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G R A P H I C A L A B S T R A C T
� Leachate from smaller concrete particles
was the most toxic.

� Enchytraeus crypticus was the most resil-
ient to concrete leachate.

� Sediment decreased the adverse effects
of the concrete leachate.
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A B S T R A C T

Urbanization and population growth demand the construction of structures to facilitate the need for space, and
old infrastructures must make space for new ones leading to demolition and concrete debris. In addition to de-
molition, aging and weather are factors leading to concrete deterioration and, thus, a new challenge as an
environmental pollutant. Studies on how concrete debris and leachate affect biota in the environment are limited.
The present study aimed to understand the effects of leachate from various sizes of concrete debris on the three
oligochaete species Enchytraeus crypticus, Tubifex, and Lumbriculus variegatus. Acute toxicity testing was carried out
to determine the adverse effects over time. The oligochaetes’ survival was monitored as well as the activity of the
biotransformation enzyme glutathione S-transferase and the antioxidative enzyme catalase as indicators of the
oxidative stress status. Leachate from the smallest concrete particle size (<1 mm) was found to be the most toxic
as it caused, on average, 6-fold increased oligochaete mortality compared to the larger pieces (2–5 cm) after 96 h
of exposure, potentially due to the larger surface area facilitating the release of toxicants. Substrate buffered the
toxic effect of the leachate with 42 � 12% fewer mortalities and reduced adverse effects on the enzymes. Of the
three oligochaetes, E. crypticus was the most resilient to the concrete leachate. The study is the first to investigate
the effects of concrete leachate on oligochaetes.
(M. Esterhuizen).
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1. Introduction

With the prediction that 80% of the world's population is expected to
live in cities by 2050, there is an urgent need to provide sufficient living
spaces and facilities to accommodate increasing urbanization (Kiss et al.,
2015). The rapid growth and development of cities are changing the
world's surfaces to less permeable, which is associated with several
environmental problems, as reviewed by Shuster et al. (2005) and
Strohbach et al. (2019). The construction of new and larger structures to
facilitate a growing population demands space, and old buildings and
bridges must make space for new ones leading to demolition. The waste
materials resulting from the destruction of concrete features are
becoming a significant challenge as environmental pollutants (Chen
et al., 2021). Apart from demolishing, aging and weathering cause con-
crete to crumble with time, and the concrete waste and debris are either
transported to landfills, recycled, or left in the environment.

Millions of tons of construction waste are being produced worldwide,
especially in megacities (Duan and Li, 2016; Wu et al., 2016). The con-
struction and demolition industry is responsible for one-third of the total
waste in the EU (Eurostat, 2019). Ecotoxicological risk assessment is
necessary to evaluate the immediate environmental impact and develop
methods to safely discard or reuse these materials (Schlanbusch et al.,
2016). The constantly increasing quantity of waste is not only an envi-
ronmental issue but also a possible hazard for humans via contact with
particulate material associated with demolition (Cui et al., 2019). Studies
have proven the danger of exposure to particulate materials and their
impacts on human health (Alemayehu et al., 2020). However, the data on
the ecotoxicity caused by the particles and derived leachates from con-
struction products and demolition material on biota are still limited
(Kobeti�cov�a and �Cerný, 2017).

Irrespective of whether concrete debris is processed by contractors as
concrete and demolition waste, recycled, or left to decay onsite, one of
the problems associated with construction products is the hazard of
pollutant percolation. Concrete is very porous, and once water infiltrates
the structure, it will dissolve hydration products within the concrete,
especially calcium. Leaching of a complex mixture of substances from the
fine particles of concrete can occur due to physical and chemical pro-
cesses (e.g., mechanical abrasion, rain, snow, ice, wind, aging, temper-
ature), potentially increasing the risk of contamination of soil, water
sources, and air (Toger€o, 2006; Siddique et al., 2012). The chemistry of
concrete leaching is comprehensively described by Ekstr€om (2001). In
specific scenarios, like during demolition and construction, the available
surface area for promoting leaching increases (Roussat et al., 2008),
directly influencing and accelerating effects on the biota in contact with
them (Cabrera et al., 2019). It is pertinent to comprehend the behavior of
the particulate material from construction products and their leachates to
clarify the interaction of these substances with the environment and
develop safe methodologies for the reuse of building materials and the
possible contamination due to these particles. Concrete is produced from
natural aggregates, water, and cement; however, other materials, such as
fly ash and recycled concrete aggregates, may be added to increase
robustness and durability. Many studies have assessed the chemical
composition of leachates from concrete (as reviewed by Kurda et al.
(2018)) and identified heavy metals, certain trace elements, and sulfates
as the most concerning regarding their potential environmental impacts.

Invertebrates, especially oligochaetes, are ecologically essential bio-
indicators of the toxicity and influence of chemicals in aquatic as well as
terrestrial environments (R€ombke et al., 2013). These organisms are
abundant and widespread in many soils and are represented globally
(Scanes, 2018). They can detect early stages of contamination and
modification in the environment through many receptors (Didden,
2003). However, the species selected for the ecotoxicity assays are not
only based on their environmental prevalence but also their sensibility.
Different species might react uniquely when exposed to the same sub-
stance and concentration. Instead of focusing on only one organism, more
reliable information can be obtained using multiple bioindicators for
2

exposure scenarios, and consequently, a more critical evaluation of the
impact of the substance can be performed.

The environmental impact of construction materials is typically based
on Life Cycle Assessments (LCA), where the toxicity is related to the raw
materials (Kobeti�cov�a and �Cerný, 2017); however, ecotoxicological
bioassays with actual samples are required to understand the potential
environmental risks. Therefore, the present study aimed to investigate
the toxicity of the leachates from the concrete waste collected from an
actual demolition site. The impact of particle size was considered in the
toxicological investigation. To achieve the aim of assessing the toxicity of
concrete leachate, the objectives were to a) assess oligochaete mortality
with exposure to leachate from various sizes of concrete particles and 2)
measure associated oxidative stress, which was assessed by measuring
the enzyme activity of the antioxidative stress enzymes catalase and the
biotransformation enzyme glutathione S-transferase. Tests performed in
this study were intended to fill the knowledge gaps regarding the expo-
sure of oligochaetes to leachates from demolition site concrete particles.
This research used three different species of oligochaetes (Enchytraeus
crypticus, Tubifex, and Lumbriculus variegatus) representing both terres-
trial and aquatic environments to compare the ecotoxicity based on their
particular sensitivities. E. crypticus (Castro-Ferreira et al., 2012),
T. tubifex, and L. variegatus (Chapman et al., 1999; Chapman, 2001) are
commonly used model species in ecotoxicology to assess the harmful
effects of pollutants.

