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ABSTRACT

Agricultural re-use of sludge, as a way of sludge management, is a common
practice in many EU countries. Despite its inherent qualities, sludge may
contain potentially toxic elements (PTEs), which are regulated by the European
legislation. The current European sludge legislation sets out the limit
concentrations for certain heavy metals in sludges and soils for agricultural
purposes. There are concerns that the Sludge Directive 86/278/EC may be out-
dated since it has been in place for almost 30 years. Over time, advances in
legislation regarding drinking water quality legislation have lead to an increase
in sludge production. Additionally, the ban on disposal of sludge at sea has
contributed to the problem of sludge management. The aim of this work was to
analyse pertinent evidence related to the adverse effects of sludge application
to agricultural soils and to determine whether there is a need for an updated
Sludge Directive or UK update. Code of Practice For Agriculture Use of Sewage
Sludge provided the basis to measure appropriateness of UK legislation
regarding the sludge application. A systematic rapid evidence assessment
approach (REA) was employed to obtain pertinent scientific studies, which were
used to pose case scenarios building on a qualitatively structured what-if
technique (SWIFT). Due to the complexity of the topic, the work is focused on
evidence regarding one essential metal (Cu), one non-essential metal (Cd) and
an organic compound (Bisphenol A). No significant evidence of harm arising
from direct application of biosolids within the current limits were identified;
however, the research highlighted areas that need to be addressed and
appropriate measures put in place to reduce future potential risks arising from

the application of sludges to agricultural land.
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Abstract

Agricultural re-use of sludge, as a way of sludge management, is a common
practice in many EU countries. Despite its inherent qualities, sludge may
contain potentially toxic elements (PTEs), which are regulated by the European
legislation. The current European sludge legislation sets out the limit
concentrations for certain heavy metals in sludges and soils for agricultural
purposes. There are concerns that the Sludge Directive 86/278/EC may be out-
dated since it has been in place for almost 30 years. Over time, advances in
legislation regarding drinking water quality legislation have lead to an increase
in sludge production. Additionally, the ban on disposal of sludge at sea has
contributed to the problem of sludge management. The aim of this work was to
analyse pertinent evidence related to the adverse effects of sludge application
to agricultural soils and to determine whether there is a need for an updated
Sludge Directive or UK update. Code of Practice For Agriculture Use of Sewage
Sludge provided the basis to measure appropriateness of UK legislation
regarding the sludge application. A systematic rapid evidence assessment
approach (REA) was employed to obtain pertinent scientific studies, which were
used to pose case scenarios building on a qualitatively structured what-if
technique (SWIFT). Due to the complexity of the topic, the work is focused on
evidence regarding one essential metal (Cu), one non-essential metal (Cd) and
an organic compound (Bisphenol A). No significant evidence of harm arising
from direct application of biosolids within the current limits were identified;
however, the research highlighted areas that need to be addressed and
appropriate measures put in place to reduce future potential risks arising from
the application of sludges to agricultural land.
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1 INTRODUCTION

The European Sewage Sludge Directive 86/278/EC provides mandatory limit
values for certain heavy metal concentrations present in biosolids and sludges
applied to agricultural soils (CEC, 1986). The main purpose of the Directive is to
prevent any negative effects resulting from sludge applications to agricultural
soils impacting on soil quality, soil ecology, or livestock, crops, human health
and the wider environment. The Directive was introduced almost 30 years ago,
and since that time, new contaminants and organic products are increasingly
present in the introduced sludge that could potentially cause harm to receptors.
The identified receptors that could be negatively affected by sludge re-use in
agriculture are shown in Table 1. Given the time that has passed since the
ratification of the Sludge Directive and the dynamic nature of the waste that is
being generated, there is a probability that the current limits set out by the
Directive and British Code of Practice For Agriculture Use of Sewage Sludge

(DoE, 1996) may be out-dated and are no longer protective of the environment.

Table 1 — Pathways and receptors for contaminants found in sludges

Pathway Receptor
Evaporation of organic compounds Air
Leaching through soil profile Aquifer
Aquifer Contained water bodies
Direct application Crops, soil microorganisms
Inhaling organic compounds, direct contact Field workers
Ingesting the biosolids and contaminated crops Grazing animals
Ingesting contaminated crops and animals Human
Ingesting soil contaminated with biosolids Playing children




Additional limits for potentially toxic elements (PTEs) that were not covered by
the Sludge Directive, as well as more robust rules for sludge application to
agricultural grasslands represent a few examples that were introduced by the
Code of Practice For Agriculture Use of Sewage Sludge (DoE, 1996)
specifically for the UK. The Code serves as guidelines for use of
sludges/biosolids in agriculture in the UK, which complements the Sludge
Directive. The UK has tightened the limits introduced by the Directive and
developed the guidelines to ensure sustainable agricultural practice and to
protect the wider UK environment. The UK limits for PTEs introduced by these
guidelines have been considered during the synthesis of evidence within this

work.

Sludge is a by-product of wastewater treatment, which is increasingly re-used in
Europe as a soil improver (UKWIR, 2007). However, it is still regarded as a
waste, despite the fact that re-use in agriculture might present lower costs for
the wastewater treatment operators as well as a lower environmental burden
overall (European Commission, 2002). In contrast to sludge recycling in
agriculture, incineration and landfilling are still common ways of disposing of
sludge as they account for 51% of sludge disposal in the EU (Fytili and
Zabaniotou, 2008). Gendebien (2009) showed that 68% of sludge, produced in
the UK in 2006, was re-used in agriculture, whereas countries such as Slovakia,
Netherlands, Romania and Greece depend heavily on incineration and
landfilling.

