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Abstract

The danger posed by sewage sludges, although subjected to various treatment processes, contributes
to the fact that fertilizers introduced into the soil pose a sanitary and ecological threat. Minimizing the
risk of using fertilizers produced from sewage sludges is possible due to legal regulations, the most
important of which are the Act of 26 July 2000 on fertilizers and fertilization and numerous regulations
of the Minister of Agriculture and Rural Development. Due to the fact that some parameters such as
pharmaceutical substances have not been included in legal regulations, comprehensive researches
on the impact of fertilizers produced from sewage sludges are justified, in particular with regard to
soil, ground and water environment and also on the quality of crops. Taking into account the current
legal regulations and the diverse composition of sewage sludges, full safety analysis including both
biological analyses and risk assessment is necessary to perform. As part of this work, the possibilities
of environmental safety assessment of fertilizer products based on stabilized municipal sewage sludges
are presented. This article presents the most popular methods of sewage sludge safety analysis in the
following environment: leachate, ground and surface waters, soil and plants.

Keywords: municipal sewage sludges, fertilizers, safety analysis, risk assessment, environmental
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Introduction

Despite the obligation of disposal, sewage sludges
are still a waste, not a product that they can become after
the application of appropriate treatment technologies.
The possibility of using sewage sludge as a fertilizer
depends on the content of organic matter and nutrients
(carbon, nitrogen, and phosphorus), the presence of
hazardous substances as well as biological hazards and
the technology of their treatment. A properly prepared
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sludge is a valuable source of nutrients for crops
(phosphorus and nitrogen), as well as a rich source of
macroelements and microelements. The use of sewage
sludges as a substrate for the production of innovative
fertilizer products can be regarded as an alternative
way to improve soil fertility and a supporting effect
of mineral fertilization. The use of sewage sludges
contributes to the increase of biological activity
and soil structure as well as the growth of crops.
Mineral fertilizer characteristics will allow its use for
agriculture in the cultivation of all plants. The fertilizer
product can be used to set up squares, lawns and green
areas as well as for the recultivation of industrial soils.
Therefore, they can be used as organic or organic-
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mineral fertilizers, if they meet the requirements of
The Act of Fertilizers and Fertilization [1]. Numerous
studies have shown that sewage sludges can also be a
source of priority substances and priority hazardous
substances in the field of water policy, i.c. substances
that are listed in Annex X of the Water Framework
Directive [2-5]. Due to the fact that the fertilizer is
used in the cultivation of food plants, it is important to
analyse its potential impact on human health. For this
reason, the environmental safety analysis should also be
carried out in the context of substances included in the
Watch List under the Water Framework Directive, such
as 17-a-ethinylestradiol, 17-B-estradiol, estrone, as well
as some certain unmonitored substances, e.g. diclofenac
and ibuprofen [6].

Legal Aspects

Under the Polish Act on Waste - the superior legal
act regulating waste management in Poland - the term
municipal sewage sludges means “coming from the
treatment plants sludge from the anaerobic digesters
and from other installations for the treatment of
municipal wastewater, and other wastewater with a
composition similar to the composition of municipal
wastewater” [7]. According to article 96 paragraph
4 of the Act on Waste “the use of municipal sewage
sludges is possible if they are stabilized and prepared
properly according to the purpose and method of their
use, in particular by subjecting them to biological,
chemical or thermal treatment, or another process that
reduces the susceptibility of municipal sewage sludge
to putrification and eliminates the risk for environment
or human life and health”. In addition, according to
the Regulation of the Minister of the Environment on
municipal sewage sludges [8], the municipal sewage
sludge may be used on the grounds under the conditions
specified according to the article 96 paragraph 13 of
the Act of on Waste. These conditions relate, i.e. to
the doses of sludges; scope, frequency and reference
methods for testing municipal sewage sludges and
grounds on which these sludges are to be used; the
content of heavy metals in these sludges and ground;
the content of pathogenic bacteria (Sal/monella) and
eggs of intestinal parasites (4scaris sp., Trichuris sp.,
Toxocara sp.).

