
https://doi.org/10.1016/j.scitotenv.2023.167025
https://hdl.handle.net/10037/28400
https://hdl.handle.net/10037/28400
https://doi.org/10.1016/j.enmm.2021.100640
https://doi.org/10.1007/s10668-022-02774-w
https://doi.org/10.1007/s10668-022-02774-w
https://www.ecetoc.org/publication/tr-088-environmental-risk-assessment-of-difficult-substances/
https://www.ecetoc.org/publication/tr-088-environmental-risk-assessment-of-difficult-substances/
https://echa.europa.eu/echa-chem
https://echa.europa.eu/echa-chem
https://echa.europa.eu/documents/10162/13632/information_requirements_r7_13_2_en.pdf/0497e68d-4bb5-4b12-a4db-52ce0c1bc237
https://echa.europa.eu/documents/10162/13632/information_requirements_r7_13_2_en.pdf/0497e68d-4bb5-4b12-a4db-52ce0c1bc237
https://publications.jrc.ec.europa.eu/repository/handle/JRC23785

F. Rocha et al.

European Commission, 2008. European Risk Assessment Report - Nickel and nickel
compounds. https://echa.europa.eu/documents/10162/cefda8bc-2952-4c11
-885f-342aacf769b3 (accessed 13 August 2024).

European Commission, Directorate-General for Environment, 2022. Support to the
evaluation of the sewage sludge directive — final study report. Publications Office of
the European Union. https://doi.org/10.2779/57629.

Feng, J., Burke, L.T., Chen, X., Stewart, D.I., 2023. Assessing metal contamination and
speciation in sewage sludge: implications for soil application and environmental risk.
Rev. Environ. Sci. Biotechnol. 22, 1037-1058. https://doi.org/10.1007/s11157-023-
09675-y.

Fijalkowski, K., Rorat, A., Grobelak, A., Kacprzak, M.J., 2017. The presence of
contaminations in sewage sludge — the current situation. J. Environ. Manage. 203,
1126-1136. https://doi.org/10.1016/j.jenvman.2017.05.068.

Fisher, R.M., Alvarez-Gaitan, J.P., Stuetz, R.M., Moore, S.J., 2017. Sulfur flows and
biosolids processing: Using Material Flux Analysis (MFA) principles at wastewater
treatment plants. J. Environ. Manage. 198, 153-162. https://doi.org/10.1016/j.
jenvman.2017.04.056.

Garcia-Delgado, M., Rodriguez-Cruz, M.S., Lorenzo, L.F., Arienzo, M., Sanchez-

Martin, M.J., 2007. Seasonal and time variability of heavy metal content and of its
chemical forms in sewage sludges from different wastewater treatment plants. Sci.
Total Environ. 382, 82-92. https://doi.org/10.1016/j.scitotenv.2007.04.009.

Hékanson, L., 1980. An ecological risk index for aquatic pollution control.

A sedimentological approach. Water Res. 14, 975-1001. https://doi.org/10.1016/
0043-1354(80)90143-8.

Hamdi, H., Hechmi, S., Khelil, M.N., Zoghlami, I.R., Benzarti, S., Mokni-Tlili, S.,
Hassen, A., Jedidi, N., 2019. Repetitive land application of urban sewage sludge:
effect of amendment rates and soil texture on fertility and degradation parameters.
Catena 172, 11-20. https://doi.org/10.1016/j.catena.2018.08.015.

Hoang, S.A., Bolan, N., Madhubashani, A.M.P., Vithanage, M., Perera, V., Wijesekara, H.,
Wang, H., Srivastava, P., Kirkham, M.B., Mickan, B.S., Rinklebe, J., Siddique, K.H.
M., 2022. Treatment processes to eliminate potential environmental hazards and
restore agronomic value of sewage sludge: A review. Environ. Pollut. 293, 118564.
https://doi.org/10.1016/j.envpol.2021.118564.

Johansson, S. 2018. Taking Advantage of Autotrophic Nitrogen Removal: Potassium and
Phosphorus Recovery from Municipal Wastewater, DOCTORAL THESIS, Universitat
de Girona. http://hdl.handle.net/10256/17022 (accessed 9 September 2024).

Kanteraki, A.E., Isari, E.A., Svarnas, P., Kalavrouziotis, I.K., 2022. Biosolids: the Trojan
horse or the beautiful Helen for soil fertilization? Sci. Total Environ. 839, 156270.
https://doi.org/10.1016/j.scitotenv.2022.156270.