Sewage sludge contains phosphates, nitrogen, potassium, magnesium, sulphur
and organic matter (MAFF, 1987). These qualities provide benefit, when sludge
is re-used in agriculture (Singh and Agrawal, 2008). Phosphate recycling via
sludge application in agriculture also helps to slow phosphate rock depletion,
which may trigger global scale problems in 100-200 years (Cordell et al., 2009).
Sludge application to poor quality land can, through its inherent properties, help
in the remediation of such contaminated or brownfield sites (Stuczynski, 2000)
and improve eroded soils (UKWIR, 2007). Sludge is also used in the production
of biogas through anaerobic digestion (FWR, 2011).



As well as PTEs, sludge can contain various pathogens such as the eggs of
tapeworms and potato cyst nematodes. The Sludge Directive does not currently
set limits for their concentrations in sludges or soils. However, the Code of
Practice For Agriculture Use of Sewage Sludge (DoE, 1996) suggests safety-
monitoring measures for sludge that is obtained from any waste source from
animal or poultry processing plants, since the sludge may contain elevated

levels of pathogens.

PTEs in the form of heavy metals such as Cd, Cu, As, Pb and Hg appear in
sludge in various concentrations and may pose a threat to soil, ground water,
plants and people resulting in harm (Carrondo et al., 1978). Even though heavy
metals may be toxic, not all the metals are toxic at all times. Living organisms
need essential metals such as Cu; however, its excessive quantities may
introduce carcinogenic effects (Theophanides and Anastassopoulou, 2012). On
the other hand, non-essential metals such as Cd form the group of the most
toxic metals, which may introduce carcinogenic as well as mutagenic effects
(Eisler, 1985). Heavy metals along with other hazardous chemicals are entering
the wastewater stream through domestic wastewater, medical facilities,
industrial effluent and water run-off from roads, which eventually find their way

into sludge during the wastewater treatment process (DEFRA, 2002).

Heavy metals accumulate in soils and tend to be immobilised in the soil
environment (Tack, 2010). Plant uptake, or bioavailability, of heavy metals
depends on metal interactions with organic matter in soil; however, their
bioavailability decreases over time. Factors such as soil pH and metal
adsorption on soil particles also affect bioavailability of metals (McGrath, 1987).
Experiments shown that microbial biomass decreased by 40%, when sludge
containing Zn and Cu at concentrations two and half times higher than the
permitted concentration were added to soil (Chander and Brookes, 1991). In
terms of identification of a metal with the most toxic effect on soil microbial

processes and crops research remains inconclusive (UKWIR, 2007).

Advances in Waste Water legislation (CEC, 1991) contribute to cleaner water

that is returned into rivers, but also resulted in increased amounts sludge as



well as potential contaminants (DEFRA, 2002). On the contrary, concentrations
of Cd and Zn present in the sewage sludge have decreased by 89% and 53%
respectively in the UK over the last few decades (IC Consultants Ltd London,
2001). The current UK limits for PTE concentrations in sludge are shown in
Table 2.

Table 2 — Maximum permissible concentrations of potentially toxic elements in

soil after application of sewage sludge and maximum annual rates of addition

Maximum permissible concentration

of PTE in soil (mg/kg dry solids) Maximum permissible average

PTE annual rate of PTE addition
pH pH pH pH over a 10 year period (kg/ha)

5.0<6.5 55<6.0 6.0-7.0 >7.0

Zinc 200 200 200 300 15
Copper 80 100 135 200 7.5
Nickel 50 60 75 110 3

For pH 5.0 and above

Cadmium 3 0.15
Lead 300 15
Mercury 1 0.1
*Chromium 400 15
*Molybdenum 4 0.2
*Selenium 3 0.15
*Arsenic 50 0.7
*Fluoride 500 20

*These parameters are not subject to the provisions of Directive 86/278/EEC (In 1993 the European
Commission withdrew its 1988 proposal to set limits for addition of chromium from sewage sludge to
agricultural land), (DoE, 1996).

Besides heavy metals and pathogens, sludges are likely to contain a large
variety of organic chemicals. A review by Harrison et al. (2006) has identified
the presence of 516 organic chemicals in sludge across various study samples.
These chemicals included detergents, personal care products, pharmaceuticals,

plasticizers etc. Table 3 shows the classes of organic chemicals along with the



particular examples of organic chemicals that may be found in sewage sludge.
None of these chemicals are regulated within the current Sludge Directive.
The past research in the field of organic chemicals has not demonstrated risks
to human health when sludge is re-used in agriculture (FWR, 2011). Smith
(2009) stated that the use of sludge for agricultural purposes should not be

restricted due to current concentrations of organic chemicals present in the

sludge.

Table 3 — Organic chemicals found in sludge

Class of organic chemicals

Examples of organic chemicals found in sludge

Aliphatics

Chlorobenzenes

Flame retardants

Monocyclic hydrocarbons and
heterocycles

Nitrosamines
Personal care products
Pesticides

Phenols
Phthalate

Polychlorinated biphenyls,
naphthalenes, dioxins and
furans

Polynuclear aromatic
hydrocarbons

Sterols, stanols and estrogens

Surfactants

Triaryl/alkyl phosphate.esters

Butadiene (hexachloro-1,3-), Ethane (hexachloro),
Ethylene (dichloro), Methane (dichloro), Propane

Benzene (dichloro) isomers, Benzene (hexachloro),
Benzene (monochloro), Benzene (pentachloro), Benzene
(tetrachloro), Benzene (trichloro) isomers

Brominated diphenyl ether congeners (BDEs),
Cyclododecane (hexabromo) isomers,
Tetrabromobisphenol A, Tetrabromobisphenol A
(dimethyl)

Benzene, Benzene (ethyl), Benzene (mononitro), Benzoic
acid, Analine (chloro) (P-), Styrene, Toluene
N-nitrosdiphenylamine, N-nitrosodiethylamine, N-
nitrosodimethylamine, N-nitrosodi-n-butylamine,