The chemical composition of municipal sewage
sludges depends largely on the type of treated
wastewater and the method of its treatment. They are
characterized by high moisture content, a significant
participation of organic substances, as well as high
potential for putrefaction. The use of municipal
sludges in agriculture as fertilizers poses a huge risk
of microbial and parasitological pollution of soil,
ground and surface waters, as well as cultivated plants
[9]. The content of metals is particularly important,
which often limit the agricultural, ground remediation,
etc. use of sludges. For living organisms, especially

dangerous are metals which density exceeds 4.5 g/cm®
- called heavy metals [10]. The most dangerous forms
in which heavy metals occur are their dissolved forms,
co-precipitated with metal oxides and as adsorbed
or associated with biological residues [11]. The main
harmful heavy metals include cadmium, lead, arsenic,
and mercury. Microbiological contaminants should
also be considered, including threats related to the
presence of bacteria, viruses, fungi and invasive
forms of parasites, mainly intestinal. Some sewage
sludge may contain increased amounts of toxic organic
compounds, i.e. pesticides, chloroform, phenols,
aromatic hydrocarbons (BTX), aliphatic hydrocarbons,

polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), polychlorinated
dibenzodioxins (PCDDs), polychlorinated

dibenzofurans (PCDFs) [12].

Increasing environmental pollution causes that
more and more compounds are added to the list of
priority substances and priority hazardous substances
in the context of the Directive 2000/60/EC of the
European Parliament and Council of 23 October 2000
establishing a framework for the Community action
in the field of water policy [5]. The term “priority
substance” is introduced by the Directive 2000/60/EC,
while the definition of these substances is introduced
into Polish law by the Water Law Act [13]. Under this
Act, priority substances mean “the substances that are
chemical pollutants of surface water and present a risk
that may cause, in particular, acute and chronic toxicity
to aquatic organisms, accumulation of pollutants in the
ecosystem, and loss of habitats and biodiversity, as well
as threats to human health, and which emissions to
waters should be gradually reduced”. In turn, priority
hazardous substances are “the substances or groups of
substances that are toxic, persistent and susceptible to
bioaccumulation, as well as other substances or groups
of substances which level reaches a level of concern,
which should be gradually removed from the aquatic
environment in order to eliminate them”.

An important change in the number of priority
substances took place in 2013. A European priority
list of 33 substances extended to 45 by the Directive
2013/39/EU of the European Parliament and of the
Council of 12 August 2013 amending Directives
2000/60/EC and 2008/105/EC as regards priority
substances in the field of water policy [14]. The updated
list of priority substances mainly includes aromatic
hydrocarbons, metals with a density above 4.5 g/cm?
and their compounds, as well as the substances contained
in pesticides, halogen derivative, and organophosphorus
compounds. The European Commission also established
a watch list of substances for which Union-wide
monitoring data are to be gathered for the purpose of
supporting future prioritization [15]. According to
the Decision 2018/840 of 5 June 2018, the watch list
contains six substances and two groups of substances
for which there is an obligation to monitor them in the
aquatic environment. Among the substances on the
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watch list there are 17-a-ethinylestradiol, 17-B-estradiol,
and macrolide antibiotics, including erythromycin,
clarithromycin, and azithromycin [6].

Safety of Sewage Sludge Usage

It is justified to conduct comprehensive studies,
taking into account parameters not included in legal
regulations, on the effectiveness of the sewage sludges
use and their impact on soils, ground and water
environment, and the quality of crops. The assessment
of the impact of sewage sludges on the environment
(soil, ground, and water) and plant quality should be
carried out on a full technical scale at many national
facilities. The obtained test results will allow to
verify and clarify the adopted environmental impact
assumptions. The obtained results will also allow for
technology development in the context of improving
the environmental safety of the product, and depending
on the results the corrective actions will be introduced
in the method of producing fertilizers. The safety of
using sewage sludges as fertilizer products should
be determined on the base of at least two methods
of analysis - biological, which is based on the use
of living organisms, and physical, based on the risk
analysis.

Biological Analysis

The human presence in the environment determines
that substances posing a threat to human health and
life are introduced into all ecosystems. These
substances, often occurring at low concentration levels
(ng/dm’, png/dm?), exhibit both toxic effects that occur
after a short exposure time, and are also considered
in terms of long-term health effects, such as possible
carcinogenic, teratogenic and embryotoxic effects, as
well as disrupting the functioning of the reproductive
system [16].

The biological analysis is used to study and assess
the adverse or harmful effects of chemical substances
and other factors on organisms, and also analyses
the probability of their occurrence in different
exposure conditions. Bioassays provide comprehensive
information on the scale of toxicity to a greater extent
than chemical analyses. The use of biological analysis
to assess the effects of various substances on living
organisms allows, i.e. identification of properties such
as toxicity, mutagenicity, carcinogenicity, teratogenicity,
and allergenicity [17].

The motive for including biological analysis in the
control of the safety of municipal-sewage-sludges based
fertilizers is the possibility of conducting studies in two
basic directions. In the first direction, it is possible to
analyse the impact of pollutants on biological material.
In the second one, biomonitoring of the environment.