2. Material & methods

2.1. Oligochaete cultures

Tubifex, which typically inhabits the sediments of lakes, was cultured
in the Joint Laboratory of Applied Ecotoxicology at the University of
Helsinki for 12 months prior to experimentation. The aquariums (40 cm
� 25 cm � 30 cm, 30 L) housing the worms were filled with 2 cm of
ultrapure quartz sand and water reconstituted according to ISO
7346–3:1996 (ISO 1996). The worms were fed once a day with Tetra-
Min® (Tetra, Blacksburg, VA, USA) added to the water surface of the
culture tanks. The worms were cultured under a light intensity of 18 μmol
photons/m2s and a light/dark cycle of 14:10. The ambient temperature
was kept constant at 22 �C � 1 �C. One-third of the water in the tank was
replaced every three days.

Lumbriculus variegatus is a sediment-dwelling oligochaete native to
Europe and North America in lake and river sediments. L. variegatus has
been widely used and recommended as a standard bioindicator organism
for water and sediment quality (U.S. EPA 600/R-99/064, 2000). Culture
conditions were described by Phipps et al. (1993) and Brunson et al.
(1998), which are similar conditions to those used to cultivate T. tubifex,
except for the addition of paper towel cuttings as a substrate. Worms
were fed with ground TetraMin® (Tetra, Blacksburg, VA, USA).

Enchytraeus crypticus, a semi-aquatic, terrestrial species, was kept as a
permanent culture under conditions outlined by Kobeticova et al. (2010)
and Castro-Ferreira et al. (2012). In brief, the culture of E. crypticus was
maintained in a commercially available soil substrate (pH 5.85 � 0.04;
60% water holding capacity) purchased from MyWoody (Germany) in
the dark. The ambient temperature was 15 � 2 �C. The cultures were fed
with oatmeal once a week by mixing it into the soil substrate. Adults with
a well-developed clitellum were used for the tests.

2.2. Solid concrete and leachates

Concrete blocks (5 cm–15 cm) were randomly collected from the
demolition site of an old concrete car bridge near Lahti (Finland). The
concrete blocks were manually pulverized into concrete particles, which
were separated by size using stainless steel sieves (diameter of 200 mm)
with woven wire meshes (sieves’ mesh sizes ranging from 125 mm to 20
μm) (Retsch, GmbH, Haan, Germany) according to ISO 3310–1:2016
(ISO, 2016) and ASTM E11-20 (2020). Three size fractions were selected
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for the exposures, namely concrete powder with particles smaller than 1
mm, 0.5 cm–1.0 cm fragments, and 2 cm–5 cm concrete pieces.

Leaching was performed according to the Swedish standard SS-EN
12457–4 (SIS, 2003), with some modifications. The leaching time was
increased from 24 h to 72 h, and a temperature of 50 �C was used to
induce increased leaching. The material (200 g of the different particle
sizes of concrete material) was mixed with artificial water (ISO, 1996) to
reach a liquid to solid ratio (L/S) of 10:1. The complete leaching process
was done in the dark in round bottom flasks on a rotary mixer (Hei-VAP
Valve, Heidolph-Instruments, Schwabach, Germany) at 21 rpm. The
liquid and solids were separated by vacuum filtration on Whatman bo-
rosilicate glass microfiber filters grade GF/F with particle retention down
to 0.7 μm. This filter is recommended in the EPA method 1311 (EPA,
1992) for toxicity characteristic leaching procedure. The leachate was
immediately used for the exposures and not stored.
2.3. Experimental set-up

First, E. crypticus, T. tubifex, and L. variegatus were exposed to the
leachates prepared from the various sizes of concrete particles (2 cm–5
cm pieces, 0.5 cm–1 cm fragments, and powder with particles smaller
than 1 mm) undiluted as well as at various dilutions (1000x, 500x, 100x,
50x, 10x, 5x, and 1x) in water for 96 h during the first exposure regime.
Artificial water (ISO, 1996) was used to dilute the concrete particle
fractions.

In the second exposure regime, the worms were exposed to the con-
crete powder (<1 mm) leachate in a substrate representative of their
common habitat (soil/sediment) and water for 96 h. E. crypticus was
exposed to the leachate in soil (6 g of soil from MyWoody, Germany; pH
5.85� 0.04; 60%water holding capacity), and T. tubifex and L. variegatus
were exposed in pre-washed sediment (6 g) collected from lake Vesij€arvi
(Lahti, Finland). Leachate was added (15 mL) to the substrates, and after
allowing time for the sedimentation of particles (24 h), the oligochaetes
were added.

Time-dependency of survival was monitored in water with two di-
lutions of 1000x and non-diluted leachates after 0, 0.5, 1, 2, 6, 24, 48, 72,
and 96 h. As before, the oligochaete survival over time assessment was
repeated in a substrate-containing system with exposure to leachate from
the <1 mm particles (undiluted and 1000x).

Each exposure treatment and control for all experiments were per-
formed in quintuplicate, each containing ten oligochaetes per treatment,
respectively. Borosilicate crystallization beakers (90 mm � 50 mm) were
used for all experiments. The exposures were maintained at a tempera-
ture of 22 �C� 0.5 �C with no feeding of the oligochaetes during the 96 h
exposure period. Survival of the oligochaetes was assessed by manually
counting the living worms in the treatments and compared to untreated
controls after 96 h.
2.4. Enzymatic measurements

Live worms were collected at the end of the exposures, frozen in
liquid nitrogen, and stored at -80 �C until their antioxidative stress en-
zymes, catalase and glutathione S-transferase were measured.