Ibuprofen, Naproxen, Salicylic acid, Antibiotics, Triclosan,
Fluorescent whitening agents, Fragrance material

Aldrin, Chlordane, Cyclohexane isomers, DDT and related
congeners, Dieldrin, Endrin, Heptachlor epoxides

Phenol, Phenol chloro congeners, Phenol methyl
congeners, Phenols nitro congeners
Bis(2-chloroethyl) ether, Bis(2-chloroisopropyl) ether,
Bis(2-cloroethoxy) methane, Phthalates

Biphenyl (decachloro), Biphenyls (polybrominated)
Dibenzofuran, Dioxins and furans (polychlorinated
dibenzo), PCB congeners

Benzo(a)anthracene, Benzofluoranthene congeners,
Benzopyrene congeners,, Chrysene, Dibenzoanthracene
congeners, Indeno(1,2,3-c,d) pyrene, Naphthalene

Campestanol (5a+5b), Campesterol, Cholestanol (5a-),
Cholesterol Coprostanol, Estradiol (17b), Estrone

Alcohol ethoxylates, Alkylbenzene sulfonates,
Alkylphenolcarboxylates, Alkylphenolethoxylates,

Cresyldiphenyl phosphate, Tricresyl phosphate, Tricresyl
phosphate, Tri-n-butylphosphate, Triphenylphosphate

(Adapted from Harrison et al., 2006)



Nevertheless, Schnaak et al. (1997) concluded that surfactant and toluene
concentrations in sludge exceeded the terrestrial ecotoxicology values
protective of soil health. With regard to dioxins and furans, European legislation
(CEC, 1985) helps to protect sludge from these organics, which belong to the
most hazardous chemicals. However, Jones and Sewart (1997) stated that the
continuous addition of sludges to agricultural land leads to the accumulation of
polychlorinated dibenzofurans (PCDDFs) in the soil due to their persistent
qualities. Example of hazardous organic chemical of high concern include
Bisphenol A (2,2-Bis-(4-hydroxphenyl)propane; BPA). BPA is oestrogen-like
chemical found in sludges (Fromme et al., 2002), which was found to be an
endocrine disruptor (Delclos et al., 2014; Newbold et al., 2007). This plasticizer,
which is used in many products, is commonly found in sludges in concentrations
0.1-3.2 x 10’ Mg kg'1 (Harrison et al., 2006; Song et al., 2014).

In order to mitigate the potential risk of harm, arising from the application and
reapplication of PTEs contained in the sludges; that may result in harm to soil
function or structure, sewage sludge is treated prior to its application and use
(DoE, 1996). Treated sludge, sometimes called biosolids, may differ depending
on the type of treatment received, since the treatment type determines the
amount of residual PTEs (Stylianou et al., 2006), other contaminants and
pathogens (Hospido et al., 2005). However, Member States under the Directive
may permit use of sludge without treatment if the sludge is injected or otherwise
incorporated into soil (CEC, 1986).

The global climate is changing (Parmesan and Yohe, 2003); therefore factors
such as humidity and temperature are likely to play a more significant role in the
bioavailability of metals and the persistence of pathogens in the future (Hooda
and Alloway, 1993). Climate change therefore may be a significant factor driving
regulatory changes regarding hazardous elements in sludges in the future.

The main focus of this work was to determine whether there is a need for an
update of the Sludge Directive along with the UK Code of Practice For
Agriculture Use of Sewage Sludge, given the published evidence on the

accumulation of contaminants in soils amended with sewage sludge and



potential for harm to be caused in spite of the implementation of the Directive
and its UK interpretation (SI, 1989). Many studies focusing on the bioavailability
of metals and the effects of other contaminants in soil have been published
since the introduction of the Directive. This report summarises a review of a
large body of relevant evidence synthesized using a systematic approach using
a rapid evidence assessment method (REA) (Government Social Research,
2010). Complementary to the REA approach, a structured what-if technique
(SWIFT) was used to determine whether some of the identified contaminants
present in the sludge (Card et al., 2012), based on the evidence obtained, might
pose a threat to the environment and whether there are drivers for the Sludge

Directive update as well as its UK interpretation.

2 METHODS

This assessment sought to identify relevant evidence from the published
scientific literature by using a rapid evidence assessment method (REA). The
REA process offers a systematic approach for generating the most pertinent
evidence quickly, despite the complexity and amount of documents regarding
the topic (Government Social Research, 2010). On the down side, this
technique may introduce a degree of bias into the review by omitting pertinent
information, or information published elsewhere, information in different
languages, unpublished information or less developed search strings are

several examples of factors that may introduce bias into this approach.

In order for a selected published study to be included within this REA it had to
comply and meet with the following inclusion criteria: (1) studies must evaluate
effects of sewage sludge in soils, intended as a soil improver in agriculture; (2)
studies must consider the effects of heavy metals or organic pollutants on the
environment; (3) studies must be peer reviewed; (4) the studies must use
empirical data; (5) the location of the study must be within Member States of the
EU; (6) studies must be published in English language; (7) studies must be
published in the year 1995 and later.



Qualitative analysis of the evidence was conducted via employing risk-based
structured what if-technique (SWIFT) on the process of sewage sludge
application in agriculture with the focus on particular non-essential metal (Cd),
essential metal (Cu) and an organic pollutant (BPA). The SWIFT is a flexible
tool for identifying hazards, assessing the risk(s) and proposing actions (Card et
al., 2012). This technique is traditionally a team based brainstorming method,
where the conceptual understanding of the processes under scrutiny drives the
analysis. The participation of a review team and their contribution in this work is
substituted by the use of the REA outcomes, where the evidence obtained by
REA formed the basis for assessing the hazards arising from sewage sludge

applications to land.

