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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,

environmental chemistry was an emerging field, aiming at a complete description

of the Earth’s environment, encompassing the physical, chemical, biological, and

geological transformations of chemical substances occurring on a local as well as a

global scale. Environmental chemistry was intended to provide an account of the

impact of man’s activities on the natural environment by describing observed

changes.

While a considerable amount of knowledge has been accumulated over the last

four decades, as reflected in the more than 150 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges

ahead due to the complexity and interdisciplinary nature of the field. The series

will therefore continue to provide compilations of current knowledge. Contribu-

tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific

understanding, and provides a valuable source not only for scientists but also for

environmental managers and decision-makers. Today, the series covers a broad

range of environmental topics from a chemical perspective, including methodolog-

ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of

societal relevance in the broad view of environmental chemistry. Topics include

life cycle analysis, environmental management, sustainable development, and

socio-economic, legal and even political problems, among others. While these

topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a

particular emphasis on chemistry, but also covering biology, geology, hydrology

and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs

of both researchers and graduate students, as well as of people outside the field of

vii



“pure” chemistry, including those in industry, business, government, research

establishments, and public interest groups. It would be very satisfying to see

these volumes used as a basis for graduate courses in environmental chemistry.

With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their

knowledge on the different aspects of environmental problems, presenting a wide

spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online

via https://link.springer.com/bookseries/698. Articles are published online as soon

as they have been approved for publication. Authors, Volume Editors and

Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new

topics to the Editors-in-Chief are always very welcome.

Dami�a Barceló
Andrey G. Kostianoy

Series Editors
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Preface

The editors of this book have been working for years on various kinds of emerging

pollutants. Some of their recent papers, books, and book chapters have focused on

environmental pollution due to antibiotics, but they have also worked previously on

heavy metals, pesticides, polycyclic aromatic hydrocarbons, some pathogenic

microorganisms, and other contaminants. Taking into account current environmen-

tal and public health issues caused by emerging pollutants, as well as risks of future

eventual hazards, the editors thought that a book on emerging contaminants derived

from both abiotic and biotic origins would be highly interesting.

Now, the book is ready, including high-quality chapters from top researchers

around the world (Spain, Italy, India, U.K., China, and USA). Specifically, one

chapter deals with “Biotic and Abiotic Contamination due to Emerging Pollutants

in Sewage Sludge and Soils: A Country-Based Perspective”, another one is focused

on “Pharmaceuticals and Their Metabolites in Sewage Sludge and Soils: Distribu-

tion and Environmental Risk Assessment”, a third chapter deals with

“Microplastics in Soils as a Source of Pollution and Environmental Risk”, while

a fourth chapter has the title “Environmental Transmission of Human Pathogens

Associated with SARS-CoV-2 and the Effect on Soil and Aquatic Ecosystem: A

Biological Way of Management”. The other chapters have the following titles:

“Innovative Treatment Processes for Emerging Contaminants Removal from Sew-

age Sludge”, “Emerging Pollutants That Can Be Transformed into PCDD/Fs”, “An

Innovative Technology to Minimize Biological Sludge Production and Improve Its

Quality in a Circular Economy Perspective”, “Fate of Neonicotinoids in the Envi-

ronment: Why Bees Are Threatened”, “Current Progress of Microplastics in Sew-

age Sludge”, “Revision of the Most Harmful Organic Compounds Present in

Sewage and Sludge”, “Identifying Emerging Pollutants Using Non-target or

Wide-Screening Liquid Chromatography-Mass Spectrometry”, “Fate of Emerging

Pollutants During Anaerobic Digestion of Sewage Sludge”, “Pharmaceuticals and

Personal Care Products as Contaminants of Emerging Concern in Sewage Sludge

and Soils and the Role of Transformation Products in Their Fate and Environmental

Impact”, “Current Methodology for Extraction, Separation, Identification and

ix



Quantification of Microplastics in Terrestrial Systems”, and “Emerging Viruses in

Sewage Sludge and Soils”.

The editors think that the result is a very interesting book including high-quality

chapters, and they would like to thank all authors contributing to it, as well as to the

reviewers and the staff of Springer-Nature involved in the task. All the people that

have participated in the elaboration of the book hope that it will be clearly useful for

researchers and the overall society, now and for years, as it covers in a rigorous and

scientific manner current and eventual future environmental and public health

issues of enormous concern.

The scientific editors of the Book: Dr. Avelino Nú~nez-Delgado (University of

Santiago de Compostela, Spain) and Dr. Manuel Arias-Estévez (University of Vigo,

Spain).

Lugo, Spain Avelino Nú~nez-Delgado
Ourense, Spain Manuel Arias-Estévez
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Abstract This book chapter deals with emerging pollutants in sewage sludge and
soils, showing a country-based perspective for contaminants from both biotic and
abiotic origins included in the category. Using scientific searching tools, a view on
the evolution of the number of studies performed in this field can be obtained by
years and by countries. As regards the countries showing higher number of results
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for publications on the subject, the searching tool Web of Science (WOS)
indicates that: (a) for the searching string “emerging pollutants sewage sludge,”
the countries on the top are China, Spain, and the USA; (b) for the searching string
“emerging pollutants soil,” the top countries are China, the USA, and Spain. For
both searching strings, these three countries have numbers of publications consti-
tuting more than 10% of the total of the world production (as per WOS). Overall, the
total number of results found by the scientific searching tools used (Google Scholar,
Scopus, and Web of Science) indicates that the field of research is still growing, and
it is expected to continue in this way, as it is clear that emerging pollutants are of real
concern for human health and the overall environment.

Keywords Abiotic contaminants, Biotic contaminants, Emerging contaminants,
Geographic level, Sludge pollution, Soil pollution

1 Introduction

As this chapter focuses on emerging pollutants from abiotic and biotic origins,
having a definition for the specific concepts under study would be a clear need to
start a review on this matter. With this in mind, and regarding emerging pollutants
from abiotic origin, as indicated by Dulio et al. [1], since around 2008 “contaminants
of emerging concern (CECs) became a common term for chemicals that are currently
not regulated (not submitted to a routine monitoring and/or emission control regime)
but may be under scrutiny for future regulation.” These authors also comment that
“in addition, it is now common knowledge that the contaminants of interest are not
necessarily newly developed chemicals: most CECs are substances that have entered
the environment for years, even decades, but their presence has only recently begun
to be investigated.” They also report that “most known CECs include industrial
compounds, pharmaceuticals, personal-care products, biocides, and plant protection
products, but the list of compounds is constantly growing.”

As regards biotic emerging contaminants (emerging pathogens), Watkins [2]
indicates that “in 1992, an expert committee reported on emerging infections and
defined them as new, reemerging, or drug-resistant infections whose incidence in
humans has increased within the past two decades or whose incidence threatens to
increase in the near future.”

Below (Fig. 1) we included images corresponding to some areas affected by
various kinds of contaminants containing emerging pollutants, where (or with
which) the authors of the chapter have worked or are still working on.

As one of the main focuses of this chapter is placed on publications dealing with
emerging pollutants present in sewage sludge, Fig. 2 shows some examples of
materials, facilities, and areas related to the treatment and spread of sewage sludge
where the authors of this chapter have worked or are still working on.

2 R. Cela-Dablanca et al.



Bearing in mind that the second main focus of the chapter is situated on publi-
cations regarding the presence of emerging pollutants in soils (including mine soils
and some degraded areas), Fig. 3 shows some examples of areas affected by these
issues, with some of them being studied by the authors of this chapter.

This chapter will focus on these main aspects (publications on emerging pollut-
ants present in sewage sludge and soils), but special attention will be paid to the
consideration of a country-based perspective, searching for eventual differences
provided by scientific searching tools in this regard.

Fig. 1 Images of materials and areas including various kinds of emerging pollutants. Above:
accumulation of materials from oil spills; below: cattle slurry pit, on the left, and farm generating
boiler manure and slurry, on the right (original from authors, not previously published)

Biotic and Abiotic Contamination Due to Emerging Pollutants in Sewage. . . 3



Within the wide field of research related to emerging pollutants, it is also relevant
to bear in mind that a variety of alternatives have been considered to inactivate,
retain, and/or remove these emerging contaminants present in environmental com-
partments. Some of them are based on the use of sorbents, including bio-sorbents,
by-products, agricultural and forest waste materials, compost, or biochar, raw or
modified, as promising low-cost and potentially effective materials [3–16].

Fig. 2 Images of raw sewage sludge and a sewage sludge treatment facility (above), and sewage
sludge derived material spread on a soil (below) (original from authors, not previously published)

4 R. Cela-Dablanca et al.



Figures 4 and 5 show some examples in this regard, corresponding to materials
and areas where the authors of this chapter have worked or are still working on.

As previously indicated, in most of the materials and areas shown in the images
included in Figs. 1, 2, 3, 4, and 5, the authors of this chapter made research works in
the past or are currently working on, indicating that for the members of this team of
research it can be considered a field of high relevance, both for their past and current
works, and probably for the future.

Fig. 3 Images of soil over an area where emerging pollutants were buried and confined (above), an
open mining area, and a mine spoil area after the first steps corresponding to restoration tasks
(below) (original from authors, not previously published)

Biotic and Abiotic Contamination Due to Emerging Pollutants in Sewage. . . 5



2 Emerging Pollutants in Sewage Sludge

To have an overall view, and then a country-based perspective, we used various
scientific searching tools, with keywords and searching strings related to the subject.

Specifically, searching for “emerging pollutants sewage sludge” on Google
Scholar (GS), a total of 57,400 results were provided, while the number was reduced
to 3,920 when the searching string was modified to “emerging-pollutants sewage-
sludge.” On the opposite side, Scopus provided just 441 results for “emerging
pollutants sewage sludge.”

In an intermediate position, Web of Science (WOS) found a total of 1,593 results
when searching for “emerging pollutants sewage sludge.”

WOS allows to differentiate results by country, with data in this regard presented
in Table 1.

Table 2 shows the results provided by WOS corresponding to the number of
publications by year, starting in 1975, date of the first publication on the subject
reported by this searching tool.

Fig. 4 Images of sorbent materials and by-products used to be mixed with sewage sludge and other
wastes containing emerging pollutants, including by-products from mussel shell processing
(above), individual vegetable remains and mixtures of them (below) (original from authors, not
previously published)

6 R. Cela-Dablanca et al.



2.1 Emerging Pollutants of Abiotic Origin in Sewage Sludge

The results shown by the searching tools regarding emerging pollutants of abiotic
origin in sewage sludge are the following. With the searching string “abiotic
emerging-pollutants sewage-sludge,” the total number of results found by GS was
968, while changing the string to “abiotic emerging-pollutants sewage sludge” the
number found was 1,840. Scopus reported just 3 results for these strings. Searching

Fig. 5 Images of plants growing on different kinds of waste materials treated with sorbents and
by-products in the laboratory (above), and an example of test areas corresponding to restoration
tasks performed in a mine spoil area (below) (original from authors, not previously published)

Biotic and Abiotic Contamination Due to Emerging Pollutants in Sewage. . . 7



for “abiotic emerging pollutants sewage sludge,” WOS indicated that the number of
publications was 27.

Table 1 Results by country corresponding to the searching string “emerging pollutants sewage
sludge.” There are other various countries with less than 10 records that are not included in the table.
Source: WOS

Countries/regions Number of records Percentage of results

China 364 + 198 22.85 + 12.43 ¼ 35.28

Spain 245 15.38

USA 232 14.56

UK + England + Scotland 61 + 56 + 18 3.83 + 3.52 + 1.13 ¼ 8.48

India 105 6.59

Italy 96 6.03

Canada 82 5.15

Australia 76 4.77

Brazil 72 4.52

France 63 3.96

South Korea 54 3.39

Germany 52 3.26

Portugal 50 3.14

Greece 42 2.64

Mexico 35 2.20

Poland 31 1.95

Singapore 27 1.70

Malaysia 26 1.63

Netherlands 26 1.63

South Africa 26 1.63

Sweden 26 1.63

Finland 24 1.51

Japan 24 1.51

Switzerland 23 1.44

Iran 22 1.38

Turkey 20 1.26

Saudi Arabia 19 1.19

Belgium 18 1.13

Norway 17 1.07

Denmark 16 1.00

Pakistan 16 1.00

Argentina 15 0.94

Colombia 14 0.88

Taiwan 14 0.88

Czech Republic 12 0.75

New Zealand 11 0.69
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As regards a country-based perspective, the results provided by WOS show
11 publications for China, 6 for the UK, 4 for Spain, Australia, and Canada, and
3 for the USA and France, with all other countries reported having just 1 publication.

The authors of this chapter have previously published on emerging pollutants of
abiotic origin present in sewage sludge. Some examples are the publications by
Pousada-Ferradás et al. [12], Núñez-Delgado et al. [17], and Núñez-Delgado
et al. [18].

Considering the results provided by GS, sorted by relevance, the paper situated
first for the search “abiotic emerging-pollutants sewage-sludge” is the one by Mailler
et al. [19], followed by the one by Núñez-Delgado et al. [18], and by Bletsou
et al. [20].

2.2 Emerging Pollutants of Biotic Origin in Sewage Sludge

The results shown by the searching tools regarding emerging pollutants of biotic
origin in sewage sludge are the following. With the searching string “biotic
emerging-pollutants sewage-sludge,” the total number of results found by GS was

Table 2 Results by years corresponding to the searching string “emerging pollutants sewage
sludge.” Source: WOS

Publication year Number of records Percentage of results

2020 198 12.43

2019 314 19.71

2018 214 13.43

2017 193 12.12

2016 156 9.79

2015 114 7.16

2014 73 4.58

2013 76 4.77

2012 60 3.77

2011 40 2.51

2010 36 2.26

2009 22 1.38

2008 10 0.63

2007 10 0.63

2006 9 0.57

2005 5 0.31

2004 4 0.25

2003 4 0.25

2002 4 0.25

1978 1 0.06

1975 1 0.06
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1,770, while changing the string to “biotic emerging-pollutants sewage sludge” the
result was 3,500. Scopus reported between 2 and 3 results for these two strings.
Searching for “biotic emerging pollutants sewage sludge” WOS indicated that the
number of results was 13.

As regards a country-based perspective, the results provided by WOS indicate
that 3 were from China, 2 from Canada, South Korea, and U.K., and the other
countries reported had just 1 publication.

The authors of this chapter have also previously published on emerging pollutants
of biotic origin in sewage sludge. Some examples are the papers by Pousada-
Ferradás et al. [12], and by Pousada-Ferradás et al. [21].

Considering the results provided by GS, sorted by relevance, the paper situated
first for the search “biotic emerging-pollutants sewage-sludge” is the one by Trapp
and Eggen [22], followed by Bletsou et al. [20] and by Carmona and Picó [23].

3 Emerging Pollutants in Soils

When GS was used to search for “emerging pollutants soil,” the total number of
results was 228,000, which was reduced to 13,000 when the string was changed to
“emerging-pollutants soil.” Scopus gave a total of 1,341 results for “emerging
pollutants soil.”

For the string “emerging pollutants soil,” WOS provided a total of 9,772 results.
Table 3 shows the results provided by WOS presented by country.
Table 4 shows the results provided by WOS presented by year.

3.1 Emerging Pollutants of Abiotic Origin in Soils

The results shown by the searching tools regarding emerging pollutants of abiotic
origin in soils are the following. With the searching string “abiotic emerging-
pollutants soil,” the total number of results found by GS was 2,360, while Scopus
reported 3 results (however, the number was 43 when the string was changed to
“abiotic emerging pollutants soil”). Searching for “abiotic emerging pollutants soil,”
WOS indicated that the number of results was 698.

As regards a country-based perspective, the results provided by WOS indicate
that USA was placed first, followed by China, U.K., Canada, Spain, Italy, Germany,
France, Portugal, and then other countries with less than 30 publications.

Considered by years, the number of results is continuously increasing (from 2 in
1999 to 120 in 2020).

The authors of this chapter have previously published on emerging pollutants of
abiotic origin in soils. Some examples are the papers by Conde-Cid et al. [24],
Conde-Cid et al. [25], Alvarez-Esmorís et al. [26], Cela-Dablanca et al. [27], and
Santás-Miguel et al. [28].

10 R. Cela-Dablanca et al.



Table 3 Results by country corresponding to the searching string “emerging pollutants soil.”
There are other various countries with less than 10 records that are not included in the table.
Source: WOS

Countries/regions Number of records Percentage of results

People’s Republic of China 2,143 + 372 21.93 + 3.81 ¼ 25.74

USA 2,291 23.45

Spain 1,083 11.08

UK + England + Scotland 381 + 494 + 101 3.90 + 5.06 + 1.03 ¼ 9.05

Canada 651 6.66

India 600 6.14

Italy 565 5.78

Germany 560 5.73

France 436 4.46

Australia 395 4.04

Brazil 374 3.83

South Korea 262 2.68

Portugal 239 2.45

Sweden 213 2.18

Japan 206 2.11

Netherlands 202 2.07

Switzerland 182 1.86

Denmark 148 1.52

Belgium 145 1.48

Greece 143 1.46

Norway 137 1.40

Mexico 136 1.39

Taiwan 136 1.39

Poland 133 1.36

Pakistan 116 1.19

Singapore 113 1.16

Czech Republic 111 1.14

Iran 107 1.10

South Africa 95 0.97

Saudi Arabia 94 0.96

Malaysia 87 0.89

Turkey 87 0.89

Argentina 80 0.82

Finland 77 0.79

New Zealand 77 0.79

Austria 70 0.72

Colombia 63 0.65

Israel 61 0.62

Ireland 55 0.56

Vietnam 55 0.56

Chile 53 0.54

(continued)
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Considering the results provided by GS, sorted by relevance, the paper situated
first for the search “abiotic emerging-pollutants soil” is the one by Bletsou et al. [20],
followed by Conde-Cid et al. [29] and by Gavrilescu et al. [30].

Table 3 (continued)

Countries/regions Number of records Percentage of results

Egypt 52 0.53

Wales 43 0.44

Serbia 42 0.43

Romania 39 0.40

Russia 37 0.38

Thailand 37 0.38

Nigeria 35 0.36

Tunisia 35 0.36

Croatia 33 0.34

Slovenia 31 0.32

Cyprus 30 0.31

Bangladesh 29 0.30

Slovakia 29 0.30

United Arab Emirates 27 0.28

Sri Lanka 26 0.27

Hungary 23 0.24

North Ireland 22 0.23

Philippines 22 0.23

Algeria 21 0.22

Indonesia 20 0.21

Kenya 18 0.18

Lebanon 14 0.14

Ghana 13 0.13

Estonia 12 0.12

Luxembourg 12 0.12

Ecuador 11 0.11

Ethiopia 11 0.11

Costa Rica 10 0.10

Lithuania 10 0.10

Morocco 10 0.10

Qatar 10 0.10

Ukraine 10 0.10
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Table 4 Results by years corresponding to the searching string “emerging pollutants soil.”
Source: WOS

Publication year Number of records Percentage of results

2020 1,613 16.51

2019 1,387 14.19

2018 965 9.88

2017 765 7.83

2016 745 7.62

2015 630 6.45

2014 533 5.45

2013 470 4.81

2012 428 4.38

2011 286 2.93

2010 290 2.97

2009 199 2.04

2008 167 1.71

2007 109 1.12

2006 127 1.30

2005 100 1.02

2004 79 0.81

2003 72 0.74

2002 59 0.60

2001 37 0.38

2000 37 0.38

1999 29 0.30

1998 25 0.26

1997 13 0.13

1996 14 0.14

1995 19 0.19

1994 7 0.07

1993 7 0.07

1992 11 0.11

1991 10 0.10

1990 11 0.11

1989 5 0.05

1988 5 0.05

1987 2 0.02

1986 6 0.06

1985 3 0.03

1984 9 0.092

1983 1 0.01

1982 1 0.01

1981 2 0.02

1980 5 0.05

1979 4 0.04

(continued)
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3.2 Emerging Pollutants of Biotic Origin in Soils

The results shown by the searching tools regarding emerging pollutants of biotic
origin in soils are the following. With the searching string “biotic emerging-
pollutants soil,” the total number of results found by GS was 4,780, while Scopus
reported 3 results (however, changing the string to “biotic emerging pollutants soil”
the number was 24). Searching for “biotic emerging pollutants soil,”WOS indicated
that the number of results was 115.

As regards a country-based perspective, the results provided by WOS indicate
that the ranking is: USA, China, Spain, Canada, France, Germany, Italy, Australia,
Greece, India, and Sweden, and then other countries having less than 5 publications.

Regarding the number of results by year, it is increasing, with the top placed
in 2020.

The authors of this chapter have also published previously on emerging pollutants
of biotic origin in soils. Some examples are the publications by Núñez-Delgado [31],
Anand et al. [32], Conde-Cid et al. [33], and Conde-Cid et al. [34].

Considering the results provided by GS, sorted by relevance, the paper situated
first for the search “biotic emerging-pollutants soil” is the one by Geissen et al. [35],
followed by Bletsou et al. [20] and by Carmona and Picó [23].

4 Overall Situation and Perspectives

In this chapter we reviewed publications on emerging pollutants present in sewage
sludge and soils, differencing between those from biotic and those from abiotic
origins, and showing a country-based perspective for these publications. Using
classical searching tools for academic and research works, a high number of results
were displayed, being clearly different for each of the three tools considered (Google
Scholar, Scopus, and Web of Science). Based on results from WOS, a tool which
allows to see differences among countries where the published research was carried
out, China, USA and Spain are the three geographic areas where a higher percentage
of publications has been performed on the subject. Regarding the number of
publications, the trend is to increase, and it can be expected that they will still
grow for years, taking into account that emerging pollutants are globally considered
a real concern for human health and the overall environment. It is clear that more

Table 4 (continued)

Publication year Number of records Percentage of results

1978 1 0.01

1977 1 0.01

1976 1 0.01

1975 2 0.02
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research on the subject will be needed for the coming years, due to increasing threats
related to chemicals and pathogens reaching environmental compartments.
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Abstract Pharmaceutical compounds (PhCs) are continually discharged to sewer
systems through human excreta. In wastewater treatment plants, these compounds
are partially removed by biodegradation or retention onto the sludge generated
during wastewater treatment. As a result, they can end up in the aquatic environment,
through the discharge of wastewater effluents to the receiving waters, or to the soil,
through the application of the sludge as organic amended, or by the irrigation with
recycled water. Moreover, these compounds are partially metabolized after their
consumption, and, as a result, PhCs and their metabolites are present in the envi-
ronment. This chapter summarizes recent research on the occurrence of PhCs and
their metabolites in sewage sludge stabilization processes and on sludge-amended
soils. Recent studies have shown that antibiotics, non-steroidal anti-inflammatory
drugs, antidepressants, and antidiabetics are the most abundant PhCs found in sludge
matrices. Overall, attenuation of PhCs concentrations occurs during sludge stabili-
zation, and particularly during anaerobic digestion and composting. The potential
ecotoxicological risk associated with the presence of PhCs in amended soils is
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medium-low for most PhCs. The most critical compounds found in sludge-amended
soils are ciprofloxacin, 17α-ethinylestradiol, and 17β-estradiol.

Keywords Environmental risk, Metabolites, Occurrence, Sludge stabilization
treatments, Sludge-amended soil

1 Introduction

In the last years, numerous studies have described the presence of pharmaceutical
compounds (PhCs) in the environment [1]. These compounds are continually
discharged to the sewer system through human excreta. In wastewater treatment
plants (WWTPs), these compounds are partially removed by biodegradation or
retention onto the sludge generated during wastewater treatment. As a result, they
can end up in the aquatic environment, through the discharge of wastewater effluents
to the receiving waters, or to the soil, through the application of the sludge as organic
amended, or by irrigation with recycled water [2]. Moreover, veterinary pharmaceu-
ticals used in livestock are excreted by the animals and end up in soils via grazing
livestock or manure used as agricultural fertilizer [3]. Among PhCs frequently
detected are anti-inflammatories like acetaminophen, ibuprofen, naproxen, or
diclofenac [1, 4, 5]; antibiotics as sulfamethoxazole, trimethoprim, norfloxacin, or
sulfonamides [4]; or antiepileptics as carbamazepine [6]. Moreover, these com-
pounds are partially metabolized after their consumption [1, 2, 7]. Consequently,
both pharmaceuticals and their metabolites have been detected not only in their
sources, wastewater, and sludge [8, 9], but also in their main fates, surface waters
[10], and soil [11, 12].

The amount of sewage sludge generated in WWTPs has increased strikingly in
recent years. In the European Union, the most usual final destiny of these sludges is
their use as organic amended in soil [5, 13]. For example, it is estimated that around
40% of the sludge produced in 2021 will be used as a source of organic matter and
nutrients for agricultural purposes [5, 14], although different application rates are
used among the Member States of the EU [14, 15]. The main stabilization processes
applied to the sludge previously to their application onto the soil are anaerobic and
aerobic digestion, composting, and, particularly in little municipalities, low-cost
wastewater treatments, as lagooning [5, 14, 16]. However, several studies have
described the persistence of PhCs along these treatments [2, 16–19].

In this chapter, a discussion is carried out on the main studies reported in the last
years about the distribution of the most recurrent PhCs and their metabolites in
sludges stabilization processes, and in soils amended with these sludges. Moreover,
the risk associated with the presence of these compounds in sludge applied to the soil
is discussed too.
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2 Occurrence of PhCs and Metabolites Alongside Sludge
Stabilization Treatments

The most usual sludge stabilization treatments are their digestion under anaerobic
(in high-populated cities) and aerobic conditions (in low populated municipalities).
In both processes, the sludge separated from influent wastewater in the primary
sedimentation tank is concentrated in a gravity thickener (primary sludge) and mixed
with the secondary sludge obtained from the secondary settler and concentrated in
the flotation thickener. Mixed sludge is digested under anaerobic (in anaerobic
stabilization plants) or aerobic (in aerobic stabilization plants) conditions. The
final product of these treatments is usually subjected to composting processes carried
out in the open air, forming piles in which the aeration is thermally controlled by
turning [2].

In small municipalities, low-cost wastewater treatment is usually applied to
wastewater treatment and sludge stabilization. The most usual treatment is
lagooning, in which the sludge stabilization takes place at the bottom of a lagoon
under anaerobic conditions [2].

In this chapter, the main findings included in more than 50 works published in the
last 20 years about the presence and distribution of PhCs and their metabolites in
sludge are evaluated (Fig. 1). About 70% of the published data have focused on
compounds measured in the final product of the stabilization treatment (digested,
dehydrated, or composted sludge). The studies about the distribution of metabolites
in sludge stabilization treatments are even scarcer. Anti-inflammatories (36 papers,
mainly about diclofenac, ibuprofen, naproxen, and ketoprofen), antibiotics
(33 papers, mainly about ciprofloxacin, ofloxacin, enrofloxacin, norfloxacin, sulfa-
methoxazole, sulfamethazine, tetracycline, oxytetracycline, and trimethoprim), and
antiepileptics (33 papers, mainly about carbamazepine) are the most studied thera-
peutic groups in sludge, followed by beta-blockers (22 papers, mainly about pro-
pranolol, metoprolol, atenolol), antilipemics (19 papers, mainly about bezafibrate
and gemfibrozil), and stimulants (18 papers, mainly about caffeine).

Considering metabolites, the most studies have been focused on those derived
from anti-inflammatories, antilipemics, or antiepileptics (mainly the metabolites of
carbamazepine). On the contrary, the studies of the metabolites of antibiotics are
very sparse.

Moreover, most of these studies evaluate the distribution on sludge stabilization
treatments for only a few metabolites, as the ones from diclofenac [2], ibuprofen [2],
carbamazepine [2, 15, 20], or sulfamethoxazole [20] (Fig. 1). This could be due to
the complexity of the analysis of these samples and to the lack of commercial
analytical standards that allow their determination.

Figures 2 and 3 show the concentrations of 180 PhCs, measured in sludge
samples worldwide in the last 20 years, grouped by therapeutic group (data collected
from [5]). Measured concentrations ranged from ng or μg per kilogram to even mg
per kilogram, depending on the consumption, physicochemical properties of the
compounds, and the characteristics of the sludge.
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The higher concentrations in fresh sludge (primary, secondary sludge, and mixed)
have been described in the case of antibiotics (in mixed sludge) and anti-
inflammatories (mainly in primary sludge), followed by stimulants (mainly caf-
feine). The compounds more frequently measured and at the highest concentrations
in these sludges are fluoroquinolones [14, 15, 20–22] as ciprofloxacin, norfloxacin,
and ofloxacin (for example, concentrations of ciprofloxacin up to 12,858 ng g �1

were measured in raw sludge from France [22]), the anti-inflammatories diclofenac
[2, 20, 22–26] (up to 7,020 ng g�1 measured in Germany) and ibuprofen [2, 24, 25]
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Fig. 2 Concentration of antibiotics, anti-inflammatories, antiepileptics, and stimulants measured
alongside sludge stabilization processes. Raw sludge was considered as mixed sludge (Data
collected from [5])
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(ranging from 11.1 to 4,105 ng g�1), the antilipemic gemfibrozil (concentrations up
to 2,026 ng g�1 have been measured in primary sludge from Spain [27]), the
stimulant caffeine (up to 2,828 ng g�1 measured in Canada [28]) or hormones
[22, 26, 28–31] (up to 599 ng g�1 dw and 421 ng g�1 dw in the case of 17-
α-ethynylestradiol and estrone, respectively [31, 32]).

Other compounds, as sulfonamide or macrolide antibiotics, anti-inflammatory
drugs as acetaminophen, naproxen or ketoprofen [5, 8, 27–31, 33–35], antidepres-
sants as carbamazepine [19, 29, 31, 33, 36] or beta-blockers as propranolol and
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Fig. 3 Concentration of antidepressants, hormones, and other pharmaceuticals measured alongside
sludge stabilization processes. Raw sludge was considered as mixed sludge (Data collected from
[5])
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atenolol [8, 19, 20, 22, 27, 29, 31, 33] have been frequently detected, although at
lower concentrations.

Considering pharmaceutical metabolites, the highest concentrations have been
measured in the case of those derived from salicylic acid (concentrations up to
931 ng g�1 have been detected in sludge stabilization treatments from the south of
Spain [8, 33]) and ibuprofen (up to 204 and 100 ng g�1, in the case of
carboxyibuprofen and 2-hydroxy ibuprofen, respectively [2]). Other compounds
measured in fresh sludge (although at lower concentrations) are metabolites of
antilipemics as clofibric acid [14, 26, 30], metabolite of clofibrate;
N-desmethylcitalopram [37, 38] and norsertraline [19, 22, 37–39], metabolites of
antidepressants, and paraxanthine (PX) [2], metabolite of caffeine. These metabo-
lites have usually been found at lower concentrations than their parent compounds in
fresh sludges (Figs. 2, 3, 4, and 5). This contrasts with the results obtained in
aqueous environment, where some metabolites, as 2-hydroxyibuprofen
(2OH-IBU) and carboxyibuprofen (CBX-IBU), have been measured at higher

0 

500 

1000 

1500 

2000 
C

on
ce

nt
ra

tio
n

(n
g

g-1
) Antiinflammatory

0 

10 

20 

30 

40 

50 

C
on

ce
nt

ra
tio

n
(n

g
g-1

) Antiepileptic

0 

200 

400 

600 

800 

Primary sludge Secondary
sludge 

Anaerobically-
digested
sludge 

Compost Mixed sludge Aerobically-
digested
sludge 

Dewatered Lagoon sludge 

C
on

ce
nt

ra
ti o

n
(n

g
g-1

) Antidepresants

Fig. 4 Concentration of metabolites of anti-inflammatories, antiepileptics, and antidepressants
measured alongside sludge stabilization processes. Raw sludge was considered as mixed sludge
(Data collected from [5])
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concentrations than their parent compounds (specifically in wastewater samples).
However, this could be explained by the high number of studies reporting the
concentration of PhCs in sludge in relation to those reporting concentrations of
their metabolites. On the contrary, Malvar et al. [2] found in sludge samples
concentrations of 10-hydroxycarbamazepine (10OH-CBZ), 4-hydroxydiclofenac
(4OH-DIC), 2OH-IBU and CBX-IBU higher than those measured for their parent
compounds, as it was described for water samples. This shows the concentrations in
influent wastewater as the main factor governing the concentration of these com-
pounds in fresh sludge, in spite of the different sorption capacity of these compounds
onto the sludge [5]. Moreover, the concentration of PhCs and metabolites in
secondary and mixed sludges could be affected by the biodegradation of these
compounds in secondary wastewater treatment. For example, recently Malvar
et al. [2] related the concentrations of 10OH-CBZ, 2OH-IBU and CBX-IBU mea-
sured in secondary sludge (higher than those measured in primary sludge) with the
biodegradation of ibuprofen during secondary treatment.
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Fig. 5 Concentration of metabolites of antilipemics, stimulants, and other PhCs measured along-
side sludge stabilization processes. Raw sludge was considered as mixed sludge (Data collected
from [5])
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The PhCs and metabolites more frequently studied in fresh sludge and found at
highest concentrations were the compounds most studied and detected in treated
sludge: anti-inflammatory drugs, antibiotics, and antiepileptics, and, in less exten-
sion, antidepressants. Data published in the literature showed higher concentrations
of antibiotics in treated sludge than those measured in fresh sludges, especially in the
case of fluoroquinolone antibiotics, with concentrations up to 12,858 ng g�1 (cip-
rofloxacin), 6,049 ng g�1 (norfloxacin) and 6,712 ng g�1 (ofloxacin). The same
behavior could be observed in the case of antiepileptics (mainly carbamazepine),
which shows the high persistence of these compounds in the digestion processes.
Other compounds, as anti-inflammatories, show a decrease of the concentrations
measured in digested sludges with respect to those measured in fresh sludge (Fig. 2).
In spite of that, concentrations up to 7,020 and 4,105 ng g�1 have been measured for
diclofenac and ibuprofen, respectively. In the case of other PhCs, as stimulants,
antidepressants or hormones, their behavior in sludge stabilization treatments seems
to depend on the digestion process. Most of them showed lower concentrations in
aerobic processes than those measured in sludge treated under anaerobic conditions.
The differences in concentration pattern between aerobic and anaerobic stabilization
processes have been previously described in the case of pharmaceuticals as
azithromycin, irbesartan, sertraline, which are more frequently detected in aerobi-
cally digested sludge [15]. Other studies [40–42] showed a higher mitigation of the
concentration of clarithromycin and azithromycin under anaerobic conditions, while
caffeine showed a high persistence to the anaerobic treatment [8, 42], whereas under
aerobic condition was widely removed. Moreover, several works have described the
importance, not only of the anaerobic or aerobic conditions, but also of other
parameters, such as temperature or treatment time. For example, 60% of diclofenac
and diazepam were removed under mesophilic anaerobic conditions (38�C), while
under thermophilic conditions (55�C) only 38% of diclofenac and 73% of diazepam
were removed [43]. Other works have even showed an improvement in the removal
of these compounds by the combination of the two conditions. For example,
removals up to 90% have been measured in the case of diclofenac, oxazepam,
ofloxacin, or propranolol using combined anaerobic and aerobic conditions
[44, 45]. Regarding composting, in general the concentrations measured after the
composting process are lower than those measured in digested sludge for the most of
the PhCs. Some works showed the photodegradation of hydrosoluble PhCs, as well
as mineralization and even the dilution due to the mixture with other products, as
potential ways of removal [46].

Considering PhC metabolites, only one study has been reported in the literature
[42], which shows the importance of performing a further investigation on this issue.
The results obtained in this work described that the distribution of PhC metabolites
depend on the compound and the conditions applied to the stabilization. Compounds
as PX or the metabolites of ibuprofen showed high decrease of their concentrations
alongside the sludge stabilization treatments, while other, as the metabolites of
carbamazepine and diclofenac, were highly persistent to all treatments evaluated.
Moreover, transformations between metabolites and parent compounds were only
observed in the case of ibuprofen.
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3 Distribution of PhCs and Metabolites in Soil

One of the main disposal options for the sludge generated during sludge stabilization
treatments is its application to the soil as organic amended. As a result, organic
contaminants in the sludge, among them PhCs and their metabolites, end up into the
soil. In a study carried out in the Slovak Republic [15], it was estimated a total input
load of up to 120 kg/year of fexofenadine disposed into the soil through the
application of sewage sludge, together with other PhCs, including antihistamines,
antidepressants, or antihypertensives. PhCs frequently detected and measured at
highest concentrations in soil are antibiotics, as fluoroquinolones (up to
550 ng g�1), tetracyclines (tetracycline and oxytetracycline, up to 63.8 and
101 ng g�1, respectively) and sulfamethoxazole (47.9 ng g�1) [47, 48], as well as
other compounds as diclofenac [11, 49], ibuprofen [11], carbamazepine [11, 50], or
caffeine [11].

Considering PhC metabolites, only a few data have been reported in the literature
about their presence in soils. García-Galán et al. [51] evaluated the presence of
several sulfonamide antibiotics and their metabolites in soils collected in rural areas
from Catalonia (North East of Spain). Among the measured compounds were
acetylsulfamethoxazole (up to 1.38 ng g�1) and acetylsulfapiridine (up to
0.77 ng g�1). Other metabolites as CBX-IBU [52] and 4OH-DIC [35] have been
measured in soils at concentrations up to 46.1 and 3.3 ng g�1, respectively.

In the soil, PhCs and their metabolites may undergo different routes, such as
sorption/desorption processes [53, 54], transport by leaching [55], or degradation/
transformation [2, 11]. The concentrations of PhCs and metabolites in the soil
depend, in addition to the sludge application rates and frequency, on several factors,
as soil properties, physicochemical characteristic of the compounds, precipitations or
even land relief. Highly mobile compounds could contaminate surface water through
runoff or groundwater by leaching. Highly adsorbed compounds could be accumu-
lated into the soil [5]. In this way, several works have showed the mobility of
ibuprofen, acetaminophen, or sulfamethoxazole [56, 57], which have been measured
in leachates from sludge-amended soils, while other compounds as carbamazepine,
diclofenac, trimethoprim, or propranolol showed high retention in the soil matrix
[6, 56, 58]. Regarding PhCs metabolites, several works have shown, in laboratory
experiments, the adsorption behavior of these compounds, mainly for carbamaze-
pine [54, 55, 59]. These studies show different soil retention of PhC metabolites
compared to those observed in the case of their parent compounds, what could be
due to the different physicochemical characteristics of the metabolites. For example,
Paz et al. [54] showed how the relative charge densities for metabolites of carba-
mazepine, due to the electronegative oxygen atoms, could contribute to the different
adsorption behavior of these compounds.

Considering the degradation of these compounds in soils, only a few studies have
assessed its dissipation in the edaphic environment. Some compounds as
norfloxacin, ciprofloxacin or azithromycin have shown high persistence [60],
while other as sulfamethoxazole, diclofenac or caffeine showed a high dissipation
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in a few days [42]. Until now, only one study has been reported in the literature about
the dissipation of metabolites of PhCs in soil [42]. In this work, batch experiments
carried out with three different soils spiked with these substances showed differences
between metabolites and parents compounds regarding their persistence in soil. For
example, carbamazepine and epoxy-carbamazepine showed high persistence, while
the metabolites 3OH-carbamazepine and 10OH-CBZ showed a rapid dissipation
(up to 20 days). Other compounds, as caffeine and its metabolite PX and sulfameth-
oxazole and its metabolite acetylsulfamethoxazole, showed persistence between
20 and 60 days, depending on the soil characteristics. Only in the case of ibuprofen,
transformation of ibuprofen in its metabolite 2OH-IBU could be considered.

4 Environmental Risk Assessment of Pharmaceuticals
and Metabolites in Soil

The most common approach used to assess the environmental risk caused by the
presence of PhCs and metabolites in soil is based on the European Medicines
Agency Guideline [61] through the use of the risk quotient (RQ). The RQ is the
relation between the measured (MEC) or predicted environmental concentrations
(PEC) and the predicted no-effect concentrations (PNEC). To calculate the PNEC
values, it is needed to use the lowest acute and chronic toxicity data in fish, Daphnia
magna, or algae organisms and dividing them with an assessment factor of 1,000 or
100, respectively, to consider the worst-case scenario. Because of the lack of
ecotoxicological data for terrestrial organisms, many authors usually take the values
in aquatic organisms to estimate the PNECsoil through the equilibrium partition
approach: PNECsoil ¼ Kd � PNECwater, as suggested by the European Commission
[8, 22, 33, 62]. Recently, Mejías et al. [5] recompiled the toxicity and Kdsoil data
reported in the literature. This work draws attention as regards the lack of available
data in the particular case of metabolites.

Once the RQ is estimated, the criteria proposed by Hernando et al. [63] is applied
to evaluate the risk, considering low risk for RQ< 0.1, medium risk for RQ between
0.1–1 and a high risk when RQ > 1. Table 1 shows the minimum and maximum RQ
values calculated based on the lowest and highest concentration levels found for
PhCs and metabolites in digested sludge or compost, and the Kd compiled from the
literature. The PEC values in soil were estimated according to the EC-TGD [62] by
the equation:

PECsoil ¼ Csludge � APPLsludge=DEPTHsoil � RHOsoil ð1Þ

where Csludge is the concentration measured in digested sludge or compost;
APPLsludge is the dry-sludge application rate (0.5 kg m�2 year); DEPTHsoil is the
mixing soil depth (0.20 m), and RHOsoil is the bulk density of wet soil
(1,700 kg m�3).
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Table 1 Risk quotient (minimum and maximum values) in soil amended due to PhCss and
metabolites measured in digested sludge or compost in worldwide (PNECwater and Kd data taken
from Mejías et al. [5])

Pharmaceuticals and
metabolites

PNECsoil

(ng g-1)
PECsoil (min)
(ng g-1)

PECsoil (max)
(ng g-1)

RQ
(min)

RQ
(max)

Ciprofloxacin 2.14 0.110 15.43 5.2E�02 7.2E+00

17α-ethinylestradiol 0.10 0.018 0.460 1.8E�01 4.6E+00

17ß-estradiol 0.03 0.062 0.062 1.9E+00 1.9E+00

Sulfamethoxazole 1.20 0.006 0.978 4.8E�03 8.1E�01

Sertraline 1.58 0.085 0.925 5.4E�02 5.8E�01

Tylosin 4.35 2.229 2.229 5.1E�01 5.1E�01

Carbamazepine 48.9 0.005 16.25 1.0E�04 3.3E�01

Diclofenac 34.2 0.016 6.233 4.6E�04 1.8E�01

Estrone 1.23 0.015 0.201 1.2E�02 1.6E�01

Fluoxetine 3.22 0.025 0.251 7.9E�03 7.8E�02

Atenolol 37.5 0.006 2.426 1.6E�04 6.5E�02

Ofloxacin 246 0.078 14.03 3.2E�04 5.7E�02

Oxytetracycline 213 0.002 10.83 7.6E�06 5.1E�02

Ketoprofen 140 0.012 6.553 8.4E�05 4.7E�02

Ibuprofen 46.5 0.071 1.686 1.5E�03 3.6E�02

Caffeine 10.3 0.011 0.365 1.1E�03 3.5E�02

Erythromycin 4.08 0.001 0.120 2.7E�04 2.9E�02

Tetracycline 146 0.006 3.493 4.3E�05 2.4E�02

Clarithromycin 6.72 0.008 0.147 1.1E�03 2.2E�02

Propranolol 40.6 0.015 0.545 3.7E�04 1.3E�02

Estriol 95.8 0.081 0.597 8.4E�04 6.2E�03

Naproxen 28.8 0.015 0.175 5.1E�04 6.1E�03

Simvastatin 68.9 0.382 0.382 5.6E�03 5.6E�03

Sulfamethazine 38.3 0.038 0.204 1.0E�03 5.3E�03

Trimethoprim 7.28 0.001 0.038 1.9E�04 5.3E�03

Metoprolol 146 0.009 0.588 6.3E�05 4.0E�03

Gemfibrozil 64.7 0.012 0.223 1.9E�04 3.5E�03

Acetaminophen 294 0.033 0.391 1.1E�04 1.3E�03

Sulfapyridine 173 0.036 0.178 2.1E�04 1.0E�03

Valsartan 365 0.038 0.221 1.0E�04 6.0E�04

Clofibric acid 113 0.012 0.054 1.1E�04 4.8E�04

Metformin 13,427 0.095 6.146 7.1E�06 4.6E�04

Bezafibrate 84.0 0.019 0.038 2.3E�04 4.6E�04

Salycilic acid 7380 0.027 2.390 3.6E�06 3.2E�04

Sulfathiazole 418 0.107 0.113 2.6E�04 2.7E�04

Irbesartan 273 0.071 0.072 2.6E�04 2.6E�04

Codeine 240 0.009 0.024 3.9E�05 9.8E�05

Norfloxacin 86,865 0.040 8.006 4.6E�07 9.2E�05

Azithromycin 40,964 0.032 1.232 7.9E�07 3.0E�05

Telmisartan 45,214 0.235 0.853 5.2E�06 1.9E�05
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Although the estimated results showed an overall low risk for most of the
compounds assessed, the evaluation of the environmental risks of ciprofloxacin
(RQ 7.2) and estrogens (17α-ethinylestradiol (RQ 4.6) and 17β-estradiol (RQ 1.9))
should not be underestimated when the highest concentrations found are used.