The S9 fraction containing the antioxidative enzymes was extracted
from the frozen worms, according to Scopetani et al. (2020). Worms were
homogenized using 0.1 M potassium phosphate buffer pH 6.5 containing
2.17 M glycerol, 1 mM ethylene-diamine-tetra acetic acid (EDTA), and
1.4 mM dithioerythritol (DTE). Cell debris was removed by centrifuga-
tion (10 min at 13,000 � g), and the supernatant was used to assess
enzyme activity. The protein content of the samples was determined
according to Bradford (1976), which was used to normalize the enzyme
activities. Soluble (cytosolic) glutathione S-transferase (E.C. 2.5.1.18)
enzyme activity was determined using the standard model substrate
1-chloro-2,4-dinitrobenzene (CDNB) according to Habig et al. (1974).
Catalase (E.C. 1.11.1.6) activity was measured according to Claiborne
3

(1985), using hydrogen peroxide as substrate. The kinetics were followed
at 240 nm for 5 min.

Enzyme activities are calculated in μkat/mg protein (catalase) and
nkat/mg protein (glutathione S-transferase), i.e., using the standard SI
unit katal, the conversion rate of one mol substrate per second.

2.5. Statistical analysis

IBM® SPSS® Statistics 28.0.0.0 (190) (2021) was used to perform
descriptive analyses on all data sets. The data satisfied the requirements
of sphericity and homogeneity and were thus analyzed using a factorial
repeated-measures analysis of variance (ANOVA). Multiple comparisons
were made using the Bonferroni test, observing an alpha value of 0.05.
For those data sets not meeting the requirements (enzyme analysis), the
non-parametric Kruskal-Wallis test with pairwise comparisons was used,
observing an alpha value of 0.05 (Sokal and Rohlf, 1997).

3. Results and discussion

3.1. The survival responses of the three oligochaetes

In the first experimental set-up with exposures executed in water to
exclude the possible effects of substrate binding, the three oligochaetes
were exposed to different dilutions of the concrete leachates produced
from the three particle size fractions for 96 h (Figure 1A-C).

The survival of E. crypticus (Figure 1A) linearly increased with dilu-
tion of the leachate from the largest particle size (2 cm–5 cm: R2 ¼
0.975); however, for the leachate from the smaller fragments (0.5 cm–1
cm) and powder (<1 mm), the survival with dilution increased loga-
rithmically (0.5–1 cm: R2 ¼ 0.986, <1 mm: R2 ¼ 0.987). E. crypticus
survival (Figure 1A) significantly depended on the size of the concrete
particle the leachate was produced from (Wilks’Lambda ¼ 0.006 F (8,5)
¼ 108.7, p< 0.001, partial eta2¼ 0.994) and the interaction between the
dilution and the leachate from the three particle sizes was also significant
(Wilks’Lambda ¼ 0.010 F (16,10) ¼ 5.568, p ¼ 0.005 and partial eta2 ¼
0.899). Leachate from the larger particles (2 cm–5 cm) resulted in
significantly lower mortalities compared to the leachate from the 0.5
cm–1 cm fragments (p < 0.001), and exposure to this leachate caused
significantly less mortality compared to the leachate from the concrete
powder (<1 mm: p < 0.001).

T. tubifex (Figure 1B) survival polynomially increased with dilution of
leachate from the larger particles (2–5 cm: R2 ¼ 0.977), linearly with
dilution of leachate from fragment (0.5 cm–1 cm: R2 ¼ 0.977), and
logarithmically for leachate from powder (<1 mm: R2 ¼ 0.994). For
T. tubifex, there was also a significant effect of the leachate from each
particle size on survival (Wilks’Lambda ¼ 0.001 F (8,5) ¼ 461.3, p <

0.001, partial eta2 ¼ 0.999) as well as interaction between size and
dilution on survival (Wilks’Lambda ¼ 0.018 F (10,16) ¼ 4.098, p ¼
0.014, partial eta2¼ 0.868). As with E. crypticus, exposure to the leachate
from the larger particles (2 cm–5 cm) was associated with a larger
number of survivors than the two smaller sizes (0.5 cm–1 cm and <1
mm) (p < 0.001).

L. variegatus survival increased polynomially with both the larger
particles and fragments (2 cm–5 cm: R2 ¼ 0.994; 0.5 1 cm: R2 ¼ 0.998)
and linearly decreased with the leachate from powder (R2 ¼ 0.989). The
particle size from which the leachate was produced (Wilks'lambda ¼
0.002 F (8,5) ¼ 338.2, p < 0.001, partial eta2 ¼ 0.998) significantly
influenced the survival of L. variegatus but not the interaction between
size and dilution (Wilks'lambda ¼ 0.038 F (16,10) ¼ 2.575 p ¼ 0.066,
partial eta2 ¼ 0.805).

The concrete particle size fromwhich the leachate was derived played
a significant role in the toxic effects on the oligochaetes, where a smaller
particle size correlated with increased toxicity. Likely, the larger surface
area, and thus providing a larger reactive surface, associated with a
smaller particle size facilitated a more significant concentration of toxi-
cants to be released from the concrete particles (Hillier et al., 1999).



Figure 1. Comparison of the survival of the three oligochaetes A) Enchytraeus crypticus, B) Tubifex, and C) Lumbriculus variegatus exposed to dilutions of leachates from
various sizes of concrete fragments in water for 96 h. Data points represent mean live worms �standard deviation (n ¼ 5). R2 value denotes trendline fit for linear,
logarithmic, exponential survival trend with dilution of the leachate.
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T. tubifex and L. variegatus were more sensitive to the adverse effects
of the leachates and dilutions compared to E. crypticus, indicated by
significantly fewer survivors per dilution (p < 0.05). For T. tubifex and
L. variegatus, 53% and 80% fewer survivors were observed than
E. crypticuswhen exposed to the undiluted leachate from 2 cm–5 cm large
particles; 84% and 100% for 0.5 cm–1 cm fragments, and 100% less for
both with leachate from <1 mm powder. Mocov�a et al. (2019) also
remarked on the different sensitivities of organisms to concrete leachate,
where, e.g., leachate from a specific concrete sample was lethal to
Daphnia magna but not Desmodesmus subspicatus and L. minor.