Setting out the boundaries of the problem is an important step for the initial
analysis using SWIFT. Regulatory response to a multifaceted problem of
protection from negative effects of sewage sludge could be dealt with on
different levels. Legislation could regulate the waste producers, wastewater
treatment facilities and agricultural operators in order to address the problem.
This work focused on the problem of application of the sewage sludge in
agriculture. A graphical representation of the SWIFT boundaries (red boundary)
is shown in Figure 1. Based on the conceptual understanding of the process
and likely effects of contaminants introduced by sludges/biosolids, a set of

questions were generated, which guided the analysis of the literature.



Industrial effluent

Discharge of heavily
contaminated effluent
(Heavy metals, organic

compounds) ‘

Novel chemicals Waste water treatment Application to agricultural
[JEN land

Emerging contaminants Type of treatment Fields (Crop production)

»  (Aerobic, anaerobic)
Type of sludge Pastures (Grazing)

P — (Composted, dried, liquid)
Type of application

(Surface, subsurface)
Heavy metals

Emerging contaminants
Personal care products

Pharmaceuticals

Figure 1 — A portion of sludge management flow and boundaries (red boundary)
that served as the basis for the SWIFT

Two online scholarly scientific databases, pertinent to the topic, i.e. Scopus and
Environment Complete, were searched using a combination of search strings
with Boolean search operators. The following search strings were used to
obtain the relevant articles: (1) sludge OR biosolid*; (2) soil* OR agricultur®* OR
farm* OR arable OR pasture OR grassland; (3) “heavy metal®*” OR “toxic
element®” OR toxic* OR “trace element* OR “trace substance* OR “priority

*

substance*” OR “trace metal®*” OR “trace contaminant®” OR pathogen* OR
phytotoxicity OR contamin* OR “food chain transfer” OR harm OR damage®.
Year 1995 was set as an initial year for relevant articles because it is one year
before publishing of the Code of Practice For Agriculture Use of Sewage
Sludge. Duplicate articles, studies that were not conducted within the EU,
irrelevant articles, studies regarding only tannery sludges or dairy sludges were
fitered out. Additionally, studies considering the use of sewage sludges in
forestry, bioremediation and long-term effects of landfiling sewage sludges
were excluded. Additional filter procedure was imposed to reduce the amount of
articles for further study. Articles must have examined at least one of the

following contaminants: (1) Cd; (2) Cu; (3) BPA. The resulting data set did not
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include evidence regarding the effects of BPA in sewage sludge used in
agriculture. Therefore, additional search for relevant articles was conducted by
employing the above-mentioned online databases. The articles that were
identified were obtained in full copy. The resulting data set consisting of 61 final

articles can be seen in Table 1 within Appendix A.

3 Results and discussion

Studies under this review provided a diverse set of information about the effects
of sewage sludge applications to land, mainly with regard to heavy metal
contaminated sludges. The repeating themes within the identified studies were
the accumulation of trace metals in soils, mobility of heavy metals, plant uptake
of trace metals, fractioning of trace metals and intake of heavy metals by
animals. The problem with many studies (Rastetter and Gerhardt, 2015; Escrig
and Morell, 1998; Obbard and Jones, 2000; Walter et al., 2002) was that they
provided only limited insight into any negative effects of metals contained within
sewage sludges due to their laboratory setting; the omitting important soil
processes and/or apply high metal concentrations, which are unlikely to occur in
the real world environment. The analysis of the literature revealed many
variables that affect the application of biosolids to soils that may help to inform

decision making, when reviewing the sludge legislation.

A brainstorming procedure, as an important part of structured what-if technique
(SWIFT), identified the following hazards arising from sludge applications in
agriculture: (1) Biosolids within the permissible concentrations are currently
applied to soils — The question regarding the current permissible concentrations
and whether there is an evidence of harm; (2) Biosolids are applied over long
time periods — The question is trying to understand the long-term effects of
sludge application; (3) Biosolids are applied to the soil surface — The question is
trying to determine risks arising from such surface applications of sludges; (4)
An increase in ambient temperature — The question is trying to find out whether
the current legislation is sufficient to understand future risks in terms of likely

climate change setting; (5) Biosolids contained BPA — The question is trying to

11



determine the fate of this carcinogenic compound in biosolids. The results of the
SWIFT along with the “what-if” questions are displayed in Table 4. The following
sections contain results and discussion based on the findings from the rapid

evidence assessment (REA) in the context of hazards identified by the SWIFT.
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3.1 Biosolids within the permissible concentrations are applied
to soils

The two basic variables, when judging the effects of biosolid application, are
dose and concentration of contaminants in the material applied. Studies
reporting on plant uptake of trace metals/phytotoxicity stated that the efficiency
of absorption of certain metals such as Cd is higher with higher doses of sludge,
however all metals studied by Antoniadis et al. (2010) did not increase plant
concentrations. Similar results about plant concentrations of metal were
reported by Canet et al. (1998), who examined uptake by lettuce in a long-term
study. Maize uptake experiment by Delgado et al. (2002), used sewage
compost set within the EU limit concentrations for metals, and concluded that
there were no toxic effects to plants and thus such materials may be used as a

fertiliser on maize.

Studies showed that variables other than dose and concentration may
determine the effects of biosolids, which complicates extrapolation, and
therefore questions whether the dose and concentration is sufficiently low to
protect the environment. Experiments (Moreno et al., 1998; Hooda et al., 1997)
with higher concentrations of heavy metals in sludges than those permitted by
the Directive revealed that crop type plays an important role in the uptake of
heavy metals. The significance of different plant species and their various
affinities to heavy metal uptake is also mentioned by Mihalache et al. (2014).
Plant mechanisms in certain crops restrict metal transport to above ground
parts of plants (Kid et al., 2007; Soriano-Disla et al., 2008).