Similar results have been reported by other authors [8, 22, 33, 64, 65]. Martín
et al. [8, 33] indicated that 17β-estradiol, 17α-ethinylestradiol, ibuprofen, gemfibro-
zil, and sulfamethoxazole are among the most hazardous pharmaceuticals when
performing a risk assessment in digested sludge and compost. Nevertheless, an
important decrease in RQ was perceived when sludge is amended on soils, being
17β-estradiol the only substance showing some potential toxic effects. This practice
caused a “dilution” effect, resulting RQ < 0.10. More recently, Gros et al. [65] and
Bastos et al. [64] reported RQ > 1 for fluoroquinolones causing risk for soil life and
crops. The scientific data available on the potential environmental consequences of
sludge amendment to soils have increased the studies on the crop uptake of phar-
maceuticals in last years [66]; however, there are gaps in the literature regarding the
food chain and the risk to human health.

Finally, it is important to note that the use of highly sensitive organisms such as
H. attenuate or B. calyciflorus in the study could have a high implication on the
ecotoxicological risk assessment. In a near future, more research is needed to draw
firm conclusions in (1) terrestrial organisms and type of crops and endpoints;
(2) including metabolites; and (3) conducting these studies at lower environmentally
relevant concentrations.

5 Conclusions and Future Trends

Many works have been published in the last 20 years about pharmaceutical com-
pounds in the environment. Their distribution has been evaluated in their main
sources, wastewater, and their main fates, surface waters. However, the studies
reporting their distribution in sludge and, especially, their occurrence in sludge
stabilization treatments are scarce. The few studies reported in the literature show
that the decrease of the concentration of PhC and their metabolites in the sludge
stabilization treatments depends not only on the compound but also on the condi-
tions and the process applied to the sludge stabilization. In spite of these studies,
there is a lack of information about the behavior of PhCs, and especially their
metabolites (and not identified compounds), on both, wastewater and sludge treat-
ment technologies.

Regarding the distribution of PhC and metabolites in soils, their adsorption onto
the edaphic matrix as well as their degradation depends on the physicochemical
characteristics of the compounds and the properties of the soil. However, for most of
these pollutants, the mechanisms governing the occurrence of these compounds, the
influence of their characteristics, and the properties of the soil are unknown.

On this basis, in-depth studies are necessary to elucidate the behavior of phar-
maceuticals, and especially their degradation products, in different sludge
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stabilization treatments, with different technologies, as well as there is a need to
evaluate advanced technologies that allow their complete removal, especially in the
case of sludges that are going to be applied to the soil. Moreover, further studies
evaluating, not only the distribution in soil/water systems, but also their degradation
in soils with different characteristics, are necessary.

Concerning the potential environmental risk of PhCs and their metabolites, in
spite of the toxicological studies that are being carried out, more toxicological data,
especially in the case of pharmaceutical metabolites, are necessary, in order to
achieve a complete evaluation of environmental risks due to pharmaceutical
compounds.
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Abstract This chapter gives an overview of the relations between microplastics and
soils based on a deep review of the latest research, mainly centered in the last
10 years. Plastics are widely used materials and their degradation produces plastics
of minor size (<5 mm), microplastics, that are persistent and appear distributed all
over the world. A high interest is related to the presence of plastics in soils due to
possible environmental pollution, considering that soil is a basic resource associated
with the food chain. The main objectives of this chapter are to review the main
sources of plastics and microplastics, their environmental concern, and the methods
used to determine their presence in soils. As conclusions, it can be stated that further
future research needs to be done focusing on microplastics in soils, and that there is
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an urgent need of developing standardized methods for sampling, extraction, and
detection of plastic when analyzing soil samples.

Keywords Analytical methods, Environmental pollution, Persistence, Plastics, Soil
contamination

1 Introduction

For several decades, environmental awareness has increased on topics such as
resource scarcity, climate change, waste production, coastal erosion, etc., which in
the end have come into attention of several research activities that directly or
intricately affect the civil society [1–4]. Such is the case of plastics and their
increasing presence in the environment.

Plastics have been obtained for more than a century, with an exponential incre-
ment in production after the second half of the twentieth century. Considering the
period between 1950 and 2019, plastic production increased from 1.5 to 368 million
metric tons [5–7]. It is estimated that the continuation of the current production and
waste management trends will result in about 12 billion tons of plastic waste in
natural environments by 2050 [8]. According to Laskar and Kumar [9], in the last
10 years we have produced and used more plastics than in the last 100 years. Hence,
the amount of plastics entering the sea is near 13 million tons per year.

Nowadays, enormous amounts of plastic wastes are emitted and released into the
environment, mainly in soils and water bodies. The origin of the plastic industry
dates back to 1862, when the metallurgical chemist Alexander Parkes exhibited the
first objects made from parkesine, a semi-synthetic plastic based on cellulose nitrate.
The first synthetic plastic produced in commercial quantities, bakelite, was invented
at the beginning of the twentieth century [10]. A scarcity of resources and the need to
improve existing technologies after World War II were the driving forces behind the
development of new synthetic materials, such as plastics [11, 12]. Plastics are one of
the most advanced materials in terms of their range of properties and applications.
The attractive qualities of these materials make an annual global demand over
400 million tons and an expected annual production rate of 1,100 tons by 2050
[13]. However, in recent years, these materials are suffering great opposition from
various public and private sectors [14] due to their persistence in the environment
and their consequences for biodiversity, the food chain, and human health.

Plastics, due to multiple attributes, are used in a wide range of industrial and
consumer applications such as (1) water bottles, dispensing containers, biscuit trays
produced from PET; (2) shampoo bottles, milk bottles, freezer bags, ice cream
containers produced from HDPE; (3) bags, trays, containers, food packaging film
produced from LDPE; (4) potato chip bags, microwave dishes, ice cream tubs, bottle
caps, single-use face masks produced from PP; (5) cutlery, plates, cups produced
from PS; (6) protective packaging, hot drying cups produced from EPS; (7) hub caps
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(ABS), optical fibers (PBT), eyeglasses lenses, roofing sheets (PC), touch screens
(PMMA), cable coating in telecommunications (PTFE), and many others in aero-
space, medical implants, surgical devices, membranes, valves and seals, protective
coatings, etc. [15, 16].

Their relatively low density gives these materials the advantage of light weight,
and most of them have excellent electrical and thermal insulation properties. They
can be manufactured in such a way that they conduct electricity when necessary
[12]. Even more, they can be resistant to corrosion by many substances (as acids,
water, and air exposure), making them durable and suitable for their use in harsh
environments. In addition, its property balance can be modified by adding
reinforcing fillers, plasticizers, colors, flame retardants, foaming agents, etc., to
meet the demands of the specific application [12].

Plastics can be developed with almost any combination of properties to suit a
multitude of applications on user demand. As a consequence of these versatile
properties (resistant to water or fire, hardness, density), plastics can be used for
packaging, in construction materials, transportation, electronics, agriculture,
healthcare, sports, energy, etc.

Plastics improve daily life in countless ways, but they also become waste and
microscopic pollution. The evidence is unmistakable, showing that plastic is the
world’s most durable, insidious, and intimate waste, and there is no doubt that we
live in the age of plastic [17, 18].

Currently, plastic waste is relatively well defined as a group of mixed substances
composed of natural, synthetic, or highly modified polymers, solid and insoluble at
20�C [19]. Synthetic plastics are derived from crude oil, natural gas, or coal.
Bio-based plastics are mainly derived from renewable products such as carbohy-
drates, fats, vegetable oils, bacteria, and other biological substances. Because of the
easy manufacturing methods involved in crude oil processing, most of the plastics
currently on the market are synthetic [20]. Furthermore, the availability of bio-based
feedstocks is expected to increase in the near future, providing an alternative to the
use of fossil fuels for production. However, being bio-based does not necessarily
imply that the plastic is biodegradable; in fact, resins such as bio-PE
(bio-polyethylene) or bio-PET (bio-polyethylene terephthalate) are developed to
match the properties of conventional ones, allowing the same useful life and
applications [21]. A plastic is considered environmentally friendly when it is
decomposed and degraded in a short period of time without giving hazardous wastes.
A simplified diagram showing the production of common artificial plastics is shown
in Fig. 1.

1.1 General Framework of Plastic Composition and Uses

The common term plastic is used to define a subcategory of a wider class of materials
called polymers. Polymers are molecules that have an architecture comprising
multiple repeating units derived from low molar mass molecules called monomers
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[22], therefore plastic polymers are large molecules and have high molecular
weights. Polymers can be formed by identical units (homopolymers), as well as
structures of different monomers in various possible sequences (copolymers), the
latter although less frequent also present the potential to create microscopic residues
in the environment [21]. Homopolymers have a unique molecular structure, conse-
quently, to chemically identify a homopolymer the structure of the repeating unit is
specified, i.e., the structure (-CH2-CH2-CH2-)n represents polyethylene (PE). The
longer the molecular chains, the greater the van der Waals forces between them,
obtaining exceptional mechanical properties such as strength and fracture toughness
[23]. The physical properties of plastic, such as stiffness, flexibility, and elasticity,

Fig. 1 Production of common synthetic plastics. All plastics can undergo fragmentation with
environmental exposure and degradation. Source: own elaboration based on GESAMP [21]
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are influenced by the molecular weight distribution of the polymer and the organi-
zation of the chains [24].

There are millions of uses for plastic, and hundreds, if not thousands, of different
types of plastics. The most abundant plastics in the environment are the following:
polyethylene (PE, high and low density), polypropylene (PP), polyvinyl chloride
(PVC), polystyrene (PS, including expanded EPS), polyurethane (PUR), polycar-
bonate (PC), polyamide (PA), polyethylene terephthalate (PET), and acrylonitrile
butadiene styrene (ABS) [20, 25]. The applications of the polymers mentioned
above are shown in Fig. 2.

In order to improve some specific properties almost all plastic products contain
additives, such as UV stabilizers, antioxidants, plasticizers, colorants, etc. Besides,
they may also contain unintentionally added substances such as residues from the
recycling process, oligomers or initiators of the polymerization process. Those sum
another complication when analyzing the “real” environmental exposures and the
risks associated with them [22]. Additives can be an important source of pollution
during the degradation process of a plastic [26].

The European Commission has published several regulations to specify what
types and abundance of plastic contaminants exist, labeled forms to classify them,

Fig. 2 European plastic demand with main applications and selected polymers. Source: own
elaboration based on Plastics Europe [16]
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actuations to understand the hazards that these contaminants suppose, and measures
to reduce plastic waste in the environment. One of the first directives is the 94/62/EC
on packaging and packaging waste, which specifies the symbols that may be
indicated on a product to specify the kind of plastic that the packaging is made
from [27]. Figure 3 shows the symbols that identify the type of plastic polymers,
some common uses, and their recyclable potential [27].

Regarding the requirements of the European Commission to establish harmo-
nized specifications for reducing the impact of certain products that can be a hazard
to the environment, the 2019/904 Directive was published [28]. Based on the
marking specifications by Single-Use Plastic Directive 2019/904, on 22th December
2020, the Regulation 2020/2151 published by the European Commission gives some
specifications applicable since 3rd July 2021 [29]. This directive lays down marking
instructions for certain single-use plastic products that habitually are inappropriately
disposed. The specifications are focused on limiting their use through raising
awareness in consumers, establishing design requirements to connect the material
and the possible hazard, introducing labeling requirements to inform the European
population about the plastic content in commonly used products, and to settle waste
management and clean obligations for producers. Figure 4 shows the marking
specification for single-use plastic products that are applicable from 3rd of July
2021 according to 2019/904 directive.

The single-use products addressed by the Directive are sanitary towels, tampons,
tampon applicators, wet wipes, tobacco products, cups for beverages, cotton bud
sticks, stirrers, cutlery, plates, straws, balloons, sticks for balloons, food containers

Fig. 3 Identification code for the main types of polymers, their chemical structure, applications and
recyclable properties. The Mobius loop with a number at the center indicates the type of plastic the
product is made from. Source: own elaboration based on European Directive 94/62/EC on pack-
aging and packaging waste [27]
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and plastic bags, where sustainable alternatives are easily accessible. Also, some
single-use plastic products are totally banned from 3rd of July 2021 like cutlery,
straws, plates, stirrers, cotton bud sticks, and sticks for balloons. The ban is also
applicable to products made of EPS like food and beverage containers, and all
oxo-degradable plastic products.

Most of the single-use plastics that are manufactured contain additives or other
substances to improve physical, chemical, and even biological properties of the
polymers, which can function as a main component of their structures. That is the
case of the oxo-degradable plastics that contain additives to lead the oxidation and
fragmentation of the product into micro-fragments that are harmful for the environ-
ment, as referred in the EU Directive 2019/904 of the European Parliament [28].

Fig. 4 Marking instructions for certain single-use plastic. Own elaboration based on European
Directive 2019/904 [29]
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These additives are not always covalently bonded to the matrix of the plastic,
which means that are more susceptible of being released into the environment,
increasing this risk with the gradual degradation of the materials. There is also
scientific evidence that the occurrence of chemical releasing of additives like
plasticizers, antioxidants, and antimicrobial agents into the environment can lead
to a broad range of toxicological responses, including oxidative stress in cells and
sub-lethal responses in marine organisms [30]. In Table 1, some examples of the
most common additives and their main functions are shown.

Table 1 Common plastic additives used in the manufacture of plastic products. Adapted from the
report of the European Union about impacts of plastics and microplastics use [31]

Function Additive Examples

Plasticizers Esters
Aliphatic esters
Polyesters
Phosphates
Phthalates

Benzyl butyl phthalate
Di-isoheptylphthalate
Di-isobutyl phthalate
Dibutyl phthalate
Bis (2-ethylhexyl) phthalate
Bis(2-methoxyethyl) phthalate
Tris(2-chloroethyl) phosphate

Flame retardants Boric acid
Brominated flame retardants
Tris(2-chloroethyl) phosphate
Short- and medium-chain chlorinated paraffins

Stabilizers Antioxidants
Preservatives
Absorbers
Biological stabilizers
UV stabilizers

Arsenic compounds
Triclosan
Organic tin compounds
Barium-cadmium-zinc-epoxyphosphite
Bisphenol A (BPA)
Octylphenol
Nonylphenol compounds
Cadmium compounds
Lead compounds

Colorants Titanium dioxide
Cadmium compounds
Cobalt (II) diacetate
Chromium compounds
Lead compounds

Curing agents Formaldehyde

Antistats Amines
Quaternary ammonium compounds
Organic phosphates
Polyoxyethylene glycol esters

Processing aids Lubricants
Flow controls
Other aids

Calcium, zinc, and lead stearates
Fatty esters
Amides
Petroleum and polyethylene waxes
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2 Microplastics

Microplastics include fibers (mostly synthetic) and waste from plastics. Synthetic
fibers are extremely harmful to any marine life [9], as the sea fish very often consume
microplastics, directly affecting in that way the food chain and the health of a variety
of living beings through the bloodstream. Anything sized less than 5 mm among
them is recognized as one of the largest threats to marine ecosystem. Major sources
for microplastics in urban areas and coastal environments are agricultural green-
houses and single plastic bags [6, 32, 33].

Plastic microfibers (<5 mm) and nanofibers (<100 nm) have been identified in
ecosystems in all regions of the globe and have been estimated to comprise up to
35% of primary microplastics in marine environments, being a major proportion of
microplastics on coastal shorelines, and are considered to persist for decades in soils
treated with sludge from wastewater treatment plants [34].

Essentially, plastics are characterized by plasticity, a term correlated to the
deformation of materials in response to applied forces. The technical report for
plastics vocabulary of the International Organization for Standardization [35] defines
plastic as: “a material that contains as an essential ingredient a high polymer and
which, at some stage in its processing into finished products, can be shaped by flow,”
with the notation that elastomeric materials are not considered plastics even though
they can be shaped by flow.

In the current literature the term “microplastic” is used flexibly including a
surprising range of particle sizes, from 5 mm to a few microns in diameter.
Therefore, it is useful to establish a sub-classification of sizes included within the
category of microplastics. A practical classification was proposed by GESAMP
[21]. However, also a European classification was proposed in 2013 [23, 36], and
both are included in Table 2. Examples of the differences in the categorization of
plastics according to their size in the scientific literature and in institutional reports
were given by Hartmann et al. [43]. In Table 2, an example of size categorization of
plastics is shown.

The formation of microplastics is a process that depends on many factors and on
the type of plastic. However, it is assumed that high temperatures accelerate the
aging of plastics and promote their fragmentation to microplastics [44], although this

Table 2 Categorization of plastics by size according to various sources in the scientific literature
and in institutional reports. It should be noted that this does not represent a comprehensive overview
of all size classes

Nanoplastics Microplastics Mesoplastics Macroplastics Source

<5 mm NOAA [37]

1–100 nm Nature [38]

<5 mm 5–25 mm >2.5 cm MSFD EU [39]

<1 μm 1–1,000 μm 1–25 mm 2.5–100 cm European Commission [40]

1–100 nm < 5 mm EFSA [41]

<100 nm < 5 mm European Commission [42]
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temperature is related to their thermal properties [45]. This means that in warm
climates, for instance in Mediterranean environments, the fragmentation of plastics
could be faster than in cold climate zones and the presence of microplastics would be
relevant.

Plastic size continuously decreases after degradation by physicochemical (chem-
ical, thermal, and photochemical alteration) and biological processes [45]. However,
despite the processes by which plastics are susceptible to degradation, many times
these processes are extremely slow and may even stop in certain conditions. Fur-
thermore, some plastics based on aromatic polyesters, such as PET, are virtually
impossible to biodegrade biologically under any circumstances [42]. In such case,
the persistence of the plastic along time is too high and can derive into environmental
risks.

It should be noted that environmental sustainability concerns have promoted the
development of different types of plastics with a higher propensity to degradation,
trying to reduce the ecological footprint, reaching materials such as oxo-degradable,
biodegradable, bioplastics, and compostable plastics. However, bioplastics,
although made from bio-based rather than petrochemical feedstocks, are not neces-
sarily more biodegradable than conventional ones, and oxo-degradable ones are not
more biodegradable either, they simply break down faster into microplastics and, in
fact, worsen and increase microplastic pollution [42]. For this reason,
oxo-degradable plastics are banned in the European Union under the so-called
Single-Use Plastics Directive [28].

In order to obtain biodegradable plastics that truly reduce the ecological footprint,
it is important to ensure that they are environmentally benign and that when
decomposing they do not produce toxicity or release toxic additives [46]. Through
the European regulation [28] criteria are established that will ensure that the polymer
is capable of decomposing physically and biologically under natural conditions in
the soil system and aquatic environments throughout the European Union, so that it
only decomposes into carbon dioxide, biomass, and water. This law aims to ensure
that the use of polymers does not lead to the accumulation of plastics in the
environment, mainly in soils and water.

It can be possible to differentiate between primary and secondary microplastics.
Primary microplastics are those directly manufactured with a diameter equal to or
less than 5 mm. These microplastics include polyethylene (PE), polypropylene (PP),
and polystyrene (PS) particles. These are used in various fields such as cosmetic,
medical, and technological [47]. Due to the harmful effects to the environment, the
sale of cosmetics that include microplastics has been banned in several countries
such as Canada or the United States of America [48]. Secondary microplastics are
those derived from the decomposition of larger plastic waste. This is because, over
time, the physical, biological, and chemical processes that plastics undergo can
reduce their structural integrity and result in their fragmentation into various forms
such as granules, fibers, and fragments [47, 49]. Typical densities of some plastics
are shown in Table 3.
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3 Pathways of Occurrence in Soils

In recent years, the scientific community has recognized plastic pollution as a major
environmental threat, as referred by the Committee of the European Parliament
[31]. Soil scientists revealed a new angle of the problem by exposing the presence
of microplastics in terrestrial environments. It is necessary to focus on assessing the
magnitude of this, such as the potential effects and frequency of occurrence of these
substances. For this purpose, more field studies are needed to allow the quantifica-
tion and study of the adverse effects on the terrestrial environment [51]. It is
estimated that the abundance of microplastics in terrestrial environments is between
4 and 23 times higher than that in the ocean, so it is believed that soils could be larger
plastic reservoirs [42]. On the other hand, soil is a heterogeneous matrix, due to
different soil characteristics. These characteristics could be the ones causing differ-
ent physical fractions to respond atypically under the interference of the external
environment and different responses and interactions between soil particles and
microplastics.

Due to the disparity in characteristics between the aquatic and terrestrial envi-
ronments, the physicochemical and biological processes in the soil ecosystem also
differ. It is precisely because of the heterogeneous properties of soils that publica-
tions on the distribution, movement, and biological effects of microplastics are still
limited compared to those in aquatic systems. Clearly, relevant impact mechanisms
are worth to be investigated given their expected importance to understand ecosys-
tem impacts [52].

There are a multitude of pathways by which microplastics can enter the soil
system, through fertilizers, irrigation water, use of plastic mulch, greenhouse cov-
erings, application of sewage sludge, atmospheric deposition, irrigation with treated
wastewater, and other sources [17, 53, 54]. In addition, the input and output of
microplastics, as well as transport through soils, can be influenced by runoff,
infiltration, weather conditions, and even living organisms, so it is necessary to
evaluate various spatial-temporal scales to reach a conclusion on which pollution
sources are predominant in a given area [55].

In particular, wastewater treatment plants (WWTPs) are an important pathway for
the occurrence of microplastics in the environment, as many times treated waters are
used for crop irrigation, mainly in warm areas where water scarcity is common. It is

Table 3 Polymer densities of
main plastic polymers. The
densities are the average of
one or more experimental
values. Own elaboration based
on Crow Polymer Physics [50]

Polymer Density (g/cm3)

Polyethylene 0.854

Polypropylene 0.861

Polystyrene 1.052

Polyamides (nylon) 1–1.078

Polyvinylchloride 1.388

Polycarbonate 1.206

Polyethylene terephthalate 1.017

Polychloroprene (neoprene) 1.243
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important to note that seasonal variations influence the total concentration of
microplastics [56].

In the same way, sewage sludge is of concern as it is commonly used in
agriculture and is rich in synthetic fibers and other plastic polymers. Microplastics
derived from household and industrial processes are mainly conveyed to municipal
wastewater treatment plants. In these plants, microplastic particles are removed from
the water being retained in the sludge [57]. Europe uses about a 50% of the sewage
sludge as a fertilizer in agriculture. Due to their application, European agricultural
soils are of particular concern because of the presence of contaminants resulting
from their use. On the other hand, the application of sewage sludge in agricultural
areas is strictly regulated for the presence of some organic compounds and heavy
metals [33, 58–60], however, the presence of plastic elements is not yet regulated
[51, 53]. Due to the existing concern about microplastic concentration in sewage
sludge, new studies are emerging to quantify the concentration and removal effi-
ciency in several wastewater treatment plants [61, 62].

In addition, the use of plastic films (mulching) is another major cause of
microplastic contamination in soils. These plastics are used to increase soil temper-
ature, control weeds, and improve water absorption efficiency. These attractive
properties influence their extensive use by farmers (Fig. 5), however, these plastic
films suffer degradation in the soil by thermal processes, photodegradation, oxida-
tion, hydrolysis, and mechanical degradation, contributing to the emission of micro-
scopic plastic contaminant particles [52, 63].

Fig. 5 (1) Mulching applied in crop production; (2) soil profile after mulching, fragmentation of
plastic is perceptible at different depths; (3) microplastic fibers observed in a soil sample
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In soil, plastic as contaminant is part of a complex mixture with organic matter
and minerals, since the surface charge of plastics is commonly negative and interacts
with positively charged particles or ions presented in soil solution and/or matrix. For
this reason, plastic particles in soils can affect several properties such as some
extractable ions (cation exchange capacity), dissolved organic matter, water holding
capacity, aggregate stability, and bulk density. These interactions, soil-plastics,
evidence the influence on the entire chemical and physical environment of the soil,
the habitat of organisms and thus the living beings present in the soil [17].

According to the research published to date, poor information on the presence of
microplastics associated with soils and land use have been reported, although it
seems that it is increasing in recent years. This lack of enough results weakens the
possibilities for ambitious research questions related to toxicology and/or mitigation
on a larger scale. More studies providing data on microplastics in different contexts
are urgently needed to get an idea of the real magnitude of the problem [51].

As an important consideration, the main sources influencing plastic content in
agricultural soils are irrigation with wastewater, the use of some amendments as
composted sewage sludge, and the use of plastics for crop cultivation. However, as it
occurs in soils of urban areas, diffuse pollution form plastics derived from abandon-
ment wastes should be also considered.

4 Environmental Risks

In view of the presence and degradation processes of microplastics in the environ-
ment, related environmental risks are of high concern. Moreover, from 5 years until
now, the research about microplastics, environmental impact and risk, and soil
pollution has been increasing [10, 14, 63–65].

Nowadays there are no standardized methods for testing the effects of
microplastics on the environment, although plastic pollution has various effects on
organisms and their habitats, depending on the size and type of plastic, and the level
of biological organization [66]. However, Loizia et al. [5], as well as Voukali et al.
[67], indicate common methods regarding the assessment of microplastic in coastal
areas. According to Loizia et al. [5] and Voukali et al. [67], to float microplastics, a
known quantity of homogenized sand sample (100 � 1 g) was mixed with a known
quantity of hypersaline solution (250 � 0.01 ml in 10% v/v NaCl) for 7 min. After
air drying, the samples were passed through separated sieves. The sieving samples
were classified as macro-plastics if the diameter was between 2.5 and 50 cm, meso-
plastics if the diameter was between 0.5 and 2.5 cm, and microplastics if the diameter
was less than 0.5 cm. With this method, when samples are decanted into high-
density solutions, plastic particles float on the surface of the solution. However, the
denser samples materials remain at the bottom of the solution gradient. It is impor-
tant to note that, with this method, there is no estimation of any light density plastics,
i.e. PP or PE, but only general concentrations.
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Microplastics have become iconic symbols of anthropogenic waste and environ-
mental pollution. In fact, plastics themselves may not be the most toxic pollutants in
the environment, but they are consistently increasing in natural environments world-
wide. Plastics are produced, used, and disposed in terrestrial or continental systems
where they start to interact with all other environmental compartments [68].

As a kind of emerging pollutant, it is receiving increasing attention from
researchers, because microplastics can potentially impact terrestrial ecosystems
either directly or through the toxic and endocrine-disrupting substances added
during plastics manufacturing [69]. Furthermore, it has been shown that the disper-
sion of plastic particles is concomitant with that of their associated microorganisms
and mobile genetic elements, including antibiotic resistance genes, pathogenicity
islands, and various metabolic pathways, which create new challenges for scientists
[54]. This makes evident that quantification of microplastics in different ecosystems
is critical, because of their associated potential risks [42].

Since plastics are generated and often disposed or handled in terrestrial areas, it is
precisely in this environment that they are commonly dispersed. Once plastic
particles reach the soil and accumulate to some extent, they can affect soil properties,
soil functionality, as well as biodiversity, causing potential damage to soil ecosys-
tems [70]. Experimental studies in soil matrix involving biota are limited, but those
performed show that microplastics exposure can negatively impact organism’s
health and behavior. For example, Kim and An [71] showed that soil microplastics
can affect the movement of springtail species, and also some studies have evidenced
that the presence of microplastics may alter the physical properties as well as
biophysical function and structure of soils, and consequently influence the interac-
tion between soil and plants and the soil microorganism community, therefore
causing worrying effects on crops, soil biota, and the trophic chain [51, 72].

Plastics can be effective transport mediums for organism and other organic matter
due to their potential for surface adhesion and the low density of certain types of
plastics. In addition, microplastics can transport contaminants (i.e., pesticides) in the
soil matrix; in fact, it has been shown that the presence of microplastics in soils
decreases the retention capacity of pesticides and other pollutants by 4–15%. In
addition, there are studies that show that plastic particles can act as an efficient
adsorbent for heavy metals and persistent organic pollutants [36, 53], contributing to
make them more available to migrate through the soil profile to groundwater
reservoirs, where they can cause contamination of drinking water sources [53].

The ability of microplastics to sequester and transport pollutants in the environ-
ment is influenced by the properties of the plastic particle (polarity, point of zero
charge, type of polymer, degree of crystallinity, surface area, functional groups,
surface topography, etc.), properties of the contaminants (i.e., hydrophobicity), and
matrix properties (salinity, temperature, pH), and there is scientific evidence that
hydrophobic compounds are the most likely to be adsorbed by plastic particles. In
fact, enriched microplastics are a major source of pollution, as they allow contam-
inants to travel long distances and consequently affect the distribution of pollutants
in the environment [53]. Furthermore, microplastics can also release harmful
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additives such as phthalates and flame retardants, which are endocrine disruptors and
consequently affect organisms present in the soil in a negative way [36].

Humans are also exposed to microplastic pollution through the ingestion and
inhalation ways. The toxicity of plastic particles in humans is still being unclear due
to the lack of research in the area [66]. In spite of this fact, The World Health
Organization (WHO), The Food and Agriculture Organization of the United Nations
(FAO), and The European Food Safety Authority (EFSA) recently carried out
assessments of human exposure to microplastics and its sorbed chemicals, using
conservative worst-case scenarios to estimate the levels of these pollutants [41, 73,
74].

Usually, the size and concentrations of microplastics used in ecotoxicological
research do not reflect the concentrations or sizes of plastic particles found in the
environment. Microplastics effects studies are often performed using concentrations
that are much higher than those reported in the environment, or very small sized, for
which limited data of occurrence exists [22]. The Environment and Climate Change
of Canada suggests that researchers studying the effects of plastic particles pollution
should use plastics of similar size, shape, and composition to those found in the
environment [66]. There is consequently a need to develop standard methods to
evaluate the potential hazard effects associated with the presence of plastics and
toxicity in the environment.

In light of the possible direct and indirect interactions of microplastics with
abiotic and biotic aspects of ecosystems, plastics may well represent an important
driver of global climate change. It is possible that many terrestrial species are already
or will soon be exposed to levels of pollution capable of changing the baselines of
basic functional ecosystem processes globally. Moreover, some species, particularly
those with short generation times, may already be under evolutionary pressure from
this new anthropogenic stressor [75]. For all these reasons, and considering that there
is a lack of studies on microplastics in soil, further research is needed to fully
understand the interactive effects that plastic pollution will cause on all the com-
partments of the soil ecosystem, including the potential uptake into food crops and
pasture fauna.

5 Introduction to Analysis of Microplastics in Soils

Representative sampling is one of the most important steps of all methodology, as
non-representative sampling will cause unreliable data, even though the subsequent
analysis would be fully reliable. Regarding the first step in soil studies, soil sampling
is generally more challenging than sampling water. Sampling soil matrixes can
require significantly more effort and resources and depends on the area and soil
distribution. The procedure for taking soil samples when quantifying microplastics
will vary according to the purpose of the study. Aspects to consider would be the
depth (vertical profile or surface samples), choosing the best location for taking the
samples, and the sample size [21].
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The sampling depth should always be defined and documented. As soils are a
three-dimensional body, if the deposition of microplastics on the surface and an
undisturbed soil are in the focus of the study, then bulk sampling of the first
centimeters of the surface would be sufficient. Contrarily, if the varying depths of
the soil contaminated by microplastics are to be determined, core sampling would be
required [64, 76, 77]. Usually, the most probable depth for the presence of plastic
particles is the upper 10 cm of the soil surface [78, 79]. After selecting the most
suitable sampling approach according to the research objective, the number of
sampling points at each site must also be accounted.

Once the samples are in the laboratory, the analysis is a multi-step process that
may include: sample preparation, such as air drying, homogenization, and sieving.
After this process, microplastics need to be separated from other organic and
inorganic particles prior to be quantified, weighed, and the polymer type identified
if possible (Fig. 6).

Initial separation from soil particles can be achieved by density using concen-
trated/saturated solutions like NaCl, ZnCl2, NaI, among others. Organic particles
present in the sample may interfere with microscopic identification, so these particles
would be removed previously by using hydrogen peroxide and/or sulfuric acid
[21]. Since there is not a standardized method for the extraction and identification
of microplastic particles in soil samples, one of the existing methods that can be
selected is the following: after having passed the sample through a 2 mm sieve
(or 5 mm, depending on the plastic size under investigation), an amount of soil (i.e.,
5 or 10 g) is introduced into a high-density saline solution and allowed to settle for at
least 8 h in order to float microplastic particles [63]; ultrasonic stirring can help

Fig. 6 Images of plastic particles in urban soil matrices. It is noticed that fibers of different origin
(color) are presented in the soil
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during the separation and floating process; then, the dilution supernatant is filtered,
and the sediment retained in the filter is subjected to organic matter digestion; after
being digested, the resulting sediment is floated and filtered again, and this procedure
is performed to obtain microplastic particles (Fig. 7); this step should be run at least
three times; finally, all filters with retained materials are observed through a micro-
scope and plastic polymers identified by using several methods described below.

It becomes really challenging to distinguish plastic particles from non-plastic
particles with decreasing size using optical microscopic examination alone. To
confirm the presence of plastics and provide the polymer composition, several
spectroscopy techniques can be useful [77]. In fact, to confirm the identification of
plastics, and their synthetic polymer types, spectroscopy is required.

Microscopic Fourier transformed infra-red (FTIR) and Raman spectroscopy are
the most useful methodologies to identify microplastics. These techniques rely on
light transmission and wavelengths, when the particle is smaller than those wave-
lengths, none polymer IR spectrum can be detected, which means that none Infrared
spectrum from a polymer can be detected. In laboratory experiments, fluorescently
labeled microplastics can be used to evaluate their behavior. This can be useful in
laboratory experiments but does not solve the problem when measuring
microplastics in environmental samples. Development of new analytical techniques
is required to extract, isolate, and identify microplastics in the soil environment
[21, 64, 77].

Fig. 7 Schematic diagram in analytical procedures for microplastics present in soil samples
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6 Conclusions and Future Trends

In this chapter, an overview about reliable and persistent facts, the morphology,
presence, fate, and effects of plastic particles has been discussed. It is relevant that
studies about soil ecosystems and plastic pollution have just recently started, due to
characteristics of soil matrix making it more challenging in comparison with water
environments. Overall, it has been evidenced that, in contrast to marine microplastic
pollution, the problematic of plastics in terrestrial environments is far poorly inves-
tigated, although microplastics in soils are directly connected to human and envi-
ronment health.

To improve the problematic of soil ecotoxicity derived from plastic pollution, it is
necessary to begin decreasing the amount of plastic at the source, as well as to avoid
the use of plastic, and promote the reuse or recycling of plastic materials before final
safe environmentally sound deposition/management. Also, to promote and investi-
gate about biodegradable materials that match the properties of the common plastics
is of concern. Reducing soil pollution should be a main target in all the administra-
tion’s agendas.

Future research about microplastic pollution should consider different scenarios
such as sources, ways of transfer, fate, and ecotoxicological effects. As one of the big
supplies of plastic in terrestrial environments is through sewage sludge, measures to
prevent environmental pollution at this source should be conducted.

The last point to highlight in this section is the urgency of standardized methods
for sampling, extraction, and detection of plastic when analyzing soil samples, as a
basic need to properly conduct reliable research in this field.
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Abstract Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
highly infectious virus which has caused the Coronavirus disease – 2019 (COVID-
19) outbreak in 2019, and, in a very short time, it has infected people all over the
world. In fact, WHO declared it as pandemic in March 2020. The adaptation of
SARS-CoV-2 was found to be originated from interaction between several hosts,
which makes it a potential zoonotic agent. Regarding the survival of virus on the
environment, it is important to assess the period of infectivity, which differs among
different surfaces. This chapter highlights the viability of virus on different contam-
inated surfaces, also focusing on metagenomic interactions. To investigate the
potential directions for the evolution of this pandemic in the future, SARS-CoV-2
requires a reliable tool to access crucial details regarding the adaptation and evolu-
tion of the virus in the environment. Bioinformatic tools play an important role in
identifying the similarity and variations in the Open Reading Frames (ORFs) of the
viral genomes to elucidate the phytogenic relationships. In this regard, this chapter
discusses about recent advances in bioinformatic tools to track the evolution of
SARS-CoV-2 in the soil and aquatic ecosystem. New technologies are coming into
existence with a new aspect of solving some social problems. Hence, in this work a
reliable in silico tool for metagenomic analysis of SARS-CoV-2 variants in the
environment has been discussed. Overall, this study tries to shed further light on
aspect that could help to understand different types of robotics and techniques used
for soil and aquatic system, with the main aim of accessing to relevant details on
SARS-CoV-2 in the environment.

Keywords Aquatic ecosystem, Artificial intelligence, COVID-19, Environmental
management, Metagenomics, SARS-CoV-2, Soil ecosystem

1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus that
causes COVID-19 (Coronavirus disease 2019), the respiratory illness responsible for
the COVID-19 pandemic. SARS-CoV-2 has a major impact on human health
globally, infecting a large number of people, causing long-term health effects, and
resulting in increased mortality and morbidity. As per the World Health Organiza-
tion (WHO) guidelines, SARS-CoV-2 can be potent and active on numerous sur-
faces for several days. The survival of virions on the environment is important to
assess the period of infectivity, elucidating for how long the droplets remain
infectious [1]. The infectivity of virions varies among different surfaces in the
environment, and this chapter highlights the viability of virus on different contam-
inated surfaces, as well as focus on metagenomic interactions of SARS-CoV-2. The
use of disinfectants has prospectively rose, then increasing its presence in freshwater
systems through runoff and wastewater discharge. Taking into account that this
novel beta-coronavirus can be extremely fatal, causing severe pneumonia, leading to
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the current biggest ongoing pandemic, in the future, a reliable tool to access the
adaptation and evolution of SARS-CoV-2 in the environment should be clearly
useful. In addition, it must be noted that computational tools play a vital role in
studying phylogenetic relationships, and this is the reason why this chapter discusses
recent advances in bioinformatic tools to track the evolution of SARS-CoV-2 in the
soil and aquatic ecosystems.

2 General Characteristics of SARS-CoV-2

SARS-CoV-2 is an enveloped virus with ~0.1 μm in diameter. It is a linear,
positive-sense, single-stranded RNA virus. The structural proteins that build the
viral architecture include outer Envelope protein (E), Spike protein (S), and Mem-
brane proteins (M), which enclose the inner Nucleocapsid protein (N). The S protein
is the viral epitope that binds to the host cell receptor, related to the angiotensin
converting enzyme 2 (ACE2), for viral attachment. S1 subunit of the spike protein
helps in binding to the ACE2 receptor and the S2 subunit facilitates the viral fusion
for entry. The E and M proteins are derived from host cell during assembly and
stabilize the inner capsid and viral RNA. On the other hand, it also makes the virus
susceptible to lipid solvents like alcohol. The N protein is associated with the viral
genome [2]. The genome length is ~29 kb, varying from virus to virus due to high
genetic heterogenicity [3]. In the genomic region, 14 ORFs are distributed, which
code for 27 viral proteins. Among them, 15 are non-structural proteins (NS), 4 are
structural proteins, and 8 are accessory proteins [4, 5].The non-structural proteins
NS1 to NS10 and NS12 to NS16 are encoded by orf1a and orf1b genes located at 50

end. The structural proteins of the virus consist of N protein, M protein, E protein,
and S protein, which are responsible for the structural integrity and assembly of the
virus. The 8 accessory proteins are 3a, 3b, p6, 7a, 7b, 8b, 9b, & orf14, and the
structural proteins are oriented near 30 terminus [4, 5] (Fig. 1). SARS-CoV-2 is a
respiratory virus that colonizes nasopharynx and is found in sputum, endotracheal
aspirate, bronchoalveolar lavage, and saliva of humans. It is transmitted through
respiratory droplets from infected patients during sneezing, coughing, and talking.
These infectious droplets land on different surfaces in the surrounding environments,
at a distance lower than 2 m, and infection spreads through indirect contact of the
healthy individuals with infectious droplet contaminated surfaces [6, 7]. The landed
droplets stay infectious as long as the virions are stable in it. The half-lives of the
generated aerosols are around 3 h, but the risk of infection is highlighted only in
closed areas, as in the open environment the viral loads in aerosols are low to cause
potential infection [8]. In hospital environments, the prevalence of the virus in
aerosols is common due to performing invasive medical procedures like intubation,
tracheostomy, bronchoscopy, manual ventilation, nebulization, and few other aero-
sol generating procedures, which favor the spread of the infection. Hence, in
healthcare environments the risk of airborne transmission of the infection is high,
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and N95 masks should be used by healthcare workers to prevent the spread of the
infection through aerosols [7, 9].