The pH of the undiluted leachate was 11.0� 0.4 and decreased to 7.4
� 1.0 with 1000x dilution. Concrete leachates are typically highly
4

alkaline, which could lead to mortality (Mocov�a et al., 2019). Mocov�a
et al. (2019) demonstrated that pH adjustment reduced the ecotoxic ef-
fect of concrete leachates on D. subspicatus, Lemna minor, and D. magna.
However, T. tubifex and L. variegatus are more tolerant to alkaline pH
(Chapman et al., 1982; Berezina, 2001) than E. crypticus (Kuperman
et al., 2006). Therefore, considering the lower survivorship in T. tubifex
and L. variegatus compared to E. crypticus, the alkaline pH may not be the
factor responsible for mortality.

Heavy metals are commonly reported to leach from concrete (Hart-
wich and Vollpracht, 2017) which may be toxic to the oligochaetes.
However, T. tubifex (Lucan-Bouch�e et al., 1999; Bouch�e et al., 2000) and
L. variegatus (Xie et al., 2008; Chapman et al., 1999) have been found to
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be resilient to heavy metals such as copper, lead and cadmium. Whereas
copper, cadmium (Cedergreen et al., 2013), and lead (Luo et al., 2014)
have been shown to be toxic to E. crypticus, which had the highest
tolerance to the leachate in the present study. It indicates that other toxic
compounds in the leachate may be responsible for the mortality trends
observed. Nevertheless, Chapman et al. (1999) reported that L. variegatus
is more sensitive to metal toxicity than T. tubifex. In the present study,
fewer L. variegatus worms survived when exposed to the leachate and its
diluents than T. tubifex, indicating higher susceptibility to toxicants.

Figure 2 illustrates the difference in survival of the oligochaetes in the
absence (Figure 2A) and presence (Figure 2B) of a substrate. Significantly
fewer organisms from all three species survived in the absence of a
substrate (p < 0.05). In the absence of sediment a retarded (polynomial)
increase in survivorship with increased dilution (2 cm–5 cm: R2 ¼ 0.979;
0.5 cm–1 cm: R2 ¼ 0.989;<1 mm: R2 ¼ 0.075) was observed. In aqueous
solutions, the contaminants are freely dissolved and result in direct
contact exposure. However, sediments may buffer the effects through
adsorption or dilution (Ter Laak et al., 2007; Pflugmacher et al., 2020).
Irrespective of the presence or absence of sediment, E. crypticus was less
affected by the leachate than the other two species.

Figure 3A-C depicts the survival of the three oligochaetes with
exposure to the leachates from the three concrete sizes over 96 h. Within
the first 30 min of exposure, E. crypticus and L. variegatus survivorship
were adversely affected in the presence of the leachate from the concrete
Figure 2. Comparison of the survival of the three oligochaetes (Enchytraeus crypticus
(<1 mm particles) in A) water versus B) soil for 96 h. Data points represent mean liv
logarithmic, exponential survival trend with dilution of the leachate.

5

powder (<1 mm: p> 0.05). Neither oligochaete species survived after 48
h of exposure to the leachate from the powder. None of the T. tubifex
worms survived after 72 h of exposure. E. crypticus was the most tolerant
of the three worms, and L. variegatuswas the least tolerant over time with
exposure to the leachates.

As observed with exposure to the various dilutions in the presence of
a substrate (Figure 2B), the same buffering effect is observed in the
presence of a substrate over time (Figure 4B). T. Tubifex survival
decreased polynomially with time when exposed to the leachate from<1
mm concrete powder in water (R2 ¼ 0.958), whereas the survivorship of
L. variegatus (R2 ¼ 0.968) and E. crypticus (R2 ¼ 0.981) decrease expo-
nentially. None of the organisms survived after 96 h of exposure to the
leachate in water (Figure 4A). However, in sediment (Figure 4B), 52%
E. crypticus, 30% L. variegatus, and 26% T. tubifex survived after 96 h of
exposure to the undiluted leachate from <1 mm concrete powder.

3.2. Antioxidative response

The activities of the biotransformation enzyme GST were unaffected
when E. crypticus was exposed to leachate from 2 cm–5 cm concrete
pieces (Figure 5A); however, with exposure to the 0.5 cm–1 cm fragment
(Figure 5B) and <1 mm powder (Figure 5C) derived leachate, around a
100 times dilution caused a significant increase (p < 0.05). With expo-
sure to the powder-derived leachate, the GST activity was 83.5%
, Tubifex, and Lumbriculus variegatus) exposed to leachates from concrete powder
e worms �standard deviation (n ¼ 5). R2 value denotes trendline fit for linear,



Figure 3. Exposure of the three oligochaetes (A) Enchytraeus crypticus (B) Tubifex (C), and Lumbriculus variegatus to the undiluted leachate from each of the three
concrete size fractions throughout 96 h in water devoid of a substrate. Data points represent mean live worms �standard deviation (n ¼ 5).
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decreased compared to the control (p ¼ 0.020). The GST activity of
T. tubifex (Figure 5D) and L. varietagus (Figure 5G) increased with
exposure to the 5-fold and 100-fold dilutions of the leachate from the
pieces (2 cm–5 cm), respectively (p < 0.05). For both organisms, inhi-
bition of GST was observed with lower dilutions and undiluted leachate
from the fragments (0.5 cm–1 cm; Figure 5E and H) and the powder (<1
mm; Figure 5 F and I). Markad et al. (2012) studied the adverse effects of
fly ash, which is used in the production of concrete, on the earthworm
Dichogaster curgensis. They reported that the GST activity, as well as those
of other antioxidative enzymes such as superoxide dismutase (SOD) and
glutathione peroxidase, increased in a dose-response manner with
increasing concentrations of fly ash. In a study investigating the adverse
6

effects of copper on Enchytraeus albidus, the authors found that the ac-
tivities of the antioxidative enzymes tested, including CAT and GST
increased with increasing amounts of copper; however, they remarked
that the adverse effects were transient (Howcroft et al., 2009). Thus, no
adverse effect observed with exposure to leachate from concrete pieces
may be due to the oxidative stress balance already being rectified within
96 h.