Karimian, S., Shekoohiyan, S., Moussavi, G., 2021. Health and ecological risk assessment
and simulation of heavy metal-contaminated soil of Tehran landfill. RSC Adv. 11,
8080-8095. https://doi.org/10.1039/DORA08833A.

Koutroubas, S.D., Antoniadis, V., Fotiadis, S., Damalas, C.A., 2014. Growth, grain yield
and nitrogen use efficiency of Mediterranean wheat in soils amended with municipal
sewage sludge. Nutr. Cycl. Agroecosyst. 100, 227-243. https://doi.org/10.1007/
5s10705-014-9641-x.

Kowalik, R., Gawdzik, J., Bak-Patyna, P., Ramiaczek, P., Jurisevi¢, N., 2022. Risk
Analysis of Heavy Metals Migration from Sewage Sludge of Wastewater Treatment
Plants. Int. J. Environ. Res. Public Health (IJERPH) 19 (18), 11829.

Li, Q., Wang, Y., Li, Y., Li, L., Tang, M., Hu, W., Chen, L., Ai, S., 2022. Speciation of heavy
metals in soils and their immobilization at micro-scale interfaces among diverse soil
components. Sci. Total Environ. 825, 153862. https://doi.org/10.1016/j.
scitotenv.2022.153862.

Li, R, Tan, W., Wang, G., Zhao, X., Dang, Q., Yu, H., Xi, B., 2019. Nitrogen addition
promotes the transformation of heavy metal speciation from bioavailable to organic
bound by increasing the turnover time of organic matter: an analysis on soil
aggregate level. Environ. Pollut. 255, 113170. https://doi.org/10.1016/j.
envpol.2019.113170.

Liu, H.-T., 2016. Achilles heel of environmental risk from recycling of sludge to soil as
amendment: A summary in recent ten years (2007-2016). Waste Manag. 56,
575-583. https://doi.org/10.1016/j.wasman.2016.05.028.

Liu, L., Li, W., Song, W., Guo, M., 2018. Remediation techniques for heavy metal-
contaminated soils: principles and applicability. Sci. Total Environ. 633, 206-219.
https://doi.org/10.1016/j.scitotenv.2018.03.161.

Lwin, C.S., Seo, B.-H., Kim, H.-U., Owens, G., Kim, K.-R., 2018. Application of soil
amendments to contaminated soils for heavy metal immobilization and improved
soil quality—a critical review. Soil Sci. Plant Nutr. 64 (2), 156-167. https://doi.org/
10.1080/00380768.2018.1440938.

Marti, N., Bouzas, A., Seco, A., Ferrer, J., 2008. Struvite precipitation assessment in
anaerobic digestion processes. Chem. Eng. J. 141, 67-74. https://doi.org/10.1016/].
€€j.2007.10.023.

Matschullat, J., Reimann, C., Birke, M., Carvalho, D.S., The GEMAS Project Team, 2018.
GEMAS: CNS concentrations and C/N ratios in European agricultural soil. Sci. Total
Environ. 627, 975-984. https://doi.org/10.1016/j.scitotenv.2018.01.214.

Molaey, R., Appels, L., Yesil, H., Tugtas, A.E., Calli, Baris, 2024. Sustainable heavy metal
removal from sewage sludge: a review of bioleaching and other emerging
technologies. Sci. Total Environ. 955, 177020. https://doi.org/10.1016/j.
scitotenv.2024.177020.

Montusiewicz, A., Szaja, A., Musielewicz, 1., Cydzik-Kwiatkowska, A., Lebiocka, M.,
2020. Effect of bioaugmentation on digestate metal concentrations in anaerobic
digestion of sewage sludge. PloS One 15, e0235508. https://doi.org/10.1371/
journal.pone.0235508.

Miiller, G., 1969. Index of Geoaccumulation in sediments of the Rhine River. GeoJournal
2, 108-118.

15

Science of the Total Environment 964 (2025) 178595

Park, C.M., Novak, J.T., 2013. The effect of direct addition of iron(III) on anaerobic
digestion efficiency and odor causing compounds. Water Sci. Technol. 68,
2391-2396. https://doi.org/10.2166,/wst.2013.507.

Pedersen, K.E., Brandt, K.K., Hansen, M., Cedergreen, N., Magid, J., 2019. Assessment of
risks related to agricultural use of sewage sludge, pig and cattle slurry. University of
Copenhagen. https://orgprints.org/37490/.