3 Chances of Survival of SARS-CoV-2 in Different
Environmental Circumstances

The common surface materials we are exposed to, in day-to-day life, include
plastics, stainless steel, cotton, copper, and cardboard, and the researchers have
reported that this virus can easily survive on these materials when landed on them.
The half-life of the virus in stainless steel is 5.6 h and on plastic is 6.8 h, which is
found to be longer than that on copper and cardboard [8]. Other than the types of
surfaces it lands on, the temperature and humidity also influence the survival of the
virus. In stainless steel, plastics, and glass, the infective virions remain viable for

Fig. 1 SARS-CoV-2 structure and the arrangement of ORFs in its genome. (a) Structure of a
complete SARS-CoV-2. The viral RNA is bound to nucleocapsid protein, and the complex is
enclosed by the envelope. The spike and membrane proteins are found embedded in the lipid
envelope. (b) The arrangement of SARS-CoV-2 genome. The viral genome consists of ORF1a,
ORF1b followed by the genes coding for structural proteins and other accessory proteins. ORF1a
located between 266 bp to 13,468 bp codes for NS1 to NS10, and the ORF1b codes for NS12
to NS16
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28 days at 20�C under 50% relative humidity. Under the same environmental
conditions, the virions were infective for 7 days at 20�C, especially in porous
material like cotton. The survivability of virus on different surfaces also changes
with the change in temperature and relative humidity. Under elevated temperatures,
of 30 and 40�C, the virus survived on steel, glass, and plastics only for 7 and 2 days.
In cotton the virus remains viable only for 3 days at 30�C and less than 24 h at 40�C
[10–13]. The overall periods of infectivity of virions on different surfaces are 48 h on
steel, 72 h on plastic, 24 h on cardboard, and 4 h on copper [14]. Other external
factors like sunlight, alcohol-based disinfectants, sodium hypochlorite, and hydro-
gen peroxide also affect the viability and infectivity of the virus. Hence, the survival
rate of the virus on the surfaces reduces under external application of alcohol or 0.5%
hydrogen peroxide or 0.1% sodium hypochlorite. Sunlight is found to inactivate
SARS-CoV-2, as it disintegrates the structure of the virus [15].

In outdoor environments, the atmospheric pressure and pollution also affect the
transmission of the virus. These factors, especially atmospheric pressure, favor the
generation of aerosols. At higher atmospheric pressure, studies have shown gener-
ation of aerosols and possible transmission of virus in airborne mode. The formation
of aerosols is less pronounced in areas with low atmospheric pressure [16]. Air
pollution accelerates the spread of SARS-CoV-2 and increases the severity of the
infection by affecting the pulmonary immunity. Particulate matter (PM) in the air
serves as a carrier and polymerizes the virus particles to spread as airborne in
polluted air [17]. Studies have shown that there is a positive correlation between
increased content of pollutants like carbon monoxide, PM2.5, and nitrogen dioxide
in the air, and the enhanced spreading of SARS-CoV-2 through aerosols [14, 18,
19]. Low humidity and temperature also favor the viability of virus particles in
aerosols, and the transmission of virus through airborne route may promote its
spread [20]. In summary, the survivability of the virus in the environment is affected
by the environmental conditions like the kind of surfaces, temperature, relative
humidity, atmospheric pressure, and air pollution. The viability of SARS-CoV-2
in co-relation with the environmental factors is necessary to be determined and
considered in order to understand the potential transmission of the virus in different
geographical conditions and to estimate demographically the risk of COVID-19.

4 Impacts of SARS-CoV-2 Virus, with Main Focus on Soil
and Aquatic Ecosystems

As a preventive measure to control the community transmission of COVID-19, most
of the countries had undergone nationwide lockdown. This lockdown measure
results in certain positive, as well as in negative, impacts on the atmospheric
environment and sustainable ecosystem. Rapid reduction in the atmospheric pollut-
ants, clean beaches, and reduced environmental noise levels are some positive
changes that occurred, at least in the short term, as part of COVID-19 effects
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[21, 22]. On the other side, increased plastic wastes generation and reduction in
waste recycling have damaged the environment during this period [22]. The poten-
tial risk to the environment takes special importance in the current situation of the
worldwide socio-environmental crisis that is related to the COVID-19 pandemic.
The dramatic global changes caused by COVID-19 are having prevalent effects on
terrestrial as well as aquatic ecosystems.

Chlorine-based disinfectants have been the best solution for SARS-CoV-2 and its
use has been on the rise, leading to adverse effects in aquatic systems. Chlorine
toxicity affects water quality and vitality of aquatic ecosystem causing hypoxia,
affecting organs and respiratory system and inflammation and steatosis in various
living beings. Dissolved organic matter is very high in surface water, which could
generate disinfection by-products, such as trihalomethanes or halo-acetic acids,
which could exert toxic effects on aquatic organisms. Disinfectants, in combination
with nitrogen, can form carcinogens like chloramine or N-nitrosodimenthylamine,
and these chemical contaminants may move with water through the water cycle
[23]. Sand mining is an emerging threat to freshwater ecosystems, and it has been
increased during this pandemic period due to reduced enforcement mechanism
[24]. Unemployment and arrival of migrant workers to rural areas have been
increasing fishing effort and its negative effect on endangered fishes such as
hump-backed mahseer [25]. Reduced monitoring, control and scrutiny of freshwater
ecosystems could further increase pollution risks from human activities.

Throughout the pandemic period, massive amounts of medical waste such as face
masks, gloves, empty bottles of hand wash and sanitizers, etc. have been produced
and dumped unethically, which has led to soil pollution. Research scientists and
environmentalists are concerned about sodium hypochlorite usage on polythene
sheets and COVID-19 affected dead bodies, before funeral, as these events might
have adverse effect on soil as well as its microbial community. Polythene would take
very long time to degrade and along with the chemical sodium hypochlorite it might
increase the soil pH level. To know more about these adverse impacts on the
environment and ecosystem, regular soil sampling for research and analysis must
be done. Scientists are intrigued about the future impact on soil and underground
water contamination. During monsoon time, the groundwater level is high, and body
takes longer time for decomposition. They are demanding scientific analysis and
documentation of the grave and nearby soil for future reference to analyze the impact
([26] www.midday.com). The immediate impact of pandemic on soil environment is
linked with increased risk of food insecurity and disruption of food supply chain.
COVID-19 pandemic has intensified food insecurity in urban areas due to disrupted
food supply chain, physical and economic barriers that limit the access to food and
terrible increase in food waste as a result of labor shortage. Major impacts of
disruption of food supply chain caused by this pandemic have heightened the already
existing problems of hunger and malnutrition, especially in developing countries
[27]. We need greater understanding on this relation, and we must take positive
actions to protect it. Details explaining the impact of SARS-CoV-2 in aquatic and
soil systems are presented in Table 1.
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Table 1 Studies on impact of COVID-19 in soil and aquatic ecosystems

Sl.
No.

Soil/
aquatic
ecosystem Content of study Country Concluding remarks Reference

1 Aquatic COVID-19 pandemic’s
impact on freshwater
fish biodiversity

Canada Evaluating the potential
of pandemic to amplify
or alleviate the threats to
fish biodiversity in
freshwater

Cooke et
al. [28]

2 Aquatic Improvement in surface
water quality in terms of
suspended particulate
matter (SPM) in the
Vembanad Lake

India It was seen that the pol-
lutant level had
decreased tremendously
due to shut industries,
vehicles and no boating
providing good quality
of atmosphere and
hydrosphere

Yunus et
al. [29]

3 Aquatic Effect of disinfectants in
aquatic ecosystems

China Due to pandemic the
use of disinfectant has
increased leading to
worldwide problems
affecting the aquatic
ecosystem

Hong
Zhang et al.
[23]

4 Aquatic Provides a data-driven
global snapshot of
expert-perceived
impacts of COVID-19
on inland fisheries

USA The pandemic caused
due to COVID-19 has
deeply affected on
inland fisheries and
reached the complexity
of crisis mitigation
causing small impacts

Stokes et
al. [30]

5 Aquatic Importance of
protecting oceans dur-
ing this pandemic and
for future

Ocean There is a discussion
taking place here to
understand how urgent
it is to take measured for
preventing ocean to be
affected by COVID-19

Laffoley et
al. [31]

6 Aquatic Signs of rejuvenation
and significant
improvement in many
parameters in Ganga
River, following
nationwide lockdown
due to coronavirus
pandemic

India The improvement seen
in water bodies during
the lockdown is tempo-
rary and quality of water
could deteriorate post
lockdown due to which
discussion is carried out
to come up with ideas to
rejuvenate the same
wastewater related
issues

Dutta et al.
[32]

7 Aquatic This improvement of
water quality at
Haridwar and Rishikesh
was ascribed to the

India The article is focused
about river Ganga and
other rivers in India.
Mainly how they are

Singhal
and Matto
[33]

(continued)
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Table 1 (continued)

Sl.
No.

Soil/
aquatic
ecosystem Content of study Country Concluding remarks Reference

sudden drop of the
number of visitors and
500% reduction of sew-
age and industrial
effluents

benefiting due to pan-
demic lockdown lead-
ing to focus on the
causes and reinvestigate
the solution for these
issues

8 Aquatic Explains about possible
solutions for the sus-
tainability of the aquatic
environment and waste-
water management

Nigeria Making of central res-
ervoirs and improving
the plumbing system in
order to avoid aerosols
and leakages could
reduce the negative
impact on aquatic
ecosystem

Iyiola et al.
[34]

9 Aquatic The study shows the
positive impact of the
COVID-19 pandemic
consequences on the
coastal environment
quality in the study area
and indicates the
importance of decreas-
ing the industrial dis-
charge on the west coast
of Tangier

Morocco The study shows how
SST measurements in
collaboration with field
sampling could demon-
strate the reliability of
bathing water and how
industrial activity has
affected the water qual-
ity in Boukhalef river
estuary and their neigh-
boring areas

Khalil
Cherif et al.
[35]

10 Aquatic Analyzed the abrupt
reduction in fishing
pressure of the mixed
small-scale and indus-
trial fisheries in the
Catalan Sea, Spanish
Mediterranean, and
resulting ecological and
economic impacts dur-
ing the first half of 2020

Spain Overall, few evidence
supports the statement
that COVID-19 and its
crisis has produced rev-
enue losses in the sector
of Mediterranean
fisheries

Coll et al.
[36]

11 Aquatic To identify the main
aspects of microplastic
pollution sources in
lakes and rivers, with a
focus on freshwater
sediments as a site of
accumulation

Italy There are ecotoxicolog-
ical studies done in this
article focusing on the
benthic fauna and sedi-
ments leading to analy-
sis of microplastics
vaguely responsible for
the pollution of soils

Bellasi et
al. [37]

12 Aquatic New strategies to detect
SARS-CoV-2 in waste-
water treatment

India Authors have stated that
there is a huge possibil-
ity that the SARS-CoV-
2 could easily survive in

Venugopal
et al. [38]

(continued)
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5 Transmission Route of SARS-CoV-2 into Aquatic
Systems

Globally, when studies were going on all possibilities related to the spreading of
SARS-CoV-2, one study indicated that the RNA of SARS-CoV-2 had been detected
in sewage and wastewater worldwide [41]. Therefore, it can be stated that hospital
and household wastes can harbor the virus, but the ecotoxicology of coronavirus plus
their effects are to be fully elucidated. Scientists understood the emergency of this
situation and studied the effects of SARS-CoV-2 on aquatic systems. On March
17, 2020, researchers found that SARS-CoV-2 was unstable in the atmosphere,
while, for wastewater treatment, the use of chlorine could easily oxidize the virus
followed by disinfection and filtration method. However, by April 12, 2020, a group
of researchers were able to track and detect the SARS-CoV-2 in wastewaters of
Netherlands, Sweden, and the USA [42]. As mentioned earlier, the virus has
potential of surviving in fecal samples of an individual infected by it and later this
theory was hypothesized worldwide as a potential possibility to allow spreading, as
it could migrate by surface run off from present host site to the aquatic environment
and biota. There are severe repercussions that the aquatic organisms are currently
facing and will be facing in higher amount due to infection of SARS-CoV-2 [43]. It

Table 1 (continued)

Sl.
No.

Soil/
aquatic
ecosystem Content of study Country Concluding remarks Reference

water. Thus, more novel
strategies and tech-
niques are required to
clear them off the water

13 Soil Explaining about the
mutual impact of
COVID-19 on pollution
of soil and air

Egypt Article deals with many
questions that correlate
with the pandemic
being directly propor-
tional to soil and air

El-Ramady
et al. [39]

14 Soil Food insecurity as the
result of COVID-19 and
connection between soil

Global The study ensures that
soil is recognized as a
medium that links
human being with their
needs such as food,
security, and health

Aday and
Aday [40]

15 Soil The COVID-19 pan-
demic has disrupted the
global food supply
chain and exacerbated
the problem of food and
nutritional insecurity

Global Soil quality is affected
heavily due to COVID-
19 outbreak causing
huge drift in food con-
sumer market and other
ecosystem services

Lal [27]
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has been stated that virus can be equally active in water as on surface, especially for a
longer time in water instigating from different hospital facilities.

Some studies demonstrate that 2% to 10% of COVID-19 patients have been
associated with diarrhea [44–46], which would automatically lead to contamination
of wastewater. These studies are potential evidences encouraging to monitor and
track the amount of virus circulation in different communities [47]. SARS-CoV-2
could be capable of infecting drinking water, which still remains a major concern for
water departments where chlorination or other effective disinfection procedures are
not implemented. Countries that have increased amount of water from supply
systems would face difficulties to overcome the current phase of disinfection and
filtrations [48]. Recent articles have discussed about the survival and persistence of
coronavirus in water bodies, which mainly depends on the type of water (filtered
water, tap water, reagent grade water, domestic wastewater, etc.). However, minimal
information has been documented regarding this [47]. Following are the potential
routes (as a summary) of contamination for aquatic systems:

1. Surface water or groundwater being one of the major sources of drinking water,
they may contain the coronavirus, as these sources are getting contaminated.
Therefore, strict monitoring is required to avoid discharge of not disinfected
wastewater in the surface water bodies.

2. Municipal corporations in general scenario treat water with different chemical
and physical processes to remove contamination; however, if these treatments are
reduced for some reason, then the potential risk of water to stay contaminated
is high.

3. Another possibility could be leaks in pipelines underground and water distribu-
tion system having low dynamic pressure.

4. Viruses can easily be passed on from one infected person to many healthy people
via feces, vomit, and urine of both symptomatic and asymptomatic patients;
therefore, personal hygiene and sanitation practices should be given proper
importance.

5. Reuse of gray water can be one huge source of transmission and risk related to the
domestic surfaces like plastic toilet seats, ceramic sinks, etc.

6. Reuse of rainwater systems, where the transmission risk could be focused because
of the virus persistence in aerosols.

7. Release of virus could also take place due to overflow of sewage and usage of
septic tanks in individual buildings, causing risks of purge service operators.

In one study it has been explained that the tadpoles exposed to synthetic SARS-
CoV-2 spike peptide proteins showed to have high expression of neurotoxicity
biomarkers and oxidative stress [49]. This clearly shows that tadpoles are strongly
affected by SARS-CoV-2 protein fragments, but there are more areas to be explored
in order to understand this aspect in detail. However, this kind of research can give a
lot of insights in understanding the mechanism of SARS-CoV-2 transmission in our
ecosystem and environment [50]. Natural as well as surface water systems can act as
major pathways for transmission of SARS-CoV-2 in the environment, leading as a
threat to not only human lives but also the overall aquatic system. There is high
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requirement to further explore and estimate the potential receptors in order to
understand the interspecies transmission (human as well as biota in the aquatic
system) [51].

6 Transmission Route of SARS-CoV-2 into the Soil System

According to current evidence, SARS-CoV-2 is transferred from one person to
another person by the proposed two routes: direct and/or indirect contact [20]. Con-
taminated human body fluids such as saliva, mucus, feces, vomits, urine, and blood
come under direct way of transmission. For SARS-CoV-2 and other different
pathogenic microorganisms, the fecal-oral transmission route is a possibility that
has to be considered [52, 53]. In addition, for microorganism suffering frequent
mutations, new characteristics in transmission, and the potential to be infective and
cause diseases through new routes must also be considered [54–56]. If this can be
relevant for wastewater, it could be also for sewage sludge, and then for soils
receiving the spreading of both materials, as well as for plants growing on these
soils, and even for surface and groundwater in the area, which could be contaminated
by means of runoff or leaching. Perceptibly, the risks of biotic pollution would be
higher in areas where wastewater and sewage sludge treatments (including disinfec-
tion) are scarce or, simply, do not take place. Further, the generation of aerosols
containing SARS-CoV-2 (or other pathogenic microbes) in any of the locations
where wastewater and sludge are spread is another concern [47]. Similarly, the virus
can also spread over the public areas via inefficient disposal management of the
wastes generated from the hospitals, houses, municipalities, and quarantine centers,
and that are contaminated with SARS-CoV-2 [57]. The transmission of the corona-
virus may be increased by solid waste management through poor handling condi-
tions with poor solid waste management, and in addition when solid wastes are
dumped in poorly managed dumpsites, posing serious risk of infection by SARS-
CoV-2 into the soil system. In view of that, studies on soil biodiversity, in relation to
SARS-CoV-2 (and/or other pathogenic microorganisms) are necessary and may
serve as a future direction of research.

7 Interaction Between Soil-SARS-CoV-2
and Water-SARS-CoV-2: A Metagenomic Overview

The viral load in the environment increases in response to increased cases in the
community and may pose risks of infection to more susceptible individuals. Hence,
the environmental surveillance for SARS-CoV-2 by means of a metagenomic
approach is important to understand crucial details affecting the presence of virus
in the environment [58]. Here we focus on the metagenomic interactions and
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methods to detect SARS-CoV-2 in soil and water. The viral load in these environ-
ments may not reach the required infectious dose of SARS-CoV-2 to establish
infection. But it is important to study the metagenomic interaction of SARS-CoV-
2 in different environments to understand the dynamic of genomic versatility and
mutations that favors the emergence of potential variants in face of infection. The
interaction of viral elements with the abiotic factors in the environment is necessary
to be elucidated to understand the distribution of SARS-CoV-2 in aquatic ecosys-
tems and its metagenomic interactions. As the viral concentrations in wastewater and
aquatic systems are low, significant pre-processing of the sample with appropriate
viral concentration technique is required for successful metagenomic detection
[59, 60]. Electronegative membranes and ultra-filtrations are the viral concentration
methods used for SARS-CoV-2 [61]. After viral concentration, the extraction of
viral nucleic acid should be performed using suitable methods such as RNA extrac-
tion, further subjected to sequencing using Illumina MiSeq platform [62].

It is also believed that SARS-CoV-2 can be present in soil and the possibility has
been discussed previously [55, 56]. The source for soil existence of SARS-CoV-2 is
thought to come from unprocessed sewage sludge, as happens for other viruses [63],
open sanitary use, direct encounter from infected individual in open places and from
improper disposal of infectious healthcare wastes. These are the main possible ways
of SARS-CoV-2 for distribution in soil [64]. Although the virus stability is much
lesser in the soil, its presence in soil should be studied through metagenomic
sequencing. The metagenomic interaction of SARS-CoV-2 with soil in different
geographical area is necessary to be determined to predict the potential zoonotic
adaptation between different species that the virus poses in the environment. The
survivability of the SARS-CoV-2 in soil is quite challenging and it is affected by
primary factors like temperature, exposure to sunlight, and pH of the soil
[55, 56]. Other counter factors like ionic and organic content of the soil, moisture,
and microbiome may also play a role in the viral survivability. The distribution of
SARS-CoV-2, potentially affected by soil type and the species diversity of the
surrounding area is important in order to understand the adaptation of SARS-CoV-
2 and its outbreak prediction.

Determination of interaction of SARS-CoV-2 in soil requires a standardized
procedure of metagenomic approach. We discuss on a suitable protocol for future
metagenomic studies in SARS-CoV-2, from pre-existing isolation methods and
metagenomic sequencing of soil viruses. The first step for virome isolation from
soil involves assortment of solid particles. Centrifugation can help to settle the sand
particles in the soil. Centrifugation at 500 � g for 5 min can pellet out large soil
particles [65]. Then rinsing the suspension using mild detergent followed by
vertexing will separate the viral particles. The further filtration of the suspension
using 5 μm membrane filter will remove the solid particles [66]. The filtrate is then
prepared for Fluorescent Activated Cell Sorting by staining with SYBER Green
[67]. After viral sorting by FACS, the pools should undergo RNA extraction from
the virus and whole genome amplification. Viral RNA can be extracted using
MoBioPower Soil RNA kit. Multiple displacement amplification can be followed
by whole genome amplification. The prepared metagenomic library can be
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sequenced using Illumina NextSeq platform and the sequences are assembled using
suitable metagenomic assembler (Fig. 2).

7.1 Bioinformatic Tools in Recovery of SARS-CoV-2 from
Soil and Aquatic Systems

To recover SARS-CoV-2 from soil and water, other than the viral concentration
method in silico tools for designing metabarcoding primers and metagenomics
analysis of Next Generation Sequencing (NSG) is necessary.

The following tools are involved in the detection and annotations of variants.
PriSeT is a tool for metabarcoding SARS-CoV-2 which helps in designing RT-PCR
primers for recovery of SARS-CoV-2 and its subspecies [68]. CoVPipe generates
consensus sequences for NGS of SARS-CoV-2 for reconstruction of sequence
variants. This pipeline provides sequence lineage of SARS-CoV-2 in the environ-
ment to recover the native and the variants that exist in soil and water [69]. PoreCov
enables rapid processing of SARS-CoV-2 raw sequence data for nanopore sequenc-
ing with reduced bottleneck trafficking. It combines all the tools necessary for
routine SARS-CoV-2 sequencing workflow and enables long read data for precision
of reconstructing variants [70]. Haploflow tool assembles the SARS-CoV-2

Fig. 2 Steps involved in the detection of SARS-CoV-2 by metagenomic sequencing from soil and
water. Protocol for metagenomic detection of SARS-CoV-2 from soil and water. The sample
storage, pre-processing, and viral concentration techniques to be adapted for successful
metagenomic sequencing from soil and aquatic system are signified
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sequence variations through novel flow algorithms, which is pre-feed from the
existing multiple sequence variants in evolutionary lineage. It works rapidly with
higher accuracy than the metagenomic assembler with increased complexity
[71]. V-Pipe interprets the high-throughput sequencing data with existing heteroge-
neous virus populations and helps to probe for metagenomic sequencing
[72]. VIRULIGN enables codon specific alignment of multiple viral sequences
and annotations of SARS-CoV-2 genome. The functions of protein coding
sequences of the closely related viruses can be accessed by exploring this tool
[73]. VADR (Viral Annotation DefineR) validates the SARS-CoV-2 sequence
homology and annotation of the sequence variants. It enables both NCBI RefSeq
and input sequence for the annotation of sequence variation. It helps to predict the
proteins encoded by the variants SARS-CoV-2 clades [74]. Pfam is another database
that enables to investigate the consensus secondary structures of SARS-CoV-2
proteome in relation to the nucleotide variations. It helps to analyze the protein
sequence and visualize the structure variants that originate from its native form and
classify protein sequences into families [75]. Rfam COVID-19 enables to identify
the secondary structures in untranslated regions of the mRNA and functional
annotations of non-coding RNAs, especially miRNA [76]. For recovery of SARS-
CoV-2 from soil and water through metagenomic sequencing, the computational
tools shown in Fig. 3 can augment in the experiment designing or post analysis of
viral sequences for complete recovery of variants. Numerous tools are available with
a minor variation in the objectives, hence the in silico tools should be carefully
selected to design a suitable experiment for recovery of SARS-CoV-2.

7.2 Robotics in Recovery of Soil and Aquatic Systems

Soil system condition can be tried to improve via various techniques. There are some
ongoing systems using different forms of machine vision, artificial intelligence, and
machine learning leading towards applied agriculture and robotic farming. There is a
lot of research going on in the field of robotic management of plants changing
landscaping of agriculture and soil system. Artificial intelligence (AI) is well studied
to this point where one can be provided with opportunity to witness revolution in
agriculture. Agricultural aspects of weeding, irrigation, spraying, and many more
related programs are well embedded in drones and robots in order to carry out the
work [77]. This AI and technology could help us save the unwanted and excess use
of pesticides, herbicides, and water making it easy to maintain the fertility of the soil.
Development of potential application of AI and robots carrying the programmed
ability to detect infection and identify the disease was studied previously [78]. This
development could give a different face to the disease management routine. Online
tools like cloud-based solutions and internet of things are responsible for providing
exceptional opportunity for the development of such systems that can benefit not
only in disease management aspects but also in forestry and urban farming
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[79]. Researchers from various countries have already worked on this issue and are
continuing to do so.

There has been development of multi robot systems, which are also termed as the
autonomous aquatic vehicles. These robots are made to clean the aquatic system and
water bodies in order to reduce the amount of contamination, without compromising
the public health [80]. The initial sanctioned robot was for the removal and collec-
tion purpose for waste; but it was further developed on demand to clean the
groundwater as well as surface water. There were different types of navigation
algorithms which were considered in order to stimulate the de-contamination.
Later, as the demand for the improved version of these robots increased, the
precision for the making increased [81]. Different models and updates were pro-
duced in the market where different types of sensors, like trinocular sensors, acoustic
sensors, were installed along with camera and environment specific modeling, where
3D model of specific object can be studied [82]. Various imaging techniques and

Fig. 3 Bioinformatic tools for pre- or post-analysis for recovery of SARS-CoV-2 from soil and
water. Bioinformatic tools to identify the protein or sequence variants of SARS-CoV-2 and the
online databases for designing metabarcoding or metagenomic experimentations to aid in the
recovery of variants from soil and water
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vision-based localization techniques were installed along with mapping techniques.
Moreover, many researchers are still working on making it better in terms of
detecting virus and infection causing bacteria [60].

However, there are some improvements still needed to make the aquatic robots as
efficient as the dynamic outdoor robots, including GPS settings, calculating the earth
magnetic field, small-scale mapping, and more [83]. Research has shown possibil-
ities of spreading of the SARS-CoV-2 via aquatic and soil systems. To avoid such
situations, the aquatic system can be decontaminated using robotics and artificial
intelligence. As mentioned previously, there are various developments of robots that
clean surface as well as groundwater. They also have been programmed to release
clean fluids in contaminated areas [83]. Similarly, this technique can be used to
detect the presence of coronavirus or its components and release the disinfectant in
that contaminated area in order to decrease the spread of contamination. Not only are
robots and AI helping in eradicating the virus form the aquatic system but are also
helping in detection of SARS-CoV-2 in sewage water [4, 5, 84]. Non-robotic
systems are facing some problems in detecting SARS-CoV-2 in sewage as
the viral load is low, leading to unsuccessful detection of the virus. Therefore, the
robotic system was encouraged to be developed, expecting success because of the
quick and different approach. Infectious agents can easily exist in our natural
environment, especially cellular organisms/microorganisms. Soil and aquatic sys-
tems both seem to be affected by SARS-CoV-2 in one way or the other, leading
towards spread of the infection; however, researchers have been successful in
studying the nature of the virus and will continue to understand its environmental
aspects.

In addition, it is important to bear in mind that the biodiversity of soil should be
maintained, as that could aid in diminishing the propagation of bacteria that are
antibiotic resistant, and similarly water bodies should be looked upon for its main-
tenance as they are the primary source of water.

7.3 Disinfection Methods and Techniques Used
for Wastewater Treatment

It has been hypothesized that the current outbreak of coronavirus could be initiated in
propagation due to saliva or feces of bats; so, infection through contaminated surface
water or wastewater, though improbable, could be treated as a potential health hazard
and must never be ruled out. As per the Centers for Disease Control and Prevention
(CDC), the wastewater and standard water treatment along with its process of
disinfectant are thought to be effective against SARS-CoV-2 [85]. Reusing water
has been practiced for decades, where particularly gray water reduces the stress of
water as it is a relatively clean form of wastewater from various sources like
households (except toilets). The reusing of such wastewater could potentially tackle
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water scarcity and could provide (after appropriate treatment) clean and drinking
water for the domestic use.

Below, we will further discuss appropriate techniques and procedures for
disinfection.

7.3.1 Chlorine Gas

Chlorine gas is popularly used in water as a primary as well as secondary disinfec-
tant. It is a greenish yellow gas which turns into liquid on high pressure. This
technique is well known for the removal of most of the pathogenic
microorganisms [86].

7.3.2 Chlorination

It is a technique used for the removal of enteric indicator organisms and pathogens.
For about 70 years, chlorination has been the major method used for disinfection of
drinking water. There are two main alternatives for using this technique, which are
liquid chlorination using sodium hypochlorite solution, and solid chlorination using
calcium hypochlorite. In liquid chlorination the bleaching agent is a sodium hypo-
chlorite solution, which contains chlorine around 10–15%, but drops the force. On
the other hand, the solid calcium hypochlorite can be feasibly used to replace the
other chlorination methods. Surprisingly, this method is much safer in terms of
handling and about 70% of chlorine is commercially available, which is used for
both drinking and wastewater treatment [87].

7.3.3 Chloramines

These are designed by reacting free chlorine with ammonia. To quite an extent
chloramine plays crucial role in protecting the system of distribution residually [88].

7.3.4 Ozone

In terms of oxidation potential, ozone is clearly higher than the hypochlorite ion or
chlorine. It is only fluoride and hydroxyl radical that can surpass ozone in its
oxidation capacity. Ozone is very often used as primary disinfectant in Canada
and Europe. Ozone is a biocide that is highly efficient and has target to break the
double bonds of fatty acids present in lipid envelop in viruses and in bacterial cell
membrane [89].
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7.3.5 Ultraviolet Light

Commonly known as UV light, which here is used as the treatment for drinking
water, aquaculture, and wastewater. One of the major characteristics of UV light is
that it can very easily change the biological components of any exposed microor-
ganism by disrupting their RNA, protein, and DNA. The major advantage for using
UV is that it is very easy to be maintained and extremely cost effective [90].

7.3.6 Copper Ionization

It is an uncommon method to reduce the amount of bacterial contamination in
wastewater or drinking water. Apart from disinfecting, this technique also reduces
scaling in holding tanks and pipes. There should be more attention drawn to this
technique in combination with the ozone treatment, filtration, and UV. Agricultural
and cooling towers wash could be a very good way to use this technique, as it is a
very viable disinfection alternative. All that is required is low levels of copper to
hold on to fungus, bacteria, and algae. Overall, for disinfecting bacteria and
inactivating viruses from wastewater, it is best to go through chlorine, chlorine
dioxide, ozone, and UV radiation. Whereas, for conventional disinfection against
general microbial groups either of these methods would be used: chorine, chlorine
dioxide, ozone, peracetic acid, UV radiation. Human handling as well as certain
practices on the environment can cause repercussions leading to contamination of
water, which may be tangible or not. In conclusion, it will be advantageous to use
these techniques for problem areas and deal with wastewater management (Fig. 4).

8 Recommendations

COVID-19 is hitting hard, therefore, every individual is accountable for their own
well-being. Researchers and clinicians have come up with certain recommendations
keeping the current pandemic in mind, which will also be discussed further. Since
the very beginning of the pandemic, several people experienced recurrent infection
of COVID-19. The global war against the virus is still going on leading to under-
stand the situation in an efficient manner. Considering the ongoing situation, many
reinfections have been reported, making it recommendable to keep social distancing
and safe spacing gear on. It is highly important to keep maintaining the culture of
physical distancing and wearing masks, washing hands frequently, avoid crowding
in closed setting and provide good ventilation, especially in closed spaces, while
researchers continue to fight against the latest mutant and variant. Governments
should be taking appropriate measures in order to provide vaccines as there has been
a widespread of SARS-CoV-2, being exposed with increasing risk of new variant
[91]. In view of the current situation, all the future interventions are going to be
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directed towards maintaining safe social distance, and there will be a culture of
improved hygienic practices. These measures upon being followed have the poten-
tial to delay the onset of wide community transmission. It is critical to consider
acceptance for all the upcoming measures by the population, allowing that are
followed.

Next are indicated the precautionary steps that could be taken up in order to
reduce crisis caused by theSARS-CoV-2 infection spreading in the aquatic ecosys-
tem [34]:

1. Using good practice for clean sanitation and clean water supply in order to reduce
the occurrence of COVID-19.

2. Treatment of household water before the usage, as household treatments can also
remove viruses from water.

3. Cleaning of toilet surfaces, both public and personal toilets.
4. Use of biosurfactants in soil and aquatic systems will be highly beneficial, as well

as cost efficient in the recovery of effects due to SARS-CoV-2 in these
systems [92].

5. Regularize the hand washing practice using detergent or soap of any kind, as it
will reduce the risk of infection and its spread to quite an extent.

6. Designing of technologies that will help in ozonation, UV radiation, and mem-
brane filtration in plants as treatment for water to help inactivate coronavirus.

7. Proper management of tap water should be taken up, where they are protected
against the spread of coronavirus. WHO published major guidelines where the
systems for elimination of virus from water and aquatic system were provided.

It is suggested to mobilize all the communities and various sectors, so that
governments can impose preventive measures to increase hygiene, maintain respi-
ratory etiquettes and social distancing. It is asked to reduce the mortality by adapting
healthy culture of providing extensive care for patients affected by COVID-19 and
by providing appropriate care for the frontline workers and vulnerable population
[93]. Government and public healthcare workers are striving hard to provide and
develop safe environment and effective therapeutics along with production of
vaccination with the minimal side effects [94].

9 Conclusion

Every country is implementing wide-ranging measures to reduce the transmission of
COVID-19 in every possible way. The detection of the infection must be considered,
as that area would be highly vulnerable and sensitive in terms of transmission of the
infection. Every country has strict quarantine rules and travel restriction for asymp-
tomatic as well as positive tested patients [95]. Around the world, population is
going through an unprecedented menace; but in this distress, we have an opportunity
to emerge with better and improvised health system connecting various countries, so
that we all are ready for the coming health related threat. One must learn all the
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lessons this pandemic has taught us, and continuing to do so, making the future a
safer place. Furthermore, environmental pollution can be considered the most
challenging issue facing the world today, along with COVID-19 pandemic. These
pollution effects have closely linked to human activities and health. According to the
world water council organization, our generation has generated the highest amount
of wastewater than ever in the history of the planet. The ratio to access safe drinking
water is more than 1:6 people. COVID-19 pandemic had increased pollution impacts
in freshwater systems as well as in the soil system. Increased use of disinfectants has
prospectively increased its presence in freshwater through runoff and wastewater
discharge. COVID-19 impacted all aspects of human lives, including public health,
socioeconomic issues, and environment. The tragedy of COVID-19 has once again
reminded the need for protecting, healing, restoring, and support our planet.
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Abstract This chapter deals with an environmental aspect not sufficiently taken
into account by the scientific community as well as the economy productive sectors:
the removal of emerging contaminants (ECs) from sewage sludge. The most com-
mon ECs that can be found in the sludge, their adsorption mechanisms, and the most
suitable removal treatments, in such order, are analyzed and discussed in the
following pages. An accurate scientific literature survey has highlighted, primarily,
that the anaerobic digestion (AD) process is the most common treatment used to
stabilize sewage sludge and, secondly, that such process is not appropriate for
properly treating ECs. Therefore, further treatments are required to be coupled
with AD for removing ECs. Among all possible treatments, those innovative,
chemical (ozonation, hydrogen peroxide, Fenton) as well as thermal (hydrothermal
liquefaction) are discussed and their performance is compared.

Keywords Fenton, Hydrogen peroxide, Hydrothermal liquefaction, Ozonation,
Sewage sludge contamination

1 Introduction

Emerging contaminants (ECs) are chemicals that are produced either from natural
phenomena (e.g., natural estrogenic hormones) or from human activities (e.g.,
pesticides and industrial compounds). In the past few years, such contaminants
have been detected in the environment and represent a serious threat to the survival
of living beings because of their toxicity and persistence [1–3]. Many ECs, such as
antibiotics, pharmaceuticals, illegal drugs, and personal care products (PPCPs) are
discharged into municipal sewers through domestic wastewaters and reach the
wastewater treatment plants (WWTPs) [4, 5]. Most of these contaminants will not
be completely removed by WWTPs processing and, depending on their specific
physicochemical properties (e.g., hydrophobicity, water solubility, pKa), they are
discharged into the environment through treated wastewater or sewage sludge
[6, 7]. Moreover, the presence of these contaminants in sewage sludge represents a
concern for the biological treatment of the WWTPs. For instance, antibiotics at
concentrations exceeding the inhibiting thresholds may hinder the regular develop-
ment of both acidogenesis and methanogenesis phases during the anaerobic diges-
tion (AD) process. When such an event occurs, the volatile solids (VS) conversion to
methane is less efficient (methane production is lower than expected), even when the
biomass has been acclimatized at low antibiotic concentrations [8–11]. Furthermore,
the presence of ECs in sewage sludge can generate a diffuse environmental pollution
when the sludge is reused as fertilizer in agriculture. Since ECs are generally
scarcely biodegraded by microorganisms present in agricultural soils, they can
contaminate surface water and groundwater due to water runoff and water infiltra-
tion, respectively [12, 13]. Moreover, ECs can accumulate into plant tissues, thus
threatening the health of all species involved in the food chain [14, 15].
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Therefore, prior to use sewage sludge as a fertilizer, controls on its characteristics
have to be carefully conducted, and not only limited to the measurement of the
original pollutant removal rate through chemical analysis. It is therefore essential to
carry out bioassays that evaluate the potential adverse effects to ecosystems and
human health due not only to the residual original contaminants but also to AD
by-products and other compounds unregulated by law [16]. Once released into the
environment, some ECs can directly interfere with the endocrine system or DNA of
living organisms (mutagenic-carcinogenic risks), thus compromising reproductive
and vital functions in humans and wildlife [17]. Even if some ECs may be partially
removed by AD process [18, 19], some studies have demonstrated that pretreatments
prior to AD, such as sonication or alkaline and thermal hydrolysis, can further
increase the removal efficiency of ECs [20–22]. Nevertheless, to ensure a satisfac-
tory removal of ECs from sewage sludge, further treatments such as advanced
oxidation processes (AOPs) are required. For instance, ozonation is capable of
removing nonylphenol ethoxylates (NPE) from AD sludge by 73% [23]. A success-
ful oxidation of ECs contained in sewage sludge may be also achieved by Fenton
process carried out with the addition of both Hydrogen Peroxide (H2O2) and Fe
(II) salts or, alternatively, H2O2 solely if a sufficient amount of Fe(II) is already
present in the sludge [24, 25]. Such methods are relatively new as the first studies
concerning the treatment of ECs in sewage sludge date back only to 2003. Figure 1
shows an increasing trend of published papers (data from Scopus) from a total
number of 1 between 2006 and 2008 to 17 between 2018 and 2021. These data
show the growing interest in this topic. Hence, this chapter has been aimed at
investigating the current state of the art and knowledge dealing with the fate of
ECs in sewage sludge and treatments aimed at their removal. In particular, the
following aspects have been examined and discussed in depth: (1) ECs that can be
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Fig. 1 Increasing trend of papers on emerging contaminants treatment from sewage sludge
(Scopus). (String keywords: “emerging contaminants” and “sewage sludge” and “removal or
treatment”)
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usually found in sewage sludge; (2) ECs adsorption mechanisms; (3) current
removal methods; (4) AOP used to remove ECs.

2 Emerging Contaminants in Sewage Sludge

ECs are chemical compounds dissolved in wastewater that can have adverse effects
on the environment as well as human health. They are usually found in very low
concentrations, around units of ng/L. The extremely low concentrations coupled
with the lack of a specific legislation are the main causes that hamper the use of a
correct analytical procedure aimed at their detection and the implementation of an
adequate monitoring system inWWTPs. The ECs present in the influents of WWTPs
are usually treated by conventional processes and, if they are not adequately
removed, their presence can be detected both in sewage sludge and in the WWTPs
effluents, thus proving the inefficiency of the conventional processes for their
removal. Therefore, ECs can bioaccumulate in sewage sludge and reach very high
concentrations (such us> 1 mg/kg). ECs concentration in sewage sludge depends on
chemical-physical characteristics of the specific compounds (i.e., octanol-water
partition coefficient known as Log Kow, water solubility, concentration, pKa).

In general, the Log Kow partition coefficient is often used as a predictive param-
eter of the tendency of an organic compound to be adsorbed on solids. In fact, when
Log Kow shows values below 2.5 adsorption capacity is negligible, when values
range between 2.5 and 4 the adsorption capacity is moderate, whereas when Log Kow

shows values greater than 4, the adsorption capacity is really high. However, in the
case of sewage sludge, Log Kow is not the sole parameter contributing to the fate of
ECs. For instance, also the ionization state of molecules plays a key role in the
adsorption of ECs on sewage sludge accordingly to molecule pKa and wastewater
pH. For this reason, more specific research has been carried out on the adsorption of
ECs in sewage sludge [26–28]. The adsorption capacity has been therefore evaluated
by determining the Log Kd coefficient (sewage sludge-water partition coefficient)
[29–31].

Table 1 reports the concentrations in sewage sludge of the most common ECs
present in wastewater. ECs are divided into two categories: antibiotics/drugs and
PPCPs. From Table 1, it can be clearly noticed that ECs concentrations vary from
ng/kg to mg/kg. Regarding antibiotics, sulfamethoxazole is the compound that is
most adsorbed on sewage sludge, thus reaching a concentration higher than
68,000 μg/kg although the Log Kow is extremely low (0.89) [52, 65]. Such occur-
rence could be caused by several factors (i.e., concentration of contaminant in
wastewater, WWTPs configurations, and chemical-physical characteristics of the
sewage sludge). Along with sulfamethoxazole, other antibiotics are found adsorbed
on sewage sludge and their presence, in addition to general concern about environ-
mental pollution, can promote the specific serious issue of antibiotic resistance.

In recent years, such aspects have increasingly gained relevance. Moreover, the
amount of pharmaceutical and PPCPs in the influent of WWTPs has been
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progressively growing as much as their concentration in sewage sludge, since such
compounds are easily adsorbed on sewage sludge according to their Log Kow values
higher than 5 (see Table 1). For instance, galaxolide has been found in concentration
equal to 36,000 μg/kg [66]. The weak correlation (Fig. 2) between values of Log Kd

and Log Kow may be due to factors related to the nature of ECs. Indeed, many
pharmaceutical products are weak acids or bases and, depending on the pKa, they can
be detected in the environment as ionized forms [67].

It has been observed that the adsorption of dissolved compounds on sewage
sludge may depend on their ionic state. For instance, the adsorption capacity is
higher when a compound is present in neutral form rather than in ionic form
[67]. Nevertheless, a strong adsorption on substances such as soil organic matter
has been reported for chemical species that are negatively charged, thus suggesting
that adsorption may also occur primarily via molecular interactions that are inde-
pendent of hydrophobic effects [67]. Highly hydrophilic compounds have higher
Log Kd values than those expected from their Log Kow values, while highly
hydrophobic compounds have lower absorption coefficients than those expected
(Table 1). Such evidence is likely due to specific features of these coefficients that
properly describe the hydrophobic interactions, but fail to predict the absorption of
polar and ionic compounds. In particular, Rybacka and Andersson [67] observed that
the adsorption of neutral and cationic compounds on sewage sludge was mainly
governed by intermolecular forces of similar intensities, hydrophobic interactions as
well as pi–pi and dipole–dipole interactions. Conversely, the adsorption of anionic
chemical species is mainly governed by covalent, ion–ion, ion–dipole, and dipole–
dipole interactions.

R² = 0.0216

-2

-1

0

1

2

3

4

5

6

7

0 1 2 3 4 5

Lo
g

Kd

Log Kow

Fig. 2 Sludge sorption (Log Kd) plotted against hydrophobicity (Log Kow), both referred to ECs
listed in Table 1
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2.1 Influence of WWTPs Characteristics on ECs Adsorption

The adsorption process is the main mechanism that promotes the removal of some
contaminants present in the influent of WWTPs. Indeed, scarcely biodegradable
drugs, antibiotics, and PPCPs are removed in WWTPs from wastewaters by adsorp-
tion on sludge. Li and Zhang [68] observed a removal efficiency through adsorption
higher than 80% for the whole group of 11 drugs they tested. Similar results were
found in other studies aimed at removing ECs from wastewater [69–71]. The
adsorption process depends on chemical and physical properties of both adsorbate
(sludge) and adsorbent (ECs) as well as on WWTPs configuration and operating
conditions (HRT, SRT, etc.). Accounting for the sewage sludge, the most relevant
chemical-physical properties that play a crucial role in adsorption mechanisms are
the presence of organic substance, concentration of cations, and pH. Whereas, as
regards ECs, the main parameters are the biodegradability, Log Kow value, solubil-
ity, and hydrophobicity.