It is a measure of the response of living organisms
to the changes occurring in the environment [17].
The assessment of the effects of chemical substances
on organisms should take into account different
sensitivity to toxic substances in groups of organisms
and between species, and even in different strains of
the same species. The regular, temporal and spatial
observation of living organisms is also important,
because only this way it is possible to determine the
state of the ecological system and the biotic and abiotic
parameters of its components, including substances and
anthropogenic interactions. Many laboratory methods
have been developed to determine the relationships
and effects of toxic compounds on living organisms,
and methods for rapid determination of toxicity or the
presence in the environment of substances of significant
importance for the biological activity of organisms
[18, 19]. The use of living organisms for the biological
analysis together with the determination methods are
listed in Table 1 — Table 3. The toxicity of chemical
compounds to aquatic organisms can be determined
by using standard methods covering many species of
freshwater and saltwater organisms: microorganisms,
algae, invertebrates, and fish inhabiting aquatic
environments and bottom sediments [20-25]. The
toxicity of soil contaminants can be tested using
soil microorganisms, plants, oligochaetes including
earthworms, soil arthropods and other organisms [26].
Measurements of the life activity of soil microorganisms
are a sensitive indicator of chemical stress caused by
pollutants. Standard tests using soil microflora measure
such parameters as breathing [27, 28], nitrification
processes, transformations of nitrogen compounds [29,
30], [31], transformations of carbon compounds [32],
the amount of biomass [33, 34], dehydrogenase activity
of soil microorganisms [35, 36]. Seed plants are used
mainly in soil ecotoxicological studies. Commonly used
organisms include rice, oats, wheat, ryegrass, rapeseed,
lettuce, red clover, and watercress [37, 38]. Invertebrates
are also used in ecotoxicological studies. Test organisms
are, among others, nematodes (c.g. Caneorhabditis
elegant), earthworms (e.g. Eisenia fetida, Enchytraens
albinus, E. cypricus), springtails (e.g. Folsomia
candida) or mites (e.g. Hypoaspis aculeifer) [37,
39-44]. Sewage sludges are a habitat for numerous
microorganisms (autochthonous, allochthonous,
multicellular organisms and various species of fungi),
therefore the presence in the sludge of coliforms,
anaerobic sporulating bacteria Clostridium perfringens,
bacteria of Salmonella sp. genus, quantity and viability
of Ascaris sp., Trichuris sp. and Toxocara sp. eggs is
determined. In Polish regulation of the Minister of the
Environment on municipal sewage sludges [8], the basic
parameters of sanitary assessment of sewage sludge for
agricultural sector are bacteria of Salmonella sp. Genus
[45] and gastrointestinal parasite eggs, representatives
of parasitic fauna of Ascaris sp., Trichuris sp. and
Toxocara sp. [46-48].
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Table 1. List of selected types of tests carried out on soil microorganisms in biological analysis.

Short description References Short description References
Determination of the li tivity of metabolicall o e
e.ermma on o . e' Ve achivi y orme abp 1ca. Y Determination of potential nitrification and
aerobic heterotrophic biomass of microorganisms in the [27] . . . [31]
soil inhibition of nitrification
Sampling, handling and storage of soil samples Indication of potential effects of chemicals on
intended for testing aerobic microbiological [28] the activity of carbon metabolism by soil [32]
processes in laboratory conditions microorganisms
Determination of nitrogen mineralization and nitrifica- Determination of the amount of biomass of
tion in soils and the impact of chemical substances on [29] microorganisms in soil by the induction of the [33]
these processes breathing method by adding a substrate
Testing of long-term effects of chemicals, after Determination of the amount of biomass of
one-time exposure, on nitrogen transformation activity [30] microorganisms in soil by measuring the total [34]
by soil microorganisms extracted organic biomass material
Table 2. List of selected types of tests carried out on plants in biological analysis.
Test organism Short description Literature
Onion. corn. rae. cucumber. Testing of the influence of chemical substances on the processes of
> » Fape, L germination and growth of seedlings is carried out using the OECD standard [49]
soybean, sunflower, tomato, chickweed
method
Barle Method for assessing root growth inhibition by comparing plant root growth [50]
Y rate under standard conditions on the control soil and potentially polluted soil
Rye, rice, oats, wheat, clover, Soil quality assessment by testing the potential impact of chemical compounds 51]
watercress on the emergence and growth of higher plants
. Digital i istration after thr f ination of 1 in th
Phytotoxkit™ (sorghum, seed pepper, igital image registration after three days o germination o ss:eds placed in the
. test and control soil and quantitative comparison of the germinated seeds, and [52]
white mustard) -
determination of root length
Table 3. List of selected types of tests carried out on pedofauna in biological analysis.
Test organism Short description Literature
California earthworms Identification of potentially toxic chemical substances for earthworms [39]
Nematodes (e.g. Caenorhabditis Assessment of lethal or sub-lethal toxic effects on nematodes in short-term tests [42]
elegans) in terrestrial ecosystems
Springtails (e.g. Folsomia candida) Assessment of the effect of pollutants on the reproduction of springtails in soil [43]
. A f the effect of chemical in soil on th i
Mites (e.g. Hypoaspis aculeifer) ssessment of the effect of chemica substapces n .501 on the reproductive [44]
performance of soil mite species