The application of different sludges or their different mixtures may yield different
results in terms of phytotoxicity as well. A study examining three types of
sludges (anaerobically digested sludge, heat-dried sludge and composted
sludge), in a field experiment, inhibited the germination of cress, even though
the research used metal concentrations within the limits adhering to the
Directive (Walter et al., 2006). Similar results were observed in wheat-seed
germination in a column study (Benitez et al., 2000). Nevertheless, composted

biosolids or biosolids ash did not show any phytotoxic effect
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(Walter et al., 2006). This suggested that the differences in sludge treatment
have an effect on overall phytotoxicity. On the other hand enhanced and
conventionally treated biosolids did not show significant leaching of heavy
metals (Gove et al., 2010). Moolenar and Beltrami (1998) who studied the
effects of sewage sludge and Bordeaux mixture, a commonly used fungicide,
concluded that the EU sludge use policy is not efficient in the sustainable

management of heavy metals.

The effects of sewage sludge, with metal concentrations well above the UK
permissible maximum concentrations, over a long-term experiment on the
rhizobium did not show any significant adverse effects on nodulation
(Smith, 1997). Moreover, no consistent effects of liquid sludges, containing Zn,
Cd and Cu in concentrations close to their respective upper limit concentrations
set out by the Sludge Directive at nine sites, were observed on the rhizobium
during the four year experiment (Gibbs et al., 2006a). No inhibitory effects to
microbial activity were recorded that could be explained by the metal
contaminations from sludge application to agricultural land (Gibbs et al., 20064a;
2006b).

The mobility of heavy metals and its bioavailability in sludge-amended soil was
tested by many authors who concluded that sorption of certain trace elements
such as Cd is determined by a competitive process of adsorption
(Antoniadis et al., 2007). This means that it is not the total concentration of
metals in soils that determines their bioavailability, but also the competitiveness
to adsorb to organic matter and other minerals in a soil. The fractioning of heavy
metals plays an important role in determining their mobility, bioavailability and
eventually their toxicity (Miller et al., 1986; Tsadilas et al., 1995). The addition of
sewage sludges to soil increased non-residual forms of metals, which were
more bioavailable (Morera et al., 2001; Sanchéz-Martin et al., 2007, Kalembasa
and Pakula, 2009). Gove et al. (2010) noted that metal leaching losses were
more associated to soil complexes than to the application of biosolids.
Composting of sewage sludge may also alter the forms of available heavy

metals into more available fractions (Zn, Ni, Pb); in the case of Cu, different
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treatment types (composted, dehydrated and liquid) when applied over 6 years
did not affect its bioavailability (Rossi et al., 2002). Fractioning studies regarding
Cu concluded that it is the least problematic metal due to its inherent ability to
readily form complexes in the soil, which are unavailable to plants
(Moreno et al., 1997). A bioluminescence study also concluded that soluble Cu
in soil amended with high amounts of sludge up to 349 mg kg™’ had no effect on
bacterial toxicity (Chaudri et al., 1999). In contrast, other research studying the
uptake of heavy metals by barley from sludge-amended soil stressed concerns
about Cu, Cd and Zn, which posed the highest risk for human intake (Soriano-
Disla et al. 2014). Lombi and Gerzabek concluded that extractable
concentrations of Cu and Zn in soils increased by the addition of biosolids.
Different researchers have suggested that Cu is retained in the root system
(Gondek et al., 2010).

The aforementioned evidence suggests that the total permissible amounts of
heavy metals added to soils may be an inaccurate endpoint measurement to
determine appropriate safeguards to harm. An alternative way to distinguish
hazardous concentrations would necessitate measuring the bioavailable metal
concentration in soils in preference to total concentrations. Nevertheless,
Loveland and Thompson (2000) argue that research on fractioning of metals
and their bioavailability has been using methods, which are not able to precisely
determine the available metal concentration for all metals of concern. Heavy
metal fractions may play a significant role in determining the level of possible
hazard and should be taken into account when deriving new regulations or
codes for sewage sludge use in agriculture. There is no widely accepted
method to determine the bioavailable soil concentration (Loveland and
Thompson, 2000).

3.1.1 Key findings
* Cu complexes may or may not be available to plants in sludge-amended
soils due to many physical and biotic factors.
* Available soluble Cu had no effect on soil bacteria.

* Composted sewage sludge did not affect the bioavailability of Cu.
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* Fractions of available heavy metals are more important than their total
amount.
* Phytotoxicity is dependent on type of crop and sludge.

* Leaching of contaminants is dependent upon soil complexes.

3.2 Biosolids are applied over long time periods

Studies on the accumulation of metals in soils reported that long-term repeated
application of biosolids increased the amount of bioavailable metals in the soil in
initial first years; however, with time the availability reduced to values measured
in control plots (Antoniadis et al., 2010). No differences in accumulation of
heavy metals compared to the use of manure were observed, though
permeability of soil may have played a role (Raffaella et al., 1997). Subsequent
application of biosolids at sites with a history of sludge applications may lead to
leaching loses of Cu (Kidd et al., 2007). Canet et al. (1998) evaluated metal
movement within the soil profile and concluded that metal movement existed,
however their research was inconclusive, whether it may be attributed only to
leaching or combination of agricultural processes that occurred over time.
Weathering may also have an impact on leaching of heavy metals due to their
migration through fissures, thus impacting aquifer (Proust et al., 2011). Such a
migration of metals such as Cd and Zn may affect plant root systems, which

favour fissural environment (Proust et al., 2011).