E. crypticus's antioxidative enzyme, CAT, was elevated with lower
dilutions of the leachates and the undiluted leachate (Figure 6A-C).
However, the activity of CAT in T. tubifex (Figure 6D-F) and L. variegatus
(Figure 6G-I) followed the same trend as GST, i.e., elevated activity with
100 to 50-times dilutions of the leachate followed by an inhibition of the



Figure 4. Exposure of the three oligochaetes [Enchytraeus crypticus, Tubifex, and Lumbriculus variegatus] to the undiluted leachate from the powdered concrete fraction
(<1 mm) over 96 h in (A) water versus (B) substrate. Data points represent mean live worms �standard deviation (n ¼ 5). R2 value denotes trendline fit for linear,
logarithmic, and exponential survival trends with time.
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activity with lower dilutions and undiluted leachate. The CAT activity in
L. variegatus was most sensitive to exposure, with complete inhibition
already observed at 5-times dilutions of the leachate (p < 0.05). Markad
et al. (2012) reported that in the earthworm D. curgensis, the response in
CAT activity did not follow an apparent trendwhen exposed to increasing
fly ash concentrations. The authors remarked that, in accordance with
other studies, this result verified that CAT plays a minor role in ROS
breakdown in earthworms compared to other antioxidative enzymes.
Nevertheless, in the current study, CAT activity stimulation with
decreasing concentrations of the cement leachate suggests that the
enzyme is actively involved in establishing oxidative stress homeostasis
in E. crypticus but not T. tubifex and L. variegatus.

When considering the survival data, E. crypticus had the highest sur-
vival rates. This may be due to the increased activities of the anti-
oxidative stress enzyme CAT combatting increased reactive oxygen
species associated with leachate exposure and the biotransformation of
xenobiotics due to GST conjugation. Kono and Fridovich (1982)
demonstrated that when the superoxide anion concentration exceeds the
dismutation capacity of SOD, they inhibit CAT. This explains the inhi-
bition of CAT in T. tubifex and L. variegatus exposed to undiluted and low
dilutions of the leachate. Similarly, GST activity was inhibited with low
dilutions and undiluted leachate exposures, which was likely due to
various metals (Dobritzsch et al., 2020) in the leachate (Markad et al.,
2012). When ROS homeostasis is not maintained within the cell, various
cellular damages may occur (as reviewed by Jakubczyk et al. (2020))
including lipid peroxidation as well as protein and DNA damage, leading
7

to death. Thus, in the present study, as oxidative stress could not be
overcome due to inhibited enzymes at lower dilutions and undiluted
leachate exposure, the corresponding cellular damage likely resulted in
decreased survivorship.

Comparing the GST response of E. crypticus with exposure to the
leachate in water (Figure 5C) versus sediment (Figure 7A), it can be noted
that the activity was not inhibited in the presence of sediment. Similarly,
the GST activity of L. variegatus was not decreased compared to the
control (Figure 7C). However, the GST activity of T. tubifex (Figure 7B)
was inhibited with the 1-times dilution and undiluted leachate.

In the presence of a substrate (Figure 7D), the CAT activity increased
by 53.3% compared to the CAT activity of E. crypticus exposed to the
leachate in water (Figure 6C). Unequivocally, the CAT activities of
T. tubifex (Figure 7E) and L. variegatus (Figure 7F) with exposure to the
lower dilutions and undiluted leachate were inhibited to a lesser degree
in the presence of sediment. With the increased antioxidative activity in
E. crypticus and the decrease in T. tubifex and L. variegatus, antioxidative
defense and biotransformation of the toxic xenobiotics in the leachate
becomes applicable and appropriate; thus, supporting the finding of the
adverse effects of the oligochaetes exposed to the leachate in the presence
of sediment compared to those exposed only in water.

Studies investigating how concrete and their leachates affect biota are
limited, especially regarding oligochaetes. However, Peng et al. (2022)
demonstrated that decreased survival in Daphnia magna exposed to fly
ash and coal gangue leachate was associated with heavy metals, specif-
ically Cr and Ni. Peng et al. (2022) reported that the oxidative status of



Figure 5. GST activity of (A–C) Enchytraeus crypticus (D–F), Tubifex, and (G–I) Lumbriculus variegatus exposed to leachate from concrete pieces of 2 cm–5 cm (A, D, G),
concrete fragments between 0.5 cm and 1 cm (B, E, H), and concrete powder <1 mm (C, F, I) in water. Data presents average enzyme activity (nkat/mg protein) �
standard deviation (n ¼ 5). Asterisks (*) indicate statistical significance compared to the control (p < 0.05).

Figure 6. CAT activity of (A–C) Enchytraeus crypticus (D–F), Tubifex, and (G–I) Lumbriculus variegatus exposed to leachate from concrete pieces of 2 cm–5 cm (A, D, G),
concrete fragments between 0.5 cm and 1 cm (B, E, H), and concrete powder <1 mm (C, F, I) in water. Data presents average enzyme activity (nkat/mg protein) �
standard deviation (n ¼ 5). Asterisks (*) indicate statistical significance compared to the control (p < 0.05).
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the daphnids was affected. Maity et al. (2009) investigated the metal-
lothionein response in the earthworm Lampito mauritii exposed to fly ash.
Metallothioneins are metal-binding proteins that play an essential role in
oxidative stress as radical scavengers. Fly ash was found not to affect the
earthworms’ survival. However, the metallothionein concentration was
significantly elevated. The authors concluded that the elevated metal-
lothionein concentration protected the worms from increased oxidative
stress caused by fly ash exposure which may be caused by associated
heavy metals (such as, Cd, Bi, Hg) and organic compounds (such as
8

polychlorinated dibenzodioxins (PCDDs) and polychlorinated di-
benzofurans (PCDFs)) Thus, the adverse effects observed in the present
study may be attributed to the concentrations and types of heavy metals
and organic compounds in the leachates and should be investigated in the
future. Additionally, it would be beneficial to conduct an impact
assessment of leachate pollution (Sharma et al., 2020) on demolition
sites. In the future, a complete analysis of the adverse effects of heavy
metals is required as well as an onsite impact assessment of the leachates
to overcome the limitations of this study.