Toxicity Tests

The base of toxicological studies is the dose-
response relationship, i.e. the relationship between the
dose of a given toxic substance and the probability of
occurrence of a specific biological effect in the indicator
organisms. In the studies, laboratory toxicological tests
are used. The term “toxicity” is defined as the feature
of chemical compounds causing dysfunction in the body
into which these substances have entered. A distinction
is made between acute and chronic toxicity.

Acute Toxicity Tests

The acute toxicity (chronic) is defined as adverse
effects (consequences) caused in the organism,

occurring shortly after oral administration or through
the skin contact [53, 54]. The acute toxicity tests were
developed to assess the negative effects of a chemical
substance at various concentrations on the selected
organisms during exposure lasting up to 96 hours.
The acute toxicity tests enable collecting information
concerning the effects on organisms of the chemical
compounds, mixtures of substances, wastewater,
leachate, and waters intended for human consumption.
The laboratory animals, most commonly used
for acute toxicity tests, are rats, mice, and dogs. It is
recommended to perform tests on groups of animals
of both sexes [55]. The most often performed acute
toxicity test is the determination of median lethal dose
LD, and median lethal concentration LC,. The LD, is
usually expressed as the dose of the substance which,
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when administered once, causes the death of 50% of
the studied animal population. The term LC,  refers
to the specific concentration (e.g. in water or soil) that
produces an analogous effect.

Chronic Toxicity Tests

The chronic toxicity is expressed as harmful changes
occurring in the tested organisms, caused by prolonged
exposure and after repeated or constant exposure to a
chemical compound. The chronic toxicity tests include
the assessment of adverse effects of factors, organic and
inorganic compounds on individuals and populations
under conditions of prolonged exposure to sub-lethal
concentrations or doses. Lower than lethal doses of the
substance are used. Then, the changes in physiological
activity, e.g. digestive, reproductive, genetic and
organ dysfunction are observed. In tests of this type,
the organisms are exposed to the substance during
the entire life cycle, beginning from the embryonic
and adolescent phases, to the mature ones. The tests
covering an incomplete life cycle include only a few of
the most sensitive periods of life (reproduction, growth),
but usually without its early stages [37]. The duration
of experiments differs depending on the selected
species, from approximately 21 days for crustaceans,
e.g. daphnia (Daphnia magna), up to 275-300 days for
fish, e.g. freshwater Pimephales promelas. Based on
the results obtained during the tests, it is possible to
determine the maximum tolerated concentration of the
toxic substance (MATC), the highest concentration for
which there is no significant increase in the severity
of negative effects (NOEC — No Observed Effect
Concentration), and the lowest concentration for which
the severity of harmful effects is observed (LOEC —
Lowest Observed Effect Concentration).

Toxicological Tests

The toxicity assessment can be based on commercial
toxicological biotests such as MICROTOX® (bacteria
Aliivibrio fischeri), DAPHTOXKIT® (shellfish Daphnia
magna) or ARTOXKIT M® (shellfish Artemia salina).
The toxicity tests are also carried out using freshwater
fish Danio rerio (ISO 15088:2007) and Lemna sp.
(Growth Inhibition Test). The in-vitro tests called YES
(Yeast Estrogen Screen) and YAS (Yeast Androgen
Screen), using Saccharomyces cerevisiae yeast strains,
turn out to be useful for assessing estrogenic or
androgenic activity [56].

Risk Assessment

The use of sewage sludge as fertilizer implies
the potential spread of a wide range of pollutants on
agricultural soils. These pollutants can further migrate
to various elements of the environment such as air,
surface waters, and groundwaters. The pollutants can

be adsorbed by plant roots or be absorbed and then
used for production, e.g. for the animal feed. In turn,
this may lead to the exposure of human and animals
population. The risk assessment should include both
the assessment after a single application into the soil
and the assessment of the accumulation potential of
pollutants after repeated use of the sewage sludges. The
risk assessment should cover the environmental and
health hazards that the sewage sludge may pose when
used as fertilizer for cultivated soils.