Testing of agricultural sites prior to the application of biosolids is required by the
sludge legislation (SI, 1989). It requires testing of soil pH and metal
concentrations in the depth of 25 cm. UK guidance makes differences in depths
depending on the site use (DoE, 1996). This means that the representative
grassland samples, tested for presence of PTEs, are taken to 7.5 cm depth
compared to 15 cm in arable soils. The UK approach seems reasonable, given
the evidence that even though concentrations of heavy metals in a 25 cm depth
may be within the concentrations of statutory limit, depths of 2.5 cm may
contain amounts that are almost twice the permitted concentration (Wilkinson et
al., 2001). Acid soils are known to promote the bioavailability of heavy metals

(Serrano et al., 2005); however, it is not the only factor affecting the behaviour
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of contaminants in soils. Factors affecting the bioavailability of metals,
according to the reviewed studies, include the type of soil (Gondek et al., 2010;
Antoniadis et al., 2010; Morrera et al., 1997), soil structure (Soriano-Disla et al.,
2014) and pH (Antoniadis et al., 2010; Hooda et al., 1997; Planquart et al,
1999). Morrera et al. (2002) reported that soil type had a greater effect on
uptake of heavy metals by sunflower than the actual dose of sewage sludge.
Soil type is a variable that might affect seed germination when biosolids are
applied on soil (Oleszcuk et al., 2012). It also appears to be a toxicity modulator
to collembolans in agricultural soils (Domene et al., 2010). Factors affecting the
solubility of heavy metals in sewage sludge-amended soils are either soil
specific or environmental (Ashworth and Alloway, 2008). Another factor related
to soil type is soil texture, which showed significant effects on heavy metal
bioavailability for barley (Soriano-Disla et al., 2008). Environmental factors
including temperature, soil moisture, rainfall, type of land use and time of input
of the organic amendment all impact in the bioavailability of heavy metals in
sludge-amended soils. These variables have a significant short-term effect
especially on organic matter contents. However, long-term field experiments
concluded that organic matter is also significant in metal extractability over time
(Walter et al., 2002; Petruzzelli et al., 1997).

Soil specific factors tend to be significant in the long-term (Oleszczuk et al.,
2012). Metals such as Cu, Ni and Pb are likely to form organo-metal complexes,
which may become more hazardous than their original form. In other words, the
effects of co-solubilization may result in increased mobility and bioavailability of
metals (Ashworth and Alloway, 2008) over time following application in sludge.
In the light of this evidence, the total concentrations of heavy metals should not
be derived solely to assess the toxicity and availability of PTEs but must give
consideration to the total amount of pre-existing (natural background) trace
elements and soil pH, but also site specific environmental and soil variables

should be considered, when setting up the limits for the application of biosolids.
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3.2.1 Key findings
* Cuis likely to form organo-metal complexes that may be more hazardous
to key receptors.
» Bioavailability of metals typically decreases over time.
* Weathering may promote leaching of PTEs and other contaminants.
* Legislation should consider the specific environmental and soil variables

(soil type, texture, permeability) for each site.

3.3 Surface application of biosolids

Grazing animals represent a possible pathway for the intake of contaminants
from sewage sludges by humans (Schowanek et al., 2004). Restrictions on
grazing following the application of biosolids or sludges in the UK is given by the
Code of Practice For Agriculture Use of Sewage Sludge (DoE, 1996) and states
that no grazing is permitted 3 weeks after the application of biosolids.
Aitken (1997), who conducted a short-term experiment on the surface-
application of biosolids within the prescribed agricultural limits in the UK,
revealed that zootoxic levels of Cu and Fe persisted even after the “no grazing
period” advocated by the guidelines. Cu appeared toxic in these studies up to 8

days and Fe 21 days, respectively after the 3-week period.

Animals fed with biosolids during their normal diet in the controlled experiment
accumulated Cd, Cu, and Pb in their kidneys and livers. Indicating that the
current UK limits for concentrations of Cd and Pb in sewage sludge-amended
soils do not provide the desired safety margin (Hill et al., 1998).
Wilkinson et al. (2001) tested the accumulation of heavy metals in sheep
tissues and organs in a farm environment with repeated applications of
biosolids at levels close to the UK Statutory Limits and concluded that no
margin of safety existed for Cd in sludge-amended soils within current limits.
Other long-term experiments conducted in a field setting concluded that
application of sludge to pasture does not automatically increase the
accumulation of heavy metals in the tissues of animals, but rates of
accumulation of heavy metals become altered (Rhind et al.,, 2005).

Nevertheless, experiments in controlled environment do not have to necessarily

19



reflect the real world situation. The research by Rhind et al. (2005) identified
many factors that may influence PTE uptake and suggested consideration of
each class of animal alongside the spectrum of PTEs separately. In the light of
this evidence, a revision of the “no grazing period” seemed to be an appropriate
measure to ensure protection of all the receptors. Changes in the sludge
legislation that would allow for better protection of grazing animals, from
accumulation of heavy metals in their tissues, may be hard to implement due to
need for extensive testing of individual animal types and different ways of
exposure. On the other hand, the current Cd limit concentrations in sludge-
amended soils should be revised in order to decrease the possible negative
impacts on grazing animals. With regard to leaching and the type of application
of biosolids (surface/subsurface), higher leaching losses were attributed to

subsurface application of biosolids (Gove et al., 2010).

3.3.1 Key findings

* Cu may have zootoxic effects even after the “no grazing period”.

e Current Cd limits do not provide a sufficient safety margin to protect
grazing animals.

» Different classes of animals have shown different effects with regard to

heavy metal accumulation in their tissues.

3.4 Increase of ambient temperature

Future changes in ambient air (and hence soil) temperatures will also tend to
affect the bioavailability of PTEs such as heavy metals, since the higher
temperature  allows for rapid degradation of organic  matter
(Antoniadis et al., 2007; 2010), which provides a binding medium for heavy
metals in soils. This may result in long-term higher bioavailabilities of metals.
Alternatively, and confoundingly, droughts may not cause problems to plants
with regard to heavy metals introduced by sludges (Pascual et al., 2004). As
droughts may not promote changes in the metal pools or fractions, and thus not
contribute to higher availability of metals. On the other hand, fissures and
cracks in soil caused by higher temperatures may contribute to leaching

behaviour of heavy metals (Proust et al., 2011).