Specifically, hydrophobic ECs, characterized by Log Kow > 3.0, such as
azithromycin, miconazole, triclocarban, ibuprofen, and gemfibrozil, are ubiquitously
found in sewage sludge (Table 2). On the other hand, it can also happen that some
ECs such as chlortetracycline, ciprofloxacin, and tetracycline are adsorbed on
sewage sludge even if their Log Kow is negative (Table 2). This event can occur
thanks to the electrostatic forces interacting between the negatively charged sewage
sludge biosolids and those ECs compounds that, under neutral pH conditions, are
speciated as cations or zwitterion [72, 73]. Among all ECs that can be usually
detected in wastewaters, it is interesting to highlight the presence of salicylic acid
at high concentrations in sewage sludge, although this compound is characterized by
a Log Kow equal to 2.26 and, furthermore, it is mainly present in solution in its
anionic form (Table 2). This phenomenon could be attributed to the formation of a
chemical complex between Fe(III) ions in the sediments and the phenolic group of
the salicylic acid, as suggested by Ou et al. [74].

Regarding the properties of sewage sludge, Verlicchi et al. [75] found that the
presence and the amount of adsorbed contaminants depend on the geographical
position as well as the season. Some drugs (i.e., antibiotics such as paracetamol and
ibuprofen) were, in fact, mainly detected during winter rather than other seasons as a
consequence of the seasonal flu’s occurrence.

Another important factor is the type of sewage sludge (primary or secondary)
since it has been observed that, according to the type of sewage sludge, the ECs
concentrations are different [76]. In particular, it was found that antibiotics are
mostly found in secondary sludge while some types of drugs (i.e., antiepileptics)
are mainly in primary sludge. This phenomenon is due to the density, the presence of
proteins and cations as well as the structure of the extracellular polymeric substances
(EPS), which can affect the adsorption capacity [37, 77]. Primary sludge is mainly
composed of settling solids (i.e., feces, toilet paper), while secondary sludge is
mainly composed of bacterial biomass. In terms of chemical and physical charac-
teristics, primary sludge differs significantly from secondary sludge: total suspended
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solids (TSS), total volatile solids (TVS), oils and fats, pH, alkalinity, are, respec-
tively, 6%, 3.9%, 2.3%, 6.5, and 1,000 mg/L of CaCO3 for primary sludge and 1%,
0.8%, 0.1%, 7.25, and 840 mg/L of CaCO3 for secondary sludge [78]. For instance,
Ternes et al. [31] found an adsorption capacity of diclofenac in primary sludge
(between 5% and 15%) higher than in mixed (mixture of primary and secondary
sludge) sludge (<5%). Conversely, Hörsing et al. [79] tested 75 drugs in wastewa-
ters and observed no difference about the adsorption capacity between primary and
secondary sludge as well as no difference in secondary sludge with different sludge
retention times (SRT).

3 Treatments

3.1 Anaerobic Digestion (AD)

The AD process is currently the most widely used technology for the stabilization of
sewage sludge. AD is a biological process where, through the biological activity of
bacteria, the organic substance is degraded and mainly converted to biogas. The
performance of the AD process strongly depends on multiple factors (i.e., pH,
temperature, OLR, HRT). This process is positively accepted because it is energy
self-sustaining and even can produce a surplus of energy that can be sold. Further-
more, for the same amount of processing sewage sludge, the amount of sludge to be
disposed resulting from AD is lower than that produced from an aerobic stabilization
process, since the biomass yield rate is lower (e.g., 0.2 for anaerobic process, 0.6 for
aerobic). The end products of AD are a gas mixture (biogas, useful to produce
energy) and highly concentrated liquid (digestate, potentially useful to produce
organic fertilizer) [80].

Different studies focused their attention on the evaluation of ECs removal by AD
process (Table 3). Experimental results have shown a very high removal efficiency
(>70%) of naproxen, sulfamethoxazole, roxithromycin, estrogen, galaxolide,
tonalide, and diclofenac. Conversely, diazepam and ibuprofen are characterized by
a lower removal efficiency (40–60%), whereas carbamazepine showed no removal.
Samaras et al. [44] obtained the best results in removing ibuprofen (i.e., removal
efficiency of 80%). Such results highlight the dependence of removal efficiencies on
the specific characteristics of characteristics of the EC: estrogen, diazepam, and
diclofenac were removed exclusively by properly acclimatized sludge
[81, 82]. Therefore, a careful evaluation of the effective removal efficiency for
each single contaminant and the possible occurrence of biological process inhibition
have to be taken into account for each specific plant.

Paterakis et al. [83] obtained different removal efficiencies for several ECs (i.e.,
steroidal estrogens, nonylphenol ethoxylates) by comparatively testing primary and
secondary sludge. On the contrary, no removal efficiency variation was noticed by
using the same sludge with different SRT values, WTTPs plant size, and AD
operating temperature (mesophilic and thermophilic conditions) [44]. Instead, the
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Table 3 Removal efficiencies for several ECs by varying the biological process and the operating
conditions

Type of
sludge Operating conditions Contaminants Removal (%) Reference

Urban sew-
age treat-
ment plants

Variations of SRT and tem-
perature (mesophilic and
thermophilic digestion)

Naproxen
Sulfamethoxazole
Roxithromycin
Estrone+17-
β-oestradiol
17α-ethinylestradiol
Galaxolide
Tonalide
Diclofenac
Diazepam
Ibuprofen
Iopromide
Carbamazepine

88 � 4
99 � 1
94 � 9
88 � 6 (SA)
86 � 9 (SA)
69 � 9
63 � 14
69 � 10 (SA)
50 � 16 (SA)
41 � 15
22 � 11
0

[81]

Primary
sludge

Variations of SRT and tem-
perature (mesophilic and
thermophilic digestion)

17α-ethinylestradiol
17β-estradiol
Estrone
Estriol
Estrone-3-sulfate
Nonylphenols
Nonylphenol
ethoxycarboxylates
Nonylphenol
monoethoxylate
and diethoxylate
Nonylphenol
polyethoxylates

34 (Mes)
43 (Term)
�324 (Mes)
�367 (Term)
79 (Mes)
96 (Term)
45 (Mes)
17 (Term)
36 (Mes)
30 (Term)
0 (Mes)
50 (Term)
�215 (Mes)
>�1,000
(Term)
88 (Mes) 2.5
(Term)
66 (Mes)
73 (Term)

[83]

Mixed
sludge

Variations of SRT and tem-
perature (mesophilic and
thermophilic digestion)

17α-ethinylestradiol
17β-estradiol
Estrone
Estriol
Estrone-3-sulfate
Nonylphenols
Nonylphenol
ethoxycarboxylates
Nonylphenol
monoethoxylate
and diethoxylate
Nonylphenol
polyethoxylates

4 (Mes)
14 (Term)
�325 (Mes)
�621 (Term)
70 (Mes)
68 (Term)
43 (Mes)
4 (Term)
21 (Mes)
28 (Term)
100 (Mes)
100 (Term)
0.0035 (Mes)
�5,800
(Term)
�0.0274

[83]

(continued)
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Table 3 (continued)

Type of
sludge Operating conditions Contaminants Removal (%) Reference

(Mes)
100 (Term)
67 (Mes)
83 (Term)

Urban sew-
age treat-
ment plants

Variations of SRT and tem-
perature (mesophilic and
thermophilic digestion)

Galaxolide
Tonalide
Carbamazepine
Diazepam
Naproxen
Diclofenac
Iopromide
Sulfamethoxazole
Estrone +17-
β-estradiol
17α-ethinylestradiol

65 � 15
(Mes)
67 � 16
(Term)
60 � 8 (Mes)
67 � 15
(Term)
0 (Mes)
0 (Term)
60 � 18
(Mes)
38 � 21
(Term) (SA)
87 � 5 (Mes)
91� 5 (Term)
60 � 18
(Mes) 73 � 9
(Term) (SA)
23 � 15
(Mes)
23 � 11
(Term)
99 � 1 (Mes)
99� 1 (Term)
85 � 10
(Mes) 85 � 5
(Term) (SA)
85 � 5 (Mes)
75 � 15
(Term) (SA)

[86]

Urban sew-
age sludge
samples

Temperature (mesophilic and
thermophilic digestion)

Triclosan
Bisphenol A
Nonylphenol
Nonylphenol
monoethoxylate
Nonylphenol
diethoxylate
Ibuprofen
Diclofenac
Naproxen
Ketoprofen
Non-steroidal anti-
inflammatory drugs

22
37
�17
47
31
81
<LOD
84
<LOD
<LOD

[44]

100 A. Ferraro et al.



removal efficiency of nonylphenols (NPs) and their nonylphenol ethoxylates (NPE)
as well as carbamazepine was affected by the previously mentioned process operat-
ing parameters. Nevertheless, the AD process could be inhibited by toxic substances
(i.e., antibiotics, drugs) and therefore the removal efficiencies could be largely
different from those expected [84]. Different studies have been, in fact, focused on
evaluating the effects of different contaminants on the biological kinetics. Boševski
and Gotvajn [85] observed a decrease in biogas production by 44–45% when sewage
sludge was artificially contaminated with antibiotics (tiamulin, amoxicillin, and
levofloxacin). The worsening of the AD process performance was furthermore
increased by the lower percentage of methane fraction in biogas.

A similar inhibiting effect was also observed for PPCPs. Chen et al. [80] found
that chlorophenols (dichlorophenols, trichlorophenols and pentachlorophenol),
although biodegradable, inhibited methanogenic and acetogenic microorganisms.
However, not all ECs are responsible for the biogas yield decrease. Sulfamethazine
and ampicillin, in fact, show no detrimental effect, although ampicillin can lead to a
lag of the AD process start. On the contrary, other ECs (i.e., tylosin florfenicol) can
impact seriously the biogas production. To avoid biogas production drops, various
pre-treatment methods (i.e., ozonation, addition of nitrites) have been studied, aimed
at totally removing contaminants or reducing their concentration.

The freezing pre-treatment of sewage sludge using activated nitrites resulted in
an improvement of the AD process performance in terms of both biogas production
and several contaminants removal. Liu et al. [87] observed, for a freezing time of 4 h
at �5�C and with 600 mg of NO2-N, a significant increase, by 30.6%, in methane
production. Furthermore, the anaerobically digested sludge showed a better dehy-
dration capacity and worse conditions for pathogens survival. Unfortunately, no
investigation was carried out on the ECs detection. As regards the removal of ECs,
the most common pre-treatment method involves ozone (O3). This pre-treatment
allows the AD hydrolysis phase by-pass thus improving the process performance.
Antibiotics adsorbed on sewage sludge can also be partially degraded, thus reducing
or even erasing their toxicity to anaerobic microorganisms. The O3 dosage has to be
carefully controlled because an overdosage causes partial or even total mineraliza-
tion of the cells material released into the liquid bulk, thus adversely affecting the
methane production. From the international literature, the optimal O3 dosage to
enhance sewage sludge solubilization ranges between 0.05 and 0.5 g O3 g�1 TS
(total solids), depending on the sludge properties and the operating conditions [88].

3.2 Ozonation

Ozonation is the most common technique to treat sewage sludge at both full and
lab-scale. The oxidizing action is conducted by radicals (•O2

�, HO2
•, and •OH) that

O3 forms as it is an unstable gas (as gas, at 20�C its half-life lasts 3 days, in aqueous
solution the half-life lasts around 20 min) [89]. At the liquid state O3 is explosive.
Therefore, it is difficult to store, and therefore O3 is produced in situ, prior to its use.
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The first applications of O3 for AD process were aimed at increasing the methane
yield (compared to AD without ozonation the methane production was increased by
200% with 0.063 mg O3/g TSS) [90]. Moreover, such treatment is also capable of
removing ECs (mainly PPCPs, drugs/antibiotics) [91]. Thanks to its strong oxidizing
power, O3 is also widely used to remove pathogens from water showing a disinfec-
tion rate higher than 90–95%. The disinfectant action of O3 is mainly due to two
reactions (direct and indirect). The direct reaction depends on the structure of the
reactants, whereas the indirect reaction is carried out by the hydroxyl radicals (•OH)
that react with organic substances (i.e., sewage sludge biosolids).

Furthermore, O3 is a selective electrophile and therefore reacts rapidly with
chemical compounds characterized by double bonds, with phenols and amines as
well as the most common ECs being included in these compounds [92]. The
efficiency of O3 pre-treatment in removing ECs from sewage sludge is largely
proved by studies from the literature, where, in all of the investigated cases, it was
found that the ECs removal efficiency was higher when AD was performed with O3

pre-treatment compared with AD performed with no pre-treatment. Furthermore, Ak
et al. [92] found higher removal performance with O3 compared to other
pre-treatment methods for all ECs (e.g., progesterone, acetaminophen) investigated,
even those that are notoriously difficult to be biodegraded (carbamazepine, diltia-
zem). Moreover, Carballa et al. [91] observed a medium removal efficiency for
ibuprofen (20–50%) and diazepam (50%), while removal efficiency was high
(>80%) for sulfamethoxazole, 17α-ethinylestradiol, and natural estrogens (estrone
and 17β-estradiol).

3.3 Hydrogen Peroxide

H2O2 is also commonly used to treat sewage sludge since the high contaminants
removal efficiencies displayed. The •OH generation by AOP coupled to H2O2 pro-
motes, in fact, the degradation of organic pollutants. The products of the oxidation
reaction are CO2 and specific by-products. H2O2 is also capable of efficiently remov-
ing odors [93]. Generally, the use of H2O2 is coupled with other processes such as
ultraviolet rays (UV), microwaves (MWs) and Fenton [82, 93].

The MW process successfully removes chemical substances and pathogens from
sewage sludge. Chang et al. [82] reported efficiencies higher than 90% for
nonylphenol removal. Moreover, Yu et al. [94] with 0.08% H2O2 at 70�C observed
a total degradation of fecal coliforms. The removal efficiency depends on MWs
power, temperature, and H2O2 dosage. Higher efficiency results from temperature
increase and higher H2O2 dosage. H2O2 is commonly combined with UVs. UVs are
responsible for increasing the production of •OH radicals. Instead, if the H2O2 is
coupled to MWs, the efficiencies and reaction times are increased. Zhang and Li [95]
found, in fact, that using solely H2O2, the removal efficiency was 73%, 58%, 58%,
54% and 46% for estrone, 17α-ethinylestradiol, estriol, bisphenol A and NP,
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respectively. Instead, under the same operating conditions and using UVs, the
removal efficiency increased up to values higher than 90%.

3.4 Fenton

H2O2 is most commonly used to perform the Fenton process. Reactions associated
with the Fenton process which take place in solution are described as follows: (1) Fe
(II) is oxidized by H2O2 to Fe (III) with the formation of •OH and a hydroxide ion
(OH�). On the other hand, reduction can take place in presence of UV–vis light
(2) or in its absence (3). This latter reaction is slower than the first. Therefore,
irradiance absorption is essential to the process performance. Nevertheless, the use
of Fenton process at commercial scale presents various critical aspects mainly
represented by: (1) high operative costs and (2) use of highly acid pH.

Fe2þ þ H2O2 ! Fe3þ þ •OHþ OH� ð1Þ
Fe3þ þ H2O2 ! Fe2þ þ •OOHþ Hþ ð2Þ

Fe3þ þ H2Oþ hν ! Fe2þ þ •HOþ Hþ ð3Þ

The Fenton process can also occur with other metals capable of catalyzing the
reactions (i.e., Cu (I), Co (II)). Process performance strongly depends on H2O2

concentration and pH conditions. Also, the amount of radicals produced is propor-
tional to H2O2 dosage (the ideal Fe/H2O2 ratio is 1:25 (wt/wt)).

The use of Fenton process resulted in being efficient to remove some estrogens
(i.e., estrone, estriol, 17 β-estradiol and 17 α-ethinylestradiol) from sewage sludge by
oxidation (efficiencies are about 90%). Nevertheless, it has been observed that an
excessive dosage of H2O2 could inhibit the degradation of estrogens, as the reaction
between Fe (III) and •OH could be favored (efficiencies are about 70%) [96].

Good efficiencies were also obtained for polycyclic aromatic hydrocarbons
(PAHs) and other contaminants removal from sewage sludge. Flotron et al. [24]
reached removal efficiencies of 46%, 36%, and 48%, respectively, for fluoranthene,
benzo [b] fluoranthene, benzo [a] pyrene. Pulicharla et al. [97] studied the degrada-
tion of chlortetracycline through the Fenton process and obtained a removal effi-
ciency of 76%. Moreover, Fenton process combined with ultrasonification displayed
higher removal efficiencies (up to 81%) than the ultrasonification treatment alone
(i.e. 67%). Such result proves the remarkable efficiency of the integrated process
(i.e., Fenton process coupled with ultrasonification). Studies conducted specifically
on drugs are currently scarce, thus reflecting the need of increasing the research on
this topic.
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3.5 Hydrothermal Liquefaction

The valorization of sewage sludge by hydrothermal liquefaction (HTL) was studied
in order to obtain high energy density fuels. This treatment, also called hydrous
pyrolysis, is conducted by heating the sludge to a temperature of 200–400�C under
pressures higher than the water vapor pressure (typically 10–25MPa) with the aim to
prevent water from evaporation. Through this process it has been possible to convert
sewage sludge into bio-crude with weight ratio of 50–64% [98–100]. It has been
observed that this process is also capable of removing ECs from sewage sludge
thanks to the high temperatures and pressures. So far, a few studies have been
conducted on this process to investigate its efficiency in removing ECs. Pham
et al. [101] found excellent results in removing antibiotics (florfenicol, ceftiofur)
from spirulina algae, already after 15 min of treatment at 250�C with removal
efficiency higher than 95%. Furthermore, after 30 min of treatment the removal
efficiency was almost 100%. Moreover, under a temperature of 300�C, the same
removal efficiency (i.e., 100%) was reached in a shorter time (15 min), thus proving
the positive effect of temperature on the process performance.

Thomsen et al. [102] tested the removal efficiencies of 37 drugs and biocides in
primary sludge processed by HTL with different temperatures (between 300 and
350�C). In their study, they did not observe different removal efficiencies by varying
temperatures, and removal efficiencies higher than 80% were found for almost all
ECs. Only a few compounds showed to be resistant to the HTL process. An
analytical study is required to better understand the recalcitrance of these com-
pounds. Therefore, HTL can be a valid process to obtain a valorization of sewage
sludge and concurrently reduce the ECs content.

4 Conclusions and Future Perspectives

The presence of ECs in wastewater is a current source of concern and legislation is
beginning to consider and face this issue. Nevertheless, a secondary importance is
given to their presence in sewage sludge. In fact, ECs can bioaccumulate in sewage
sludge and need to be properly removed to avoid direct soil contamination and
indirect water contamination. Conventional processes (i.e., anaerobic digestion)
used for sludge treatments cannot ensure high removal efficiency values for ECs.
Therefore, in this chapter current innovative processes that can be used to treat
sewage sludge have been analyzed and discussed. It has been observed that some of
them allow high removal efficiencies. Ozonation, the only common process used at
industrial scale, shows an almost total ECs removal. Nevertheless, this process is
difficult to manage when it is used in large treatment plants, so it is necessary to find
treatments efficient as much as ozonation, but more easy to scale up. The use of
H2O2 coupled with other processes could be a valid alternative (for instance, the
Fenton process). HTL could also represent a valid technology to be used for the
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removal of ECs from sewage sludge. However, prior to their scaling-up, other
scientific studies are required to evaluate the effective removal efficiencies and
find the optimal operating conditions.
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Abstract Water and soil pollution is one of the top problems of environmental
concern that has been worsened in the last years due to the lack of available water
and overall resources. Owing to the difficulty in eliminating pollutants from the
environment, applying cost-effective treatments to the anthropogenic sources of
origin (i.e., wastewaters and industrial effluents) before they are discharged to the
environment becomes a very good alternative. The presence of emerging pollutants
(EPs) deserves special attention and is being considered in new regulations due to
their adverse effects and/or persistence. Among them, a group with increasing
presence is that related to the use of Pharmaceutical and Personal Care Products
(PPCPs). Triclosan (TCS; 5-Chloro-2-(2,4-dichlorophenoxy)phenol) is an emerging
antimicrobial contaminant that belongs to PPCPs. The extensive use of TCS has
caused its presence in different water sources, especially in WWTPs effluents, lakes,
rivers, and also in sediments throughout the world, posing a risk to the environment
and human health. Advanced Oxidation Processes (AOPs), defined as aqueous phase
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oxidation technologies based on the formation of highly reactive species, such as
hydroxyl radicals (•OH), have been successfully applied to the remediation of
wastewaters containing recalcitrant organic compounds. However, depending on
the operating conditions, AOPs can lead to the generation of by-products during the
degradation of the primary pollutants that may increase the final toxicity of the
treated water. In this way, TCS, along with its degradation/oxidation routes, has been
related to the formation of persistent organic pollutants (POPs) such as
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs). Specifically,
this chapter focuses on the potential of electrochemical and photocatalytic oxidation,
in terms of TCS degradation rate and by-products formation, paying special attention
to the potential formation of PCDD/Fs. The role of two electrolytes widely applied in
electrochemical oxidation, NaCl and Na2SO4, as well as the influence of the
concentration of a catalyst (TiO2), on the photocatalytic medium, has been analyzed.
The toxicity in the treated waters was assessed through the toxic equivalents (TEQ)
expressed as the 2,3,7,8-TCDD TEQ concentration, where 2,3,7,8-TCDD is the
most toxic congener (NATO Committee on the Challenges of Modern Society
(NATO/CCMS)). After complete TCS degradation, TEQ reached a maximum
value of 4.78 pg L�1 in electrochemically remediated waters, using NaCl as elec-
trolyte (19 times higher with respect to untreated water containing TCS), whereas the
value of the photocatalytically treated waters with TiO2 0.75 g L

�1 was 6.25 pg L�1

(more than 25 times higher with respect to untreated water containing TCS). These
results emphasize the importance of the quantitative traceability of the formation of
by-products and the resulting toxicity (PCDD/Fs, TEQ,) when applying AOPs to
polluted waters containing EPs, especially organochlorines, considered precursors of
PCDD/Fs.

Keywords Advanced oxidation processes (AOPs), Electrochemical oxidation,
Emerging pollutants (EPs), Pharmaceutical and personal care products (PPCPs),
Photocatalysis, Polychlorinated dibenzo-p-dioxins and Polychlorinated
dibenzofurans (PCDD/Fs), Triclosan (TCS)

1 Introduction

Water and soil pollution are some of the top problems of environmental concern that
have been worsened in the last years due to the lack of available resources. This
motivates the promotion of higher quality requirements of treated waters before they
enter the environment [1]. As reported by the United Nations, currently, the world
population is 7.8 billion people and is projected to reach 8.5 billion by 2030 and to
raise to more than 9.7 billion by 2050 [2]. In the next decade, due to the increase of
population and with this, of the world urbanization and industrial activity, an
increase in total waste generation and in the water demand is expected [2]. Specif-
ically, the world population will need high amounts of potable water.
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According to The United Nations World Water Development Report 2021,
approximately more than 80% of all world’s wastewater is released into the envi-
ronment, without any previous treatment, entering lakes, rivers, aquifers, and the sea
and deteriorating water quality [3]. So far, there is no equilibrium between the quick
industrialization and the appropriate water treatments. In addition, more than 2 bil-
lion people live in countries experiencing water stress and the continuous exploita-
tion of the water resources will continue increasing these levels in coming years
[4]. In this context, the United Nations declare, in the Goal number 6 of the 2030
Agenda and Sustainable Development Goals (SDGs), that by 2030 it is needed to
“Improve water quality by reducing pollution, eliminating dumping and minimizing
the release of hazardous chemicals and materials” and increase water recycling and
safe reuse in a global way [5].

The soil quality is included in Goal 6 of the SDGs; it plays an important role in the
movement, storage, and transformation of water and influences the quality and
accessibility of water supply. When the pollution of surface water occurs, it does
not only affect the aquatic organisms or the surrounding vegetation, but also the soils
due to the transport of the contaminants through them. Although soils have an
important role as natural filter, some pollutants travel to groundwater reservoirs,
and then the problem is even more crucial, as there are no simple methods to solve
this situation [6]. Owing to the difficulty in eliminating pollutants present in soils,
cost-effective remediation methods should be applied to the sources of origin before
the pollutants are discharged into the environment. Soil contamination can be
produced by far too much fertilizers and pesticides utilization, discharges of indus-
try, or the waters coming from WWTPs, that have not been able to eliminate EPs,
among other sources. Nowadays, soil and land are increasingly considered scarce
and limited resources worldwide. For this reason, Goal 6 can be related to other
Goals of SDGs, Goal 15: Life on Land and Goal 2: Zero Hunger, where soil is
essential to ensure the production of healthy food but without excess abuse of the
land [7].

This chapter focuses on a problem closely related to water and soil contamination,
as manifested in the SDGs, numbers 2, 6, and 15, specifically considering the impact
of remediation technologies to decrease the concentration of EPs that are discharged
to the environment. The emerging pollutant TCS, an antimicrobial and antifungal
disinfectant agent belonging to PPCPs, has been selected as a case of study.
Electrochemical and photocatalytic oxidation treatments have been applied to
emphasize the importance of the quantitative traceability of by-products formation
and determination of the resulting toxicity (TEQ, PCDD/Fs) depending on the
selected treatment and operational conditions.
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2 Emerging Pollutants (EPs)

As a result of uncontrolled urbanization, industrial development, health care and
personal care activities, agriculture and transport, the production and use of a wide
range of substances considered indispensable for the modern society and known as
emerging pollutants has increased [8]. EPs constitute a group of wide spectrum
chemicals that are present at trace concentration (ranges from μg L�1 to ng L�1), and
they are not habitually tracked but they have the capability to penetrate into the
ecosystems because of their physical and chemical properties; they are responsible
for negative environmental and harmful human health impacts, such as endocrine
system disruption effects or the development of pathogen resistance [9]. These
pollutants are candidates for future legislation that will try to control their adverse
effects and/or persistency [10]. The growth of the population in the last few decades,
the higher rate of goods consumption, and other anthropogenic activities have led to
the increased release of EPs to the environment; industrial and household effluents,
agriculture and farms water discharge, hospital effluents and landfill leachates are the
main sources of these pollutants. EPs can be classified, according to the NORMAN
database [11], into 20 groups: antibiotics and other pharmaceuticals, steroid hor-
mones and other endocrine-disrupting compounds (EDCs), fire retardants, sun-
screens, disinfection by-products, etc. Among them, Pharmaceutical and Personal
Care Products (PPCPs) is one of the largest groups and includes some of the most
frequently identified EPs in the different ecosystems [8]. Table 1 collects a short
classification of EPs, together with the most common compounds of each group.
Figure 1 shows the structural shape of some examples of PPCPs molecules.

The available data on EPs are relatively new and there is scarce regulation in
general terms. However, priority pollutants (PPs), which are mostly part of EPs, are
regulated at international and national levels due to their high risk toward the aquatic
biota and human health, hence their “priority” status [13]. Within EPs, the Persistent
Organic Pollutants (POPs) are also toxic chemicals (intentionally or unintentionally
produced) that also affect negatively to human health and are very persistent
remaining long time in the environment; they can be accumulated and transported
long distances through air or water, to finally entering in the food chain [14]. In the
2001 Stockholm Convention, 12 key POPs, the so-called “Dirty Dozen” were
highlighted and the countries determined and accepted the reduction and/or elimi-
nation of the manufacture, use and discharge of those 12 POPs. Currently, there are
36 POPs in the list [15], and Polychlorinated dibenzo-p-dioxins (PCDDs) and
Polychlorinated dibenzofurans (PCDFs) compounds are among them (Fig. 2).
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Table 1 Main categories of EPs [8, 12]

EPs group Representative compounds

Pesticides Atrazine, 2,4-D, fenoprop, tebuthiuron, pentachlorophenol,
diuron

Pharmaceutical and personal care
products (PPCPs)

β-blockers: atenolol, metoprolol, propranolol, timolol,
sotalol
Analgesics, anti-inflammatory drugs: ibuprofen, diclofenac,
fenoprofen
Antibiotics: azithromycin, clarithromycin, erythromycin,
ofloxacin
Disinfectants: triclosan
Lipid regulators: fenofibric acid, gemfibrozil, bezafibrate
X-ray contrasting agents: iopromide, iopamidol, diatrizoate

Flame retardants Polybrominated diphenyl ethers (PBDEs): polybrominated
biphenyls (PBBs), polybrominated dibenzo-p-dioxins
(PBDDs), polybrominated dibenzofurans (PBDFs).
Tetrabromo bisphenol A, C10-C13 chloroalkanes, Tris
(2-chloroethyl) phosphate, Hexabromocyclododecanes
(HBCDs)

Hormones and steroids Estradiol, estrone, estriol, diethylstilbestrol (DES)

Surfactants Alkylphenol ethoxylates, 4-nonylphenol, 4-octylphenol

Food additives Acesulfame

Perfluorinated compounds Perfluoro octane sulfonates (PFOs), perfluorooctanoic acid
(PFOA)

Gasoline additives Dialkyl ethers, methyl-t-butyl ether (MTBE)

Biocides Parabens, neonicotinoids

UV filters Benzophenone-3, homosalate, octocrylene, 4-MBC

Particles Microplastics

Anthropogenic markers Bromoform, nicotine, Benzotriazole methyl-1H

Chloramphenicol
(ANTIBIOTICS)

Estradiol
(HORMONES)

Ibuprofen
(ANTI-INFLAMMATORY)

Propranolol
(B-BLOCKERS)

Galaxolide
(FRAGRANCES)

Parabens
(PRESERVATIVES)

Fig. 1 Some examples of EPs belonging to PPCPs
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2.1 Pharmaceutical and Personal Care Products (PPCPs):
Triclosan (TCS) as a Case of Study

Among EPs, the group of PPCPs deserves special attention due to its wide-ranging
presence in comparison with the other groups. PPCPs contain, on the one hand,
several pharmaceutical compounds and drugs, and on the other hand, chemicals that
are present in many cosmetic and personal care products, in all cases, to improve
human or livestock health. All of them are broadly available commercial products,
therefore, they are easily accessible by the population and every human being is an
active contributor due to the presence of several PPCPs in many daily use products,
like soaps or hand wash gels. Because of the extended use, and a very stable
chemical structure, which is the reason why they are environmentally persistent
and are not affected by biodegradation, there is a growing environmental concern
[16]. PPCPs are present in many environmental places such as rivers, seas, treated
waters, soils, etc., coming from several industrial sites, wastewater treatment plants
(WWTPs), households, or agriculture [12]. However, their fate in the environment is
not fully defined. A well-known procedure to solve this issue and in this way prevent
the contamination of waters and soils is the treatment through specific technologies
within the WWTPs, thereby preventing the PPCPs entry into the environmental
cycle [17]. The major sources, distribution pathways, and prevention of PPCPs are
shown in Fig. 3.

It is worth anticipating the necessity of deepening into the comprehension of the
chemical behavior of PPCPs in soils, since their sorption makes a critical impact on
the fate and movement of these chemicals; for instance, higher clay and lower sand
content in the soil can lead to a reduction in the transport rate of these chemicals.
Other soil properties like pH, minerals, or organic matter content have influence as
well [18]. Kodešová et al. [19] studied the effects of soil properties on pharmaceu-
tically active compounds sorption/desorption finding that the sorption of ionizable

Fig. 2 Scheme of emerging, priority and persistent pollutants and their respective current
regulations
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compounds was highly affected by soil pH. Positive correlations between sorption
coefficients and clay content were found for clarithromycin, clindamycin, atenolol,
and metoprolol; carbamazepine and sulfamethoxazole exhibited the lowest sorption
and therefore higher mobility in soils, which may result in contamination of ground-
water. Le Guet et al. [20] reported different effects of organic matter on pharmaceu-
tically active compounds sorption capacity; when organic matter is present, the
apparent solubility of the solute increases enhancing their mobility, but the mobility
can be decreased due to cumulative sorption. The principal ways of the contaminants
to enter into soils, apart from direct discharge, are, through the deposition of the
suspended particles from the atmosphere, deposition of polluted sludge or via the
circulation of treated wastewater from WWTPs [21] (Fig. 3).

Delving into the common paths of PPCPs in soil penetration, it is needed to
highlight that irrigation with polluted water represents an important source of soil
pollution. Nowadays, due to water scarcity, water reuse for irrigation purposes
shows an increasing practice; however, PPCPs are not completely eliminated in
WWTPs, so that they are present in waters to be used for irrigation purposes,
agricultural or urban parks and gardens. Moreover, depending on the kind of
chemical compounds and the streams of water, they can be transported through the
soil profile, unintentionally polluting groundwater [22]. One of the negative conse-
quences of the presence of PPCPs is the change of soil activity; for example, TCS
has been reported to disturb the nitrogen cycle or the microbial activity in some soils
[23] (Fig. 3).

Among all PPCPs (Table 1), TCS appears as one of the most employed additives
in several consumer goods, such as cosmetics, hand wash soaps and gels, deodorant
soaps, detergents, toothpaste, textiles, plastic consumer goods, as well as toys, etc.,
due to its action as an antimicrobial and antifungal disinfectant agent (Fig. 4).

Fig. 3 Major sources and distribution pathways of PPCPs in the environment. Prevention of
contamination by PPCPs in WWTPs
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As a reference of its use, the production of TCS reached around 3,200 t per year in
Asia, meanwhile in the European Union was 850 t in 2015. Nevertheless, in the last
5 years, a falling trend in global production and consumption has been observed
[24]. TCS is highly toxic and presents relatively high lipophilicity; it is also very
resistant to biodegradation and thus, environmentally persistent. It has been detected
in surface water, seawater, lakes and rivers, sediments, and soils [25–28]. Further-
more, its presence has been identified in the influent and effluent of WWTPs, sewage
sludge and urban sewers, soils and sediments [18, 29, 30] which evidences that
sometimes the treatments applied in WWTPs are inefficient and exhibit certain
drawbacks for its degradation (Table 2).

TCS reaches aquatic organisms where its presence has been demonstrated
[42, 43], and consequently, because of the human consumption of those marine
species, it enters eventually in the human body; it has been detected in several tissues
(adipose tissue, liver, or brain), skin and even in human breast milk [44–46]. TCS
has proven to be the cause of several human health problems, as it is an endocrine
disruptor in multiple species including humans, and it has influence in cancer
development, decrease of cardiovascular functions or reproductive disorders
[47]. All of these attributes have resulted in its partial prohibition in several countries
like Canada, its complete prohibition like over-the-counter (OTC) consumer anti-
septic products, such as different forms of hand soap (liquid, foam or gel), body
soaps, by the U.S. Food and Drug Administration (US FDA) in the Federal Rule
84 FR 14847 [48] or disapproval for the employment in human hygiene biocidal
products by the European Community [49, 50].

In general, the basis for the destruction of EPs using green chemistry processes
includes high efficiency processes operated preferentially at room temperature and
atmospheric pressure using non-toxic and environmentally benign materials and
reagents. Moreover, processes should release non-toxic and biodegradable

Fig. 4 Common uses of Triclosan
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substances and avoid the formation of hazardous by-products that could end up in
the environment [51]. However, sometimes the partial oxidation of EPs during the
remediation of wastewaters may produce transformation products being more toxic
than their parent compounds [52]. Accordingly, wastes released to aquatic systems
should be subjected to more stringent standards and the assessment of toxicity due to
potential formation of POPs and other toxic by-products, specifically, if highly toxic
PCDD/Fs are formed, assessing under which operating conditions of the applied
treatment their formation is relevant [53].

3 Polychlorinated Dibenzo-p-Dioxins and Dibenzofurans
(PCDD/Fs)

PCDD/Fs (or better known as dioxins and furans) constitute a family of organic
chemical compounds that are categorized as POPs. They possess similar structures,
being a group of practically planar tricyclic aromatic compounds and they are
characterized by low vapor pressure, high thermal stability, high solubility in
organic/fatty matrices (including human fatty tissues), and inclination to bind to
organic matter in soil and sediments [54]. PCDD/Fs are divided into PCDDs, which
include 75 congeners, and PCDFs, with 135 congeners; in total, there are 210 con-
geners, which can have from none to eight chlorine atoms attached to the molecule.
Congeners with the same number of chlorine atoms are called homologues; the
groups of homologues are differentiated according to the number of chlorine atoms
in the molecule. Table 3 collects the names and number of congeners in each
homologue group. PCDD/Fs are related to a high number of harmful diseases in
humans, including immune disorders, reproductive and development problems, or
cancer when long-term exposure takes place. In accordance with several animal and
human epidemiology data, TCDD was categorized by the International Agency for
Research on Cancer (IARC) as a “known human carcinogen” [55].

Generally, PCDD/Fs can be produced in a natural manner because of combustion
processes like forest fires or volcanic eruptions (natural sources) or in an
unintentional manner as unwanted by-products in many thermal and industrial
processes (primary sources); during incineration (municipal, hospital and hazardous
wastes, . . .), combustion sources like cement kilns, diesel vehicles or wood burning,
industrial processes (chemical and metal industry, pulp and paper mills) or reservoirs
(biochemical and photocatalytic processes, accidental origin or landfills) [54, 56–
60]. Another common route of formation PCDD/Fs is via transformation of their
precursors (secondary sources), which comprise organochloride compounds such as
chlorophenols (CPs), chlorobenzenes (CBs), chlorinated diphenyl ethers and
polychlorinated biphenyls (PCBs) [61–63], pentachlorophenol (PCP) or
polychlorinated phenoxy phenols such as TCS [64, 65].

PCDD/Fs are, as POPs, ubiquitous in the environment for long periods of time
due to their physical, chemical, and biological stability [51]. Dioxins and furans have
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been detected in the aquatic environment, despite their low solubility in water. They
enter into the environment from different sources; air from thermal processes,
superficial water (rivers, lakes) and groundwater by employment of chemicals in
agriculture and as direct discharge from wastewater treatment plants or industrial
sources, soil/sediment from landfills, waste dumps, pesticides uses, and sewage
sludge [66, 67]. Due to their lipophilic nature, their accumulation together with the
inherent toxicity represents a matter of severe concern for animal and human life, as
well as for the environment. Further, PCDD/Fs have been found worldwide also in
secondary media like food (generally, in fatty foods such as fish and shellfish, meat,
dairy products) and consumer goods [67, 68].

Commonly, PCDD/Fs appear as a mixture of all the possible congeners, but not
all possess equal risk, those with four or more chlorine atoms in the molecule deserve
special consideration, due to the high toxicity and special resistance to various
degradation processes, such as chemical and biological processes. This type of
PCDD/Fs possesses chlorine atoms at the positions 2, 3, 7 and 8, being a total of
17 congeners with these characteristics. In this way, TEQ defines the toxicity of a
mixture of dioxins, where each of these 17 congeners weights its toxicity referred to
the most toxic dioxin, 2,3,7,8-TCDD, which has a reference value equal to one
[69]. Each extra chlorine atom to 2, 3, 7, and 8 position commonly lowers the

Table 3 PCDDs and PCDFs homologue classification

PCDDs PCDFs

No. of
chlorines Name

No. of
congeners Name

No. of
congeners

1 Monochlorodibenzo-
p-dioxins

2 Monochlorodibenzofurans 4

2 Dichlorodibenzo-p-
dioxins

10 Dichlorodibenzofurans 16

3 Trichlorodibenzo-p-
dioxins

14 Trichlorodibenzofurans 28

4 Tetrachlorodibenzo-p-
dioxins

22 Tetrachlorodibenzofurans 38

5 Pentachlorodibenzo-
p-dioxins

14 Pentachlorodibenzofurans 28

6 Hexachlorodibenzo-
p-dioxins

10 Hexachlorodibenzofurans 16

7 Heptachlorodibenzo-
p-dioxins

2 Heptachlorodibenzofurans 4

8 Octachlorodibenzo-p-
dioxin

1 Octachlorodibenzofuran 1

Total 75 Total 135
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toxicity by several times. The total TEQ is calculated by adding the product of the
congener concentration times the individual Toxicity Equivalence Factor (TEF) of
the congener, offering a global view of the toxicity of the sample, which is shown in
Eq. 1:

TEQ ¼
X

i

PCDDi � TEFið Þ þ
X

j

PCDFj � TEFj
� � ð1Þ

Two different TEF have been defined: the International Toxicity Equivalency
Factor (I-TEF), established by a scientific research committee called NATO Com-
mittee on the Challenges of Modern Society (NATO/CCMS); and the most recently
reported, the World Health Organization Toxicity Equivalency Factor (WHO-TEF).
Table 4 summarizes the values of the International Toxicity Equivalency Factor
(I-TEF) and World Health Organization Toxicity Equivalency Factor (WHO-TEF).

Commonly, the analysis of PCDD/Fs in water samples is carried out by applica-
tion of the Standard Method USEPA 1613 following the isotope dilution method and
high-resolution gas chromatography/high-resolution mass spectrometry (HRGC/
HRMS) [70]. Prior to the measurement in the gas chromatograph, the method
requires a rigorous series of steps pre-treatment and concentration of the target
sample, such as extraction, concentration, and purification, among others.

Lately, PCDD/Fs have been incorporated as new priority substances in the field of
water policy in the Directive 2013/39/EU [71]. Referring to the directive of the
U.S. EPA, the Safe Drinking Water Act (SDWA), in the framework of The National
Primary Drinking Water Regulations (NPDWR), limits the maximum pollutant level
for 2,3,7,8-TCDD in drinking water as zero; nevertheless, taking into account that
the best existing treatment technologies are being used, and taking cost into consid-
eration, a new maximum level of 30 pg L�1 has been established [72].