The methodology for assessing the environmental
risk of municipal-sewage-sludge based fertilizes can be
applied on the base of the risk assessment principles,
set out by the US Environmental Protection Agency
[57] and French and Norwegian experience [58, 59].
As part of the established methodology, the analysis of
environmental risk is carried out according to the steps
shown in Fig. 1. The environmental risk associated
with the use of fertilizers based on the stabilized
sewage sludges can be assessed by determining the
characteristics of the site, assessing the toxic effects
for selected substances, and determining the routes of
exposure.

Characteristic Features of the Place

The proposed method of risk analysis performance
is based on the site-specific approach, referring to
the specific characteristics of the given place. The
risk assessment should first consider the terrain
characteristics and the possibility of spreading
pollutants, which will allow an accurate risk assessment
at a later stage. The features which should be taken
into account include: the qualitative and quantitative
composition of sewage sludges (e.g. type of pollutants
and their concentration), soil characteristics (soil
texture, pH, etc.), agricultural practices (use of sludges,
fertilizers, type of crops). Déléry et al. (2006) [58] found
that each substance listed in the legislation should be
analysed in terms of potential risk of its spreading after
the sewage sludges application.

1. Characteristics of the |
place

2. Toxic effects of
su bstances

3. Routes of exposure

Risk Assessment

Fig. 1. Operation diagram for environmental risk analysis. Own
study.
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Routes of Exposure

The purpose of this stage is to assess the dose of
exposure (ED) to pollutants for each recipient (plants,
animals, humans) and for each source of exposure
(food, water, soil). This requires an estimation of
the concentration of pollutants in the soil, where the
sewage sludges are used (source of contaminants), the
parameters needed to estimate the level of migration
of pollutants into the human body, and the values of
the parameters for daily food consumption. The routes
of pharmaceuticals migration to the environment are
shown in Figure 2. The pharmaceutical substances are
characterized by high susceptibility to migration in
the environment, and thus they are bioaccumulative
and transfer in the food chain. They are also
relatively resistant to degradation. The emission of the
pharmaceuticals to the environment is caused by their
excessive consumption and results from industrial
activity. The direct sources of the pharmaceuticals
are chemical plants, including production of
pharmaceuticals, as well as the households. The
pharmaceutical substances are identified primarily in
the surface waters but they are increasingly present
in groundwater, as well as in the sewage sludges [60].
They are released into the aquatic ecosystems mainly
along with treated and poorly treated industrial and
domestic wastewater, as well as through surface runoff,
e.g. from the poorly secured landfills.

The concentration of each substance should be
calculated theoretically, taking into account the amount
of sludge spread in a given volume of soil, which in
turn depends on the regulations, soil density and the

Landfills =  Leaching

Wastewater
treatment plant

Sources of
pharmaceuticals

—p Treated wastewater = Surface water

l

depth of introduction of the sewage sludges. To estimate
the total daily intake of pollutants resulting from the
use of sewage sludge, exposure from all possible routes
of exposure should be considered.

Plants

The uptake of pollutants by plants is important due
to the potential for humans and animals exposure to
these substances. Depending on the physico-chemical
properties of the soil, only a part of the pollutants
present in the soil is available for the plant root system
(bioavailable fraction), which is the main route through
which the pollutants are absorbed by plants. Gases
pollutants can also be absorbed by the above-ground
shoots and through the direct contact between soil and
plant tissues. Translocation of pollutants, i.e. the transfer
of pollutants from the roots to the above-ground parts of
plants, and then to the leaves and grains is particularly
important for migration of pollutions from a plant to
animals and humans [59].

Animals

The pollutants introduced into the soil together with
sewage sludges are easily accessible to soil organisms.
The sorption of chemicals, and thus their bioavailability
and toxicity to soil organisms, may depend on the
soil characteristics. This means that the results of
the test carried out on different soil types should not
be compared, but should be normalized to standard
conditions. The exposure of organisms living in the
soil to pollutants present in sewage sludge results from

Industrial
failures

l

— Ground water

B .

@ insannan

Living organisms

Water treatment plant

Fig. 2. Migration of pharmaceutical substances in the environment. Own study.
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contact with the sewage sludge (through the solid phase)
or through the soil solution. The aquatic organisms
living near the areas where the sewage sludges are used
may be exposed to pollutants due to the soil erosion
or surface runoff from the agricultural arecas. After
reaching the aquatic environment, pollutants spread
between the liquid phase, suspended sediments and
bottom sediments. The important route of exposure is
the aqueous phase and the pollutants dissolved in it,
however, the pollutants adsorbed on solid particles may
also make an important route of exposure. In the case
of herbivorous farmed animals such as cattle, sheep,
and goats, the essential route of exposure to pollutants
is feeding with grazing plants, grown in the areas
fertilized with the sewage sludges. In this case, the time
of keeping animals outdoors is crucial. In addition, the
animals may consume the ground, and this consumption
depends on the quality of the pasture and the mineral
needs of the animals. It is usually up to several percent
of the dry matter of the food ration [59].