20



Based on future UK climate projections, the average temperature in the future is
likely to increase (Jenkins et al., 2009). This will have an effect on biosolids
applied to agricultural land. In order to avoid possible risks related to effects of
heavy metals, future sludge legislation should acknowledge the effects of higher
ambient temperature and more sudden changes in weather on the availability of

heavy metals and organic and other PTEs in sludges.

3.4.1 Key findings
* Higher temperatures help degrade organic matter that binds heavy
metals.
* Fissures and cracks in soil caused by droughts may contribute to

leaching of contaminants.

3.5 Biosolids contain Bisphenol A

Numerous pathways have been identified that could relate to the exposure of
BPA and other organic compounds from sludge-amended soils (US-
EPA, 1993). Soil, plants, animals, groundwater and humans were identified as
the possible receptors for organic compounds in sludge. Lysimeter experiments
demonstrated concern about disrupting chemicals and their mobility to aquifer
and surface waters (Dizer et al., 2002). Despite the possible exposure
pathways, direct or chronic effects of BPA, to all the receptors are yet to be
determined (Zhang et al., 2015). It may be hard to assess effects of individual
organic compounds due to their occurrence in complex mixtures of different
organic compounds in sludge. The addition of biosolids to agricultural soils
increases concentrations of BPA, which may pose risks to living organisms that
are exposed to amended soil. Zhang et al. (2015) examined the effects of BPA
and other endocrine disruptors present in sludges, and have observed this
effect in the long-term experiment (13 years). In relation to the “no grazing
period” the current 21 days limit seems to be an appropriate measure in relation
to BPA; however, this regards sites where biosolids have not been extensively
applied over long time. Such a concern is due to increased amounts of the
recalcitrant fraction of BPA, which may pose currently unknown risks to

organisms ingesting amended soils. Other studies focusing on sewage sludge-
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amended pastures, where sheep ingested mixture of compounds, reported
adverse effect on foetuses as well as multiple organs (Rhind, 2009; Lind et al.,
2009, 2010; Rhind et al., 2010; Hombach-Klonisch et al., 2013). However, a
direct causal link was not established. The types of sludge treatment determine
the amount of BPA in biosolids, where aerobic digestion promotes its
biodegradation (Tran et al., 2015). The positive effects of aerobic conditions and
higher temperatures on the biodegradation of BPA were also confirmed by
Press-Kristensen et al. (2008). This work suggested that the aerobic treatment
of biosolids might reduce the risk of exposure to BPA introduced by sludge
application in agriculture. Despite that, BPA concentrations along with other
organic compounds present in sludges should be monitored due to the current
inconclusive research about their potential effects to soils from their application
in sludges (Zhang et al., 2015).

3.5.1 Key findings

* Direct and chronic effects of BPA are yet to be determined in sludge-
amended agricultural soils.

It is hard to assess the effects of individual organic compounds in
sludges, as they are present in complex mixtures.

* BPA quickly degrades, when exposed to atmospheric conditions.

* Aerobic digestion is a favourable treatment method with regard to BPA.

* Organic compounds in sludges should be monitored in greater detail to

reduce future risks.

3.6 In the light of previous attempt

In the year 2000, the third draft revision of the EU Sludge Directive took into
consideration the advanced treatment and conventional treatment of sludges
with respect to different sites (European Commission, 2000). With regard to
pastures, which were highlighted in this work in terms of “no grazing period”,
conventional treatments required deep injection and no grazing for the following
subsequent six weeks. This should be appropriate measure regarding the

‘no grazing period” based on the reviewed evidence in this study.
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The European Commission draft promoted a lowering of the limit concentrations
of PTE’s and hazardous substances in sludge with respect to pH even below
the current UK statutory limits. Such a precaution is compatible with the
revelations in this study as it increases the safety margin for all the heavy
metals as well as taking into consideration soil pH as modulation factor for all
the metals. The prevention of pollution plan proposed by the draft Directive
aimed at sequential lowering of heavy metal limit concentrations. The idea of
regularly reviewing the limits seems by the evidence from this study as
reasonable regarding future climate change and its effects on contaminants in
sludges. Various organic compounds (LAS, DEHP, PCB, NPE, AOX, PCDDF)
in sludges with their limit concentrations are also acknowledged in the proposed
draft. Despite the valid approach introduced in the Sludge Directive draft, no

action by Member States has since been taken.

4 Conclusions

Agricultural re-use of sludge provides a sustainable approach to increasing the
re-use of a valuable product. The risks connected to its re-use should be
regularly reviewed due to the dynamic and evolving nature of the waste
composition. Even though there is a lack of clear evidence showing the direct
cause and effect of sludge applications applied within the regulatory limits,
future regulation should provide safety margin based on the precautionary
principle to reduce possible risks to minimum. This work examined a relevant
body of literature and analysed risks connected with biosolid additions to
agricultural soil, in order to determine whether the current European sludge
legislation/UK Code of Practice For Agriculture Use Sewage Sludge is
sufficiently protective of human health and the wider environment. The review of
pertinent literature helped to reveal factors contributing to understanding of the
different behaviours of biosolids in agricultural soils, which tended to increase or
decrease the possible risks arising from sludge re-use. The current out-dated
legislation governing sludge re-use proved efficient; however, such provided
little margin of safety in some areas and did not reflect the changing character

of domestic as well as industrial wastes. There was a fairly good understanding
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of acute effects of heavy metals introduced with sludges into soils. On the other
hand, evidence about the chronic effects of elements and compounds added to
soils during normal agricultural practice remained sparse. Given this
uncertainty, long-term sludge continuous amendments provide the highest risk
to receptors. Cd limit concentrations showed no margin of safety with regard to
repeated surface applications of biosolids and their effects on grazing animals.
The continuous monitoring of sludges as well as sludge-amended soils with
regard to chronic effects of sludge application to agricultural soils should be
encouraged. Any future sludge legislation should try to reflect all the possible
factors affecting the possible risks from sludge re-use. Evidence regarding Cu
did not reveal significant risks related to the application of biosolids within the
permissible concentrations. The type of sludge and its mode of application
largely determine the fate of BPA in soils since it tends to degrade quickly in the
environment. Even so the fate of other organics along with BPA should be

monitored to mitigate the possible risks.