Table 4 Toxicity equivalency factors for the 17 2,3,7,8-PCDD/Fs congeners of the PCDD/Fs

Congener I-TEF
WHO-TEF
2005 Congener I-TEF

WHO-TEF
2005

PCDDs PCDFs

2,3,7,8-TCDD 1 1 2,3,7,8-TCDF 0.1 0.1

1,2,3,7,8-PeCDD 0.5 1 1,2,3,7,8-PeCDF 0.05 0.03

1,2,3,4,7,8-HxCDD 0.1 0.1 2,3,4,7,8-PeCDF 0.5 0.3

1,2,3,6,7,8-HxCDD 0.1 0.1 1,2,3,4,7,8-HxCDF 0.1 0.1

1,2,3,7,8,9-HxCDD 0.1 0.1 1,2,3,6,7,8-HxCDF 0.1 0.1

1,2,3,4,6,7,8-HpCDD 0.01 0.01 1,2,3,7,8,9-HxCDF 0.1 0.1

OCDD 0.001 0.0003 2,3,4,6,7,8-HxCDF 0.1 0.1

1,2,3,4,6,7,8-HpCDF 0.01 0.01

1,2,3,4,7,8,9-HpCDF 0.01 0.01

OCDF 0.001 0.0003
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4 Advanced Oxidation Processes (AOPs)

Conventional WWTPs are considered the most significant emerging pollutant emit-
ters [73]. EPs, due to the ineffectiveness of conventional physical and biological
treatments, are partially removed and remain in WWTPs effluents, being discharged
into the environment [74]. A well-known procedure to prevent the contamination of
waters, and with this, the contamination of soils, is the application of effective
remediation technologies such as AOPs. AOPs came out as new technologies that
provide effective and powerful treatments to wastewater containing EPs, such as
pesticides, PPCPs, industrial chemicals, among others [75–77]. The main challenge
so far in the selection of the optimum treatment alternative is to ensure the successful
implementation regarding their operational costs (energy consumption, chemicals
required), sustainability (carbon footprint, resources uses), or common feasibility
(by-products formation) [78]. AOPs, defined as aqueous phase oxidation technolo-
gies based on the formation of highly reactive species, especially hydroxyl radicals
(•OH), have been successfully applied to wastewaters containing recalcitrant organic
compounds. Among the numerous advantages of applying AOPs, it should be
mentioned the fast reaction rates, the potential to reduce toxicity and the possibility
to achieve a complete mineralization of organic compounds, or the non-selectivity
oxidation, offering the possibility to treat more than one pollutant at the same time.
However, together with the complete removal of the pollutant, the generation of
by-products during the degradation of the primary pollutant is another issue of
concern in the application of AOPs. In fact, the presence of these by-products
could increase the final toxicity of the treated wastewater. In this way, chlorinated
organic compounds have been related to the formation of polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs), since they are considered an important group
of substances that act as precursors of these highly toxic compounds.

4.1 Electrochemical Oxidation of TCS

Also called anodic oxidation, electrochemical oxidation is an AOP based on redox
chemistry, where the application of electric energy produces an electron flux that
passes through an electrochemical cell, oxidizing a chemical compound by electrons
losing and reducing other species, which gain electrons. Two main types of electro-
chemical oxidation can take place when oxidizing organic matter, direct and indirect
electrolysis [64]: (1) direct electrolysis, where direct electron transfer is produced
from the contaminant to the anode surface without the contribution of other com-
pounds, (2) indirect electrolysis, where another species can exchange electrons with
the anode to produce electroactive species carrying out the oxidation of the pollut-
ants. This involves the production of hydroxyl radicals (•OH) from water on the
anode surface that behave as intermediary species between the electrodes and the
organic matter. The major strengths of this technology are the simple equipment
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required, robustness, its simple manipulation of the operating variables, its operation
at ambient temperature and pressure, and it is considered a clean technology, as it
does not produce wastes, normally [52].

This technology has been successfully applied to the remediation of several
organo-chlorinated compounds, such as 2-chlorophenol [62, 63, 79, 80] or TCS
[64]. In both cases, boron doped diamond (BDD) anodes have been employed due to
the highest overpotential for the oxygen evolution reaction, which results in a higher
efficiency to oxidize pollutants in comparison with other electrodes; BDD is corro-
sion resistant and stable and has excellent conductive properties [81, 82]. However,
due to the powerful oxidizing conditions, the potential formation of new POPs and
other toxic by-products, such as PCDDs and PCDFs, might constitute an adverse
consequence of the application of electrochemical oxidation process [83]. In this
way, TCS is structurally similar to other polychlorinated phenoxy phenols that have
been shown to cyclicize to the toxic PCDD/Fs, so that it is considered a precursor of
these compounds [64].

Solá-Gutiérrez et al. [65] demonstrated the PCDD/Fs formation employing two
different electrolytes, sodium chloride (NaCl) and sodium sulfate (Na2SO4), with
10.0 mg L�1 of TCS, when electrochemical oxidation was applied. The calculation
of the limiting current density (Jlim) gave a value of 4.8 A m�2, whereas the working
current density (J) was 6 A m�2. Complete TCS degradation for 10 mg L�1 of initial
concentration and for both electrolytes (NaCl: 56.3 mM; Na2SO4: 21.1 mM) was
obtained after 45 min and 1 h, for NaCl and Na2SO4, respectively. Figure 5a, b
depicts the dioxins and furans homologues groups when NaCl and Na2SO4 were
employed as electrolyte, respectively.

As it can be seen, when using NaCl as electrolyte, the predominant group among
all PCDD/Fs homologues is the tetrachlorodibenzodioxin group, TCDD, accounting
for 59.3% of the total PCDD/Fs (218.46 pg L�1 of the total amount, 368.48 pg L�1);
it is followed by the PeCDD group, which accounts for 17.1% of the total, with
62.91 pg L�1. In the case of Na2SO4 as electrolyte, once again the TCDD group is
the largest group of all PCDD/Fs, accounting for 62.3% of the total amount
(184.12 pg L�1 of 295.53 pg L�1). Following this, PeCDD is the second largest
group, with 58.65 pg L�1, around 20% of the total.

Along with the quantitative determination of the change in Triclosan concentra-
tion, GC–MS analyses were performed to identify the intermediate products that
could be formed during the electrochemical oxidation of TCS. The qualitative
analysis confirmed the formation of chloro-aromatic intermediary species, such as
2,4-dichlorophenol, 4-chlorocatechol, 2-chlorohydroquinone, 2-chloro-4-
methoxyphenol, and 1-chloro-2,5-dimethoxybenzene, for both electrolytes. Sol-
á-Gutiérrez et al. [64] described the formation mechanism of PCDD/Fs from TCS,
which is corroborated with a theoretical simulation modelling previously reported in
the literature for gas and aqueous phase [84, 85].

Finally, Fig. 6 depicts TEQ values. As can be seen, when NaCl is employed, TEQ
values increased almost 19 times with respect to the untreated sample, reaching a
value of 4.78 pg L�1. When using Na2SO4, a value of 4.36 pg L�1 of TEQ was
obtained (around 18 times more than for untreated sample). It is remarkable that with
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both electrolytes, values lower than the EPA recommended limit (30 pg L�1) were
reached. Despite the low formation of PCDD/Fs for the case of study, the application
of the electrochemical oxidation favors the potential formation of these species, and
thus of the toxicity (TEQ) in relation to the untreated sample.
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4.7%

HpCDD
0.8% OCDD

0.7%
TCDF
9.8%

PeCDF
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0.8%

OCDF
0.4%

Others
7.6%

[TCS]0=10 mg L⁻¹ - Electrolyte: NaCl

TeCDD PeCDD HxCDD HpCDD OCDD
TeCDF PeCDF HxCDF HpCDF OCDF
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Fig. 5 % PCDD/Fs homologue groups formed at the end of the electrochemical experiments of
TCS employing (a) NaCl and (b) Na2SO4 as electrolytes [65]
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4.2 Indirect Oxidation of TCS: Photocatalysis

Indirect photolysis using a catalyst, most-known as photocatalysis, takes place when
a photocatalyst, a semiconductor, accelerates a photochemical reaction. The
photocatalyst absorbs photons that possess equal or higher energy than the band
gap, producing electron-hole pairs (e� and h+) when an electron is promoted from
the conduction band to the valence band. The latter facilitate the formation of
reactive oxygen species (ROS) when reacting with H2O, such as hydroxyl radicals
•OH, which are responsible for the breakage of the respective molecule of concern.
Figure 7 depicts the schematic of the photocatalytic process [47, 52].

One of the most employed and extensively studied catalysts is TiO2, because of
its advantageous properties, like excellent oxidizing capacity together with its
chemical stability, long durability, non-toxicity, and low price. But, this compound
is only active under UV radiation; in particular, wavelengths between 300–400 nm
were established for a correct operation and, because of this, artificial lamps are
essential to its employment [50, 52].

This technology has been effectively employed in the remediation of different
organic pollutants, such as Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)
naproxen, diclofenac, or ibuprofen, Analgesic drugs (ANs) like paracetamol, or
studies conducted to assess the potential of TiO2 photocatalytic degradation on
important classes of antibiotics, namely b-lactam antibiotics, quinolones, tetracy-
clines, and sulfonamides [86]. In the case of TCS, Schröder et al. [50] studied several
TiO2 doses (0.75, 1.0 and 1.5 g L�1) in order to eliminate TCS from aqueous
solutions using commercial TiO2, Aeroxide® P25. An initial concentration of
10 mg L�1 of TCS was employed, reaching its complete degradation after 4 h for
1.5 g L�1 of TiO2, and after 5 h for the rest of the catalyst doses employed (0.75 and
1.0 g L�1). Some differences could be observed in the degradation kinetics during
the first 30 min, when almost 50% of TCS had been degraded; when employing
1.5 g L�1 of catalyst, a fastest degradation rate was achieved. The compound
2,4-dichlorophenol was the intermediate detected with the highest concentration of
0.79 mg L�1 at 1 h of experiment. Other intermediates were detected, such as TCS
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applied to degrade TCS [65]
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quinone, different hydroxylated TCS or small molecules like 2-chlorohydroquinone
or 4-chlorocatechol. Finally, Schröder et al. [50] analyzed the PCDD/Fs formation at
the end of the experiments for all the catalyst concentrations employed. Figures 8a, b
represents the PCDD/Fs formed for the highest and the lowest amount of catalyst
(0.75 and 1.5 g L�1 of TiO2).

For 0.75 g L�1 of catalyst, it can be appreciated that the highest amount
corresponds to the TCDF homologue group, that accounts for 98% of the total
amount of PCDD/Fs, which is 1.02�105 pg L�1; it is followed by the TCDD
group, with 1.92% of the total. PCDD/Fs follow a similar trend when using
1.5 g L�1 of TiO2, being the total amount 975.12 pg L�1. Likewise, TCDF
represents the group with the highest concentration, accounting for 90% of the
total (881.5 pg L�1), followed by TCDD with 8.86% (86.8 pg L�1). Finally, in
both cases, the rest of the groups have negligible concentrations. Thus, it is con-
cluded that the total concentration of PCDD/Fs decreases when increasing the
catalyst concentration.

Finally, 2,3,7,8-congeners were analyzed, being 2,3,7,8-TCDD the one with the
highest concentration when using 0.75 g L�1 of catalyst, with a value of 5.31 pg L�1

which increases considerably the toxicity due to the I-TEF associated value (with a
score of 1.0). The final toxicity for the three different catalyst doses employed was
also calculated and is represented in Fig. 9. TEQ values increased with respect to the
untreated sample (0.25 pg L�1), being the highest value of TEQ 6.25 pg L�1 that was
obtained working with 0.75 g L�1 of catalyst, that is TEQ values decreased when
increasing the catalyst loading. For any of the situations studied, values lower than
the EPA recommended limit (30 pg L�1) were reached. As observed during the
electrochemical oxidation, despite the low formation of PCDD/Fs, the application of
the photocatalytic oxidation favors the potential formation of these species, and thus
of the increase of toxicity (TEQ) in comparison with the untreated sample; therefore,
it is very important the correct selection of the oxidation method, as well as of the
operating conditions, especially when starting with chlorinated organic compounds
that are potential precursors of PCDD/Fs.
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Fig. 7 Scheme and reactions of the photocatalytic oxidation
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Fig. 8 PCDD/Fs profile at the end of the photocatalytic experiments using (a) 0.75 g L�1 and (b)
1.5 g L�1 of TiO2 [50]
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5 Conclusions

This chapter stands out some of the current problems in relation to water and soil
contamination, as contained in the SDGs, numbers 2, 6, and 15. EPs entering in the
environment at low concentrations can be transported through the water cycle and
constitute a serious threat to the environment and human health. As their removal
from soils is especially difficult, the application of cost-effective remediation
methods to the sources containing EPs, WWTPs effluents among them, is highly
recommendable. Among EPs, the TCS antimicrobial and antifungal disinfectant
agent that belongs to the PPCPs group deserves attention. After applying two
AOPs recognized by their high effectiveness in the mineralization of a wide number
of recalcitrant pollutants, electrochemical and photocatalytic oxidation to TCS
containing waters, complete removal was successfully achieved. However, under
the experimental conditions the toxicity of 17 congeners referred to the most toxic
dioxin, 2,3,7,8-TCDD, TEQ, increased considerably with respect to untreated water
containing TCS (between 18 to 25 times); electrochemical oxidation with NaCl
resulted in a maximum value of 4.78 pg L� 1, whereas photocatalytic oxidation with
TiO2 0.75 g L�1 gave a value of 6.25 pg L�1. On the other hand, the analysis of
by-products in both technologies confirmed the formation of organo-chlorinated
intermediate species, such as 2,4-dichlorophenol; this compound has been reported
to be precursor in the formation of PCDD/Fs. These results emphasize the impor-
tance of the quantitative traceability of by-products formation and the resulting
toxicity (TEQ, PCDD/Fs) after application of advanced oxidation processes to
waters containing EPs, with special attention to the compounds that can lead to the
formation of PCDD/Fs precursors in the degradation pathways.
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Fig. 9 TEQ values for the three different catalyst doses employed when photocatalytic oxidation is
applied to eliminate TCS [50]
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Abstract In the coming years, the production of biological sewage sludge is set to
increase. According to the European legislation, the management of sludge, as well
as other waste, must follow a hierarchical approach according to which the first place
in order of priority is represented by the prevention/minimization of the production.
Over the last few years, thermophilic aerobic processes proved to be effective in
minimizing the production of sludge within wastewater treatment plants (WWTPs).
Thermophilic aerobic/anoxic membrane reactor (TAMR) technology combines the
advantages of thermophilic aerobic treatments with those of biological membrane
processes. This work reviews the literature concerning the application of TAMR
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focusing on the prevention of the production of biological sludge and on the
improvement of its quality for the purpose of a possible recovery in agriculture in
a circular economy perspective. The results show that the process is mature and
effective for full-scale application in conventional WWTPs.

Keywords Agricultural reuse, Aqueous waste, Circular economy, Sludge
minimization, Thermophilic membrane reactor

1 Introduction

A growing production of biological sewage sludge (BSS) and a simultaneous
worsening of the qualitative characteristics are the consequences of the imposition
of more restrictive limits, as European Directive 91/271/EEC and subsequent
amendments [1, 2], on the effluents of wastewater treatment plants (WWTPs)
[3]. In 2015, European urban WWTPs produced 9.7 million tons of dry matter of
BSS [4]. Therefore, a sustainable management of sludge is nowadays desirable and,
above all, mandatory objective.

In fact, Directive 2018/851/EC [5] identified a hierarchy in waste management,
therefore also applicable to BSS: (1) prevention and minimization of the production,
(2) matter recovery and reuse, (3) energy recovery, and finally (4) safe disposal of
waste. The prevention/minimization of the production of BSS at the source is an
aspect of primary importance not only because the legislation requires it, but also
because it can guarantee many non-negligible benefits including the reduction of
costs incurred byWWTPs. As reported in literature [6–9], the management of sludge
represents about 50% of the total operating costs of WWTPs. In addition to the
economic aspect, the environmental impact linked to the treatments, transport and
final disposal of the sludge must also be considered.

According to the Italian Higher Institute for Environmental Protection and
Research, in 2017, Italian urban WWTPs produced about 3.2 million tons of sludge
(about 0.8 million tons of dry matter) [10, 11], with 47.7% being sent for recovery
and 50.6% for disposal, recording a 1.4% decrease in landfill disposal in favour of
recovery compared to the previous year [10]. The European Directive 86/278/EEC
[12] aimed at encouraging the use of good quality sludge in agriculture by banning
the use of untreated sludge on agricultural land to avoid any harmful effects caused
by the presence of pathogens and organic contaminants [13, 14]. The practice of
reuse can be fully integrated into a circular economy vision [15, 16]. Concerning this
aspect, in 2020 the European Commission adopted a new Action Plan for the
Circular Economy to promote the sustainable use and reuse of resources [17]. In
the urban water management system, one of the main actions needed to implement a
circular economy approach is the transformation of WWTPs into water resource
recovery plants (WRRFs) [18, 19]. To do this, the prevention and minimization of
the production of BSS represents the first step that can be pursued in two
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distinct ways: (1) adopting processes capable of treating the water with a minimum
production of residual sludge; (2) providing in situ treatments to minimize the
quantities of sludge produced [4].

This chapter aims to provide an overview of the results obtained testing the
thermophilic aerobic/anoxic membrane reactor (TAMR) technology which can
guarantee both approaches described above.

2 The Technology

TAMR is an advanced biological process that simultaneously combines a pure
oxygen membrane bioreactor (MBR) system and a thermophilic treatment in
autothermal conditions. According to previous publications [20–24], the application
of this combined process, in addition to having a low environmental impact as a
biological technology, has the following advantages: (1) drastic reduction of the
sludge produced, (2) high removal rates of slowly biodegradable compounds in
mesophilic conditions, (3) excellent flexibility in case of organic overload, (4) high
compactness of the system, (5) inhibition of pathogens, and (6) possibility of energy
recovery.

The process can be applied both in the water line and in the sludge line of
WWTPs. In case that aqueous waste is fed, TAMR operates only in aerobic
conditions while BSS also require an anoxic phase to effectively minimize sludge
production. Thermophilic conditions (47–53�C) are maintained thanks to the exo-
thermic degradation processes of the thermophilic microorganisms. To ensure the
self-heating of the process, the feed must be rich in organic matter and therefore, the
water line application should be in WWTPs authorized for the treatment of aqueous
waste, as an urban sewage would not guarantee the self-heating of the thermophilic
process (Fig. 1). In the case of sludge line application, the TAMR can be used both to
co-treat sewage sludge and aqueous waste and to treat only BSS from conventional
active sludge (CAS) systems.

The TAMR produces (1) residual sludge (Sects. 3.1 and 3.2) and (2) aqueous
permeate (Sect. 4). In Lombardy (Italy), there are currently two full-scale TAMR
plants for the treatment of aqueous waste (sludge prevention through water line
intervention).

3 Sludge Prevention/Minimization

3.1 Residual Sludge Production

Residual thermophilic sludge represents the excess sludge of the thermophilic
biological system and can have a percentage of dry matter up to 19% [25–27]. Its
production is lower in terms of mass and volume than that of the permeate. Table 1
shows the results of the specific production of thermophilic sludge obtained mainly
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Fig. 1 Application of TAMR in water and sludge line. CAS conventional active sludge, WW
wastewater

Table 1 Specific production of sludge in TAMR technology.WWwastewater, R real scale, S semi-
industrial scale, TP total phosphorus, TN total nitrogen

Substrate Scale

Specific sludge production
(kgVSS produced kgCOD
removed

�1) References

Aqueous waste

Pharmaceuticals and detergents production
WW and landfill leachate

R 0.092–0.101 [26]

Saline WW, neutral/acid/basic WW, landfill
leachate, solvent WW, and slurries

R 0.08–0.09 [25]

WWs with highly recalcitrant pollutants
(e.g., surfactants, solvents, pharmaceutical
products)

R 0.052a [27]

High strength WWs S 0.09 [28]

High strength WW mainly containing dyes,
surfactants, and solvents

S 0.04 [20]

WW with high concentrations of COD, TP,
TN, chloride, acetic acid, methylene chlo-
ride, ethanol

S 0.016 [29]

Aqueous waste and sewage sludgea S 0.04 [30]
a Expressed in kgVS produced kgCOD removed

�1

b Mixture composed of 30% sewage sludge and of 70% of aqueous waste
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during experiments at the semi-industrial scale of the TAMR technology both on
diverse aqueous waste and on BSS. In the case of aqueous waste treatment, specific
sludge production data monitored in full-scale plants are also available. These results
are lower than those achievable with a mesophilic MBR (0.10–0.19 kgVSS produced

kgCOD removed
�1) [21, 31] and close to those reported in the literature for aerobic

thermophilic processes (0.08 kgVSS produced kgCOD removed
�1) [21], (VSS: volatile

suspended solids; COD: chemical oxigen demand). Even the granular anaerobic
processes have higher values than the TAMR technology: for example, the specific
production of sludge in a UASB reactor that treats sewage sludge is equal to 0.1
kgVSS produced kgCOD removed

�1 [32].

3.2 Sludge Quality Improvement

In general, the Italian legislation on the recovery of sludge in agriculture imposes
some stricter limit values (such as on total chromium, lead, arsenic, agronomic
parameters, and several organic contaminants) compared to other legislations,
including the French and German ones. In particular, in the current legislation in
Lombardy (Italy) [33], a distinction is required between “suitable sludge” and “high
quality sludge”. Sludge suitable for spreading in agricultural fields must comply with
the limit values set by current Italian legislation, while “high-quality” sludge
requires more stringent limit values than national ones.

Regarding the thermophilic sludge residue, the only criticality could be
represented by the insufficiency of organic carbon, which can be solved by mixing
other BSS with the thermophilic sludge normally with high concentrations of
COD [30].

However, in an experiment involving the treatment of industrial wastewater with
high concentrations of chlorides and perfluoroalkyl, although most of the COD
introduced was oxidized in the TAMR, only a minor but still significant part
(6–12%) remained in the thermophilic sludge [34].

A high concentration of phosphorus in the crystalline phase has been identified in
the thermophilic sludge. In the thermophilic reactor, the chemical precipitation of
total phosphorus takes place in the form of salts, such as vivianite and hydroxyap-
atite [28, 29]. In agreement with the scientific literature [35], these results could be
related to the increase in pH induced by the aeration of the reactor which allowed the
crystallization of phosphorus [28].

A significant amount of nitrogen in the thermophilic sludge was also observed
due to (1) the absorption of nitrogen by the biomass, (2) adhesion to sludge, and
(3) precipitation of ammoniacal nitrogen in the form of struvite [29, 34].

As regards the presence of pathogenic microorganisms, thermophilic processes
generally guarantee greater safety than the mesophilic ones, thanks to higher process
temperatures [23, 24]. Therefore, thermophilic extracted sludge could be suitable for
spreading in agriculture thanks to the high content of carbon, nitrogen, phosphorus,
and potassium, the excellent degree of humification and sanitation that guarantees a

An Innovative Technology to Minimize Biological Sludge Production and. . . 141



healthy and safe recovery of the sludge. Table 2 shows the main qualitative charac-
teristics of the thermophilic sludge extracted from TAMR.

4 Possibility of Permeate Reuse

Among the residues, the permeate is the most significant from a quantitative point of
view. The ultrafiltration membranes allow to keep all the biomass inside the biolog-
ical reactor, obtaining a permeate totally solids-free substrate [8]. In addition, it is
rich in ammoniacal nitrogen thanks to excellent ammonification activity by the
thermophilic bacteria in TAMR [30, 38]. Despite the excellent performance of
TAMR process (COD removals up to 90% [26, 29, 30]), permeate contains signif-
icant concentrations of well biodegradable COD by a mesophilic biomass,
confirming the complementarity between mesophilic and thermophilic processes
for the biodegradation of organic substances [20, 26, 28, 36].

Therefore, this substrate can first be subjected to a stripping treatment for the
recovery of ammonia nitrogen in the form of ammonium sulphate and, considering
the good biodegradability of the organic substance by mesophilic biomass,
recirculated in the denitrification reactor of a CAS to improve the kinetics of nitrate
removal, in place of external sources of carbon of synthetic origin [27, 29, 34, 38].

5 Tips for Future Research and Applications

Considering the depletion of world natural reserves of phosphorus, it would be
interesting to investigate the bioavailability of this nutrient in the sludge extracted
from TAMR to evaluate the direct assimilation by crops in case of agricultural reuse.

Another aspect that would be interesting to investigate is the application of the
technology on BSS resulting from the treatment of industrial wastewater and
aqueous waste. In this case, the authors suggest evaluating the performance of

Table 2 Qualitative characteristics of mixed liquor. TN total nitrogen, TP total phosphorus

Results on nutrients References

Organic carbon accumulation (6–12% of COD fed) [8, 30, 34]

Nitrogen presence (8–10% of VSS; 8–24% of TN fed) [26, 29, 30,
34]

Accumulation by chemical precipitation of phosphorus as inorganic salts (70–
80% of TP fed)

[28, 29, 34,
36]

Other results

High concentration of total solids (up to 190 kg m�3 in the full-scale applications) [25–27]

Absence of foaming phenomena during the treatment of liquid waste (real laundry
wastewater rich in TAS e MBAS)

[37]

Sanitation thanks to high temperatures (>45�C) [26, 29]
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TAMR to minimize BSS production considering feed with diverse characteristics
and comparing the results with those obtained treating urban BSS. At the same time,
examining a possible toxic and chronic effect of these substrates on the thermophilic
sludge can represent an interesting point that should be further investigated.

The authors also suggest studying the up-grade of the process. For instance, the
introduction into the reactor of a mobile support material for the development of
attached biomass could be an aspect to be investigated. The traditional suspended
biomass already present and the new adherent biomass developed on supports with a
high specific surface would thus work simultaneously, guaranteeing a hybrid pro-
cess. The support materials introduced into the thermophilic reactor could also be
recovered through recycling operations according to a circular economy perspective
applied to integrated urban water cycle.

6 Conclusions

The TAMR technology ensures the prevention/minimization of the production of
BSS and guarantees the recovery of the residues produced. The excess sludge
extracted from the thermophilic biological reactor could be destined for recovery
in agriculture thanks to its content of nutrients (organic carbon, nitrogen, and
phosphorus) and greater protection against the pathogenic load. At the same time,
the permeate can be reused as an external carbon source in a post-denitrification
process, after stripping to produce ammonium sulphate, thanks to the high content of
ammonia nitrogen and well-biodegradable organic carbon by mesophilic biomass. In
this way, both residues obtained from the TAMR acquire an economic value as
products, guaranteeing the important possibility of closing the cycle linked to the
management of wastewater and BSS in a circular economy perspective.
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Abstract Pollinators are vital for ecosystems, agriculture and the economy. Their
population has been declining over several decades and the current situation is
serious and of great concern. Multiple stressors are likely to have contributed to
this, and exposure to neonicotinoid pesticides is one possible causative factor.
Pollinators, including bees, can encounter neonicotinoids when foraging
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contaminated flowers, and although they were not the target organism for such
pesticides, neonicotinoids can be fatal for them (lethal dose that will reduce the
insect population by 50% is ~2 mg/kg). The specific application of these pesticides
plays an important role in their dispersion into the environment and application to the
seed coating itself provides a more targeted way to release the pesticide with a
reduced risk. Neonicotinoids can disperse via aerosols (when sprayed), bound to soil
dust and dust abrasion from the seed coating, via the degradation of contaminated
plants or run-off from crops treated with the pesticide. They have high solubility in
water (e.g. 39.8 g dinotefuran/L, 4.1 g thiamethoxam/L) and this favours their
spread, however natural factors such as sunlight, warm weather and microorganisms
can degrade them and reduce their persistence. The time required for the concentra-
tion of neonicotinoids in soil to reach half of their initial concentration is varied
(e.g. 3.4–7,000 days). Soils that are poor in organic matter will poorly retain
neonicotinoids and as a result they will be very mobile in them and potentially
pollute water systems. In contrast, soils rich in organic matter will have greater
retention of neonicotinoids and once saturated, neonicotinoids will leach in a
sustained manner. The benefits given by neonicotinoids explain why they are widely
used across the globe. Their potential impact in the fields on bees and pollinators in
general thus calls for a globally responsible and restricted use of neonicotinoids as
well as innovation to reduce their ecotoxicity.

Keywords Colony collapse disorder, Pollinators, Seed coating, Systemic
insecticide

1 Introduction

Perilous times have befallen bees. A combination of multiple stressors including
pathogens such as varroa mites and virulent fungal strains, the deterioration of
habitat, lack of forage, poor nutrition, lack of genetic diversity, over-exposure to
pesticides and colony collapse disorder are threatening both cultivated honeybees
and their bumble cousins in the wild to existential limits. This is a bad news for
humans too; the process of pollination is agriculturally important to the environment
and food production. According to the United Nations’ Food and Agriculture
Organization, better known as the FAO, 90% of the world’s food supply comes
from 100 crop species, of which 71 (principally fruits and vegetables) are pollinated
by bees. For example, a substantial proportion of the global agricultural pollination
services is attributed to the European honeybee (Apis mellifera) [1].

Agricultural practices have a myriad of effects on ecosystems, and pesticides used
to increase crop productivity can have a knock-on effect on beneficial insects. The
decline in the population of bees, which has been happening over several decades,
has triggered the re-evaluation of the benefits of pesticides to the toxicity caused by
them to non-target organisms. The link between bee decline and the use of systemic
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pesticides, when applied according to label directions, is still controversial (see
CropLife America statement).

This chapter addresses the historical introduction of neonicotinoid (often abbre-
viated to neonics) insecticides. It introduces their modes of application in agriculture,
and the phenomenon of colony collapse disorder. Factors affecting the environmen-
tal persistence, fate and distribution of neonicotinoids which could contribute to bee
decline are discussed in this chapter and illustrated with recent data.

2 The Introduction of Neonicotinoids in the Market

Neonicotinoids are systemic insecticides used for the protection of agricultural
crops. They were developed in response to evolved pest resistances and can target
several pests in the Homoptera, Coleoptera and Lepidoptera families [2, 3]. The
molecular structures of the main neonicotinoids are shown in Fig. 1.

In 1985, Bayer AG patented imidacloprid as the first commercial neonic and in
1994 this was registered by the U.S. Environmental Protection Agency (EPA)
[5]. Soon afterwards, in 1995, acetamiprid and nitenpyram appeared on the market.
That same year, Canada deployed its first neonic, imidacloprid, to combat insects
known to damage apples, tomatoes, potatoes and lettuces [6]. Thiamethoxam
became commercially available in 1998, clothianidin and thiacloprid in 2001, and
dinotefuran in 2002 [7].

Overall, the demand for neonics has been on the rise for the past three decades. By
the late 1990s, the efficacy of neonics as insecticides in farming was recognized
worldwide and they were used to kill and control aphids, mirids, whiteflies, termites,
beetles, thrips, locusts, leaf miners, stink bugs and root-feeding grubs. Veterinarians
also discovered the effectiveness of neonics in eliminating fleas and ticks from
animals [8]. Neonics can perform many functions, e.g., nitenpyram is a versatile
neonicotinoid used to control sucking insects on rice, but is also used to eliminate
external parasites in livestock and domestic pets.

Neonicotinoids arrived at a time of agrochemical development where organo-
chlorines, organophosphates and carbamates amounted to over 90% of insecticides
applied worldwide. Since then, neonicotinoids’ usage has grown. In 1997, synthetic
pyrethroids and other newer insecticides accounted for <5% of the quantity of
insecticides used and only covered about one-third of farmland areas subjected to
treatments. By 2013, almost all corn planted in the United States was treated with
clothianidin or thiamethoxam. By 2014, a third of American soybean acreage was
planted with seeds treated with imidacloprid or thiamethoxam. The economic
activity of seed treatment alone grew from US$0.2 billion in the 1990s to approx-
imately $1 billion in 2008 [9, 10]. By 2009, imidacloprid amounted to 41% of all
neonics’ sales, at a market value of $1.091 billion, when the total neonics market
value was U.S. $2.63 billion [3]. In comparison, thiamethoxam was at $0.627
billion, and clothianidin at $0.439 billion [3]. By 2011, the global demand for
thiamethoxam had risen to US $1 billion, and in 2012, to US $1.1 billion [11],
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Fig. 1 Chemical structure and common name of neonicotinoids. Adapted from Giorio, [4]
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therefore these were accounting for more than a quarter of the global neonics’ sector,
the sector at that time having a commercial value of around $3 billion. In 2012,
imidacloprid, thiamethoxam and clothianidin together contributed to over 85% of all
neonics’ sales in the world, with the total sales of all neonicotinoids close to $2.7
billion [7].

Neonicotinoids were registered for use in over 120 countries by 2014, with
140 different crop applications; they became the most utilized group of insecticides
in the world, representing a quarter of all pesticides sold in that year [12] and have
been estimated to constitute 20% of all insecticides used [11, 13].

Thiamethoxam has gradually outperformed imidacloprid in sales and gained
prominence in the marketplace. It is possible that this shift has stemmed from
toxicity tests designed for various aquatic organisms sensitive to neonics. These
experimental tests, conducted by independent research groups, have demonstrated
consistently that imidacloprid is more toxic [14–17]. In 2019, the global market for
crop protection chemicals dropped a little (0.8%) from U.S. $60.3 billion, however
the insecticide market itself experienced a slight increase of 0.2% in the same period,
to $15.1 billion, which represented approximately 25% of the crop protection
market, the rest consisting of fungicides and herbicides. The small increase of
0.2% was due to improved soybean output in Latin America, and the need to treat
infestations of a moth called Fall Armyworm (Spodoptera frugiperda), whose larvae
can cause damage by consuming foliage – important in the Asia Pacific region
[18, 19].

In some locations (e.g., European Union), a decline in the use of neonicotinoids
has started as a consequence of regulation introduced. Imidacloprid and
thiamethoxam are only allowed to be used in permanent greenhouses in the EU
[20]. However, thiamethoxam was again allowed briefly for temporary emergency
use to control a virus affecting sugar beet seeds in the UK in early 2021. Thiacloprid
stopped being used in Europe in early 2020 and acetamiprid is, at the time of the
preparation of this chapter (August 2021), approved for use outdoor and in green-
houses in the UK and in Europe [20].

In the European Union and the UK, the more restrictive use of neonicotinoids
followed a previous moratorium (years 2013–2015), where there was limited use of
such pesticides. As a result of this moratorium, for instance, in the UK, there was a
drop of 90% in the area of land where imidacloprid and thiamethoxam were used and
~82% decrease in their total mass used (Fig. 2a, b) by the end of 2016. However, the
amount of acetamiprid and thiacloprid usage during the same years remained
relatively unchanged [21].

The use of neonicotinoids in Europe is expected to decrease further due to the
limited uses of neonicotinoids permitted. Elsewhere, guidelines to mitigate the
exposure of pollinators to neonicotinoids are also being investigated and adopted
and plans for restoration of pollinators habitats were prioritized to increase the
quality and abundance of habitat and forage [22].

However, the benefits of pesticides are also wanted by some nations: Switzerland
voted to reject a ban on all synthetic pesticides on June 13th 2021 [23]. CropLife
America insisted in the agricultural benefits of neonicotinoids, and according to
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them, these pesticides do not affect the health of bees when applied in the field
following the label directions [24]. Nevertheless, companies producing
neonicotinoids, in response to their effect on bees, and the EU enforcing their
restricted use and also following the environmental principles of the UN Global
Compact, are taking actions towards risk mitigation, such as measuring and mini-
mizing dust abrasion from treated seeds to reduce unwanted impact [25].
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3 Application Modes

Neonicotinoids are available in formulations that allow applications such as seed
treatment (coating), foliar spraying or soil drenching. Efforts to reduce aerial
spraying of pesticides (and drifts during and after spraying) have resulted in the
shift towards strategies such as systematism, manifested in neonicotinoids as seed
treatments, so that the insecticides can be transported to all parts of the crop plant.
The idea of systemic insecticides is one in which pests die by chewing and sucking
on any part of the crop plant and ingesting a significant dose of the neural disruptor.
However, neonicotinoids will travel and be present in pollen and nectar that polli-
nators (bees included) will encounter when foraging. Implicit in this is that a
substantial proportion of the applied product will be distributed within the crop
plant itself, so that large percentages of wastage suffered by aerial spraying can be
avoided.

Neonics applied through seed coatings function on the principle of a more
targeted application of the pesticides [26]. This treatment may have made
neonicotinoids more persistent as those sprayed require multiple applications. Seed
coatings are used for a variety of crops including cotton, canola (oilseed rape), maize
(corn), sunflowers and soybeans. However, nearly two decades of monitoring by
researchers have shown that a maximum of only a fifth of neonics from seed coatings
entered the plant body, the rest of the neonics stayed in soil or were degraded
[27–30]. The loss of neonicotinoids from seed coating can lead to neonicotinoids
(e.g. thiamethoxam) in soil leachate in concentrations acutely toxic to aquatic
organisms [26, 31]. The loss of the seed coating itself as dust during planting appears
to be low, in the order of 2% [32], therefore, it is not the main route of loss of
neonics. The company Bayer®, which is a main producer of neonicotinoid-based
pesticides, is currently working on innovations to minimize contaminated dust.
Bayer is improving the adhesion of seed coatings to minimize the dust potentially
released during planting by using lubricants to improve planting and attaching
deflectors to pneumatic sowing machinery to reduce the release of dust particles
from the seeder to the air [25].

Neonicotinoids can also be applied as granular formulations and as foliar sprays.
In Canada, for example, imidacloprid is still being applied by all these methods to
protect apples, potatoes, tomatoes, lettuce, sweet and sour cherries, highbush blue-
berries, Brussels sprouts and eggplants. Target pests include aphids, beetles, fruit
flies, the Japanese beetle larvae and European chafer larvae.

One issue (amongst many) which renders the establishment of a long-term mass
balance for neonics for a particular ecosystem of interest is that of the under-
reporting of the utilization of pesticides, as farmers genuinely do not know exactly
the active ingredient of pesticides coated on the seeds they sowed. Hitaj et al. [33]
reported that this happens if seeds are delivered to farmers after a “default” treatment
which contains several active ingredients.
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4 The Role of Neonicotinoids in Organisms and Colony
Collapse Disorder (CDD)

In addition to bees, many other living organisms which play important roles in
maintaining the health of ecosystems such as butterflies and earthworms together
with other terrestrial and aquatic organism are adversely affected by neonics [34–36].
This effect on non-target organisms has triggered the re-evaluation of their permitted
applications [6, 11].

The decline of bees recorded in many parts of the world follows a Colony
Collapse Disorder (CCD) [37–40] by which there is loss of the adult bee population
in hives without presence of dead bees in or in the proximity of the hives [41]. Bees
are unable to return to their hives due to memory problems potentially after having
been foraging in plants treated with neonicotinoids [39, 42, 43]. Other causes for the
CCD phenomenon have also been proposed such as nutritional stress resulting from
the loss of pollinator natural habitats [44]; dietary deficiency of pyrethrum, which are
natural mite toxins that bees get from some flowering plants [45]; the presence of
entombed pollen (bee bread covered by a sunken capping) which happens to be
contaminated by the fungicide chlorothalonil [40] or contact with the Israeli acute
paralysis virus, IAPV [46] and other pathogens [47], amongst other factors.

Colony decline has happened in the past: in 1869, between 1905–1919, and
1960–1975, and during mid-1999 [48]. The collapse of bee colonies is likely to be
caused by a combination of factors: biological, chemical, environmental, and bee-
keeping practices [49]. However, the European Food Safety Agency (EFSA) reports
linked evidence from exposure to neonicotinoids to bee health and death. This led to
a 2 years’moratorium restriction on neonicotinoids’ use in Europe (2013–2015) [50]
and, thereafter, the ban of three neonicotinoids use on all field crops and with limited
use in greenhouses [51].

The insecticidal action of neonicotinoids results from their high affinity for the
nicotinic acetylcholine receptors (nAChR) [52] acting as a nicotinergic neuronal
pathway blocker. The receptors are mostly found at the junctions, called synapses,
where neurons are positioned in proximity and signal to each other. When a
molecular entity binds to the receptor, it stimulates the nerve and creates an electrical
pulse. This pulse is information which tells the insect to crawl, fly, think or learn.
Normally, an enzyme molecule comes along and deactivates or catabolizes the
substance which is stimulating the nerve. Problems arise if the stimulant is a neonic.
Neonic moieties are not catabolized or removed from the synaptic cleft easily. This
high affinity to the receptor means that the nerve is continually stimulated. Normal
neural functions are first impaired, but as neurons are over-stimulated at higher
doses, insects can become hyperactive, resulting in epileptic seizures and incapac-
itation of nerve cells.

For instance, when imidacloprid was administered to bees at sub-lethal doses,
they showed decreased capacity to communicate and their social behaviour declined
[53]. Exposure to neonicotinoids leads to the accumulation of the neurotransmitter
acetylcholine and this triggers paralysis and death [54]. The high affinity of
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neonicotinoid with nAChR is attributed to the cyano and nitro groups in the
pesticides (see Fig. 1) [42, 52, 54], where the interaction by the nitro groups appears
to be more toxic, probably because of stronger interaction with the receptor via
hydrogen bonding [55].

The dosages of neonics which bees encounter may or may not be high enough to
kill them immediately, and it is possible that bee colonies collapse because they do
not return to their hives. Perhaps, they cannot find their way home because they were
flying under the strong influence of neonics, which causes depolarization of the
postsynaptic membrane, thus blocking electrical signal transmission. The large
amount of neonics-related bee research has revealed many interesting facts about
the life of bees. For bees that survive to repeated exposure, it has been alleged that
some develop preference for food contaminated by them [56]. Other studies showed
that bees’ gene expression, behavioural mechanisms and flight endurance can also be
affected by neonics [57–60]. The challenge for melittologists and beekeepers is to
find out how affected individuals disturb a bee colony, leading to migration en
masse. Future work could address whether abnormal behaviour of affected bees
and/or premature deaths alert the swarm to a dangerous situation so that the entire
colony emigrates.

The generally high hydrophilicity and outstanding plant systemic activity, though
shared by organophosphates and methylcarbamates, are advantages over the more
lipophilic organochlorines, pyrethroids, organophosphates and methylcarbamates,
which have a poor selectivity factor (given in Table 1). For neonics, the LD50

parameter, i.e., toxicity, that is measured as the dose that causes the death of half
of the population of the organism under investigation, is roughly half of that of
pyrethroids, but much higher than that of organophosphates, carbamates and organ-
ochlorines (see Table 1). The unique mode of action of neonicotinoids as an agonist
at nAChR of insects differs from organochlorines and pyrethroids with Na+ or Cl�

and Na+ modulators, respectively (Table 1). This explains the preferential use of
neonicotinoids over other insecticides available [61].

Table 1 Comparison of neonicotinoids’ toxicity with other classes of insecticides. Adapted from
Tomizawa and Casida [61]

Class Nerve target

Potency
(LD50, mg/kg)

Selectivity factoraInsects Rats

Neonicotinoids nAChR 2.0 912 456

Organophosphates AChE 2.0 67 33

Methyl carbamates AChE 2.8 45 16

Organochlorines Na+ or cl+ channels 2.6 230 91

Pyrethroids Na+ channels 0.45 2000 4,500
a LD50 in rats/LD50 in insects
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5 Physico-Chemical Properties of Neonicotinoids

The physico-chemical properties of neonicotinoids are related to their mobility and
fate in the air/soil/water/plant compartments. Neonicotinoids have a low vapour
pressure (3� 10�7 mPa – 1.7� 10�3 mPa at 25�C) and a low Henry’s Law constant
(2.9 � 10�16 (air) – 5.3 � 10�8 (water) atm�m3/mol). Thus, the low values of these
parameters indicate that neonicotinoids have very limited volatility. However they
can still be found in aerosols after spraying land [31].

Neonicotinoids generally present a high solubility in water although large differ-
ences among them can be seen (see Table 2). This high solubility favours their
systemic activity and facilitates their inclusion in the formulation of pesticides. The
Log Kow value, which is the ratio of the affinity of the pesticide for a hydrophobic
environment with respect to water, indicates that whereas thiacloprid is quite
hydrophobic, the rest have hydrophilic character. The values for Log Kow collected
in Table 2 correlate with their solubility in water and Koc (or organic carbon/water
partition coefficient). Large values of Koc indicate strong sorption onto the organic
matter of the soil [63].