Figure 7. GST activity of (A) Enchytraeus crypticus (B), Tubifex, and (C) Lumbriculus variegatus, as well as CAT activity of (D) Enchytraeus crypticus (E), Tubifex, and (F)
Lumbriculus variegatus exposed to leachate from concrete powder (<1 mm) in sediment. Data presents average enzyme activity (nkat/mg protein) � standard deviation
(n ¼ 5). Asterisks (*) indicate statistical significance compared to the control (p < 0.05).
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4. Conclusion

Concrete leachate affected the survival of the three oligochaetes
tested. Overall, E. crypticus was the most tolerant of the concrete's toxic
properties. Activities of the biotransformation enzyme, GST, and anti-
oxidative enzyme, CAT, were elevated at mid-dilutions of the leachate.
However, these enzymes were inhibited when the oligochaetes were
exposed to leachates from the concrete. Leachate from smaller concrete
particles proved to be more toxic, potentially as a larger surface area
resulted in the release of a higher concentration of toxicants. Substrate
significantly diminished the toxicity of the leachate and allowed the
antioxidative stress system to continue functioning, potentially resulting
in a higher number of survivors seen in the substrate-containing exposure
system. International policies and regulations for improving the man-
agement of concrete and demolition waste are currently lacking. As an
EU Member State, Finland has committed to utilizing 70% of its building
and demolition waste by 2020. Even so, utilization remains presently
below 60%. Nevertheless, the data generated in this study illustrate the
importance of adequate handling and recycling of concrete and demoli-
tion waste in minimizing adverse effects on the environment, especially
oligochaetes, and in so doing, preserving biodiversity.

Declarations

Author contribution statement

Maranda Esterhuizen, Conceived and designed the experiments;
Analyzed and interpreted the data; Contributed reagents, materials,
analysis tools or data; Wrote the paper.

Marya Anne von Wolff: Performed the experiments.
Young Jun Kim: Contributed reagents, materials, analysis tools or

data.
Stephan Pflugmacher: Conceived and designed the experiments;

Performed the experiments; Contributed reagents, materials, analysis
tools or data.

Funding statement

The Korea Institute of Science and Technology Europe (KIST EU) was
supported by the National Research Council of Science and Technology
(NST) grant (CAP-17-01-KIST Europe) from the Korea Government
(MSIP). Open access funding was provided by the University of Helsinki
Library.
9

Data availability statement

Data will be made available on request.

Declaration of interest's statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

We thank Hannah Mader for their technical assistance in the
laboratory.

References

Alemayehu, Y.A., Asfaw, S.L., Terfie, T.A., 2020. Exposure to urban particulate matter and
its association with human health risks. Environ. Sci. Pollut. Res. 27 (22),
27491–27506.

ASTM E11-20, 2020. Standard Specification for Woven Wire Test Sieve Cloth and Test
Sieves. ASTM International, West Conshohocken, PA. www.astm.org.

Berezina, N.A., 2001. Influence of ambient pH on freshwater invertebrates under
experimental conditions. Russ. J. Ecol. 32, 343–351.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem.
72, 248–254.

Brunson, E., Canfield, T., Dwyer, F., et al., 1998. Assessing the bioaccumulation of
contaminants from sediments of the upper Mississippi river using field-collected
oligochaetes and laboratory-exposed Lumbriculus variegatus. Arch. Environ. Contam.
Toxicol. 35, 191–201.

Bouch�e, M.-L., Habets, F., Biagianti-Risbourg, S., Vernet, G., 2000. Toxic effects and
bioaccumulation of cadmium in the aquatic oligochaete Tubifex tubifex. Ecotoxicol.
Environ. Saf. 46, 246–251.

Cabrera, M., Galvín, A.P., Agrela, F., 2019. Leaching issues in recycled aggregate
concrete. In: New Trends in Eco-Efficient and Recycled Concrete. Woodhead
Publishing, pp. 329–356.

Castro-Ferreira, M.P., Roelofs, D., van Gestel, C.A.M., Verweij, R.A., Soares, A.M.V.M.,
Amorim, M.J.B., 2012. Enchytraeus crypticus as model species in soil ecotoxicology.
Chemosphere 87, 1222–1227.

Cedergreen, N., Nørhave, N.J., Nielsen, K., Johansson, H.K., Marcussen, H., Svendsen, C.,
Spurgeon, D.J., 2013. Low temperatures enhance the toxicity of copper and cadmium
to Enchytraeus crypticus through different mechanisms. Environ. Toxicol. Chem. 32,
2274–2283.

Chapman, P.M., Farrell, M.A., Brinkhurst, R.O., 1982. Relative tolerances of selected
aquatic oligochaetes to individual pollutants and environmental factors. Aquat.
Toxicol. 2, 47–67.

http://refhub.elsevier.com/S2405-8440(22)02525-7/sref1
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref1
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref1
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref1
http://www.astm.org
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref3
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref3
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref3
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref4
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref4
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref4
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref4
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref5
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref5
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref5
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref5
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref5
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref6
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref6
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref6
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref6
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref6
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref7
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref7
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref7
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref7
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref8
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref8
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref8
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref8
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref9
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref9
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref9
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref9
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref9
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref10
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref10
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref10
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref10


M. Esterhuizen et al. Heliyon 8 (2022) e11237
Chapman, K.K., Benton, M.J., Brinkhurst, R.O., Scheuerman, P.R., 1999. Use of the
aquatic oligochaetes Lumbriculus variegatus and Tubifex tubifex for assessing the
toxicity of copper and cadmium in a spiked-artificial-sediment toxicity test. Environ.
Toxicol. 14 (2), 271–278.

Chapman, P.M., 2001. Utility and relevance of aquatic oligochaetes in ecological risk
assessment. In: Aquatic Oligochaete Biology, VIII. Springer, Dordrecht, pp. 149–169.

Chen, K., Wang, J., Yu, B., Wu, H., Zhang, J., 2021. Critical evaluation of construction and
demolition waste and associated environmental impacts: a scientometric analysis.
J. Clean. Prod. 287, 125071.

Claiborne, A., 1985. Catalase activity. In: Greenwald, R.A. (Ed.), CRC Handbook of
Methods for Oxygen Radical Research. CRC Press, Boca Raton, pp. 283–284.

Cui, M., Lu, H., Etyemezian, V., Su, Q., 2019. Quantifying the emission potentials of
fugitive dust sources in Nanjing, East China. Atmos. Environ. 207, 129–135.

Didden, W., 2003. Oligochaeta. In: Trace metals and other contaminants in the
environment, 6. Elsevier, pp. 555–576.

Dobritzsch, D., Grancharov, K., Hermsen, C., Krauss, G.J., Schauml€offel, D., 2020.
Inhibitory effect of metals on animal and plant glutathione transferases. J. Trace
Elem. Med. Biol. 57, 48–56.