Raheem, A., Sikarwar, V.S., He, J., Dastyar, W., Dionysiou, D.D., Wang, W., Zhao, M.,
2018. Opportunities and challenges in sustainable treatment and resource reuse of
sewage sludge: A review. Chem. Eng. J. 337, 616-641. https://doi.org/10.1016/j.
cej.2017.12.149.

Regulation (EU) 2019/1009 of the European Parliament and of the Council of 5 June
2019 laying down rules on the making available on the market of EU fertilising
products and amending Regulations (EC) No 1069/2009 and (EC) No 1107/2009
and repealing Regulation (EC) No 2003/2003. OJ L 170, 1-114. http://data.europa.
eu/eli/reg/2019/1009/0j.

Reimann, C., Fabian, K., Birke, M., Filzmoser, P., Demetriades, A., Négrel, P., Oorfs, K.,
Matschullat, J., Caritat, P., The GEMAS Project Team, 2018. GEMAS: establishing
geochemical background and threshold for 53 chemical elements in European
agricultural soil. Appl. Geochem. 88, 302-318. https://doi.org/10.1016/j.
apgeochem.2017.01.021.

Rocha, F., Alves, A., Homem, V., 2022. Exploring the potential of sewage sludge as
agricultural fertilizer: determination of heavy metals and nutrients by microwave-
assisted digestion followed by ICP-OES analysis. J. Chem. Educ. 99, 3218-3226.
https://doi.org/10.1021/acs.jchemed.2c00044.

Rorat, A., Courtois, P., Vandenbulcke, F., Lemiere, S., 2019. 8 — Sanitary and
environmental aspects of sewage sludge management. In: Favas, P.J.C.,

Vithanage, M., Mohan, S.V. (Eds.), Prasad, M.N.V. Butterworth-Heinemann,
Industrial and Municipal Sludge, pp. 155-180. https://doi.org/10.1016/B978-0-12-
815907-1.00008-8.

Seleiman, M.F., Santanen, A., Mékeld, P.S.A., 2020. Recycling sludge on cropland as
fertilizer — advantages and risks. Resour. Conserv. Recycl. 155, 104647. https://doi.
org/10.1016/j.resconrec.2019.104647.

Sharma, B., Sarkar, A., Singh, P., Singh, R.P., 2017. Agricultural utilization of biosolids:
A review on potential effects on soil and plant grown. Waste Manag. 64, 117-132.
https://doi.org/10.1016/j.wasman.2017.03.002.

Sichler, T.C., Montag, D., Barjenbruch, M., Mauch, T., Sommerfeld, T., Ehm, J.-H.,
Adam, C., 2022. Variation of the element composition of municipal sewage sludges
in the context of new regulations on phosphorus recovery in Germany. Environ. Sci.
Eur. 34, 84. https://doi.org/10.1186/5s12302-022-00658-4.

Singh, V., Phuleria, H.C., Chandel, M.K., 2021. Unlocking the nutrient value of sewage
sludge. Water Environ. J. 36, 321-331. https://doi.org/10.1111/wej.12739.

Sonne, C., Ok, Y.S., Dietz, R., Alstrup, A.K.O., 2019. Pig slurry needs modifications to be
a sustainable fertilizer in crop production. Environ. Res. 178, 108718. https://doi.
org/10.1016/j.envres.2019.108718.

Sorme, L., Lagerkvist, R., 2002. Sources of heavy metals in urban wastewater in
Stockholm. Sci. Total Environ. 298, 131-145. https://doi.org/10.1016/50048-9697
(02)00197-3.

Suanon, F., Sun, Q., Yang, X., Chi, Q., Mulla, S.I., Mama, D., Yu, C.-P., 2017. Assessment
of the occurrence, spatiotemporal variations and geoaccumulation of fifty-two
inorganic elements in sewage sludge: A sludge management revisit. Sci. Rep. 7,
5698. https://doi.org/10.1038/541598-017-05879-9.

Sundha, P., Basak, N., Rai, A.K., Chandra, P., Bedwal, S., Yadav, G., Yadav, R.K.,
Sharma, P.C., 2023. Characterization and ecotoxicological risk assessment of sewage
sludge from industrial and non-industrial cities. Environ. Sci. Pollut. Res. 30,
116567-116583. https://doi.org/10.1007/s11356-022-21648-2.

Tytta, M., Widziewicz-Rzorica, K., 2023. Ecological and human health risk assessment of
heavy metals in sewage sludge produced in Silesian Voivodeship, Poland: a case
study. Environ. Monit. Assess. 195, 1373. https://doi.org/10.1007/s10661-023-
11987-z.