The relatively high solubility of neocotinoids impacts their ecotoxicity. Their
solubility values are greater than for substances such as lindane (7 mg lindane/L
water) [64] or fipronil (4 mg fipronil/L), which is a broad-spectrum insecticide.
Owing to their high solubilities in water, neonicotinoids can spread quickly in
aqueous media and within plants.

Compared to other pesticides, the Log Kow values for all neonicotinoids (�0.13 to
1.26) are relatively low. For example, Log Kow of organophosphates, methyl carba-
mates, organochlorine and pyrethroid are typically 1 to 5.5; �1 to 3; 5.5 to 7.5 and
4 to 9, respectively [61]. The positive side of presenting low hydrophobicity and a
high solubility in water is that their accumulation in biological sytems is
relatively low.

6 Transport of Neonicotinoids in Air, Water and Soil

Now that the origins of neonics in soils have been established, we turn our attention
to their fates in the natural environment. The way neonicotinoids are applied in
agriculture, discussed in Sect. 2, and their high solubility in water have contributed

Table 2 Molecular properties that affect the distribution of a selection of neonicotinoids in the
environment [31, 62]

Pesticide Solubility in water (mg/L at 20�C) pKa Log Kow KOC

Dinotefuran 39,830 12.6 0.549 26

Thiamethoxam 4,100 – �0.13 33–117

Acetamiprid 2,950 0.7 0.8 200

Imidacloprid 610 – 0.57 156–960

Thiacloprid 180 – 1.26 261–870
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to their high spread in the environment. Moreover, other factors such as soil type,
rain regime, wind, degradation by sunlight or microorganisms can affect their
pathways.

Neonicotinoids have been found in water [65], soil [66], plants [67], insects [68],
birds [69], aquatic organisms [70], mammals [71, 72] and food [73–75]. An inter-
esting case that illustrates the entrance of neonicotinoids to the food web was the
finding of clothianidin and thiamethoxam in the carcasses of free-ranging wild
turkeys in the Province of Ontario, Canada [76]. It is possible that the turkeys
might have ingested agricultural seeds coated with these pesticides. The same
researchers also discovered neonics-coated corn and soybean seeds in the gastro-
intestinal tracts of some other bird species.

They envision the outcome of their research as baseline data for Southern Ontario
wild turkeys and provide context for reference values in future analyses. Eng et al.
[77] hypothesized that the delay in migration of some songbirds was related to the
consumption of materials containing neonicotinoids. Adegun et al. [78] quantified
thiacloprid, acetamiprid and thiamethoxam (used on cocoa farms) in six cultivable
fish species in the Owena River Basin in Nigeria. Of the six fish species, it was found
that the four insectivores had accumulated more neonicotinoids than the two
plankton-eaters [78]. These examples evince the ubiquity of neonicotinoids in the
environment.

6.1 Neonicotinoids in Air

Neonicotinoids can stay in air temporarily subsequent to being sprayed onto leaves.
This process makes them particularly available to non-target organisms, such as
honeybees, if these are within reach of the site being sprayed. Neonicotinoids could
also be part of contaminated particles (soil or dust), which can impact foraging
non-target insects [37, 79, 80] and can affect land beyond the crop being sprayed,
finding their ways to run-offs and natural bodies of water.

6.2 Neonicotinoids in Aquatic Systems

The high usage and solubility of neonicotinoids are major factors that make them
likely to be present in natural water. The deposition of contaminated dust or plants
and their decay once in water will also affect the presence of the pesticides in water.
Indeed, neonicotinoids have been detected in lakes [16, 65], rivers [78, 81] and
estuaries [82]. The characteristics of the water (pH, suspended solids, organic matter
content, temperature), exposure to sunlight and microbial presence can affect the
stability of neonicotinoids in water. The extent of the exposure to factors contribut-
ing to their degradation will affect neocotinoids’ stability in water. Photolytic
degradation can play a major role in the stability of neonicotinoids; for example,
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imidacloprid, dinotefuran and thiamethoxam have half-lives of 2.3, 3.6 and 3.8 h,
respectively, in water under natural light conditions [83]. Interestingly, the
nitroguanidine group in thiamethoxam and imidacloprid can be photolysed, but
the cyanoimine group of acetamiprid and thiacloprid was found to be stable under
UV irradiation [84]. There is a scarcity of studies addressing the photodegradation
mechanisms of neonicotinoids and also their degradation in different types of surface
water.

Substances in aquatic media may sorb these pesticides or hinder their photolysis
by blocking their exposition to sunlight (e.g. suspended solids and organic matter);
or may attenuate or promote the degradation of neonicotinoids via scavenging or
release of free radicals. All these physico-chemical phenomena will affect the level
of neonicotinoids over time, and this will impact on their ecotoxicity and bioavail-
ability. The presence of neonicotinoids in surface water has been widely reported
and they are regarded as a threat to aquatic animals [81]. The European Commission
has now listed some neonicotinoids in the Watch List of EU (Decision 2015/495) as
substances to be monitored.

6.3 Neonicotinoids in Soil

Major routes that introduce neonicotinoids in soil are planting seeds coated with
them or their direct deposition when neonicotinoids are sprayed on plants. Indirect
pollution pathways can be through contaminated dust, water or leaves transported
from other crops. For instance, in a monitoring study carried out in 291 fields in
France during a moratorium on some neonicotinoids (2014–2018), nectar from
rapeseed oil flowers was frequently found to contain imidacloprid with levels up
to 45 ppb. Transport of imidacloprid from non-neighbouring crops to the study sites
via dust drift or contaminated run-off were suggested as likely pollution pathways
[85]. From soil, plant uptake of the neonicotinoids’ bioavailable fraction occurs,
which as with other contaminants will vary with soil type and plant species. For
instance, cabbage uptakes acetamiprid and imidacloprid more than cotton [31].

Degradation of neonicotinoids in soil however is an important natural attenuation
process. As a result, different persistence levels will be observed for different
neonicotinoids. For instance, their stability can be very short (of less than a week)
or very long (e.g. several years). Neonicotinoids can also affect the diversity and
activity of bacteria that could take part in their biodegradation in soil, and this will
change the persistence of the pesticide [86].

Table 3 presents the period required for the concentration of neonicotinoids in soil
to reach half of their initial value (DT50). Such variable stability is affected by factors
such as the soil type and its conditions (moisture, presence of organic matter); the
extent to which UV irradiation reaches the pesticides; pH, temperature [31], bacteria
present [87] and concentration of neonicotinoid [88]. However, to the best of our
knowledge, there are no studies focusing on the degradation of pesticides based on
their dose. Temperature has an important effect on the degradation of
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neonicotinoids, for instance, because it affects their biological degradation. The
information available from imidacloprid indicates that its half-life decreased
(547, 153 and 85 days) with increasing temperature (5, 15 and 85�C), respectively.
Hence, it is relevant to consider the climate or geographical location when formu-
lating regulations for pesticide usage.

Mechanisms driving the movement of neonicotinoids in soil are still largely
unknown and research is needed in this direction. A number of factors related to
soil and water, including soil pH [89], ionic strength [90], organic matter (amount
and its functional groups) [91, 92] have been reported to affect the mobility of
neonicotinoids in soil, however, scarce information is available for such highly
soluble pesticides.

The authors of this chapter carried out research to find answers related to the
migration of neonicotinoids in soil [93]. When incubating contrasting soils with the
major neonicotinoids in batch mode, using a concentration of neonicotinoids
(2.5 μg/mL), which is lower than what is used to spray plants, it became apparent
that the soil with the lowest amount of organic carbon (SOC) presented the least
uptake of every neonicotinoid assayed (Fig. 3). Thiamethoxam presented very
distinctive sorption onto soil and its uptake was very limited in all kinds of soils.
In contrast, the other neonicotinoids studied, with greater Kow than thiamethoxam,
presented significantly greater sorption onto soils.

The mobility of the same neonicotinoids (imidacloprid, acetamiprid, thiacloprid
and thiamethoxam) was further studied with a flow-through study incorporating a
soil column with the two most different soils which had 0.8% and 12.5% SOC. The
soil (sieved at <2 mm) was packed in 15 cm length columns and the packing of the
columns achieved a uniform bulk density of 1.1 g soil/mL. Neonicotinoids were
spiked by adding 1 mL of 1 mg neonicotinoid/g solution on the top layer of the
column. Water was pumped through the top of the column at 0.8 mL/min, and about
a 10 cm water-head was left constant to avoid affecting the surface of the topsoil.
Fraction leachates were collected and were used to establish breakthrough curves of
contrasting neonicotinoids when moving in contrasting soils (show in Fig. 4). The
soil with 0.8% SOC leached both neonicotinoids within the first bed volume,
whereas the mobility and subsequent leaching of both neonicotinoids in the soil
with 12.5% SOC was much more restrained, and it took over nine bed volumes for
thiacloprid to elute. Crucially, the content of organic matter in the soil was found to
be a very important factor for the retention of the study neonicotinoids: low organic

Table 3 Degradation rates
(DT50) of commonly used
neonicotinoids in soil.
Information compiled from
IUPAC PPDB [62], Goulson
[79]; Bonmatin et al. [31]

Insecticides Range of DT50 (days)

Thiacloprid 3.4–>1,000

Thiamethoxam 7–335

Nitenpyram 8

Acetamiprid 31–450

Dinotefuran 75–82

Imidacloprid 28–1,250

Clothianidin 121–7,000
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matter in soil led to greater mobility of the pesticides and this has a greater risk of
water contamination.

Thiacloprid, which was the most hydrophobic neonicotinoid studied (see Table 2)
presented the lowest tendency to migrate through soil columns [93]. Hence, soil
organisms could encounter the retained insecticides in the soil. In contrast,
thiamethoxam, the most hydrophilic of all, was the least sorbed in both soils,
hence it was the most mobile and had the greatest potential to contaminate ground-
water. Furthermore, the content of organic matter in the soil appeared to affect the
region in the soil column where neonicotinoids were retained. However, further
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details on the distribution of organic matter within the soil column would be needed
to predict the location of the contamination; although, importantly, soil rich in
organic matter had more prolonged leaching of the pesticides than soil with low
organic matter content. Taking these findings into consideration, it would be useful
to account for the soil properties of crops when selecting the neonicotinoid that
should be used as the phytopharmaceutical product, in order to minimize the
dispersion of the pesticides in the environment.

7 Conclusions and Future Trends

Neonicotinoids are pesticides that were initially introduced as advantageous alter-
natives to more toxic pesticides and their use expanded to all continents and many
different types of crops. Neonicotinoids present a high binding affinity for the
nAChR receptors of some organisms and this causes neurological problems. After
neonicotinoids’ introduction, there has been increasing evidence that non-target
insects are being severely affected by them and they have been linked to CCD in
honeybees. In response to this, regulatory bodies have started to restrict their use and
producers are innovating to minimize ecotoxicity. Honeybees become exposed to
neonicotinoids because these pesticides are highly soluble in water and spread
through the different parts of the plants easily. Some evidence suggests that foragers
actually prefer plants contaminated with neonicotinoids (thiamethoxam) once they
have encountered such pesticides.

The stability of neonicotinoids in water and soil is variable. Higher temperature,
sun irradiation and presence of certain microorganisms will contribute to their
degradation. The soil organic content is a factor that determines the mobility of the
neonicotinoids; soils richer in organic matter retain more these pesticides and
leaching will be prolonged. The hydrophobic character of some of the
neonicotinoids, such as thiacloprid, will favour the retention in soil, and those highly
hydrophilic, such as thiamethoxam, readily leach from soil, can disperse more and
potentially contaminate groundwater. It would be desirable to carry out a more
targeted prescription of neonicotinoids considering conditions that would affect
the stability of the molecule (sun irradiation, temperature) and take into consider-
ation the content of organic matter in the soil to control their presence. The suitability
of neonicotinoids for controlling pests is being re-evaluated because their risks may
not outweigh their benefits and research is being carried out to minimize the
diffusion of neonicotinoids to the environment.
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Abstract Microplastics (MPs), an emerging global pollutant, are widely present in
different ecosystems due to the overuse of plastic worldwide, causing potential risks
to the health of humans and other animals. Wastewater contains high levels of MPs,
and most of them (�99%) remain in sewage sludge even after highly efficient
wastewater treatment processes. Part of these MPs finally enters the soil ecosystem
as sludge is spread on soil. Many studies have focused on MPs in marine ecosystems
or other aquatic environments, while limited research has focused on MPs in sewage
sludge. Therefore, we strive to comprehensively describe the current and latest state
of MPs in sewage sludge. Several main sources of MPs in sludge are summarized.
The traditional pretreatment, extraction, and identification methods as well as some
latest new methods are illustrated. The influence of MPs in sludge on sewage
treatment, sludge digestion, and soil (including the effects on fauna, plants, and
microorganisms in soil) are summarized. Based on this information, we also offer
several proposals involving MPs in sewage sludge for future research.
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1 Introduction

Plastic products have been widely used worldwide because of their convenience and
low price [1], and a large amount of plastic has been discarded in the environment
and split into microplastics (MPs) due to the low recycling rate [2]. MPs are plastic
particles with diameters less than 5 mm that enter the ecological environment after
long-term physical, chemical, and biological processes [3]. They are present in
marine ecosystems [4, 5], freshwater ecosystems (rivers and lakes) [6–9], soil and
deposit sediment [10–12], and even in drinking water [13] and polar regions [14]. In
addition, it is possible for MPs to adsorb persistent organic pollutants and metals and
then release them as they migrate from their initial environment to other ecosystems
[15]; MPs can even enter the human body through breathing and food
consumption [16].

Over the last few decades, MPs have received much attention. However, most of
these studies mainly focused on the investigation of the distribution and effects of
MPs in marine or other aquatic ecosystems. However, humans are exposed to
terrestrial MPs more frequently, as land is the main source of MP production and
an important pollution sink [3, 4]. Quite a few MPs in land are released through
human activities (e.g., use of personal care products, fabrication of textiles, rubbers
of automotive tires, etc.) and finally remain in sewage sludge after wastewater
treatment. Studies have reported that the amount of sewage sludge produced by
wastewater treatment plants (WWTPs) in the European Union (EU) in 2010 was
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over 10 million tons [17]. In China, nearly 40 million tons of sewage sludge were
produced by WWTPs in 2015, and the total amount of sludge production has grown
by 13% every year [18]. WWTPs, a significant component of urban water systems,
cause the accumulation of MPs in sludge [17] because they have a strong ability to
remove MPs from municipal effluents with a high removal rate of 98.41% [19]. The
species of MPs in sludge are very abundant, including polyamide (PA), polyethylene
(PE), polyester (PES), polypropylene (PP), polyvinyl chloride (PVC), polyethylene
terephthalate (PET), polystyrene (PS), and so on [20–23]. It has been pointed out that
plastic consumption around the world follows the order PE> PP> PVC> PET> PS
[24, 25].

To comprehensively understand the current status of MPs in sewage sludge, this
study aims to summarize their main sources, analytic methods of extraction, and
identification and effects on sewage treatment, sludge digestion, and soil. To further
understand and investigate MP pollution, some key factors and future prospects are
discussed as examples.

2 Main Sources of MPs in Sewage Sludge

To date, the sources of MPs in the environment are not fully understood [19]. In
general, they can be broadly divided into two categories: primary MPs and second-
ary MPs [19, 26–28]. Primary MPs are original small-scale plastic products that are
used for commercial applications; such MPs include plastic particles in personal care
and cosmetic products [26], plastic fibers in laundry effluent [29], and even tiny
particles in air blasting media [30]. Secondary MPs originate from the decomposi-
tion of large plastic/fiber products, and decomposition may occur because of wind,
light, water, and other pressures [31, 32]. These secondary MPs are abundant, and
their composition is complex; they may come from different sources, such as fishing
nets, a variety of fibers, films, industrial raw materials, and household supplies [6].

There is no doubt that most of the MPs in sewage sludge come from raw domestic
and industrial wastewater, because MPs remain in sludge even after highly efficient
wastewater treatment [18, 19]. In other words, the MPs in municipal effluents are the
sources of MPs in sludge. Therefore, several main specific sources of MPs in
effluents are further illustrated:

1. Washing processes of textiles. The textile industry is a major source of MP
pollution [3]. Studies have reported that over 42 million tons of synthetic fibers
are produced every year, and they generate over 170% more MPs upon disposal
than natural fibers [3, 33]. Microfibers are mainly produced both in the process of
domestic and industrial synthetic cloth washing. A garment wash can release over
1,900 fibers one time, and all garments can release 100 fibers per liter of effluent
[34]; a 6-kg wash load of acrylic fabric can produce more than 700,000
microfibers under domestic washing conditions [35]. The number of microfibers
released is affected by many factors, including wash cycles [36], types of washing
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agent [36], wash parameters [33], and textile constructions [37]. As an example,
PES materials shed the greatest amounts of microfibers, 7,360 fibers/m2/L on
average, which is higher than the number of fibers shed by acrylic and nylon
materials. Additionally, loose and worn textiles shed more microfibers than high
twist yarns [37].

2. Personal care products (PPSPs). Microbeads were firstly identified in PPSPs by
Zitko and Hanlon [38]. Microbeads are plastic that have been made of different
sizes and shapes, and they have been widely used in PPCPs (e.g., facial scrubs,
shampoos, toothpaste, skin cream, etc.) as abrasive agents [39]. According to the
report of the European Cosmetic Industry Association, 4,130 tons of microbeads
are used in soap every year in Norway, Switzerland, and European Union
countries [40]. In mainland China, microbeads in nine facial scrubs were identi-
fied with a mean density of 20,860 particles/g and diameters ranging between
85 and 186 μm. Nearly 209.7 trillion microbeads (approximately 306.9 tons) are
discharged into aquatic environments every year [39]. In Malaysia, the
microbeads in toothpaste and facial cleaner were investigated; they were found
to have diameters ranging from 3 to 178 μm, and 0.199 trillion PPCPs were
emitted per year [41]. These microbeads are usually emitted into WWTPs with
domestic sewage, and most of them finally remain in sludge.

3. Other sources. In addition to the two main sources mentioned above, others also
need to be mentioned. For example, some plastic processing industries generate
MPs through abrasive blast cleaning, molding, and other operations, and the
generated MPs are finally discharged into sewage [42, 43]. In addition, rubber
from automotive tires can produce a large amount of debris on the nanometer or
micrometer scale [44]. Some of the debris accumulate in rainwater and may run
off into sewage [45]. Additionally, it is possible for leachates containing MPs to
be transported into sludge after various plastics are broken up in solid waste
landfills [46].

3 Analytical Methods for Microplastics in Sewage Sludge

3.1 Pretreatment and Extraction Methods

It is important to first purify and separate MPs from the original sludge matrix.
Because they are made of a viscous matrix of organics, microorganisms, and
inorganics bound by biopolymers, sludge samples have a high affinity for many
polymer surfaces [47]. Additionally, sludge contains high ratios of organic impuri-
ties (30%–50%), which may prevent the identification of MPs [48]. Usually, strong
inorganic acids and bases are used to eliminate organics from the matrix; such
substances include 1 and 5 mol/L nitric acid (HNO3), 1 and 5 mol/L hydrochloric
acid (HCl), 10 mol/L sodium hydroxide (NaOH), and 10% potassium hydroxide
(KOH) at 60�C per 30–60 g of sludge sample [22, 49, 50]. However, these purifi-
cation methods have certain effects on the quantitative analysis of MPs. For
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example, some MPs melt due to heating methods (110–120�C) combined with acid
treatment or microwaves [20]. Additionally, the surface of PET is damaged during
alkali treatment [50]. Studies have further found that Fenton’s reagent has a lesser
effect on MPs but a positive effect on organic decomposition in a short time during
sludge pretreatment [51]. This method is also called wet peroxide oxidation (WPO),
and Fenton’s reagent consists of H2O2 and ferrous sulfate heptahydrate (FeSO4). The
process of H2O2 decomposition in WPO can produce many hydroxyl radicals that
are able to oxidize most natural organics but not MPs [47, 52, 53]. FeSO4 is a
catalyst that can accelerate the digestion of organic matter under mild conditions
including heating at 70�C and stirring for 30 min or longer [52]. Hurley et al. [49]
used an ice bath at intervals to maintain temperatures less than 40�C, and these steps
can reduce the decomposition of H2O2 and better protect the MPs.

At present, the extraction of MPs from sludge is primarily performed using
density-based extraction techniques, which separate MPs from sludge by utilizing
their density differences. The MP samples can be suspended on the surface of the
solution after being placed in a gravity flotation solution such as a high-density salt
solution, and the high-density sludge components stay at the bottom of the solution
[17]. The solution usually consists of high-density salts such as NaCl, ZnCl2, and
NaI, and these salts are also able to improve the recovery of MPs [22, 54]. Li et al.
[55] pointed out that the pretreatment step before flotation can improve the efficiency
of MP extraction; such pretreatment involved putting sludge samples in 30% H2O2

and heating at 70�C. In general, the next step after the flotation mixture settles is
filtration through a polycarbonate membrane, and these steps should be repeated
several times [47].

Other methods for MP extraction in sludge have also been investigated in recent
years. For example, the oil extraction protocol (OEP), a high-recovery, economical,
unharmful, and Fourier transform infrared (FTIR)-compatible method, is very suit-
able for MP extraction [52]. The principle of the OEP is utilizing the lipophilicity
and detectability of MPs to distinguish dense and heavy plastics from organics. In
addition, Talvitie et al. [23] suggested that direct filtration was effective for sludge
sample extraction. The samples were filtered through a stacked sieve device after
dilution with water, which could prevent damage from harsh chemicals in the next
steps. However, the drawback was that the size of the processable samples was
limited.

In general, current methods of extraction of MPs in sludge are time-consuming
and costly (especially density separation reagents and organic removal), and
chemicals easily affect the identification of MPs in sludge samples.

3.2 Detection and Identification Methods

It is a challenge to detect and identify MPs accurately, as every microplastic species
has its own morphology and properties. Traditional methods for MP identification
include visual inspection, FTIR spectroscopy, and Raman spectroscopy. Visual
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methods are usually carried out through a microscope, and the steps for MP detection
include size measurement, morphology characterization, and enumeration. This
method has strict requirements when measuring objects such as a lack of cell or
organic structure, a unified thickness and length of fibers, and a unified, clear color of
particles [56]. Additionally, the sole use of visual observations may result in a
deviation of quantity because it is easy to have subjective determination and confuse
natural and synthetic materials. For example, a study reported that only 50% of fibers
were treated as synthetic fibers in wastewater through visual methods [22]. There-
fore, spectroscopic techniques and analysis are recommended in addition to visual
observation to ensure the consistency of the results and avoid deviation in chemical
composition [57].

In recent years, other methods for MP identification have been investigated; for
example, FTIR and Raman spectrometers coupled with microscopes, portable spec-
trometers, fluorescent dyeing, and some thermal analysis methods are also worthy of
attention. These methods are able to couple with each other or existing conventional
instruments (e.g., scanning electron microscopy (SEM), energy dispersive spectrom-
etry (EDS), gas chromatography-mass spectrometry (GC-MS), etc.) to obtain more
accurate quantitative and qualitative analysis for MP identification. The combination
mode of different technologies should be determined by the specific situation of
samples and the variety of MPs. There are several methods for MP identification in
sludge, and four of the most common methods are summarized in Table 1.

The combination of FTIR technology and microscopes is very common in the
field of MP detection, especially for precise and qualitative identification. A spectral
chart can be obtained when MP samples are exposed to infrared radiation, and the
sample components are identified by referencing the spectral library [59]. Normal
micro-FTIR/micro-Raman faces a major challenge in the identification of small
microparticles and complex components, especially Raman spectroscopy, which is
time-consuming [58, 60]. Some authors reported that atomic force microscopy
(AFM) coupled with infrared (IR) or Raman spectroscopy may be able to detect
nanoplastics (NPs) [64], and coupled AFM-IR has successfully produced spectra for
polystyrene (PS) MPs [65].

In addition, Song et al. [66] found that using FTIR or Raman spectroscopy in
advance and then utilizing stereomicroscopy to count the number of MPs can reduce
the error of MP counts. Figure 1 shows an image of six typical MPs extracted from
sewage sludge through stereomicroscopy [18].

The use of portable spectrometers for environmental MP samples has overcome
the disadvantages of normal techniques that are time-consuming, and such spec-
trometers avoid the need for chemical pretreatment and extraction. As a reference, a
visible near-infrared spectrometer (Vis-NIR) has been successfully used in the direct
detection and quantification of soil MPs. The reflected light of MP surfaces and the
reflection percentage at certain wavelengths were measured by Vis-NIR spectros-
copy, which can predict the chemical composition of the sample [67]. In addition,
some other methods can also shorten the testing time of MP detection. For example,
MPs can be directly and rapidly dyed with a 5-mg/L Nile red (NR, a fluorescent
dying) solution. It is easy to observe the dyed particles, which exhibit green
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fluorescence under a microscope after staining (Fig. 2). NR has been proven to
successfully dye MPs in various materials (e.g., PVC, PES, PA, PS) [68]. It is worth
noting that rose red dyeing is nontoxic and can dye materials other than plastics [69].

Several thermal analysis methods have been investigated in the characterization
and quantitation of MPs in soil. Thermogravimetry (TGA) can monitor most of
the samples while heating to carry out a quantitative analysis without pretreatment.
The temperature can be programmed to maintain an isothermal system or ramp up
the temperature under conditions of an inert or air atmosphere [25]. A universal
modeling method related to TGA has been proposed for the quantitative and
qualitative analysis of some MPs, including PE, PS, PVC, and PET [70]. This
method is simple, cost-saving, and time-saving, and the most important advantage
is that it does not require pretreatment, even for a complex soil sample. However,
only one type of soil was tested, and the types of MPs analyzed were limited in this

Table 1 Four of the most common analytical methods in MPs identification in sludge

Analytical
methods Conditions Advantages Deficiencies References

Visual
methods

Pretreatment
No cells/organics, uni-
fied length, and clear
and unified color of
sample

Direct; simple
Not chemically
destructive

Too subjective
Deviation in results
Unable to test chemi-
cal composition

[56, 22]

Micro-
FTIR
Micro-
Raman
TGA

Pretreatment
Need a stereo micro-
scope
Dry samples
Pretreatment
Heating
Inert or air atmosphere

Nondestructive
Small amount of
sample
Simple sample
pretreatment
Chemical com-
position analysis
Particle size dis-
tribution infor-
mation
Nondestructive
Small amount of
sample
Eco-friendly
Simple sample
pretreatment
Can detect small
particles (1–
2 μm)
Can provide
particle size dis-
tribution infor-
mation
Quick, simple,
easy and direct
Does not require
pretreatment

Expensive instru-
ments
Laborious work
Time-consuming
identification
Unable to test small-
size plastics
Interferes with fluo-
rescence
Expensive instru-
ments
Laborious work
Time-consuming
identification
Disable in testing NPs
Limited range of
application
Unable to test chemi-
cal composition
dependent on MP size
and shape

[58–60]
[61, 62]
[25, 63]
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Fig. 1 Stereomicrograph of six typical MPs extracted from sludge [18]

Fig. 2 Identification of PE MPs among organic debris under a microscope (left) and a fluorescence
microscope (right) after Nile red staining [68]
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research. The approach provides a worthy reference for future studies, but more
considerations need to be taken. A method of alkali-assisted thermal hydrolysis has
been used to decompose MPs of PE and PET in pentanol or butanol phases. The
amounts of PE and PET were confirmed by the determination of the concentrations
of bisphenol A and p-phthalic acid [63]. Solid samples, including sludge samples,
can be directly measured by this method after physical separation.

4 Effects of Microplastics on Sewage Sludge

4.1 Effects of Microplastics on Sewage Treatment and Sludge
Digestion

Due to the strong purification ability of WWTPs, most MPs enter sewage sludge
during wastewater treatment processes incrementally. In Fig. 3, the specific percent-
ages of MPs with various forms and different colors in sludge and sewage are clearly
exhibited. This result indicates that fibrous MPs and those that are white in color are
most prevalent in sludge, while foam MPs and those that are red in color are more
prevalent in sewage [18, 19]. In previous studies, the retention rate of MPs remaining
in sewage sludge from raw wastewater reached 99% [42, 71], and the concentration
of MPs in sludge was between 1.5 � 103 MPs/kg and 2.4 � 104 MPs/kg

Fig. 3 (a) Average percentage of different MP types and colors in sludge samples; (b) Average
percentage of different MP types and colors in sewage samples [18, 19, 47]
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[17, 22]. During the entire process of WWTPs, MPs may affect both wastewater
treatment and sewage sludge treatment.

MPs have a certain degree of influence on wastewater treatment. The efficiency of
primary treatment can be affected by MPs. The abundant MPs in wastewater are able
to block the fine grille, as the holes of the fine grille usually have a size of 3–10 mm.
Additionally, MPs can adsorb chemical agents during oxidation and neutralization
steps and even adsorb toxic matter due to their large surface area and hydrophobicity
[72]. During the process of secondary treatment, MPs (especially at the nanoscale)
decrease the ammonia-nitrogen conversion efficiency since they may restrain deni-
trification by changing the microbial-mediated process [47, 73, 74]. In addition,
there is a positive correlation of biochemical oxygen demand (BOD), dissolved
oxygen (DO), total nitrogen (TN), and total phosphorus (TP) with MP concentra-
tions [75]. MPs can also offer surfaces for microorganisms to stick and grow in the
process of biologically active filtration (BFA) [23]. The cost of sludge disposal
increases if a high level and long-term processing of MPs are present. This is because
MPs can lead to a decrease in the destruction of volatile solids, and thus, more sludge
(approximately 9.1%) is produced [76, 77]. In the process of tertiary treatment, the
efficiency of the coagulation process decreases, as MPs easily interact with floccu-
lants [78]. MPs also affect air flotation, as they adsorb other pollutants and agglom-
erate during the process; thus, the primary bubbles cannot bring pollutants with a
larger size and density to the top of the water, and the membranes used in
microfiltration or reverse osmosis are easily worn and fouled by irregular MPs
[79, 80].

MPs also have a significant influence on sludge digestion. In a usual sludge
stabilization method, the particulate organics in sludge can be converted into a
soluble state during the primary stage of anaerobic digestion [81]. The results of a
study indicated that the chemical oxygen demand (COD) is directly proportional to
the concentration of polyvinyl chloride (PVC) MPs [82], which is likely due to the
lipids and nucleic acids from wastewater activated sludge (WAS) in anaerobic
digestion; in other words, the dissolution of WAS is enhanced after a long exposure
to PVC MPs [47]. Figure 4a shows the SEM image of sewage sludge after anaerobic
digestion. Numerous NPs attached to the surface of the sludge, while the structure of
sewage sludge had no significant change, which meant that NPs did not result in a
higher release of cellular contents for biogas production during anaerobic digestion
[83]. The MPs in WAS have a negative effect on the hydrolysis of proteins and
polysaccharides and thus decrease the validity of acidified matter and even generate
less gas [81]. In addition, the process of methane production is easily inhibited by
MPs. Wei et al. [76] found that PE MPs with high concentrations of 100 and
200 MPs/g (total solids) obviously decreased methane production by 12.4% to
27.5% and resulted in a lower methane potential and hydrolysis coefficient than
PE MPs at lower concentrations (i.e., 10, 30 and 60 MPs/g). Another study found
that PVC MPs at high concentrations also decreased methane production and WAS
hydrolysis, while low concentrations of PVC MPs benefited methane production in
WAS [82]. Additionally, cationic nanoscale PS exhibited a greater influence on
methane production than anionic PS [84], and nanoscale PS temporarily inhibited
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the gaseous products of aerobic granular sludge (AGS) after brief contact. While
volatile fatty acids (VFAs) were an intermediate product, their concentration was not
affected by nano-PS since methanogens may be more sensitive to chemical toxicities
than acid-forming bacteria [85].

In addition, MPs affect microbial community diversity and abundance. Zettler
et al. [86] mentioned that the structure and metabolism of microflora on the external
surface of MPs is different from others. It is possible to affect other species by
altering their microflora in the presence of MPs, and thus isotopes and elements were
altered and growth and reproduction changed [86]. Figure 4b shows SEM images of
NPs attached to the cytomembrane of Acetobacteroides hydrogenigenes. Addition-
ally, many nanosized pores were present on the cytomembrane of Acetobacteroides
hydrogenigenes due to the diapirism of NPs [83]. Figure 4c shows that the abun-
dance of the five main bacteria in sludge digestion, Chloroflexi, Bacteroidetes,

Fig. 4 SEM images of (a) sewage sludge and (b) Acetobacteroides hydrogenigenes in the presence
of NPs [83]; (c) Distribution of microbial population at the genus level exposed to MPs in the
anaerobic digestion system [82]
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Actinobacteria, Proteobacteria, and Firmicutes, declined due to the influence of
MPs [83]. The relative abundance of other kinds of bacteria also decreased; for
example, Rhodobacter sp. (perform hydrolysis), Proteiniclasticum sp. (produce
acetic acid from proteins), Methanothrix (decarboxylate acetate to CH4 and CO2),
and so on [84, 87].

4.2 Effects of Microplastics on Soil

MPs pollution in soil could originate from different potential sources, such as land
utilization of sewage sludge, irrigation, organic fertilizer, film mulching, and atmo-
spheric deposition. Sewage sludge is a crucial source of MPs in soil. As we
mentioned above, a large number of MPs accumulate in sewage sludge after
wastewater treatment. Sludge generally enters soil after disposal, especially into
farmland through fertilizer, and sludge is permitted to enter soil accompanied by soil
amendment in most countries [88]. Therefore, remarkable amounts of MPs enter
agricultural soils through the utilization of sewage sludge on farmland [89]. It is
estimated that 630,000 to 4,300,000 tons and 440,000 to 3,000,000 tons of MPs
translate into soil through sludge application in Europe and North America [90].
Corradini et al. [91] found that the MPs in soil in Chile showed an upward trend with
increasing sewage sludge application, and the average abundance of MPs in the soil
(200 tons/hm2 with a dry weight) reached 3.5 p/g after applying sludge five times.

The presence of MPs could influence the physiochemical properties of soil, such
as hydraulic characteristics, soil aggregates, soil bulk density, and soil structure
[92, 93]. They are incorporated into soil by biota or plowing and are mixed with
other pieces of organic matter, so they are easily insulated inside soil aggregate
[94]. Different types of MPs have different influences on soil; for example, PES can
significantly decrease the content of water-stable aggregates in soil, while PE has the
opposite effect [93]. PES is able to enhance soil moisture retention to keep the degree
of water saturation always at a high level, and large aggregates are proportional to
the amount of PES [92]. MPs may also affect the soil bulk density because they are
less dense than soil minerals [93]. Polyethylene films can significantly accelerate soil
water evaporation through building channels for water shifts and even destroy the
integrity of the soil structure, resulting in desiccation cracking. This phenomenon is
increasingly obvious with increasing MP abundance and decreasing particle size
[95]. The large water-stable macroaggregates (>2 mm) and size of macropores (>
30 μm) in clayey soil obviously increased after PES microfibers were added [96]. In
addition, MPs may also affect pedological mass circulation in soil. For instance,
low-density PE and biodegradable plastics have a great influence on the pH,
electrical conductivity (EC), and C/N ratio, and biodegradable plastics have signif-
icantly affected the release of volatile organic compounds (VOC) near the wheat
rhizosphere [97]. As another example, the amount of dissolved organic carbon
(DOC), nitrogen and phosphorus in dissolved organic matter (DOM) is proportional
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to the amount of added PP MPs to soil after 30 days [98]. This suggests that MPs
have hidden contributions to carbon storage in soil [99].

In addition, MPs can affect fauna, plant traits, and microorganisms in soil. Rillig
and Bonkowski [100] reported that MPs influence the growth and reproduction of
invertebrates in soil. Earthworms and collembolans are the most widely investigated
species in soil, and their traits, such as growth inhibition, weight, gut damage, and
mortality, have been studied after exposure to MPs [10, 101, 102]. For example,
Rodriguez-Seijo et al. [101] found that a concentration of PE less than 0.1% (w/w in
dry soil) resulted in gut damage but had no effect on the weight or reproduction of
earthworms, while growth was inhibited and mortality increased when the concen-
tration was higher than 1% [103]. Another study found that PE at a concentration of
0.1% inhibited the reproduction of collembolans; a concentration of 0.5% obviously
changed the microflora in the gut of collembolans; and a concentration of 1%
decreased the reproductive rate by 70% compared with the control group
[104]. MPs not only affect fauna in soil through the ingestion of small particles
but also relate to changes in the surrounding environment or physical harm outside
organisms [105]. Additionally, further studies should pay more attention to the
impact of MPs on more kinds of soil fauna as well as the mechanism of the process.

Some studies have also focused on the terrestrial plants affected by MPs. The
presence of MPs changed some soil properties that we mentioned above (e.g., soil
aggregates, soil bulk density, and soil structure), which may further affect the root
traits, growth status, and nutrient uptake process of plants [106]. Wheat, a popular
research object, was first investigated by Qi et al. [107]. They added 1% (w/w)
microplastic film residues to dry soil, and the results showed that the growth
(vegetative and reproductive stages) of wheat (Triticum aestivum) was inhibited.
The reason was attributed to the changes in soil properties after plastics were added.
Biodegradable plastics also affected the growth of wheat more substantially than
low-density PE [107]. MPs of PS (0 to 100 mg/kg) had a negative effect on the
photosynthesis of wheat leaves, and protein synthesis was inhibited [108]. Studies
proved that MPs affected other terrestrial plants; for example, the photosynthesis,
growth, and antioxidant defense system of lettuce were affected [109]; the pores of
cress were blocked, and thus, water absorption was restrained, which prolonged the
germination and growth of roots [110]; and the elemental composition and root traits
of spring onion were altered [111]. Exploring the transmission mechanisms of MPs
in the soil–plant interaction system and the risks of MPs entering the human body
through the food chain requires further effort.

Moreover, MPs can impact microflora by changing the enzymatic activities. PE
films significantly inhibited the activity of soil urease for long-term use and further
changed the abundance of genes related to the carbon and nitrogen cycles in soil
[112]. Nanoscale PS inhibited the activity of dehydrogenase and other enzymes
participating in the carbon and nitrogen cycles [113]. MPs of PP at concentrations of
7% and 28% (w/w) promoted the activity of fluorescein diacetate hydrolase in soil
[98]. MPs also affect bacterial transport and deposition in soil [114] and provide
adsorption sites to microorganisms to form a biological membrane layer on the
surface of the MPs, which may change the functional properties of soil [115]. Until
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now, most research has focused on the changes and activities of soil enzymes
exposed to MPs, and other aspects should be considered, such as how to protect
the biological membrane on the surface of MPs when observing microorganisms or
MPs after density flotation [106].

It is worth noting that MPs can adsorb a large number of other pollutants, such as
antibiotics or other organic pollutants and heavy metals, in sludge or soil [116–
118]. These chemical pollutants carried on the surface of MPs easily move with MP
migration in soil due to wet–dry cycles [119, 120], soil management practices [121]
and bioturbation [122] and the life activities of earthworms [123, 124], such transfer
of pollutants may pose ecological and health risks [125]. Ramos et al. [126] found
that sorption by MPs can also slow the degradation rate of organic pollutants in soil.
Few studies have investigated the impact of MPs on the transport and degradation of
these toxic chemical pollutants [106]. Thus, the combined effect of MPs and those
pollutants in soil requires more attention, and systematic and scientific regulars need
to be determined.

5 Conclusion

A large number of MPs gradually enter sewage sludge during highly efficient
wastewater treatment processes and are finally released into soil. The sources of
MPs in sewage sludge are abundant, and they include textiles, personal care prod-
ucts, plastic processing, rubber from automotive tires, and others. Pretreatment or
extraction must be performed before identification to separate MPs from the original
sludge, though this step is time-consuming, expensive, and easily affects the iden-
tification of MPs. Visual observation, a combination of FTIR or Raman spectros-
copy and microscopy are very common methods of identifying MPs in sludge; some
new methods, such as TGA, Vis-NIR, and fluorescent dying, have proven effective
in quantitative and qualitative analyses. MPs can affect sewage treatment and sludge
digestion and even threaten the soil environment. Until now, limited research has
focused on MPs in sludge; thus, some future research directions are suggested:

1. Establish a unified and standard approach for quick extraction, portable identifi-
cation, and highly effective analysis of MPs in sewage sludge.

2. Adjust wastewater and sludge treatment process to reduce the influence of MPs,
and design a specific and suitable unit for MP treatment to reduce their amount
before they enter sludge.

3. Investigate the adsorption and release mechanisms and influencing factors
between MPs and other pollutants in sludge and soil, as well as the risks of
MPs to the human body due to accumulation through the food chain.

4. Centralize high-density MP sludge treatment and limit their discharge to agricul-
tural soil to reduce damage to fauna, plants, microorganisms, and even human
health.
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Abstract Water treatment is a vital process to ensure the development and sustain-
ability of today’s society, both from an environmental and public health point of
view. Wastewater treatment has a huge variety of studies and operations. In these
processes, which are usually carried out in wastewater treatment plants (WWTPs),
large quantities of toxic and highly heterogeneous sludge are generated, the proper
management of which is a major challenge.

The overexploitation of limited natural resources and the enormous consumption
of energy by modern society mean that substantial changes are needed in water and
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sludge treatment and purification systems. In this sense, it has been estimated that in
Europe the generation of sludge in WWTPs will exceed 13 million tons/year in
2021. The detection of new contaminants in sewage sludge, as well as the significant
increase in its production and its limited usefulness in agricultural applications,
makes it necessary to invest in research and development of technological solutions
that respond to the demanding restrictions established by the European legislation.

To aid in the knowledge on the presence and concentration of organic chemicals
in sewage sludge, peer-reviewed literature and official government reports have been
examined in this chapter.

Keywords Industrial sludge, Organic compounds, Sewage sludge, Toxic
compounds, Wastewater

Abbreviations

EPA United States Environmental Protection Agency
ISS Industrial sewage sludge
OPs Organophosphate pesticides
PAH Polycyclic aromatic hydrocarbons
PBB Polybrominated biphenyls
PBDE Polybrominated diphenyl ethers
PCB Polychlorinated biphenyls
PCDDs Polychlorinated dibenzo-p-dioxins
PCDFs Polychlorinated dibenzo-p-furans
PFC Perfluorinated aliphatic compounds
SS Sewage sludge
TCDD Tetrachlorodibenzo-p-dioxin

1 Introduction

Sewage sludge is a by-product generated after the municipal and industrial waste-
water treatment. So, the concept of sewage sludge is usually understood as the waste
generated in wastewater treatment plants, where the wastewater is mainly urban or
municipal in nature, although, depending on the location, it usually incorporates
more or less quantity of industrial wastewater. Therefore, in order to distinguish
between the two origins of sludge, sewage sludge (SS) will refer to waste generated
in wastewater treatment plants (WWTP), whereas when referring to sludge of strictly
industrial origin we will name it as industrial sewage sludge (ISS).

Regarding the management of sewage sludge, this is one of the most complex
environmental problems associated with the treatment of wastewater. The funda-
mental problem related to sewage sludge stems from the fact that, in most cases, it is
a waste that needs to be managed. This implies an obligation to treat sludge from
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WWTPs, which is now at least partly integrated in the water treatment facilities
themselves. This strategy is one of the key elements of the Circular Economy [1].