The logical next step in order to prevent possible risks arising from sludge re-
use in agriculture is to initiate a discussion with all the stakeholder groups, on
changing the current legislation to reflect the findings of this work. Further
research regarding the appropriateness of sludge legislation should consider
the effects of emerging contaminants and nanomaterials that are being
introduced into wastewater streams and determine whether there is a need to

regulate these contaminants.

4.1 Key recommendations

* “No grazing” period of 21 days given by the Code of Practice For
Agriculture Use of Sewage Sludge should be extended in order to protect
grazing animals.

* The current Cd limit concentrations in sludges used in agriculture should
be lower to protect all receptors.

» Different modulating factors, which may influence the risks arising from
the application of biosolids and sludges to agricultural soils, should be

acknowledged when setting up the limit concentrations.
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* The fate of organic compounds in sludges should be monitored in greater

depth to prevent potential future risks.
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APPENDIX

Appendix A — Reviewed studies

Study

No. Author(s) location Focus
1 Aitken (1997) UK Surface adhesion of biosolids
2 Antoniadis (2007) Greece Adsorption
3  Antoniadis (2010) Greece Bioavalability
4  Ashworth and Alloway (2008) UK Partitioning and sorption
5  Atanassova et al. (2012) Bulgaria Mobility of heavy metals
6 Benitez et al. (2000) Spain Mobility of heavy metals
7 Canetetal. (1998) Spain Extractibility and bioavailability
8 Chaudri et al. (1999) UK Ecotoxicity of metals
9 Delgado et al. (2002) Spain \S((i)?lld and chemical properties of
10 Delgado et al. (2012) Spain Physiochemical soil parameters
11 Dizer et al. (2002) Germany Leaching of EDCs
12 Domene et al. (2010) Spain Toxicity for collembolans
13 Escrig and Morell (1998) Spain foc)’('i';tt?,”t effect of sludges and
14  Frommme et al. (2002) Germany Sﬁﬁfor;emngitc’f BPA in the
15 Georgieva et al. (2002) UK Ecotoxicity of metals
16  Gibbs et al. (2006a) UK Effects of individual metals
17  Gibbs et al. (2006b) UK Effects of individual metals
18 Gondek et al. (2010) Poland Metal transfer to plants
19 Gove etal. (2001) UK gﬂtfebriztgﬁ%fn'*;‘;ts;i?;d o
20 Hill etal. (1998) UK Aocumulation of metals in
21  Hooda et al. (1997) UK Metal transfer to plants
22 Kalembasa and Pakula (2009) Poland Fractioning of metals
23  Kidd et al. (2007) Spain Bioavalability
24  Lombi and Gerzabek (1998) Italy/Austria  Mobility of metals
25  Luckiewicz (2006) Poland Leachability
26  McGrath et al. (1999) Germany Bioavalability and ecotoxicity
27 Mihalache et al. (2014) Romania Metal transfer to plants
28 Moolenaar and Beltrami (1998) Italy Bioaccumulation and adsorption
29  Moreno et al. (1996) Spain Metal transfer to plants
30 Moreno et al. (1997) Spain Metal transfer to plants
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Moreno et al. (1998)

Moreno et al. (1999)

Morera et al. (2001)
Morera et al. (2002)
Obbard and Jones (2000)

Obrador et al. (1998)

Oleszczuk et al. (2012)

Pascual et al. (2004)
Petruzzelli et al. (1997)
Pisarek and Moliszewska (2004)

Planquart et al. (1999)
Proust et al. (2011)
Raffaella et al. (1997)

Rastetter and Gerhardt (2015)

Rhind et al. (2005)

Rossi et al. (2002)
Samaras and Kallianou (2000)

Sanchez-Martin et al. (2007)
Sieciechowicz et al. (2014)

Smith (1997)
Soriano-Disla et al. (2008)
Soriano-Disla et al. (2014)
Stéven and Schnug (2009)
Tran et al. (2015)

Walter and Cuevas (1999)
Walter et al. (2002)

Walter et al. (2006)
Weightman (2006)
Weissenhorn et al. (1995)

Wilkinson et al. (2001)
Zhang et al. 2005

Spain

Spain
Spain
Spain
UK

Spain

Poland
Spain
Italy
Poland

France
France

Italy

Germany

UK

Italy
Greece

Spain
Poland

UK

Spain
Spain
Germany
France
Spain
Spain
Spain
UK

France
UK
UK

Plant uptake and enzymatic
activities

Microbial activity and
mineralization

Mobility of metals

Bioavalability
Symbiotic nitrogen fixation

Mobility and extractability of
metals

Phytotoxicity
Bioavalability

Sorption

Soil properties

Metal transfer to plants
Migration of metals in soil

Accumulation of metals

Ecotoxicity of metals and organic
pollutants

Accumulation of metals in
animals

Accumulation of metals
Yield and contamination of soil
Fractioning of metals

Concentration of heavy metals
and PAHs

Soil properties
Bioavalability

Metal transfer to plants
Accumulation of metals
Fate of BPA in soils
Fractioning of metals
Extractibility of metals
Phytotoxicity

Metal transfer to plants

Bioavalability

Accumulation of metals in
animals

Fate of BPA in agricultural soils

Table 1 - Reviewed studies
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