U.S. EPA, 1996. Soil Screening Guidance: Technical Background Document. OSWER,
9355.4-17.

U.S. EPA, 2023. Sources and Solutions: Wastewater. https://www.epa.gov/nutrientpollu
tion/sources-and-solutions-wastewater (accessed 10 September 2024).

Urbaniak, M., Baran, A., Giebultowicz, J., Bednarek, A., Serwecinska, L., 2024. The
occurrence of heavy metals and antimicrobials in sewage sludge and their predicted
risk to soil — is there anything to fear? Sci. Total Environ. 912, 168856. https://doi.
org/10.1016/j.scitotenv.2023.168856.

Varol, M., Giindiiz, K., Siinbiil, M.R., 2021. Pollution status, potential sources and health
risk assessment of arsenic and trace metals in agricultural soils: A case study in
Malatya province. Turkey. Environ. Res. 202, 111806. https://doi.org/10.1016/j.
envres.2021.111806.

Vriens, B., Voegelin, A., Hug, S.J., Kaegi, R., Winkel, L.H.E., Buser, A.M., Berg, M., 2017.
Quantification of element fluxes in wastewaters: A Nationwide survey in
Switzerland. Environ. Sci. Technol. 51, 10943-10953. https://doi.org/10.1021/acs.
est.7b01731.

Wei, H., Gao, B., Ren, J., Li, Aimin, Yang, H., 2018. Coagulation/flocculation in
dewatering of sludge: A review. Water Res. 143, 608-631. https://doi.org/10.1016/
j-watres.2018.07.029.

Yakamercan, E., Ari, A., Aygiin, A., 2021. Land application of municipal sewage sludge:
human health risk assessment of heavy metals. J. Clean. Prod. 319, 128568. https://
doi.org/10.1016/j.jclepro.2021.128568.

Yu, B., Xiao, X., Wang, J., Hong, M., Deng, C., Li, Y.-Y., Liu, J., 2021. Enhancing
phosphorus recovery from sewage sludge using anaerobic-based processes: current


https://echa.europa.eu/documents/10162/cefda8bc-2952-4c11-885f-342aacf769b3
https://echa.europa.eu/documents/10162/cefda8bc-2952-4c11-885f-342aacf769b3
https://doi.org/10.2779/57629
https://doi.org/10.1007/s11157-023-09675-y
https://doi.org/10.1007/s11157-023-09675-y
https://doi.org/10.1016/j.jenvman.2017.05.068
https://doi.org/10.1016/j.jenvman.2017.04.056
https://doi.org/10.1016/j.jenvman.2017.04.056
https://doi.org/10.1016/j.scitotenv.2007.04.009
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/j.catena.2018.08.015
https://doi.org/10.1016/j.envpol.2021.118564
http://hdl.handle.net/10256/17022
https://doi.org/10.1016/j.scitotenv.2022.156270
https://doi.org/10.1039/D0RA08833A
https://doi.org/10.1007/s10705-014-9641-x
https://doi.org/10.1007/s10705-014-9641-x
http://refhub.elsevier.com/S0048-9697(25)00229-3/rf2155
http://refhub.elsevier.com/S0048-9697(25)00229-3/rf2155
http://refhub.elsevier.com/S0048-9697(25)00229-3/rf2155
https://doi.org/10.1016/j.scitotenv.2022.153862
https://doi.org/10.1016/j.scitotenv.2022.153862
https://doi.org/10.1016/j.envpol.2019.113170
https://doi.org/10.1016/j.envpol.2019.113170
https://doi.org/10.1016/j.wasman.2016.05.028
https://doi.org/10.1016/j.scitotenv.2018.03.161
https://doi.org/10.1080/00380768.2018.1440938
https://doi.org/10.1080/00380768.2018.1440938
https://doi.org/10.1016/j.cej.2007.10.023
https://doi.org/10.1016/j.cej.2007.10.023
https://doi.org/10.1016/j.scitotenv.2018.01.214
https://doi.org/10.1016/j.scitotenv.2024.177020
https://doi.org/10.1016/j.scitotenv.2024.177020
https://doi.org/10.1371/journal.pone.0235508
https://doi.org/10.1371/journal.pone.0235508
http://refhub.elsevier.com/S0048-9697(25)00229-3/rf0205
http://refhub.elsevier.com/S0048-9697(25)00229-3/rf0205
https://doi.org/10.2166/wst.2013.507
https://orgprints.org/37490/
https://doi.org/10.1016/j.cej.2017.12.149
https://doi.org/10.1016/j.cej.2017.12.149
http://data.europa.eu/eli/reg/2019/1009/oj
http://data.europa.eu/eli/reg/2019/1009/oj
https://doi.org/10.1016/j.apgeochem.2017.01.021
https://doi.org/10.1016/j.apgeochem.2017.01.021
https://doi.org/10.1021/acs.jchemed.2c00044
https://doi.org/10.1016/B978-0-12-815907-1.00008-8
https://doi.org/10.1016/B978-0-12-815907-1.00008-8
https://doi.org/10.1016/j.resconrec.2019.104647
https://doi.org/10.1016/j.resconrec.2019.104647
https://doi.org/10.1016/j.wasman.2017.03.002
https://doi.org/10.1186/s12302-022-00658-4
https://doi.org/10.1111/wej.12739
https://doi.org/10.1016/j.envres.2019.108718
https://doi.org/10.1016/j.envres.2019.108718
https://doi.org/10.1016/S0048-9697(02)00197-3
https://doi.org/10.1016/S0048-9697(02)00197-3
https://doi.org/10.1038/s41598-017-05879-9
https://doi.org/10.1007/s11356-022-21648-2
https://doi.org/10.1007/s10661-023-11987-z
https://doi.org/10.1007/s10661-023-11987-z
http://refhub.elsevier.com/S0048-9697(25)00229-3/rf0285
http://refhub.elsevier.com/S0048-9697(25)00229-3/rf0285
https://www.epa.gov/nutrientpollution/sources-and-solutions-wastewater
https://www.epa.gov/nutrientpollution/sources-and-solutions-wastewater
https://doi.org/10.1016/j.scitotenv.2023.168856
https://doi.org/10.1016/j.scitotenv.2023.168856
https://doi.org/10.1016/j.envres.2021.111806
https://doi.org/10.1016/j.envres.2021.111806
https://doi.org/10.1021/acs.est.7b01731
https://doi.org/10.1021/acs.est.7b01731
https://doi.org/10.1016/j.watres.2018.07.029
https://doi.org/10.1016/j.watres.2018.07.029
https://doi.org/10.1016/j.jclepro.2021.128568
https://doi.org/10.1016/j.jclepro.2021.128568