Humans

The common ways of exposing humans to pollutants
present in the sewage sludges are:

— plant products — exposure is due to the consumption
of plants grown in soils where the sewage sludges
were used; this route of exposure occurs only when
the pollutants are absorbed by the plant roots; in
the case of plants for which the aboveground parts
are consumed, it is necessary to take into account
the migration of pollutants from the root part to the
aboveground part; human exposure to pollutants
absorbed with plants can be estimated, e.g. based on
consumption data gathered by [61],

— animal products — humans may be exposed to
pollutants contained in the sewage sludges resulting
from consumption of animal products, coming from
the animals grazed on soil fertilized with the sewage
sludges or fed with the fodder in such areas; the
pollutants may accumulate in meat, eggs or milk,
while on the other hand they are quickly metabolized
and excreted in feces or urine,

— drinking water — the pollutants contained in the
sewage sludges may migrate with leachate to surface
waters and from there to the sources of drinking
water; humans may be exposed to pollutants due
to the presence of compounds dissolved in water
or adsorbed on solid particles; the estimated
daily consumption of water is assumed as 2 litres per
day,

— accidental ingestion of soil by humans — children may
eat soil particles in the playgrounds; the daily soil
consumption among children was estimated at the
level of <0.2 g soil [62]; the highest concentrations of
pollutants, that can be taken along with the consumed
soil, occur in home gardens where fertilizers based
on the sewage sludges are applied.

Prediction of Pollutants Concentration
in the Environment

The purpose of the environmental safety assessment
of the fertilizer products is to determine the predicted
environmental concentrations (PEC — Predicted
Environmental Concentration) of a given substance
and the concentrations below which no changes in
the environment are observed (PNEC — Predicted No
Effect Concentration), or to determine the maximum
levels of exposure to the substance (DNEL — Derived
No Effect Level) [63]. DNEL value is extrapolated from
the experimental data collected on tested organisms
with the highest concentration of the substance, at
which no harmful effects are observed (NOAEL —
No Observed Adverse Effect Level), and takes into
account interspecies and intraspecies differences, and
the differences in the duration of exposure. Assessment
factors are assigned to individual parameters (AF —
Assessment factor). The AF values are divisors of
the NOAEL values into DNEL. The determination
of DNEL based on the NOAEL is described in more
detail, i.e. in work [64].

Soil

This stage focuses on estimating soil concentrations
after the long-term use of the sewage sludges. It should
include all processes affecting the fate of soil pollutants,
including [59]:

— application of sewage sludges as the main source of
pollutants,

— Dbiodegradation,

— migration of pollutants to water,

— uptake of pollutants by plants,

— plant harvest.

The calculation should take into account the average
concentration of pollutants, as continuous application
of the most polluted sludges in the same place is
unlikely to happen. The pollutants concentrations in
soil are estimated referring to three different time
periods: immediately after the introduction of the
sewage sludge, 90 days after application, and after
100 years. Determination of concentration of the
substance just after the application is used to assess
the risk of non-accumulative substances. After 90 days,
they correspond to the average concentration during the
growing season of 180 days. Predicting concentrations
after 100 years from the application of sludge is used to
model the process of accumulating the substances [58,
59].

The concentration of pollutants in the soil due to
a single application of the municipal sewage sludges
for use in agriculture can be calculated according to
Equation 1 [59]:

c _ Cq - APPLy - 10
€ons0 ™ DEPTH,, - RHOso (1)



18

Zawadzki P, Glodniok M.

wnss — concentration of pollutant in soil after one
application of sewage sludge [mg X kg'']
C,,— concentration of pollutant in dry sewage sludge [mg
x kg']
APPL  — dry sludge application rate [t X ha™ ]; (rate of
sludge application: agriculture: 40 or 60 [t X ha' x 10
yrs™])
DEPTH_ —mixing depth of soil [m]; (mixing zone in
green area/ploughing layer agriculture = 0.1/0.2 [m])
RHO_ — bulk density of soil [kg x m”]; (dry/wet soil =
1200/wet soil = 1400 [kg x m?])

Equations 2 and 3 can be used when the sewage
sludge is used to fertilize park greenery [59]. In the
green areas, a 5 cm layer of sewage sludge is mixed
with a 10 cm layer of soil (33% of sewage sludges by
volume), and 30% sewage sludges (by volume) are
mixed with 70% of soil in the soil mixtures.