Duan, H., Li, J., 2016. Construction and demolition waste management: China’s lessons.
Waste Manag. Res. 34 (5), 397–398.

Ekstr€om, T., 2001. Leaching of concrete: Experiments and Modelling. Lund University.
PhD thesis.

Eurostat, 2019. Recycling Rate of Municipal Waste. http://ec.europa.eu/eurostat/web/
products-datasets/product?code¼sdg_11_60 (accessed 07.04.2021).

Habig, W., Pabst, M.J., Jacoby, W.B., 1974. Glutathione-S-transferases. J. Biol. Chem.
249, 1730–1739.

Hartwich, P., Vollpracht, A., 2017. Influence of leachate composition on the leaching
behaviour of concrete. Cement Concr. Res. 100, 423–434.

Hillier, S.R., Sangha, C.M., Plunkett, B.A., Walden, P.J., 1999. Long-term leaching of toxic
trace metals from Portland cement concrete. Cement Concr. Res. 29 (4), 515–521.

Howcroft, C.F., Amorim, M.J.B., Gravato, C., Guilhermino, L., Soares, A.M.V.M., 2009.
Effects of natural and chemical stressors on Enchytraeus albidus: can oxidative stress
parameters be used as fast screening tools for the assessment of different stress
impacts in soils? Environ. Int. 35 (2), 318–324.

International Organization of Standardization (ISO), 1996a. ISO, Paris. ISO 3310-1:2016
Test sieves — Technical requirements and testing — Part 1: Test sieves of metal wire
cloth. https://www.iso.org/standard/14030.html (Accessed 15.052021).

International Organization for Standardization (ISO), 1996b. ISO, Paris. ISO 7346-3:1996
Water quality — Determination of the acute lethal toxicity of substances to a
freshwater fish [Brachydanio rerio Hamilton-Buchanan (Teleostei, Cyprinidae)] —

Part 3: Flow-through method. https://www.iso.org/standard/14030.html (Accessed
15.052021).

Jakubczyk, K., Dec, K., Kałdu�nska, J., Kawczuga, D., Kochman, J., Janda, K., 2020.
Reactive oxygen species-sources, functions, oxidative damage. Pol. Med. J. 48 (284),
124–127.

Kiss, G., Jansen, H., Castaldo, V.L., Orsi, L., 2015. The 2050 city. Procedia Eng. 118,
326–355.

Kobeti�cov�a, K., Hofman, J., Holoubek, I., 2010. Ecotoxicity of wastes in avoidance tests
with Enchytraeus albidus, Enchytraeus crypticus and Eisenia fetida (Oligochaeta). Waste
Manage. (Tucson, Ariz.) 30, 558–564.

Kobeti�cov�a, K., �Cerný, R., 2017. Ecotoxicology of building materials: a critical review of
recent studies. J. Clean. Prod. 165, 500–508.

Kono, Y., Fridovich, I., 1982. Superoxide radical inhibits catalase. J. Biol. Chem. 257 (10),
5751–5754.

Kuperman, R.G., Amorim, M.J.B., R€ombke, J., Lanno, R., Checkai, R.T., Dodard, S.G.,
Sunahara, G.I., Scheffczyk, A., 2006. Adaptation of the enchytraeid toxicity test for
use with natural soil types. Eur. J. Soil Biol. 42, S234–S243.

Kurda, R., Silvestre, J.D., de Brito, J., 2018. Toxicity and environmental and economic
performance of fly ash and recycled concrete aggregates use in concrete: a review.
Heliyon 4, e00611.

Lucan-Bouch�e, M.-L., Biagianti-Risbourg, S., Arsac, F., Vernet, G., 1999. An original
decontamination process developed by the aquatic oligochaete Tubifex tubifex
exposed to copper and lead. Aquat. Toxicol. 45, 9–17.

Luo, W., Verweij, R.A., van Gestel, C.A., 2014. Contribution of soil properties of shooting
fields to lead bioavailability and toxicity to Enchytraeus crypticus. Soil Biol. Biochem.
76, 235–241.
10
Maity, S., Bhattacharya, S., Chaudhury, S., 2009. Metallothionein response in
earthworms Lampito mauritii (Kinberg) exposed to fly ash. Chemosphere 77 (3),
319–324.

Markad, V.L., Kodam, K.M., Ghole, V.S., 2012. Effect of fly ash on biochemical responses
and DNA damage in earthworm, Dichogaster curgensis. J. Hazard Mater. 215,
191–198.

Mocov�a, K.A., Sackey, L.N.A., Renkerov�a, P., 2019. Environmental impact of concrete and
concrete-based construction waste leachates. In: IOP Conference Series: Earth and
Environmental Science, 290. IOP Publishing, 012023.

Peng, W., Liu, Y., Lin, M., Liu, Y., Zhu, C., Sun, L., Gui, H., 2022. Toxicity of coal fly ash
and coal gangue leachate to Daphnia magna: focusing on typical heavy metals.
J. Clean. Prod. 330, 129946.

Pflugmacher, S., Sulek, A., Mader, H., Heo, J., Noh, J.H., Penttinen, O.P., Kim, Y., Kim, S.,
Esterhuizen, M., 2020. The influence of new and artificial aged microplastic and
leachates on the germination of Lepidium sativum. L. Plants 9 (3), 339.

Phipps, G.L., Ankley, G.T., Benoit, D.A., Mattson, V.R., 1993. Use of the aquatic
oligochaete Lumbriculus variegatus for assessing the toxicity and bioaccumulation of
sediment-associated contaminants. Environ. Toxicol. Chem. 12, 269–279.

Roussat, N., M�ehu, J., Abdelghafour, M., Brula, P., 2008. Leaching behaviour of
hazardous demolition waste. Waste Manage. (Tucson, Ariz.) 28 (11), 2032–2040.

R€ombke, J., J€ansch, S., H€ofer, H., Horak, F., Roß-Nickoll, M., Russell, D., Toschki, A.,
2013. State of knowledge of enchytraeid communities in German soils as a basis for
biological soil quality assessment. Soil Organisms 85 (2), 123–146.

Scanes, C.G., 2018. Invertebrates and their use by humans. In: Animals and Human
Society. Academic Press, pp. 181–193.