F. Rocha et al.

status and perspectives. Bioresour. Technol. 341, 125899. https://doi.org/10.1016/
j.biortech.2021.125899.

Zhang, C., Lu, Q., Li, Y., 2023. A review on sulfur transformation during anaerobic
digestion of organic solid waste: mechanisms, influencing factors and resource

16

Science of the Total Environment 964 (2025) 178595

recovery. Sci. Total Environ. 865, 161193. https://doi.org/10.1016/j.
scitotenv.2022.161193.

Zhang, X., Wang, X.-q., Wang, D.-f., 2017. Immobilization of heavy metals in sewage
sludge during land application process in China: A review. Sustainability 9, 2020.
https://doi.org/10.3390/5u9112020.


https://doi.org/10.1016/j.biortech.2021.125899
https://doi.org/10.1016/j.biortech.2021.125899
https://doi.org/10.1016/j.scitotenv.2022.161193
https://doi.org/10.1016/j.scitotenv.2022.161193
https://doi.org/10.3390/su9112020

	Heavy metal(loid)s and nutrients in sewage sludge in Portugal – Suitability for use in agricultural soils and assessment of ...
	1 Introduction
	2 Materials and method
	2.1 Sample collection and characterization
	2.2 Chemicals and reagents
	2.3 Sample analysis
	2.4 Quality assurance and quality control
	2.5 Sewage sludge contamination status and ecological risk assessment
	2.6 Environmental risk assessment in sewage sludge-amended soils
	2.7 Human health risk assessment
	2.8 Statistical analysis

	3 Results and discussion
	3.1 Physicochemical parameters and elemental composition of sewage sludge
	3.1.1 Seasonal variation and correlations between elements
	3.1.2 Differences in the heavy metal(loid)s and nutrients content

	3.2 Compliance with legislation and suitability of sewage sludge for its use in soils
	3.3 Contamination status and ecological risk assessment of heavy metal(loid)s in sewage sludge
	3.3.1 Geoaccumulation index
	3.3.2 Potential ecological risk factor and potential ecological risk index
	3.3.3 Environmental risk characterization ratios of heavy metal(loid)s in sludge-amended soil

	3.4 Human health risk assessment for farm workers

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