Generally, SS is that which is generated at WWTP; the wastewater treated at
WWTP comes from different sources. The first and main source is the domestic
wastewater, resulting from human activity and generated around population centers.
The other source of wastewater is industrial wastewater, which is discharged into the
environment, generally after its treatment, as well as rainwater, and any wastewater
discharge that may occur. The proportions in which the different sources of waste-
water are found vary greatly, depending on the geographical location of each
WWTP, the size of nearby population centers and the presence and type of sur-
rounding industries, making it very difficult to group them in a uniform way
[2]. However, considering urban waters, especially domestic waters, it could be
considered that they present characteristics that are quite similar to each other, so an
overview of them is presented.

On the other hand, ISS has characteristics completely different depending on the
specific industry. It is impossible to try to group them in a homogeneous way, so this
work will highlight some specific industrial sludge, either because of their toxicity or
because of the volume generated, such as those coming from the petrochemical,
pharmaceutical, agricultural, food, textile, or paper industries.

Sewage sludge is, in general, a mixture of solids in an aqueous matrix with a very
high content of compounds of various kinds and in variable percentage depending on
the treatment and the type of wastewater. Generally, the presence of organic com-
pounds stands out, but we can also find inorganic solids, heavy metals, minerals, etc.

All this makes sewage sludge a heterogeneous substance, with a large number of
compounds, many of which are toxic for humans and the environment, both from a
chemical and biological point of view. For this reason, various treatments have been
developed to reduce the hazardousness and toxicity of the sludge, as well as to take
advantage of the recoverable compounds.

As a result of the development of legislation associated with the sludge treatment,
which is constantly being updated, more and more compounds present in sludge are
being classified as toxic or hazardous, depending on their concentration, and there-
fore require an appropriate treatment. Moreover, considering that the growing world
population is causing an increase in the generation of sludge, the importance of good
sludge management, both in terms of its treatment and its continuous study and
research, is a challenge for the current and future society [3].

2 Organic Compounds in Sludge

Sewage sludge is obtained after the various wastewater treatments in the WWTP,
which are generated at different points of the plant. In general, the incoming
wastewater is subjected to a physical-chemical treatment, from which the primary
sludge is obtained after the first settling. Afterwards, the water undergoes biological
treatment and, after subsequent settling, the secondary or biological sludge is
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produced. Often, the wastewater requires tertiary or chemical treatments, which may
produce a tertiary sludge [4].

A common treatment of this sludge is to mix it and subject it to anaerobic
digestion, to stabilize it and obtain biogas and, generally, after undergoing
dewatering processes, it is available for agriculture, incineration, landfill, thermal
treatments, composting, etc. [2].

In this sense, the organic matter content of sewage sludge is tremendously diverse
[5] and is influenced by both the origin of wastewater and the type of treatment to
which the wastewater is subjected, and from which the sludge is obtained. In this
work, the assessment of organic compounds present in sludge is evaluated along
three points:

• Firstly, the aim is to provide a complete and global view of sludge as it is usually
characterized and, more specifically, of the organic fraction present.

• The organic matter of biological origin or character will be described, with the
focus on the various populations of bacteria and microorganisms that are present
in the sludge, as they are mainly responsible for the biological treatments that are
carried out in the WWTP.

• Finally, some organic compounds are described, grouped into families, which
stand out for their toxicity to humans and/or the environment, which persist after
treatment in the WWTP, or which are even generated in the WWTP or in
subsequent treatments.

2.1 General Composition

In this section, the aim is to give an overview of the presence of organic compounds
in the sewage sludge, focusing on its origin and treatment, i.e., whether it comes
from primary, secondary, mixed, or digested treatment of a sludge generated in a
WWTP, for example, of a municipal nature.

Regarding the organic matter content, it has been estimated that the equivalent
chemical oxygen demand (COD) load per capita –or inhabitant equivalent (IE)–
discharged in municipal wastewater streams is of 100 g COD/IE day [6] while
referring to biological oxygen demand –measured within 5 days– (BOD5) is of
60 g BOD5/IE day [7]. These values, depending on the treatment to which the
wastewater is subjected, generate a greater or lower amount of solids in the sludge,
as well as different concentrations of organic matter.

Table 1 shows typical values as volatile solids (VS) associated with the organic
matrix present in the solid, and other groups of organic compounds present in the
sewage sludge [2, 5, 8]. It is assumed that the amount of total solids (TS) corresponds
almost absolutely to the suspended solids, or dried solids. The table shows the ranges
and proportions where the described parameters are normally found, depending on
the type of sludge.
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Primary sludge is obtained after primary or physical-chemical treatment,
followed by primary settling; the objective of which is to remove suspended matter,
solids, grease, etc. from the water line. Dates in 1.1 kg of primary sludge/per capita
(IE) by day is generated, in which between 50–70% of the total solids and 25–40%
of the biodegradable organic matter (BOD5) entering the WWTP are removed
[9, 10].

This is the sludge with the highest amount of solids, mainly of volatile character,
as shown in Table 1, concentrating the highest organic load of the WWTP and, being
mainly biodegradable, causing that it decomposes easily and becomes septic, pro-
ducing bad odors. Numerous pathogenic microorganisms and bacteria are present,
but there is also a significant presence of fats and fibers [2].

Secondary sludge, also known as biological sludge, is produced by biological
treatments in WWTP as activated sludge, membrane bioreactors, or rotating biolog-
ical contactors. Bacteria and microorganisms act by reducing the organic matter, or
nutrients, in the wastewater, and the solid residue generated contains mostly a wide
variety of bacterial and pathogens cells, with a flocculus appearance and a quick
decomposition. Between 90 and 99% of the pathogens involved in biological sludge
are concentrated in the secondary sludge. Its total solids content is lower than in the
primary sludge, as shown in Table 1, but the proportion of volatile solids is similar.
Thus, the amount generated differs greatly depending on the type of treatment [2, 5].

Digested mixed sludge is the result of combining primary and secondary sludge
and subjecting it to anaerobic digestion. The treatment stabilizes the organic matter
and reduces odors and pathogens content [9].

This sludge, after undergoing dewatering or drying to reduce its moisture content
to different extents (usually, up to 20–25% of dried solids), is evacuated from
WWTP toward its final disposal, which may be in direct agricultural application
(for example, in Spain, it must follow the guidelines of Order AAA/1072/2013 of
7 June on the use of sewage sludge in the agricultural sector), or it may be treated by
composting, incineration, etc.

As for the ISS sludge generated in industrial processes, its composition and
characteristics differ greatly depending on the type of industry that generates it. In
this way, in the petrochemical industry, the sludge generated, known as oily sludge,
is the result of the treatment of different contaminated streams generated in the oil

Table 1 General composition of sewage sludge [2, 5, 8]

Primary
sludge

Secondary
sludge Digested mixed sludge

Total solids (TS, %) 1–8 0.4–1.5 3–6

Volatile solids (% TS) 60–85 60–88 50–75

C (% VS) 50–51 52–53 50

Grease and fats (% TS) 6–35 8–10 10

Proteins (% TS) 20–30 34–36 18

Fibers (cellulose) (% TS) 8–16 7–10 10

Organic acids (g/L as acetic acid) 0.2–2 1.1–1.7 –
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refining process, constituting a complex mixture of compounds of different origins,
such as residues from oil/water separation (API separator), cleaning sludge, sedi-
ments at the bottom of tanks or sludge from flocculation-flotation units, many of
them highly pollutant and toxic [11]. They are notable for their high organic content,
mostly non-biodegradable, and, therefore, have a high COD/BOD ratio. In terms of
composition, this kind of sludge may contain between 50 and 85% of water, 5–20%
of solids, with a high content of heavy metals, and from 10 to 30% of hydrocarbon
content [12], including heavier petroleum hydrocarbons, which are mostly com-
posed by C20+ hydrocarbons molecules [13].

There are also a multitude of organic compounds in water and sludge generated in
the pharmaceutical industry. Both the method of production of pharmaceuticals, by
chemical, extractive or fermentative means, and the wastewater treatment carried
out, by biological means or by advanced wastewater treatments, produce a very
different quantity and composition of sludge, but they usually have common char-
acteristics. Generally, they present high amounts of organic matter, mostly highly
biodegradable, on the one hand, with the presence of various solvents commonly
used in the industry, such as methanol, ethanol, acetone, isopropanol, benzene, or
chloroform, and on the other hand, of the drugs themselves, compounds with great
influence and effect on living organisms, pollutants and even toxic in low doses,
such as hormones, antibiotics, steroids, etc. [14].

The textile industry, one of the oldest in the world, uses enormous quantities of
dyes and pigments, the presence of which is found in sludge, after the wastewater
treatment, both in the industry itself and in WWTP where the contaminated water
arrives. Sludge is characterized by its high organic matter, much of which is readily
biodegradable, and by the presence of numerous toxic organic compounds, such as
dyes, a complex matrix of aromatic compounds, with several characteristics that
make them toxic due to their reactivity, acidity, or hydrophobicity [15, 16]. In
addition, the solids content of sludge produced from textile industry is much higher
than in conventional WWTP [17].

Therefore, the pulp and paper industry generates large quantities of sludge of
varied composition, generally categorized as non-toxic [18]. The high organic matter
content stands out – between 50 and 75 wt.% of the sludge – in which a distinction
can be made between primary sludge, which is not very biodegradable due to the
abundance of cellulose fibers (15 wt.%), and biological sludge, with a greater
presence of microorganisms and nutrients [19]. Other sludges of enormous genera-
tion in terms of volume are from the food and agricultural industry. This sludge is
very similar to that of a strictly urban nature, highlighting the presence of some
certainly dangerous and toxic organic compounds such as pesticides and herbicides,
which have been detailed elsewhere [20, 21].

2.2 Microbiological Composition of Sludge

This section aims to provide an overview of the microbiological composition of
sludge, depending on its municipal or industrial origin [22]. It is intended to
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highlight the presence of microorganisms as the major and fundamental organic
components in sewage sludge, whether originating from the wastewater source from
which the sludge originates, formed after the various biological treatments to which
wastewater is normally subjected, or a combination of both.

The categories of microorganisms include bacteria, archaea, fungi, algae, pro-
tozoa, helminthes, and viruses. It is necessary to highlight the family of pathogenic
microorganisms, as they are capable of producing infection and disease in the living
organisms in which they coexist, some of the most common being Eschericia coli,
Legionella, Salmonella, or Vibrio cholera in the case of bacteria, Balantidium coli in
protozoa, Ascaris lumbricoides for helminths and Adenovirus, Enterovirus, and
Rotavirus in the case of viruses [5].

Certain of these microorganisms are continuously measured, especially in the
water line, as they are indicators of fecal contamination, associated with municipal
WWTP. In sludge, continuous monitoring is less frequent, as the subsequent treat-
ments contemplate their presence in the majority of cases and, therefore, design
treatments for their elimination (incineration) or make use of them (composting).
The solid waste derived from the various biological treatments that are carried out in
WWTP, and that form part of the sludge, is mainly made up of the microorganisms
present in the process, and therefore depends on the treatment that is carried out,
although the main difference derives from the type of wastewater from which it
originates. The most widely used treatment involves the presence of activated
sludge, with bacteria having the major role [5].

Activated sludge clumps in flocs composed mainly by aggregates of bacteria and
other particles, organic or inorganic, blended in a polymeric matrix, known as
extracellular polymeric substance (EPS), substances secreted by microorganisms
into their environment. The bacterial cell fraction contributes up to 20% of the total
organic matter content of the floc, while the EPS constitutes more than 50%. In other
words, more than 70% of the organic matter present in the sludge is either micro-
organisms or compounds produced by them [22].

The microbial composition of the municipal sludge consists mainly of bacteria, of
which different phyla can be distinguished. After evaluating several studies with
different types of sludge both in their origin and in the biological treatment from
which they are originated, the bacterial profile can be evaluated and summarized as
shown in Fig. 1.

Each municipal sewage sludge studied showed high bacterial diversity and
different from each other. However, their source or biological treatment conditions
do not affect the bacterial structures; thus, the various types of municipal sludge have
a similar bacterial phyla profile.

Proteobacteria and Bacteroidetes constitute about 60% of the bacterial phyla
present in the sludge, being practically half of each of them [23–25]. A large number
of different minority of bacterial phyla, such as Chloroflexi, Verrucomicrobia,
Spirochaetes, Synergistetes, Nitrospirae, Gemmatimonadetes or Cyanobacteria,
are grouped under the label “Others.”

Furthermore, the classes mostly present in both bacterial phyla are also analyzed
in Fig. 2. Alfa and beta classes are the most abundant in proteobacteria phylum,
while in Bacteroidetes, Sphingobacteria constitutes more than 60% of phylum.
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Regarding the analysis of the bacterial phyla, the study is extended to several
types of sludge of industrial origin, showing the profiles in Fig. 3. For some of the
different industrial sludge evaluated, multiple analyses of the bacterial profile carried
out by numerous studies over different periods of time are summarized, showing
consistency in the same [26, 27].

In all of them it can be observed that the phyla Proteobacteria and Bacteroidetes
are the majority, making up from 50 to 90% of the bacterial presence in the sludge,
with Proteobacteria being the majority in practically all of them. However, the
difference in the proportions between industrial sludge and other sludge is much
more important than in the case of municipal sludge. In addition, the bacterial
diversity found in industrial sludge is substantially lower. For each sludge a specific
bacterial profile is found, which is relatively undiverse compared to the municipal
sludge and quite different for sludge from different industries.

Therefore, it can be considered that the bacterial composition of sludge depends
more on the wastewater from which it originates than on the type of biological
treatment applied or the conditions of the treatment. Therefore, municipal sludge has
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a more similar profile, while sludge from each industry shows more specific and
variable bacterial compositions.

2.3 Toxic Organic Compounds Families

This section describes the families of organic compounds that are important because
of their toxicity. They are found in low concentrations (ppm, ppb, etc.) but even so
they are extremely dangerous for the environment and living organisms. These
groups of compounds have been categorized as hazardous in recent years, in
which research on the measurement, detection, monitoring, and categorization of
these compounds, known in many cases as emerging pollutants, has been multiply-
ing. This research continues, and the list of emerging organic pollutants is expected
to grow year by year. Thus, because of their size and characteristics, they are known
as organic micropollutant compounds (OMPs).
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Fig. 3 Bacteria phyla composition in different industrial sewage sludge [26, 27]
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2.3.1 Polycyclic Aromatic Hydrocarbons (PAHs)

PAHs are a group of many different compounds containing from 2 to more than
10 benzene rings in their molecule. There are more than 200 compounds that
comprise the PAHs group, 33 of which are considered especially toxic to humans
by the SCF (Scientific Committee on Food) [28] because they have carcinogenic and
mutagenic properties, as well as being genotoxic and embryotoxic. These com-
pounds have been included in the list of priority organic compounds of the
European and United States Associations (EU and EPA) and are frequently moni-
toring in WWTP.

The best-known and most studied compound, considered to be indicative of the
whole group, is benzo(α)pyrene, whose structure is shown in Fig. 4 [28, 29]. Other
examples of compounds in this group are naphthalene, benzo(α)anthracene, or chrysene.

These compounds are generated from the incomplete combustion or pyrolysis of
organic substances of various origins, such as wood, coal, fuels, oils, or foodstuffs.
Therefore, they are mainly anthropogenic in nature, i.e., due to the combustion
boilers, vehicle traffic or food cooking. Fires are a natural source, while another
source of their formation is the incineration treatment of dry sludge produced in
WWTP, a common and widespread treatment all over the world. All this favors that,
both from a domestic and industrial origin, these compounds reach wastewater.
Their presence in sludge is due to the fact that they are compounds with a very
low biodegradability and a high affinity for the surface of solids, being mainly
adsorbed on them.

While several studies have reported maximum concentrations of PAHs in
digested sludge up to 200 mg/kg D.M. and 100 mg/kg D.M. in untreated sludge,
in Spain, the Spanish Ministry of the Environment (Ministry of Medio Ambiente y
Medio Rural y Marino) and the Ministry of Ecologic Transition (Ministry of
Transición Ecológica y el Reto Demográfico) have published concentrations of
these compounds of less than half of the legal limit concentration in sludge appli-
cable to agriculture, which is 6 mg/kg D.M [28].

2.3.2 Dioxins and Furans (PCDDs/PCDFs)

This group of contaminants represents a mixture of approximately 210 different
compounds [28] that are characterized as organochlorine aromatics and are divided
in two families: the poly chlorinated dibenzo-p-dioxins (PCDDs) and the poly
chlorinated dibenzo-p-furans (PCDFs).

Fig. 4 Molecular structure
of benzo (α) pyrene
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Chlorine substitution can occur at any of the free linkage vertices of the benzene
rings, allowing the formation of numerous isomers of each family (Fig. 5). This
factor will determine the toxicity of the compound formed. In this regard, 17 com-
pounds (7 dioxins and 10 furans) are particularly harmful to humans.

The best-known and most dangerous compound, in terms of toxicity, of this
family is 2,3,7,8 tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), and the concentration
of dioxins is usually expressed as the sum of equivalent toxicity with respect to the
toxicity of the most toxic dioxin, TCDD [29].

These compounds are harmful because they accumulate in adipose tissue, due to
their low water solubility and high fat solubility. Because of this, and because of
their long half-life in living organisms, approximately 8 years, they accumulate and
interfere in the food chain. They are very stable compounds, with high thermal and
chemical resistance in oxidation processes [28].

Dioxins and furans are originated as undesirable by-products in the production or
use of organochlorine compounds or in the presence of organic compounds and
chlorine. They can be produced naturally in forest fires or by photochemical and
metabolic reactions in crop soils in the presence of organochlorine pesticides.
However, they are mostly generated in industries where combustion of organic
matter with the presence of chlorinated compounds takes place. The paper industry,
metallurgy, and all those related to the synthesis of chlorinated compounds or
chlorine gas itself, as well as waste incineration, are the most important sources of
dioxins and furans emissions. In addition, the generation of dioxins and furans
derives from the use of dishwashers, vehicle traffic and rainwater run-off from
soil, streets and roads.

Their presence in sewage sludge is mainly due to their resistance to the conven-
tional treatment in WWTP and even their own generation in WWTP. In addition, the
formation of dioxins and furans has been observed in some enzymatic reactions,
such as the oxidation of chlorophenols, as well as in dechlorination treatments. If we
add to this their formation during the thermal incineration treatments of the sludge,
generating atmospheric pollution that returns in the form of run-off to the WWTP,
these compounds can accumulate in the sludge.

Fig. 5 Molecular structures
of PCDDs and PCDFs
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2.3.3 Polychlorinated Biphenyls (PCBs)

In terms of chemical structure, this group of compounds is characterized by two
benzene molecules connected by a bridge (the structure of the biphenyl compound)
in which chlorine is substituted in multiple and diverse ring positions, as can be seen
in Fig. 6.

There are more than 209 isomers forming the PCB family, divided in ten
homologous groups (from mono to deca-chlorobiphenyl compounds) [28], all of
them depending on the chlorine substitution in the different available positions,
which defines their spatial configuration, their behavior in the environment as well as
their toxicity.

The origin of these compounds can be centered on two routes. Firstly, the
industrial production process of PCBs, since these compounds are used in various
applications, such as hydraulic fluids, lubricants, impregnating agents or as additives
in paints and insecticides. The presence of these compounds in products with a long
useful life and everyday use allows their penetration into the natural human envi-
ronment, which can occur in the form of evaporation or spills. On the other hand,
they are compounds that are generated in incomplete combustion processes, such as
in waste incineration treatment [29].

These compounds enter the human body via the dietary pathway, through respi-
ration or through the skin. The major source of human contamination of PCBs is
through the ingestion of animal fats. They quickly enter the circulatory system and
accumulate in various tissues, mainly fat.

According to the EPA, when the main adverse effects of PCBs on humans are
highlighted, they are classified as compounds with very probable carcinogenic
effects, that weaken the immune system, and that affect the reproductive, nervous
and endocrine systems [30].

They are very poorly soluble in water, less as higher is the chlorine substitution,
so they are very soluble in fats. This facilitates their sorption on polar surfaces of
solids, which is why they are present in sludge rather than in water. This may be due
to their presence in the incoming wastewater, wet and dry deposition in the atmo-
spheric air, and in wastewater treatment processes. The concentration values of
PCBs in sludge vary from 0.003 to 0.65 mg/kg D.M. No differences were found
in PCB concentrations in sewage sludge from municipal or industrial WWTP
[28]. In Spain, the limit imposed in 2009 set at 0.8 mg/kg D.M., with the sum of
seven compounds of the group, highlighting in some cases the exceeding of the limit
in some WWTP that received point discharges of industrial nature.

Fig. 6 Molecular structure
of PCBs
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2.3.4 Polybrominated Compounds (PBBs and PBDEs)

In terms of their molecular structure, PBBs (PolyBrominated Biphenyls) are similar
compounds to PCBs, with the difference of the substituted group, Br instead of
Cl. On the other hand, PBDEs (PolyBrominated Diphenyl Ethers) are compounds
equally substituted with Br in the benzene rings, which in this case are joined by a
bridge that forms the ether structure. Their structures are shown in Fig. 7.

These compounds are mainly used as flame retardants in the incineration of
plastics. Therefore, they are present in electronic devices such as televisions or
computers, as well as in textile articles, such as carpets or upholstery. Thus, the
sources of emissions of these compounds are centered both in the industries in
charge of producing them and in those where they are used, both in the manufacture
of plastic compounds and textiles, as well as in the management of the waste that
contains them. They can be released into the air, water and soil [28].

PBBs reach humans by ingestion, inhalation or through the skin. Since they have
low solubility in water and high solubility in fats, they accumulate in these tissues.
According to the EPA, they are considered possibly carcinogenic, immune-
weakening, and toxic to the liver, kidney and thyroid systems [31]. Therefore,
their use was banned a few decades ago, and PBDEs started to be produced as an
industrial substitute. Currently, PBDEs are considered emerging pollutants, so their
toxicity is under study, and a similar danger to PBBs can be observed, standing out
for being endocrine disruptors [32].

Their presence in sewage sludge is due to their low solubility in water, ineffective
treatments, and their accumulation in solids, being found in concentrations of up to
1 mg/g D.M. [33]. In Spain, most of the WWTP analyzed presented PBDEs
concentrations that did not exceed the value of 1 mg/g D.M.

2.3.5 Perfluorinated Aliphatic Compounds (PFCs)

PFCs (perfluorinated aliphatic compounds) are compounds derived from hydrocar-
bons in which one or some hydrogen atoms are replaced by fluorine atoms. They
include carboxylic derivatives (PFOA, perfluorooctanoic acid), sulfonates (PFOS,
perfluorooctane sulfonate), and sulfonamides (PFOSA, perfluorooctane sulfon-
amide), as well as their esters, salts, and fluorides. The strong C-F bond formed
with respect to the C-H bond gives this group its fundamental characteristics: high
chain stiffness, high chemical and thermal stability, hydrophobicity, high density,
and low biodegradability in the environment.

Fig. 7 Molecular structures
of PBBs (left) and PBDEs
(right)

Revision of the Most Harmful Organic Compounds Present in Sewage and Sludge 201



These compounds are used in industry as flame retardants, industrial lubricants
and in household products, such as pans and pots (Teflon), impregnated textiles,
food packaging, cleaning and personal care products, shampoos or waxes.

Due to their high stability, these compounds are very persistent, both in the
human body and in the environment. Contamination of water or ingestion by
contaminated animals may cause them to bioaccumulate and eventually lead to
adverse health effects. Studies on their potential toxicity have only been carried
out for a few years, and they are therefore classified as emerging pollutants [28].

The EPA, after several studies, considers that PFOA and PFOS can affect the
reproductive, hepatic, renal, immunological, and tumor-causing systems in animals.
Human studies showed an increase in cholesterol levels, with more limited results
regarding immune system disorders, cancer (for PFOA), and thyroid hormone
disruption (for PFOS) [34].

The presence of these compounds in sewage sludge is variable, and they have
been found up to 40 ng/g D.M. in European WWTPs (Spain and Germany), up to
6.6 mg/g D.M. in Chinese WWTPs and up to 1 mg/g D.M. in the USA. Their
concentration seems to be closely related to equivalent inhabitants. These
compounds are not removed by conventional treatments intended for agricultural
application, and therefore end up being an environmental and health problem [35].

2.3.6 Pesticides

These are multiple and diverse synthetic compounds formulated in order to being
applied directly to crops, either as herbicides, fungicides or insecticides, to increase
the production or improve the crops quality.

In the case of insecticides, the most numerous within the family, organochlorine
compounds are the most important; compounds that are halogen derivatives of multi-
ring cycloparaffins and combinations of dienes, terpenes or benzene itself. Among
them, the most toxic and best-known compound is DDT (dichloro-diphenyl-
trichloroethane), widely used since its discovery and subsequently banned, and its
analogues such as lindane, hexachlorobenzene, aldrin, or endrin (Fig. 8).

These compounds are highly lipid soluble and therefore tend to accumulate in the
tissues of living organisms. In addition, they are characterized by their high resis-
tance to detoxifying agents and their durability in the environment. They are toxic
because they damage the cellular structures of nerve tissue and disrupt its basic
functions.

Fig. 8 Molecular structure
of DDT
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A new group belonging to this family and similar to the organochlorines is the
one of the organophosphate pesticides (OPs). They are the most widely used at
present, both in agriculture and in gardens or domestic use. Some examples of these
compounds are diazinon or fenthion. Chronic exposure to OPs can cause toxicity
(in addition to insects) to other living beings such as humans. It is known that OPs
inhibit acetylcholinesterase activity, causing respiratory, reproductive, nervous,
hepatic, and renal difficulties [36].

Pesticides amounts of up to 8–10 mg/kg D.M. of compounds such as
hexachlorobenzene or lindane have been found in sludge at the end of the past
century; however, in recent years, the presence of pesticides in sewage sludge seems
to have been reduced to values below to the established limits [28].

2.3.7 Other Compounds

A number of other organic compounds stand out in sewage sludge, either because of
their toxicity, their increased presence in recent years or their potential to cause
environmental problems. Recent research is leading to the detection and treatment of
an increasing number of emerging pollutants, as mentioned above. In turn, the
development of industry generates new organic compounds that have to be evalu-
ated, not only for their presence, but also for their potential risk to health or the
environment. Examples include numerous drugs and hormones, substances that end
up in wastewater and sludge, and are not removed in the conventional treatments.
One of the best-known and most recently studied examples is a compound from the
family of the endocrine disrupting compounds (EDCs), Bisphenol-A (BPA), whose
structure can be seen in Fig. 9.

They are compounds capable of altering the normal operation or function of the
endocrine system, causing excess or deficiency in the hormones production. They
are found in many daily products such as plastic bottles, detergents, and cosmetics,
although recent research is allowing to reduce their use [37].

Other pollutants in water and sewage sludge are microplastics (MPs). The
widespread and extensive use of plastics in everyday life and their low biodegrad-
ability make these materials important potential pollutants for the environment. In
the processing of plastics, as well as in their different uses, smaller plastic particles
are generated. These particles, with a size lower than 5 mm, are known as
microplastics.

In recent years, much effort has been focused on developing methods to detect
and analyze microplastics, as well as to investigate their toxicity and their potential
to pollute the environment. Thus, it has been reported their potential to adsorb other
micropollutants (PAHs, PCBs or metals), in addition to the toxicity of the MPs
themselves, which is still under investigation, but which warns of the risk to humans

Fig. 9 Molecular structure
of BPA
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due to their position in the trophic chain. Whether by ingestion, inhalation or contact,
MPs are genotoxic compounds and can cause inflammation in the respiratory tract
[38, 39].

Both during production and after use, MPs are concentrated in wastewater and
wastewater sludge. In WWTP, MPs affect the development of biological nutrient
removal treatments, as they reduce the bacterial population responsible for treating
both nitrogen and phosphorus in the biological processes.

Evidence of microplastics presence has been found in numerous samples of
sewage sludge from multiple WWTPs and may be a source of environmental
pollution, especially in the case of agricultural application or composting [40].

2.4 Influence of the Treatment on OMPs

The presence of most of the organic micropollutants (OMPs) present in sewage
sludge went unnoticed until the 1980s without being considered a risk to health or
the environment, but it was not until the 1990s that dioxins, furans, PCBs or
halogenated organic compounds began to be detected in various European countries
and legislation was introduced.

With the aim of removing OMPs from sludge, numerous studies have been
carried out in order to evaluate the sludge treatment method and how it affects the
elimination of these compounds.

According to some reports [28, 41, 42], these organic micropollutants can be
biodegraded by themselves. Thus, the degradation of dioxins and furans, PCBs, and
PAHs has been observed both in the aerobic process and during sludge stabilization
by anaerobic digestion. In the case of PCBs, reduction values during methane
fermentation up to 40% in mesophilic conditions (35�C) and up to 80% in thermo-
philic conditions (55�C) have been reported [28]. In other cases, pretreatments prior
to anaerobic digestion, such as ultrasounds or thermal hydrolysis, have been
performed, reporting the improvement in the degradation of certain OMPs [41, 42].

However, these processes are still subject to research, just as new pollutants
belonging to the OMPs family are being reported every year.

2.5 Toxic Organic Compounds in Sewage Sludge

In the annually revised U.S. Code of Federal Regulations (CFR), in the 2020 report,
named as 40-Environmental Protection, it was presented a list of priority pollutants
found in wastewater [43]. Most of them are organic compounds. The concentration
values of any of these compounds in sewage sludge, after the review of several
studies, have been summarized in Table 2.
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Table 2 Priority pollutants in sewage sludge [28, 29, 44, 45]

Priority pollutants Concentration (mg/kg DM) Compounds family

Acenaphthene 6.6 PAH

Acenaphthylene 0.3 PAH

Anthracene 44 PAH

Benzidine 12.7 PAH

Benzo(a)anthracene 99 PAH

Benzo(a)pyrene 24.7 PAH

Benzo(ghi)perylene 12.9 PAH

Chrysene 32.4 PAH

Dibenz(a,h)anthracene 13 PAH

Fluoranthene 60 PAH

Fluorene 8.1 PAH

Indeno(1,2,3-cd)pyrene 9.5 PAH

Naphthalene 6.61 PAH

Phenanthrene 44 PAH

Pyrene 37.1 PAH

Arochlor 1,016 75 PCB

Arochlor 1,254 1.96 PCB

Benzene(monochloro) 846 Chlorobenzenes

Benzene(dichloro) 1,650 Chlorobenzenes

Benzene(trichloro) 184 Chlorobenzenes

Benzene(tetrachloro) 184 Chlorobenzenes

2,3,7,8-TCDD 1.7 Dioxin/furan

Dibenzofuran 59.3 Dioxin/furan

BDE-209 1.1 PBDE

Polybrominated biphenyls 431 PBB

Perfluorooctane sulfonate 7.3 PFOS

Perfluorooctanoic acid 0.241 PFOA

Perfluorinated carboxylic acid 3.21 PFCA

Aldrin 16.2 Pesticide

Chlordane 16.04 Pesticide

DDT 564 Pesticide

Dieldrin 64.7 Pesticide

Endosulfans 0.28 Pesticide

Endrin 1.17 Pesticide

Heptachlor 16 Pesticide

Heptachlor epoxide 0.78 Pesticide

Isophorone 0.083 Pesticide

Toxaphene 51 Pesticide

Analine 40.2 Other

Benzene 11.3 Other

Bisphenol-A 32,100 Other

Bis(2-chloroethoxy)methane 0.24 Other

(continued)
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The concentration values are the maximum values reported for these compounds
found in the sewage sludge, although lower amounts may be found and do not
represent a specific or general pattern.
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Abstract In this chapter we review the available data on the application of
non-targeted high-resolution mass spectrometry (HRMS) analysis to identify a
wide range of substances (mainly emerging pollutants) present in sludge. We
focus on non-targeted workflows developed with these instruments: (1) the screen-
ing of suspects or broad screening and (2) the analysis of unknown compounds
providing a fingerprint of almost all chemical contaminants present in sludge. The
different workflows as well as their achievements and pitfalls within the identifica-
tion of chemicals in sludge are discussed in depth. The pre-treatment of sludge
(decisive for the detection of compounds) is also discussed since it cannot be
avoided due to the complexity of the sample.
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1 Introduction

The presence of pollutants in sludge is of concern, mostly because they are increas-
ingly used as agricultural soil amendments to enhance crop yields [1–3]. According
to data from the Spanish National Sludge Registry [4], and as in the other European
countries, agricultural use has prevailed as the final destination for sludge (approx-
imately 80% of the amount generated). Landfilling has been greatly reduced
(approximately 8% at present), and incineration is growing (around 4%). Another
destination of lesser quantitative importance is the use of sludge on non-agricultural
land [5]. From a technical point of view, sludge can accumulate many organic
pollutants that pass from sludge to soil and from soil to crop and can ultimately
affect humans, and therefore it is important to know their pollution profile [6–9].

Recently, the introduction of high-resolution mass spectrometry (HRMS) has
forced to evolve the analytical schemes from target analysis of “a priori” selected
compounds to the detection of any known or unknown compound that may be
present in the samples [10]. Although still in its infancy, the few existing examples
show great potential for characterizing sludge contamination.

2 Non-target Approaches to Determine Contaminants
and Other Chemicals Retained in Sludge

Table 1 shows a summary of the most representative methods published based on
non-target analysis of sludge or soil amended sludge. The methods follow the three
basic steps of any analytical procedure: (1) extraction, (2) clean-up, and (3) determi-
nation. Pérez-Lemus et al. [19] reviewed sample preparation and instrumental
methods proposed in the last few years (2012–2018) to assess PPCPs in sewage
sludge mostly by classical target approaches. Martín-Pozo et al. [8] also presented an
overview focused on the research published for the determination of emerging
pollutants (Eps) in sewage sludge. Instrumental and sample preparation methods
for detection and quantification of pollutants are reviewed, with an emphasis on the
sample treatment techniques. Methods summarized in Table 1 are within the general
schemes reported for target determinations in both reviews.

2.1 Extraction and Clean-Up

The determination of EPs requires extraction and clean-up. The extraction is com-
monly based on solid-liquid extraction (SLE) and the clean-up in solid phase
extraction (SPE). Most of these methods are developed and optimized to extract as
many contaminants as possible. In one of the most widely used, the sludge is
extracted with mixtures of equal parts of methanol and acetonitrile after adjusting
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Table 1 Analytical methods to identify compounds in sewage sludge using non-target high-
resolution mass spectrometry (HR-MS)

Analytes Extraction Clean-up Determination Reference

EAC SLE:
• Neutral (pH 5–7)
• Acid (pH 2)

MeOH:AcN (1:
1) + EDTA-Na2

Agilent BondElut
Plexa SPE and
elution with H2O:
MeOH (9:1)

LC-QqTOF
ESI �
FWHM
30,000
DIA (MSE)
DDA (list of
m/z)

[11]

Diverse organic
compounds

SLE:
• Neutral (pH 5–7)
• Acid (pH 2)

MeOH:AcN (1:
1) + EDTA-Na2

Agilent BondElut
Plexa SPE and
elution with H2O:
MeOH (9:1)

LC-QqTOF
ESI � +
30,000
FWHM
m/z 50–1,000
DIA (MSE)

[12]

EPs and their
TPs

SLE-USE:
MeOH–Milli-Q water
(pH 2.5, FA 0.5% and
0.1% EDTA)

No clean-up LC-QqTOF-
MS
ESI � +
30,000
FWHM
m/z 50–1,000
DIA
(MS/MS)

[13]

EPs and their
TPs

SLE-USE: MeOH:water
(50:50) 0.5% FA

No clean-up LC-QqTOF-
MS
ESI � +
30,000
FWHM
m/z 50–1,000
DIA (MSE)

[14]

Pharmaceuticals QuEChERS: water +1%
AA in AcN + MgSO4 &
NaOAc

d-SPE:
MgSO4, PSA &
C18

LC-QTOF-
MS
ESI +
m/z 50–1,000
30,000
FWHM
DDA
(intensity)

[15]

Micropollutants MSPD: homogenized with
C18 in a mortar, placed in a
syringe and eluted with
MeOH

In syringe clean-
up with diatoma-
ceous earth

LC-QTOF-
MS
ESI +
m/z 50–1,000
10,000
FWHM
DIA (MSE)
DDA
(intensity)

[16]

POPs PLE:
Dionex ASE 300 ethyl
acetate and acetone 70:30

In-cell either
Florisil or neutral
alumina

LC-Q orbitrap
or
GC-MS/MS

[17]

(continued)
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the sample to different pH values (acidic and neutral). This allows a wide range of
compounds to be extracted. The extracts at different pH values are mixed and
purified through an SPE cartridge with state-of-the-art polymeric material
[11, 12]. SLE is a process that requires energy, which is normally supplied as
mechanical agitation. However, the application of ultrasound (ultrasound-assisted
extraction or USA) improves the extraction of contaminants compared to other
matrix compounds. Hence, Boix et al. [14] proposed a protocol to extract EPs and
transformation products (TPs) with an acidified water + methanol mixture without
any purification process. Similarly, Aalizadeh et al. [13] extracted these compounds
using a mixture of methanol and water at pH 2.5 with ethylenediamine tetraacetic
acid (EDTA) to complex the interfering metals and neither applied any further clean-
up process.

As reported in the reviews that cover target analysis of sludge [1, 2], QuEChERS
is the most widely extraction scheme. Martínez-Piernas et al. [15] applied it to the
non-target analysis of sludge using the AOAC version of the method that provides an

Table 1 (continued)

Analytes Extraction Clean-up Determination Reference

(% v/v), 3 cycles of 5 min
at 100�C with 60% flush

ESI �
m/z 50–1,000
MS: 60000–
1,000,000
FWHM
MS/MS:7500
FWHM
DDA (inclu-
sion list of m/
z)

Non-target
organic
pollution

PLE:
Dionex ASE
300 NH4

+solution (1 mM,
pH 9) & MeOH, 5 cycles
of 5 min at 80�C with 60%
flush

SPE in HLB car-
tridge and
analytes eluted
with MeOH

LC-Q-
Orbitrap
nESI +
m/z 75–1,000
MS: 240000
FWHM
MS/MS:
15000
FWHM
DDA (inten-
sity, inclusion
list of m/z)

[18]

AA acetic acid, AcN Acetonitrile, DDA data-dependent analysis, DIA data independent analysis,
dSPE dispersive solid-phase extraction, EAC Endocrine Active Compounds, EDTA-Na2 ethylene
diamino tetra acetic disodium salt, EPs emerging pollutants, ESI electrospray, FA Formic acid,
FWHM full width at half maximum, HLB hydrophilic lipophilic balance, LC-QqTOF-MS liquid
chromatography-quadrupole time of light mass spectrometry,MeOHmethanol,MSmass spectrom-
etry, MSPD matrix solid phase dispersion, MS/MS tandem mass spectrometry, NaOAc sodium
acetate, nESI nanoelectrospray, PLE pressurized liquid extraction, POPs Persistent Organic Pol-
lutants, PSA primary-secondary amine, SLE solid-liquid extraction, SLE-USE SLE-ultrasound
assisted extraction, SPE solid phase extraction, TPs transformation products
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acid pH. This is a further indication that the acid pH favors extraction. To apply
QuEChERS to sludge, it is necessary to add water as in most cases dehydrated
sludge is used. In this method a dispersive SPE purification (dSPE) is applied in
which, in addition to a secondary primary amine (PSA), C18 is used to retain
non-polar compounds. Matrix solid phase dispersion (MSPD) was also proposed
[16] using C18 as dispersant and soft in-cell clean-up with diatomaceous earth. The
efficiency of MSPD extraction, corresponding to three different sludge samples,
varied between 69 and 100%. Other alternative extraction method is SLE by
pressurized liquid extraction (PLE) (ethyl acetate, dichloromethane, or aqueous
mixtures). The sample homogenized with some adsorbents is extracted at high
pressure and temperature with an organic solvent. PLE could be followed by an
SPE clean-up using hydrophilic/lipophilic balance (HLB) sorbents that eliminate
salts and other interferences [18]. However, SPE can be replaced by an in-cell
cleanup technique employing either Florisil or neutral alumina as a sorbing
phase [17].

Interestingly, and even though the study was not performed by HRMS, García
Valverde et al. [20] compared three different extraction methods based on ultrasonic
cylindrical probe (UAE), PLE, and QuEChERS for the simultaneous determination
of 30 EPs (including pesticides, pharmaceutical products, and some of the main TPs)
in agricultural soils. The QuEChERS method showed the best performance (recov-
eries between 29 and 99%), followed by the UAE (between 12 and 101%) and
finally the PLE showed the worst results (between 9 and 89%). In none of the tested
methods, 4-amino-antipyrine, 4-methylamino-antipyrine, ciprofloxacin and
ofloxacin, compounds with a water solubility higher than 25 � 103 mg/L, moderate
acidity (4 � pKa � 6), and very low polarity (Log Kow � 1) could be extracted
properly. An operational scheme of the three compared procedures is outlined in
Fig. 1, which pointed out how these protocols are not simple, since several steps
requiring trained personnel are required.

2.2 High Resolution Mass Spectrometry

HRMS can profile organic compounds in sludge and in soil amended with them
without too many limitations, providing much more information that using only
target analysis. HRMS can be combined with both, gas and liquid chromatography
(GC or LC) to separate compounds. However, the literature search showed that
nowadays the focus is on EPs. Hence, reported studies apply LC or ultra-high
performance liquid chromatography (UHPLC). This does not have too much sense
because sludges are considered able to accumulate non-polar compounds (log
Know > 3), which sometimes are more detectable by GC. In any case, there are
many contaminants that were identified using LC. HRMS offers three different
working modes: target, suspected screening, and non-target (or unknown identifica-
tion), which are schematized in Fig. 2 (complexity increase from the right to the left).
In any case, one important aspect of HRMS is that at least in the MS spectrum the
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whole mass range is recorded and then, suspected and non-target could be performed
retrospectively.

The potential of HRMS is such that prior chromatographic separation is consid-
ered less important. Reversed-phase liquid chromatography (RPLC) with UHPLC
columns (particle size <1.7 μm) is the most common set-up without much further
complication. However, for the identification of compounds, target (by suspected
screening) or non-target (by HRMS) in addition to mass accuracy, isotopic pattern
and MS/MS spectra, the evaluation of retention time (tR) is also very important.
Aalizadeh et al. [13] developed three robust tR prediction models based on many EPs
for the two chromatographic systems most widely reported: reversed-phase liquid
chromatography (RPLC), and hydrophilic interaction liquid chromatography
(HILIC), in positive and negative electrospray (ESI) ionization. The application of
these models with suspected and non-target screening facilitates identification of
new EPs by suspect and non-target HRMS screening.

Nowadays, non-target screening analysis requires the use of HRMS either based
on the use of time-of-flight (TOF) or Orbitrap mass analyzers. Both are able to
provide accurate mass spectra within a wide m/z range, throughout the entire
chromatographic run [16]. Using low fragmentation energy that provides as main
m/z the protonated or deprotonated molecule, the accurate mass spectrometers can
calculate a list of most probable empirical formulas according to the mass error (must
be lower than 5 ppm). Thanks to this information, the search of new pollutants in

Fig. 1 Diagram of three procedures used for EPs soil sample extraction. Reproduced from García
Valverde et al. [20] with permission of Elsevier

214 D. Vitale et al.



complex matrices such as sludge is possible. Furthermore, structural elucidation is
also possible because the accurate mass full-spectrum acquisition data are provided,
both in MS and MS/MS modes [22]. The further achievement of the MS at higher
fragmentation energies (MSE) or MS/MS fragmentation provides the most important
fragments of the molecule facilitating structural elucidation or confirmation.