Schlanbusch, R.D., Fufa, S.M., H€akkinen, T., Vares, S., Birgisdottir, H., Ylm�en, P., 2016.
Experiences with LCA in the Nordic building industry – challenges, needs and
solutions. Energy Proc. 96, 82–93.

Scopetani, C., Esterhuizen, M., Cincinelli, A., Pflugmacher, S., 2020. Microplastic
exposure causes negligible effects on the oxidative response enzymes glutathione
reductase and peroxidase in the oligochaete Tubifex tubifex. Toxics 8 (1), 14.

Sharma, A., Ganguly, R., Kumar Gupta, A., 2020. Impact assessment of leachate
pollution potential on groundwater: an indexing method. J. Environ. Eng. 146 (3),
05019007.

Shuster, W.D., Bonta, J., Thurston, H., Warnemuende, E., Smith, D.R., 2005. Impacts of
impervious surface on watershed hydrology: a review. Urban Water J. 2, 263–275.

Siddique, R., Rajor, A., 2012. Use of cement kiln dust in cement concrete and its leachate
characteristics. Resour. Conserv. Recycl. 61, 59–68.

Sokal, R.R., Rohlf, F.J., 1997. Biometry. The Principles and Practice of Statistic in
Biological Research. WH Freeman and Company, NY, USA.

Strohbach, M.W., D€oring, A.O., M€ock, M., Sedrez, M., Mumm, O., Schneider, A.-K.,
Weber, S., Schr€oder, B., 2019. The “Hidden Urbanization”: trends of impervious
surface in low-density housing developments and resulting impacts on the water
balance. Front. Environ. Sci. 7, 29.

Swedish Standards Institute (SIS), 2003. Characterization of Waste - Leaching -
Compliance Test for Leaching of Granular Waste Materials and Sludges, Part 4.
Svensk Standard SS-EN 12457-4. SIS, Stockholm. https://www.sis.se.

Ter Laak, T.L., Mayer, P., Klamer, H.J., Hermens, J.L., 2007. Effects of dilution on the
exposure in sediment toxicity tests—buffering of freely dissolved concentrations and
changes in mixture composition. Environ. Toxicol. Chem. 26, 2187–2191.

Toger€o, Å., 2006. Leaching of hazardous substances from additives and admixtures in
concrete. Environ. Eng. Sci. 23 (1), 102–117.

United States Environmental Protection Agency U.S. EPA, 2000. Methods for Measuring
the Toxicity and Bioaccumulation of Sediment-Associated Contaminants with
Freshwater Invertebrates, second ed. EPA, Washington, DC.

United States Environmental Protection Agency U.S. EPA, 1992. Method 1311, Toxicity
Characteristic Leaching Procedure (TCLP). Publication SW�846: Test Methods for
Evaluating Solid Waste, Physical/Chemical Methods. www.epa.gov/epaoswer/hazw
aste/test/pdfs/1311.pdf.

Wu, H., Duan, H., Zheng, L., Wang, J., Niu, Y., Zhang, G., 2016. Demolition waste
generation and recycling potentials in a rapidly developing flagship megacity of
South China: prospective scenarios and implications. Construct. Build. Mater. 113,
1007–1016.

Xie, L., Lambert, D., Martin, C., Cain, D.J., Luoma, S.N., Buchwalter, D., 2008. Cadmium
biodynamics in the oligochaete Lumbriculus variegatus and its implications for trophic
transfer. Aquat. Toxicol. 86, 265–271.

http://refhub.elsevier.com/S2405-8440(22)02525-7/sref11
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref11
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref11
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref11
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref11
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref12
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref12
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref12
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref13
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref13
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref13
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref14
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref14
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref14
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref15
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref15
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref15
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref16
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref16
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref16
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref17
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref17
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref17
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref17
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref17
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref18
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref18
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref18
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref19
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref19
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref19
http://ec.europa.eu/eurostat/web/products-datasets/product?code&equals;sdg_11_60
http://ec.europa.eu/eurostat/web/products-datasets/product?code&equals;sdg_11_60
http://ec.europa.eu/eurostat/web/products-datasets/product?code&equals;sdg_11_60
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref21
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref21
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref21
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref22
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref22
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref22
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref23
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref23
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref23
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref24
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref24
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref24
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref24
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref24
https://www.iso.org/standard/14030.html
https://www.iso.org/standard/14030.html
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref27
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref27
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref27
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref27
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref27
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref28
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref28
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref28
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref29
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref29
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref29
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref29
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref29
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref29
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref30
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref30
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref30
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref30
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref30
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref30
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref31
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref31
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref31
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref32
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref32
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref32
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref32
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref32
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref33
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref33
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref33
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref34
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref34
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref34
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref34
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref34
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref35
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref35
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref35
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref35
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref36
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref36
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref36
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref36
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref37
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref37
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref37
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref37
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref38
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref38
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref38
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref38
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref38
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref39
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref39
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref39
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref40
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref40
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref40
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref41
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref41
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref41
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref41
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref42
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref42
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref42
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref42
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref43
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref43
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref43
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref43
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref43
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref43
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref43
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref44
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref44
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref44
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref45
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref45
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref45
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref45
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref45
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref45
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref45
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref46
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref46
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref46
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref47
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref47
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref47
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref48
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref48
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref48
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref49
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref49
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref49
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref50
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref50
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref51
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref51
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref51
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref51
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref51
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref51
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref51
https://www.sis.se
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref53
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref53
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref53
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref53
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref53
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref54
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref54
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref54
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref54
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref55
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref55
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref55
http://www.epa.gov/epaoswer/hazwaste/test/pdfs/1311.pdf
http://www.epa.gov/epaoswer/hazwaste/test/pdfs/1311.pdf
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref57
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref57
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref57
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref57
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref57
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref58
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref58
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref58
http://refhub.elsevier.com/S2405-8440(22)02525-7/sref58