_0.67 C(0) - RHO, + 0.33 - Cgy(0) - RHOg

ba 0.67 - RHOg, + 0.33 - RHOg; 2)
_ 0.7+ C40(0) - RHOg, + 0.3 - C1(0) - RHOg

som 0.7 - RHO, + 0.3 - RHOg 3)
Cracom — concentration of pollutant in park soil or soil
mixture [mg X kg']
C,, — concentration of pollutant in soil used in soil
mixture [mg X kg']
C_ . — concentration of pollutant in sewage sludge used

s1(0)
in soil mixture [mg X kg]

RHO_ - bulk density of dry soil [kg X m”]
RHO, — bulk density of dry sewage sludge [kg x m™]
The concentration of pollutants measured in
the agricultural soils results from the background
concentration, i.e. the concentration that is caused
by substances occurrence in the bedrock and natural
sources, such as forest fires, volcanoes, etc., and the
sources caused by anthropogenic effects (the use of
mineral fertilizers, liming and pesticides, as well
as the atmospheric deposition). The local predicted
concentration on a tested soil can be calculated
according to equation 4 [59]:

PECpocal = PECrns + Coss + Cs) @)

PEC, ., — predicted environmental concentration (PEC)
in local soil

PEC, — PEC of regional natural soil

C,gs — concentration of pollutant from other sources of
soil [mg - kg' dw]

C,, — concentration of pollutant in soil after one
application of sewage sludge [mg - kg' dw]

Plants

Roots are the most important way of collecting
pollutants by plants from the soil. The transfer of
pollutants from the soil to the root zone (rhizosphere)
is done mainly by regular water uptake by plants. This

type of absorption of pollutants should be taken into
account at the stage of predicting their concentrations
in plants. It is assumed that the absorption of
compounds from other sources (e.g. absorption of
volatile compounds) is of negligible importance [59].
The absorption of pollutants by plants depends on
contaminants bioavailability, and the differences in
collection is due to the differences in species, physico-
chemical parameters of the soil (soil reaction, clay, and
content of organic matter), and the characteristics of the
pollutants. The concentration of pollutants in grains,
stalks, and leaves, as well as the bioconcentration
factor (BCF) for a given part of a plant is taken into
account (Equation 5) when calculating the predicted
concentrations of inorganic pollutants in soil. The
BCF value varies depending on the type of pollutant
and a part of the plant. Regardless of the part of the
plant, zinc has the highest BCF value. For example, for
leafy vegetables, the BCF value for zinc is BCF = 0.30
compared to BCF = 0.003 for chromium.

Cp] = CSO - BCF (5)

C, — concentration of pollutant in grain, stem, leaf
[mg - kg dw]

C,, — total concentration in soil [mg - kg dw]

BCF — bioconcentration factor for the actual part of
plant [dw plant/dw soil]

Calculating the predicted organic pollutant
concentrations is more complicated. The models
used for this purpose differ from each other in their
complexity, structure and input data. They can be
the simple linear equations based on the BCF values
of a single substance, and these based on complex
parameters and intervals taking into account several
elements of the plant (root, stem, leaves, etc.), by
means of which plant collects substances from various
elements of the environment (e.g. soil and air) [65-
69]. The calculations consider the number of sewage
sludges used per year and the duration of application
(90 days after the first application or 100 years after the
first application with a time step of 10 years for each
subsequent application). Within 90 days, the impact of
non-accumulating compounds is estimated, in 100 years
- of the cumulating compounds.

Water

Transport of pollutants from the soil to surface
waters takes place through the drainage systems or
surface runoff. The number of pollutants leached
into the surface waters depends on the type of soil,
meteorological conditions and the physical or chemical
properties of the pollutants. It is assumed that the
predicted concentration of pollutants in the surface
waters is the sum of the concentrations of pollutants
discharged by the drainage systems and as a result of
the surface runoff. When determining the predicted
concentrations in the surface waters, the dilution factor
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for the substance is assumed as 100, in the case of
drainage waters (drainage systems) and waters coming
from the surface runoff the dilution factor is 10. These
values should be adjusted depending on the location of
these water sources. The higher factor is assumed for
waters distant from the areas of fertilizer application,
lower for waters more exposed to pollutants. Modelling
and forecasting of pollutants in waters are carried
out using the simulation programs, e¢.g. MACRO 5.0
[70, 71].

The predicted concentration of pharmaceutical
substances coming from the point sources, e.g. as a result
of pollutants emissions, together with the discharge
of wastewater from the wastewater treatment plants,
can be estimated using equation 6 [72]. The calculated
results represent the predicted concentration at some
distance from the source on the day of discharge. On
a local scale, it is assumed that the wastewater passes
through the wastewater treatment plants before entering
the environment, and in the standard environment: 70%
of the wastewater after the biological treatment plant,
30% directly to the surface waters. Therefore it is
assumed that there is no biodegradation or retention of
pharmaceuticals in the wastewater treatment plant.

PEC. — DOSE - F
PEC, — predicted environmental concentration

for surface waters originating from the discharged
wastewater [mg - dm”]; PEC_ <0.01 ug - dm” - no further
actions required, PEC  >0.01 pg - dm™ - further actions
required (analysis of the environmental effect)

DOSE — maximum daily intake of the drug by one
inhabitant [mg - M - d']

F — the percentage of the population treated with the
drug [-]; default value F = 0.01

V — the volume of wastewater per inhabitant per day
[dm?® - M- d']; depending on the region and habits

D — Dilution factor of surface waters [-]; default
value = 10

Animals

Animals may be exposed to the contaminants
presented in the sewage sludges through grazing
and consumption of fodder from plants grown in the
areas fertilized with the sewage sludges. The animals
can accumulate pollutants due to the consumption of
polluted water. The exposure of animals to pollutants
depends on the type of food consumed and the place
of grazing. Depending on the quality of the grassland
and mineral needs, the animals can also accumulate
pollutants along with the soil they eat.

Risk Characteristics

After assessment of the exposure routes and of the
dose (concentration) - response (effect) dependence,

for all elements of the environment, the quantitative or
qualitative risk characterization is performed [72].

The quantitative risk characterization is performed
by comparing the PEC with the PNEC. This stage is
carried out separately for each of the elements of the
environment presented in section 5.3. The quantitative
PEC/PNEC estimation for assessing the environmental
risk of a substance is made by comparison of the
concentration PEC with the concentration, below which
the unacceptable effects on organisms (PNEC) will not
occur. The PNEC value is calculated by entering an
appropriate estimation factor such as, for example, LC_,
or NOEC. If the value of the PEC/PNEC ratio is less
than, or equal to unity, the data used should be verified
and further tests carried out, as well as the risk control
management should be taken. If the PEC/PNEC ratio
is greater than one, no further actions are needed. The
qualitative ecological risk assessment is carried out
for these cases where the quantitative assessment of
exposure and/or effects is not possible [63, 73].

The risk characterization stage should be carried out
in accordance with the following stages [74]:

— determination of the PEC/PNEC factors for different
considered elements of the environment,
— depending on the PEC/PNEC factors:

. determine, whether further testing may
lead to a change in these factors,
. if necessary - additional information shall

be requested,
o the PEC/PNEC ratio needs to be im-
proved.
This process should be continued until the final
conclusion on the environmental risks can be reached.

Conclusions

Due to the rapid depletion of phosphorus resources
[75], it is assumed to use the stabilized municipal
sewage sludges as a substrate for the production of
organic and mineral fertilizers. However, there is a risk
that municipal-sewage-sludge based fertilizers may
cause a potential sanitary and epidemiological threat due
to the different chemical and biological composition.
Based on the literature review, it was found that the
safety analysis and environmental risk assessment of
municipal-sewage sludge-based fertilizers should also
take into account parameters (physical and biological)
which have not been included in legal regulations.
Due to the potential health risk that sewage sludge-
based fertilizers may cause, a comprehensive study in
various type of the environment (leachate, ground and
surface waters, soil and plants) is justified. Among the
most commonly safety analysis methods of fertilizers
are risk assessment. Based on the risk analysis, the
environmental risk of fertilizer products is estimated
at local or regional scales. Additional concerns are
caused by the presence of micropollutants in the sewage
sludge, including pharmaceutical substances such as
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17-a-ethinylestradiol, 17-B-estradiol, estrone, diclofenac,
and ibuprofen. These pollutants are usually present
in low concentrations, but long exposure period
makes their monitoring as important as the basic
parameters. For many micropollutants that may appear
in the sewage sludge composition, the predicted
concentration in the environment have not been
determined and no risk assessment has been carried
out. Therefore a multi-approach is necessary. The
safety assessment of fertilizers based on the municipal
sewage sludge should be carried out at every stage of
the process that affects the safety of individual elements
of the ecosystem. The multi-approach contributes to
improve the technology of sewage sludge treatment
and improve the technology of fertilizers production,
and thus prevents entering contaminants to product. In
this way, it will allow us to identify shortcomings at
the sludge treatment processing stage and to propose
implementable solutions reducing the risk of the use of
fertilizers.
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