This information can be obtained by data independent analysis (DIA) or data-
dependent analysis (DDA). DIA used in broadband collision induced dissociation
(bb-CID), which gives two mass spectra at low and high collision energies (CEs), so
that the low CE provides the molecular ion, and the high CE the most characteristic
fragments [13]. Other instruments perform DIA applying MS/MS due to the intro-
duction in the collision cell of narrow m/z ranges through the entire spectra. In DDA,
a preselected property in the MS triggers the acquisition of the MS/MS. One
property frequently selected is m/z ions intensity. Once ions intensity overpass a
threshold, the instrument provided the MS/MS of a limited number of the highest
intensity ions (commonly, between 10 and 20 can be isolated and fragmented for
each cycle) without preselection by the analyst [15]. Another way to perform DDA is
using an inclusion (preselected) mass list containing the exact masses of the precur-
sor ion of the parent compound and plausible TPs with an intensity threshold of
1,000 counts [13]. A combination of intensity trigger plus an inclusion list is also

Fig. 2 Outline of the different working modes with HR-MS (Reproduced with permission from
Andrés-Costa et al. [21]
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feasible [18]. Furthermore, to avoid the repetitive fragmentation of background ions
dynamic exclusion or exclusion lists can also be used.

Castro et al. [16], during preliminary method development, demonstrated that
both DDA and DIA were prone to report false negatives, particularly when com-
pounds elute in chromatographic regions with high number of molecular features
and/or when they do not lead to formation of pseudo-molecular ions during ESI
ionization. These authors also reported that, for the selected conditions, DDA
performs slightly better than DIA. Similarly, Black et al. [11] also compared DDA
(using list of exact mass targets and retention times) and DIA (by MSE) and
concluded that DDA provided best quality MS/MS spectra to facilitate identification
of non-target compounds.

The data processing is also an important aspect. So far, suspect screening has
been the more well-established and successful approach to detect emerging com-
pounds, mainly due to the different suspect lists available nowadays [17]. Table 2
reports a summary of the different database applied to identify compounds in sewage
sludge. Although advances in data treatment have been amazing, the identity
confirmation is very time consuming and sometimes only a small fraction of
compounds screened can be identified. A thorough investigation of TP fragmenta-
tion patterns together with a comparison with spectral libraries and literature evi-
dence were decisive for the structural assignment and classification of unknown
compounds [15].

A step further is based on non-target analysis approaches (also called non-target
screening), in theory starting without any preconception for the chemicals present in
a sample, nor suspect lists. Although in practice, the choice of extraction method and
analytical platform limits the chemical space covered. The data analysis is based
only on chromatographic or spectrometric peaks. With these, the experimental
designs play an essential role in the explorative interpretation of the results. Detected
compounds (defined by their tR and m/z ratio) can be sorted and filtered based on
intensity, treatments, locations or time-points to assess their abundance in a sample,
the effect of a processes, identify markers or highlight chemical classes sharing
similarity [18].

2.3 Compounds and TPs Identified in Sludge by Non-target
Techniques

The studies that apply non-target screening using HRMS in sludge or soil amended
with sludge are still scarce. They are mainly linked to the profiling on contaminants
and their transformation products in the sludge. In this sense, Aalizadeh et al. [13]
performed the suspect and non-target screening of TPs of three EPs (tramadol,
furosemide, and niflumic acid). Ten new TPs were tentatively identified by the
combination of the newly developed tR models and in silico fragmentation models
and the results proved the value of tR prediction for newly identified TPs where the
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Table 2 Different database and setups to identify compounds in sludge

Type of
analysis Type of compounds Database Reference

Target Pesticides, pharmaceuticals,
organophosphorus flame retar-
dants, musk fragrances, and UV
stabilizers

Eawag database [17]

Suspected
screening

Chemical compounds Additional database with infor-
mation extracted from several
lists of chemicals

[17]

Suspected
screening

1,684 pesticides and metabolites
(770 with MS/MS spectra), 8,998
forensic toxicants (3,497 with
MS/MS spectra), and 1,451 water
contaminants (1,083 with MS/MS
spectra)

Agilent pesticide database
Forensic toxicants and water con-
taminants personal compound
database libraries (PCDLs)

[11]

Suspected
screening

Intensity threshold of 1,000 cps,
an S/N ratio > 10, a tolerance of
5 ppm mass accuracy and an iso-
tope ratio difference (IRD) <10%

Two spectral libraries: The inter-
nal library: All-in one HRMS
(Sciex) and the open-access data-
base of mass spectra MassBank
Europe (MassBank Europe)

[15]

Non-target For non-identified compounds in
library formula finder verifying
formula alignment

In silico fragmentation tool
ChemSpider database
(ChemSpider) (integrated into the
Sciex OS software) was checked
to enhance spectra interpretation

[15]

Suspected
screening

Spectral peaks were picked,
retention time aligned and
grouped by isotopologues and
adduct peaks into features (called
compounds inside compound
discoverer)

Several datasets accessed through
ChemSpider following NOR-
MAN suspected list

[18]

Suspected
screening

273 biocides & pesticides along-
side their chemical identifiers,
predicted tR and three most com-
mon and abundant MS/MS frag-
ments from spectra libraries

Screening homemade database
with a complete list of biocides
and pesticides (active ingredi-
ents), was compiled from regula-
tory databases

[13]

Non-target
screening

Use of characteristic fragmenta-
tion (i.e., fragmentation pattern)
during data-dependent MS/MS
fragmentation events

Background subtraction and peak
picking were carried out using
metabolite detect (metabolite
tools 2.0, Bruker Daltonics, Bre-
men, Germany): Subtraction
algorithm eXpose mode, delta
time �0.1 min, delta mass
�0.05 m/z and ratio 5

[13]

Suspected
screening

9,000 compounds alongside
chemicals identifiers, predicted tR
and MS/MS

Forensic toxicants compound
database libraries (PCDLs)

[16]

Suspected
screening

Database includes compound
name and elemental composition
of the parent compounds, frag-
ment ions and tR

An in-house database of more
than 600 compounds containing
many pharmaceuticals, illicit
drugs and pesticides

[14]
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reference standards were difficult or impossible to obtain. This workflow was also
used to identify 28 biocides in sewage sludge. Two new quaternary ammonium
compounds were also tentatively identified via non-target screening strategy. Castro
et al. [16] identified a group of 68 micropollutants in sludge of different sludge
treatment plants following the DDA approach. Some of them are reported in this
compartment for the first time. Semi-quantitative concentration data were reported
for a group of 37 pollutants in samples obtained from 16 of these treatment plants.
Out of them, ten pharmaceuticals showed detection frequencies >50% and median
sludge residues >100 ng g�1. Some of these compounds (O-desmethylvenlafaxine
and the antimycotic drugs miconazole, clotrimazole, and ketoconazole) were iden-
tified as concerning species due to its potential toxicity to biota.

Interestingly and following with the combination of toxicity and substance
identification, Black et al. [11] combined non-targeted analysis using HRMS with
predictive estrogenic activity modeling on sewage sludge samples. Diisobutyl
phthalate and dextrorphan were predicted to exhibit estrogenic activity and identified
in >75% of sludge samples, signifying their universal presence and persistence. Ten
non-target features were identified (metoprolol, fenofibric acid,
erythrohydrobupropion, oleic acid, mestranol, 40-chlorobiphenyl-2,3-diol,
medrysone, scillarenin, sudan I, and N,O-didesmethyltramadol) in treatment set
samples and are considered to have influenced the in vitro estrogenic activity
observed. The same team in other study analyzed a broader spectrum of endocrine
active organic contaminants in sewage sludge being able to discover 118 compounds
including hormones, pharmaceuticals, phosphate flame retardants, recreational
drugs, antimicrobials, and pesticides. Additionally, 22 of these identified compounds
are predicted to interfere with estrogen receptors [11].

An important facet of the study of contaminants in sludge, already pointed out, is
to identify most abundant TPs in sludge and to establish their prevalence in the
sludge along the time. Covering this aspect, Boix et al. [14] investigated degradation
of selected EPs in the aqueous and solid phases of sewage sludge after anaerobic
digestion using two different digesters: mesophilic and thermophilic. Initially,
sludge samples were screened by UHPLC-QqTOF-MS for identification of EPs in
the samples. In the sludge samples thirteen compounds, namely 4-aminoantipyrine
(4-AA), 4-acetyl aminoantipyrine (4-AAA), 4-formyl aminoantipyrine (4-FAA),
Acesulfame, Benzoylecgonine (BE), Carbamazepine, Diclofenac, Fenofibric Acid,
Irbesartan, Salicylic Acid, Thiabendazole, Valsartan (see confirmation in Fig. 3) and
Venlafaxine were identified. These compounds were subsequently selected as target
analytes and analyzed by a quantitative method based on HPLC-MS/MS QqQ to
monitor their behavior, and to evaluate their degradation efficiency and distribution
in the two phases of sewage sludge [22]. This is an illustrative example of how
HRMS can help to identify most suitable targets that were not commonly detected
because they were not selected “a priori” in the methods.

Other selected studies focused on the identification of these EPs and TPs in soil
treated with the sludge. These studies hypothesize that while soil amendment with
sludge can maintain the fertility of arable soil without the use of synthetic fertilizers,
it is necessary to investigate the unintended consequences of contaminants in the
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sludge passing into the soil. Within these studies, Martínez-Piernas et al. [15] applied
a suspect screening approach for the comprehensive investigation of 262 potential
TPs, associated with 20 prioritized pharmaceuticals found in real tomato crops
exposed to long-term wastewater irrigation. The occurrence and fate of the TPs
was evaluated by the retrospective analysis of (among other matrices) soil. Up to
18 TPs were tentatively identified, of which two were not previously reported. Seven
TPs were finally confirmed with analytical standards. These results pointed out the
transfer of these contaminants from irrigation water (and also from sludge based
amendments) to soil, and remarks the need to control the release of these compounds
as well as their potential to be uptake and translocated in crops used for human
consumption.

In the same way, Chiaia-Hernández et al. [17] extended a GC-MS/MS target
analysis with a suspect screening by LC-HRMS/MS of >500 halogenated com-
pounds obtained from a Swiss database that includes industrial and household
chemicals identified. In total, the confirmation of 96 compounds with an overlap
of 34 in soil and sediment was achieved. The identified compounds consist generally
of esters, tertiary amines, trifluoromethyls, organophosphates, azoles and aromatic
azines, with azoles and triazines being the most common groups. Newly identified
compounds include transformation products, pharmaceuticals such as the flukicide
niclofolan, the antimicrobial cloflucarban, and the fungicide mandipropamid. The
results indicate that agricultural and urban soils as well as sediments impacted by
agriculture and wastewater treatment plants (WWTPs) are the most contaminated
sites.

Interestingly, Gravert et al. [18] studied an experimental agricultural plot,
amended along the time with synthetic inorganic fertilizers, human urine, manure,
or wastewater treatment sludge at very high rates. The EPs can be separated in
groups according to the type of treatment by principal component- and differential-
analysis. From cattle manure, natural compounds such as bile acids and steroids
were found. Human urine led to pollution with common pharmaceuticals such as
metoprolol and propranolol. The highest number was added by wastewater treated
sludge, with 25 significant contaminants, spanning blood pressure regulators, anti-
depressants, synthetic steroids, and sleep medication. Furthermore, using Kendrick
mass defect plots, a series of polypropylene glycols could be revealed in the soil
(Fig. 4).

3 Conclusions and Future Trends

The chapter put together data from those studies that perform non-target analysis of
contaminants in sludge and soil amended with sludge, considering both, extraction
and determination, and showing the workflows successfully applied to identify EPs
and TPs by suspected and non-target analysis. One initial conclusion is that the
number of studies reported is still very scarce and more studies are required to
achieve full knowledge of the pollutants present in sludge. These studies provide
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very important information about the compounds that are present in these sludge
materials, their accumulation and their degradation. These dehydrated sludges are
used as organic amendments in soils, and these pollutants can be transferred from
sludge to soil and crops with the implicit possibility to affect human beings,
ultimately. This chapter also pointed out how to apply these techniques and, even
though there is still much work to be done, it shows that our understanding of the
substances accumulated in sludge has increased exponentially in the last years.

However, most works focused on the identification of relatively polar EPs that are
amenable by LC or UHPLC, while there are no studies applying GC. This situation
really makes little sense because the non-polar pollutants have the greatest affinity
for sludge. The authors believe that in a near future studies on non-target analysis
performed by GC will be conducted to complete the profile of contaminants in the
sludge.
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Abstract Organic micropollutants (OMPs) enter municipal wastewater treatment
plants (WWTP) and tend to accumulate in sewage sludge, regardless of their
sorption properties. Using sewage sludge as a soil fertilizer is a milestone within a
circular economy view, although the presence of these OMPs entails potential risks
that should be minimized, even if there are no legal restrictions regarding the
presence of OMPs in sludge yet. OMPs biotransformation efficiency during Anaer-
obic Digestion (AD) depends upon the compound characteristics, but it appears quite
different on each WWTP. The reasons behind these variabilities are not clear since
typical operational parameters of AD seem to exert a minor effect on biotransfor-
mation. To overcome the limitations of this process, it is crucial to firstly understand
the occurrence of OMPs in sewage sludge, secondly, evaluate the factors and
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mechanisms involved in the fate of OMPs, and finally find an accurate model to
predict the behaviour of OMPs during AD. These are the main issues examined in
this chapter.

Keywords Anaerobic digestion, Biotransformation, Modelling, Occurrence,
Pharmaceuticals, Sorption

1 Introduction

The term organic micropollutants (OMPs) encompasses a wide variety of chemical
compounds present in the environment at very low concentrations (from ng/L to μg/
L). Among these compounds, we can find pharmaceuticals, illicit drugs, personal
care products, polycyclic aromatic hydrocarbons (PAHs), industrial chemicals and
pesticides. The increasing concern for emerging pollutants lies in their potential
toxicity, oestrogenicity, mutagenicity, antibiotic resistance and oxidative stress [1, 2]
even at low concentrations.

Currently, the removal of OMPs from wastewater within the European Union is
not legally required (European Water Framework Directive 2013/39/EU, [3]), even
though two Watch Lists of substances were implemented (Decision 2015/495/EU
[4]; Decision 2018/840/EU) to temporary monitor and gather information regarding
their potential risks in aquatic environments. Moreover, in some EU countries
reference compounds in wastewater at a national level are monitored [5]. Despite
the fact that sewage sludge is used in many countries as biosolid for agricultural
purposes, less legal attention was drawn to the presence of OMPs in this source of
pollution. Although an updated regulation for land application of biosolids is
expected [6, 7], the European regulation in force (Directive 86/278/EEC, [8]) ignores
the potential harm to the environment and public health derived from the accumu-
lation and persistence of OMPs in soils [9, 10] and only a few EU countries have
limited the concentration of some OMPs in sludge in their national legislation [11].

Anaerobic digestion (AD), the standard sludge stabilization process used in
wastewater treatment plants (WWTP), was designed to effectively biodegrade
organic matter into biogas. Since many OMPs are as well biodegradable, several
studies have demonstrated the capacity of AD to substantially reduce their concen-
tration [12–14]. Understanding the fate of OMPs during AD is essential to broaden
the capabilities of this process, but also to know its limitations, evaluate strategies to
overcome them and weigh the need for additional technologies that ensure safe
application of sewage sludge in agriculture.
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2 Why Do OMPs Accumulate in Sewage Sludge?

Sewage sludge is usually considered a sink where many OMPs tend to accumulate.
To explain this fact and to determine the occurrence of OMPs in sewage sludge,
three factors should be considered: (1) the concentration of the compound entering
the WWTP (Cww); (2) the hydrophobicity, quantified by the partition coefficient (Kd)
between the solid and liquid phases; and (3) the biological removal in the conven-
tional activated sludge (CAS) unit, that can be estimated through the biotransforma-
tion constant, kbiol. It is widely considered that only OMPs with a high Kd appear at
relevant concentrations in sludge, though we will demonstrate in this section that the
presence of hydrophilic OMPs is also significant.

2.1 Occurrence and Removal of OMPs in Wastewater

As previously mentioned, three parameters determine the concentration of OMPs in
sewage sludge, being their values shown in Table 1 for a selection of OMPs typically
present in WWTPs. As can be observed, there is an important variability in the inlet
concentration range of some compounds (e.g. ibuprofen and naproxen), which could
be due to their different usage rates among countries, seasons and even WWTPs
[18]. Within the OMPs entering WWTP there are compounds, such as musk
fragrances, with a high affinity for the solids (high Kd) and others, such as ibuprofen
and sulfamethoxazole, which are hydrophilic (low Kd). Finally, since most WWTP
remove organic matter via CAS units, it is also important to consider the biotrans-
formation rate of OMPs in this system. If they are hardly biotransformed, as happens
with carbamazepine (low kbiol), they will be present in both the primary and the
secondary sludge; on the contrary, if they are easily biotransformed, like the
hormones oestradiol and estrone, their concentration will be only significative in
the primary sludge.

2.2 Mass Balances to Explain the Fate of OMPs in WWTPs

In this section, we will show how sludge is the endpoint of not only hydrophobic but
also hydrophilic pollutants. As an example, we have selected four OMPs with
different sorption and biodegradability characteristics: 17β-oestradiol (E2, lipophilic
and highly biodegradable), triclosan (TCS, lipophilic and recalcitrant), ibuprofen
(IBP, hydrophilic and highly biodegradable) and carbamazepine (CBZ, hydrophilic
and recalcitrant) (Table 1).

To perform a simple mass balance, the concentrations of OMPs in the liquid and
solid phases along the WWTP were estimated considering the average inlet concen-
trations (Cww) and average values of Kd and kbiol (Table 1). The mass balance was
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performed in the WWTP of Santiago de Compostela (Spain), whose operating
parameters were previously described by Carballa et al. [21]. The main characteris-
tics of the WWTP (hydraulic retention time, flow rate, total and volatile suspended
solids concentration) are summarized in Fig. 1.

From the results shown in Fig. 1 it can be concluded that, regardless of their
characteristics, OMPs tend to accumulate in the sewage sludge (stream 7, mixture of
primary and secondary sludge). Thus, when comparing the total concentration
(liquid + solid phase) of the four OMPs in this stream with stream 1 (inlet to the
WWTP), an increase in the concentrations is observed for the four compounds. This
can be explained because the suspended solids concentration is much higher in
sludge than in wastewater, leading to a greater contribution of the solid phase to the
total OMP concentration. Actually, for lipophilic substances, like E2 and TCS, a
10-times increment could be attained; on the contrary, the contribution of the liquid
phase to the total concentration is very high in the case of hydrophilic substances
(e.g. IBP and CBZ). Finally, it should be pointed out that even compounds that
biotransform efficiently in the secondary treatment, such as IBP and E2, would be
present at relevant concentrations in the sewage sludge due to the contribution of the
primary sludge, where biotransformation is negligible [22] and whose flow rate is
usually higher than that of the secondary sludge.

In summary, when regarding the fate of OMPs in WWTPs, it should be noted that
even when OMPs are removed from the wastewater line (the concentration in the
treated water – stream 5 – is lower than the raw wastewater – stream 1), they tend to
accumulate in sewage sludge reaching concentrations potentially harmful for the
environment [16, 23], and for an agricultural usage [24].

2.3 Occurrence of OMPs in Sewage Sludge

While the occurrence of OMPs in wastewater has been extensively investigated
during the last decades, their analysis in the sludge line has been disregarded in most
studies [17]. The reviews of Mejías et al. [18], Tran et al. [17] and Verlicchi and
Zambello [16] offer a good and updated summary of the concentrations of more than
150 OMPs found in different kinds of sludge. The concentration range of the
compounds selected in this chapter in a mixture of primary and secondary sludge
(CSS) are gathered in Table 1. As can be observed, hydrophobic substances such as
TCS and HHCB are detected at relatively high concentrations in sewage sludge
(>10 μg/g), but also concentrations of hydrophilic pharmaceuticals such as SMX
and TMP are in the same order of magnitude. For these four OMPs, the concentra-
tion at the WWTP entrance is similar; thus, hydrophilic compounds in sludge could
be expected at lower concentrations. However, as demonstrated via mass balance,
the high concentration of hydrophilic compounds in sludge might be explained by
the contribution of the liquid phase of sludge to the total concentration and the lack
of biotransformation in primary and secondary sludge (low kbiol, Table 1).
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It should be noted that the concentration of OMPs in sludge is frequently
expressed in ng or μg per dry weight of solids, which in some cases might refer to
the total concentration (if the water phase of sludge was evaporated) or only to the
solid phase (if water is removed after centrifugation of samples). In spite of the fact
that measuring OMPs in both sludge phases provides more information about their
fate than just reporting the total or the solid phase concentration, it is very unusual to
find studies splitting the concentration into the two phases, maybe due to the
complexity of the liquid matrix [12]. Figure 2 shows the concentration in both
phases of mixed sludge for the OMPs found by Gonzalez-Gil et al. [12], where
can be observed that compounds such as TCS and E2 were only detected in the solid
phase, while in the case of CBZ and especially IBP the contribution of the liquid
phase is significant.

3 Fate of OMPs During Sewage Sludge Anaerobic Digestion

It is generally assumed that the main mechanisms governing the fate of OMPs in
anaerobic systems are sorption and biotransformation, while volatilization is negli-
gible since there is no aeration [20, 25, 26]. These two mechanisms and the factors
affecting the removal during AD will be discussed in this section.

0.1

1

10

100

)L/gµ(
sP

M
O

Liquid phase Solid phase

Fig. 2 Occurrence of OMPs in the liquid and solid phases of sewage sludge. The data were
obtained from a municipal WWTP located in Spain [12]
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3.1 Sorption

In wastewater treatment, sorption of OMPs onto sludge is commonly considered a
removal mechanism [20, 27] since it decreases the concentration in the liquid phase.
However, by performing a whole mass balance (Fig. 1), it is observed that the
compounds and their potential toxic effects are not eliminated but shifted to sludge.
Therefore, sorption is key to understanding the fate of OMPs during WWTPs
treatment and although it might influence biotransformation, it should not be
regarded as a removal mechanism, particularly during AD, which is a technology
designed to treat sludge.

As stated in previous sections, the distribution coefficient or partition coefficient
(Kd, Eq. 1) is a widely used parameter to quantify the solid-liquid distribution of
OMPs [9, 27, 28]. This corresponds to a linear sorption isotherm valid at low
concentrations [29], like those found in WWTPs. Moreover, it considers that
equilibrium between phases is reached almost instantaneously [27, 30].

Kd ¼ Cs

CL � TSS ð1Þ

where Cs is the concentration in the solid phase (μg/L), CL is the concentration in the
liquid phase and TSS is the concentration of total suspended solids (kg/L).

According to Eq. (1), the concentration ratio of the compounds in solution and
sorbed on the solids remains constant. However, this constant value (Kd) varies
among treatment units, because besides the physicochemical properties of the OMPs
(i.e. the octanol-water coefficient), sorption depends on the composition of the solid
matrix and the ambient conditions (temperature, pH, ion strength, complexing
agents), which affect electrostatic interactions, cationic exchanges, cationic bridges,
surface complexation and hydrogen bonding ([9, 28, 31–34]). Furthermore, sludge
suffers a shift in the pH during AD (from pH of 5–6 to 7–8) [32] and its composition
is altered [35]. Accordingly, the sorption equilibrium in primary/secondary sludge
and digested sludge could be different. Nevertheless, few studies compare both data,
and fewer Kd values are reported for digested sludge [16, 36, 37].

Carballa et al. [9] and Gonzalez-Gil et al. [12] suggest that in most compounds Kd

values are not affected by the type of sludge (primary/secondary or digested) nor by
AD operational conditions, yet some variations are reported for specific OMPs.
Narumiya et al. [32] found that OMPs with a pKa around nine increase their
hydrophobicity because a significant increment in the fraction of neutral species
during AD takes place. In contrast, in compounds with pKa around four
deprotonated species become dominant during AD, decreasing its partition coeffi-
cient, as might be the case of DZP (pKa ¼ 3.4) [12]. In summary, Narumiya et al.
[32] hypothesize that the hydrophobicity of OMPs depends on the concentration of
neutral species, which might be altered for some OMPs due to the pH shifts that
occur during AD (pH of 5–6 in sewage sludge and 7–8 in the digestates).
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3.2 Biotransformation Mechanisms and Efficiencies

Once OMPs enter an anaerobic digester they might undergo a biological removal,
providing their functional moieties are susceptible to being attacked by the catalytic
activities of microorganisms. Several authors have demonstrated that the predomi-
nant mechanism for OMPs removal in AD relies on biological activities [36, 38, 39],
that can transform OMPs via metabolism when they allow bacterial growth and/or
cometabolism [17, 40]. Therefore, cometabolism occurs in the presence (for growing
cells) or absence (for resting cells) of a growth substrate, usually at low OMPs
concentration due to the unspecific activity of some enzymes [41, 42].

Biotransformation is a general expression that includes moderate and unknown
modifications in of OMPs chemical structure, whereas biodegradation is usually
employed when OMPs’ chemical structure is deeply changed, and mineralization is
the term used if the final product is CO2. In many cases, the structure of the
transformation products (TPs) is quite similar to the parent compound.

In most cases, biotransformation is performed by cometabolic processes [25, 43,
44] and ultimately depends on the enzymatic activities present in the anaerobic
digester. In the last years, many attempts were made to link OMPs biotransformation
to specific enzymes [45]. This task is quite difficult since a huge number of enzymes
of different types are involved (e.g. kinases, transferases, hydrolases and lyases)
[44, 46, 47], and many of them still remain unknown [48–50].

As can be observed in Fig. 3, some compounds are removed to a high extent
(SMX, ROX, NPX and TMP) while others, such as CBZ, are quite recalcitrant, with
significant discrepancies among studies in the biotransformation efficiencies of some
compounds such as hormones (EE2, E1, E1+E2), musk fragrances (AHTN, HHCB)
and other OMPs (DCF, NP, BPA), which result in interquartile boxes bigger than
20 percentual points. Although the use of raw or spiked with OMPs sludge could
affect results [57], this fact hardly explains such important divergences, and future
studies focused on understanding the biotransformation routes of these OMPs are
required [45].

Overall, in comparison with other sludge treatment technologies (i.e. composting
and aerobic digestion), AD seems to be more efficient in removing a wide spectrum
of OMPs [16, 62]. However, despite several OMPs being biotransformed during
AD, many TPs and persistent OMPs (Fig. 3) remain at significant concentrations in
the digested sludge. In order to assure a safe application in soils, bio-analytical tools
that evaluate the potential toxic effects of sludge are needed [12, 14].
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3.3 Can Operational Strategies Promote
the Biotransformation of OMPs During AD?

In this section, we will analyze the effect of the operating parameters such as sludge
retention times (SRT), organic loading rate (OLR), temperatures and feeding com-
positions on OMPs biotransformation.

Operation at higher SRT enables longer times for the OMPs to be biotransformed
and theoretically a broader microbial diversity in the digester. The first effect would
not have an impact on most OMPs, since biotransformation is not kinetically limited
when working at these very high retention time values [63]. Actually, several studies
confirm that biotransformation of most OMPs is not affected by the SRT in the
typical range of sewage sludge anaerobic digesters (10–30 days) [12, 52, 60,
61]. Similarly, possible variations in the microbial composition due to SRT neither
seem to have a relevant influence on OMP removal.

A possible strategy to promote microbial/enzymatic activities, and thus the
cometabolic biotransformation of OMPs during AD, could consist in increasing
OLR, always under the limits assuring a stable sewage sludge digestion. The typical
OLR range applied to AD is between 1 and 2 g COD/L d and, according to reported
results [12, 52, 59, 60, 64], biotransformation of OMPs under this range is not
significantly affected. These findings suggest that even when working at the lower
limit, OLR seems to be sufficiently high to promote cometabolism.

Sewage sludge AD can be performed under mesophilic (30–37�C) or thermo-
philic conditions (55�C). Temperature is a key parameter in anaerobic digestion

0

20

40

60

80

100
)

%(
ycneiciffe

noita
mrofsnartoi

B

Fig. 3 Summary of reported biotransformation efficiencies in sewage sludge AD. Each circle
represents the published data of one of the source studies [12, 19, 32, 38, 47, 51–61]. The box shows
the interquartile range obtained as the difference between the upper (75th percentile) and lower
quartile (25th percentile). The bar inside the box represents the median value (50th percentile).
Sometimes, the total removal of E1+E2 is reported because E1 is reduced to E2 under anaerobic
conditions
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processes since it determines the microbial composition of the reactor and thus it
could influence OMPs bioavailability and biotransformation kinetics. However, the
differences in the biotransformation efficiency at mesophilic or thermophilic condi-
tions were shown to be negligible for many OMPs [12, 38, 52, 59, 61]. Only in some
cases (e.g. EE2, NP, polycyclic aromatic hydrocarbons), higher temperatures seem
to favour the biotransformation rate of OMPs [12, 56, 65]. Yet, thermophilic
conditions offer some advantages, such as higher sludge hygienization and detoxi-
cation (i.e. reducing oestrogenic activity and total antibiotic resistance genes)
[12, 13].

It was already demonstrated that the main substrate characteristics could influence
the removal of certain OMPs (e.g. polycyclic aromatic hydrocarbons, NP and
polychlorinated biphenyls), although few studies have evaluated this relationship
so far [56, 66] and they were only testing mono-digestion of different sludge types
(primary, secondary, mixed or thermally pretreated). Changing the feeding compo-
sition via codigesting sewage sludge with other substrates might be a feasible and
efficient strategy to optimize, not just biogas production, but also digested sludge
characteristics in terms of both conventional parameters and OMPs. If the microbial/
enzymatic activities involved in OMPs anaerobic biotransformation are known,
appropriate cosubstrates could be selected to encourage specific cometabolic activ-
ities towards OMPs or even to further transform TPs. Another promising alternative
could be based on supplementing specific nutrients to the digesters. For instance,
adding electron acceptors (iron or sulphate) increased the removal of quite persistent
OMPs (i.e. codeine, climbazole and benzotriazole) [67].

In summary, the effect of SRT, OLR and temperature seem to be slight and
compound dependent, thus the selection of the best strategy will depend on the target
OMPs to be removed. In general, it could be stated that thermophilic conditions are
more effective than mesophilic ones to decrease toxic activities and that codigestion
with specific cosubstrates or nutrients may have the potential to overcome biotrans-
formation limitations. Additional strategies based on sludge pre- and post-treatments
(e.g. ultrasonic, thermal, chemical and enzymatic methods) should be evaluated to
increase OMPs removal if necessary [36, 61].

4 Modelling the Fate of OMPs During Sewage Sludge
Anaerobic Digestion

Modelling the fate of OMPs in AD is essential to accurately predict the release of
OMPs into the environment, but it is also a useful tool to understand the mechanisms
behind their biotransformation and to include OMP removal criteria in process
design. Unfortunately, there are still few models describing the behaviour of
OMPs in AD [27].

The pseudo-first-order model is by far the most commonly used in biological
wastewater treatments [27]. It considers that the biotransformation rate (r, gOMP/L�d)
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depends on the concentration of OMPs (COMP, gOMP/L), the biotransformation
kinetic constant (kbiol, L/gVSS�d) and the concentration of volatile suspended solids
(VSS, gVSS/L) as an indirect measure of the biomass (Eq. 2). Nevertheless, this
model does not consider the activity of the biomass and it does not seem to be
appropriate for AD [25, 31, 63].

Pseudo-first order kinetics:

r ¼ kbiol � VSS � COMP ð2Þ

Barret et al. [31] and Delgadillo-Mirquez et al. [25] proposed models based on
cometabolic kinetics, since they found a link between polycyclic aromatic hydro-
carbons and the main substrate removal rates during AD. Cometabolic models
(Eq. 3) consider this interaction between the primary substrate (i.e. COD) and
the OMPs.

Cometabolic kinetics:

r ¼ Tc � μY þ kc
� �

� COMP

Ksc þ COMP

� �
� VSS ð3Þ

In Eq. (3), Tc means the OMPs biotransformation capacity (gOMP/gCOD), namely
the maximum amount of OMPs that can be biotransformed per unit of weight of
primary substrate consumed; Ksc (gOMP/L) is the half-saturation constant and indi-
cates the OMP concentration where half the maximum biotransformation rate is
reached; kc is the maximum specific rate of OMPs biodegradation in absence of
primary substrate (mgOMP/gVSS�d ); μ is the biomass growth rate (1/d ); and Y is the
biomass growth yield (gVSS/gCOD). Both kc and Ksc depend on the response of the
OMP biotransformation route, the OMP bioavailability and the affinity of the
enzymes. Finally, μ and Y are linked to the primary substrate uptake.

Not all the OMPs that are cometabolically biotransformed show a direct relation-
ship with the primary substrate uptake rate, as is the case of pharmaceuticals and
personal care products [64]. Moreover, both the pseudo-first-order and the
cometabolic model are not able to mimic kinetics where the biotransformation rate
of OMPs drastically slows down or comes to a halt (i.e. appearance of concentration
plateaus). This phenomenon has been observed for different kinds of OMPs and in
several biological systems: activated sludge units [68, 69], nitrifying reactors [70],
anaerobic/anoxic/aerobic-membrane bioreactors [71] and anaerobic digesters
[63, 64]. Therefore, it seems to be independent of the biological system, the phase
partitioning of the OMP or even the biotransformation mechanism (cometabolism/
metabolism). Gonzalez-Gil et al. [63] proposed different mechanistic models to
explain this incomplete biotransformation in anaerobic digesters. According to this
study, the two most plausible hypotheses are: (1) the reversibility of the biological
reactions could lead to a chemical equilibrium between the parent compound and the
TP, or (2) the sequestration of OMPs into the solids might limit the bioavailability of
the compounds to microorganisms and enzymes. The reversible model (Eq. 4) is
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based on pseudo-first-order kinetics but includes a reversible biotransformation
constant (krev, L/gVSS�d).

Reversible kinetics:

r ¼ kbiol � VSS � COMP � krev � VSS � CTP ð4Þ

The sequestration model is more complex and it assumes pseudo-first-order
biotransformation kinetics in the liquid phase of sludge and only in the fraction of
the solid phase where OMPs are not sequestered. Both mechanisms are feasible, and
the selection might depend on the OMP. However, since the reversible model is
simpler and it is valid for a wider range of OMPs, it is considered an appropriate and
accurate model to generally predict the fate of OMPs in AD [63]. Either if revers-
ibility of reactions and/or OMPs sequestration are limiting the biotransformation of
OMPs, no kinetic constraints seem to be responsible for the biotransformation halt
[63], thus explaining why the increase of HRT/SRT does not promote the OMP
removal.

Besides the selection of the kinetic equation, modelling the fate of OMPs also
requires including the sorption–desorption equilibrium (Eqs. 5 and 6) and defining
the compartment where biotransformation takes place. Most biological models
assume that only the dissolved fraction of OMPs is biotransformed [27], while the
sorbed fraction is not accessible for microbial degradation [25]. However, recent
studies demonstrate that OMPs are biotransformed by intracellular enzymes when
sorbed into biomass [44, 47]. Hence, to model the fate of OMPs during AD in a
realistic way, biotransformation in both the liquid and solid phases should be
included [63].

jsor ¼ ksor � XTSS � Cw ð5Þ
jdes ¼ kdes � Cs ð6Þ

where jsor is the OMP sorption rate (μg/L d), ksor is the sorption kinetic constant
(L/gTSS d), jdes is the desorption rate (μg/L d), kdes is the desorption kinetic constant
(1/d), XTSS is the total suspended solids concentration (g/L), Cw is the concentration
of OMP in the liquid phase (μg/L) and Cs is the concentration of OMP in the solid
phase (μg/L).

5 Conclusions

OMPs tend to accumulate in the sludge line of WWTP achieving higher concentra-
tions than those measured in the inlet wastewater. This is the case of hydrophobic
pollutants, but also of hydrophilic OMPs. Even those OMPs biologically removed in
activated sludge systems remain almost unaltered in primary sludge and thus are
present at relevant concentrations in the final mixture of sludge.
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Biotransformation, in both the liquid and solid phases of sludge, should be
considered the only removal mechanism of OMPs during AD, while sorption should
be regarded as a factor affecting the OMP fate. Although biotransformation likely
occurs through cometabolism, cometabolic models are not appropriate to simulate
the fate of most OMPs during AD. On the contrary, reversible kinetics can predict
the biotransformation halt that leads to incomplete removal of many OMPs. Oper-
ational strategies based on increasing the HRT/SRT or the OLR, do not seem to
promote the removal of OMPs, but thermophilic conditions and codigestion strate-
gies might be key to achieving these upcoming goals.

Overall, AD has the capacity to biotransform several OMPs and reduce specific
toxicities from sewage sludge, although many compounds and transformation prod-
ucts are still present at significant concentrations in digested sludge. Since legal
limits of OMPs in sludge are still missing, it might be too early to ensure that this
technology is enough for a safe application of sludge in agricultural fields and
perhaps new (pre- or post-) treatment strategies should be analyzed.
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Abstract Human pharmaceuticals and personal care products (PPCPs) are a class of
chemicals that range from medications to cleaning agents, showing diverse chemical
properties. These chemicals have been placed in a variety of products, some of which
are available over the counter and are commonly used. Since many PPPCPs enter the
environment they have been commonly identified as contaminants of emerging
concern (CECs). Many PPCPs are released form households where they enter the
municipal waste stream and ultimately enter a wastewater treatment facility
(WWTF). Researchers have characterized the presence of PPCPs through the
waste stream and treatment facilities and ultimately in aquatic and terrestrial envi-
ronments impacted by wastewater treatment end products. In comparison with
parent PPCPs, transformation products (TPs) of these compounds are poorly char-
acterized in the same environments. However, mounting evidence suggests that
understanding TPs is as critical to understanding the fate and effects of PPCPs as
the parent compound. Human metabolites of many PPCPs are known, but TPs of
PPCPs can be produced in WWTFs and after be released in the natural environment.
PPCPs that are in WWTFs are commonly transformed by both biotic and abiotic
processes and not removed from the water system but released along with the TPs
into surface waters, that may be used for municipal drinking water downstream or
increasingly used as a source of non-potable water for agricultural uses. Some
PPCPs and TPs can partition into the sludge phase during wastewater treatment,
with a large portion of sludge produced being land-applied as a soil amendment
(biosolids). The effects on the environment at times are difficult to quantify because
the repercussions can be far reaching and there is a great need to elucidate the
pathways and TPs formed as well as the effects on the biome.

Keywords Bioreactors, Biosolids, Pharmaceuticals and personal care products,
Wastewater treatment

1 Background

1.1 PPCPs in Municipal Waste Stream

Pharmaceuticals and personal care products (PPCPs) include chemical classes that
are used to treat and prevent diseases as well as enhance the quality of daily life.
These classes include everything from prescribed medications like metformin, over
the counter medications such as ibuprofen, and personal care products, which for
example include chemicals such as triclosan (TCS) and triclocarban (TCC). The last
two TCS and TCC are compounds that have been included in toothpaste, soaps,
shampoos, and cosmetics [1]. The fate of these chemicals was not on the forefront of
concern until researchers began to study them in a variety of environment matrices
about 20–25 years ago [1]. The reality was PPCPs went down the drain of many
households and ended up in the sewage system. It was later discovered that WWTFs
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did not completely remove these chemicals from the water effluent and in fact many
PPCPs that were identified as “removed” partitioned into the sludge collected at the
WWTFs [2–4]. The portioning of these compounds follows a Log Kow model, with
the effluent from the WWTF carrying the water-soluble portion of the polar PPCPs
out of the WWTF and the sludge becoming the repository of the more nonpolar
compounds [1, 3]. This chapter looks at the PPCPs and gives an illustration to the
transformation products that can result from the PPCPs. It then examines the fates of
these compounds and their potential effects on the environment.

2 Waste Stream and Wastewater Treatment

2.1 Presence, Composition, and Concentration of PPCPs
and Transformation Products in the Municipal Waste
Stream and Wastewater Influent of TPs in the Municipal
Waste Stream

PPCPs can undergo decomposition in the human body as well as by microbes in the
environment and by microbes and abiotic chemical processes during wastewater
treatment. The resulting products are referred to as transformation products.
Although not as widely studied as the output from wastewater treatment, the
composition of PPCPs and some transformation products in the influent entering
WWTFs around the globe have been reported. Waste streams will reflect both the
population and the industries served and represent a complex mixture of trace
chemical inputs. When considering typical inputs of PPCPs into the waste stream
and treatment facilities, challenges exist when considering existing scientific litera-
ture. This arises from the fact that individual studies generally include only one or a
handful of treatment facilities and the list of target analytes varies from one study to
another making direct comparisons challenging. Consider the comprehensive review
of pharmaceutical compounds in urban wastewater by Verlicchi et al. [5], in which
the authors work with data pertaining to 118 pharmaceutical compounds in the
influent and effluent of some 264 wastewater treatment facilities based on 78 peer-
reviewed publications. Among the 118 pharmaceuticals considered, more than 60%
are included in three or fewer of the publications reviewed and many are only
included in a single publication included in the review.

Of PPCPs measured in WWTF influent their concentration is typically in the low
ng/L to mid μg/L concentration range in the dissolved phase [5]. However, this does
not account for PPCPs that enter WWTFs as conjugated metabolites or adsorbed to
or encapsulated in particles [6–8]. As a result, strictly focusing on the dissolved
phase may underestimate total PPCPs entering WWTFs. For instance, the concen-
tration of human metabolites of the pharmaceutical carbamazepine and nicotine
routinely exceed the concentration of the parent compounds in wastewater influent
reaching treatment facilities [9, 10]. Further, the distribution of parent
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carbamazepine and nicotine and the metabolites of these biologically active com-
pounds are not substantially changed during wastewater treatment [10]. The behav-
ior of all biologically active compounds and their metabolites is complex. Natural
and synthetic estrogens are commonly excreted and enter the waste stream as sulfate
and glucuronide conjugates, which are typically deconjugated during wastewater
treatment returning these to their parent, active compounds [10, 11]. Further, PPCP’s
present in wastewater influent can be transformed during wastewater treatment,
including production of halogenated products during disinfection using chlorination
[12]. Additional details about the behavior and transformation of PPCPs during
wastewater treatment will be addressed in a later section.

2.2 Wastewater Treatment Technologies and Influence
on Presence of PPCPs and TPs

It is important to recognize that in general drinking water treatment plants (DWTPs)
and WWTFs were never designed for and do not completely remove pharmaceuti-
cals. Remediation efficiencies can be <10% in the case of such pharmaceuticals as
carbamazepine, atenolol, acetylsalicylic acid, diclofenac, mefenamic acid, propran-
olol, atenolol, clofibric acid, and lincomycin. For WWTFs, treatment systems are
unable to fully degrade PPCPs because they are generally designed to handle easily
and moderately degradable organics in the mg/L range. However, the solubilities of
PPCP, sorption characteristics, volatilities, biodegradability, polarities, and stabili-
ties vary over a wide range, allowing many PPCPs to pass through the system
unaffected or only partially transformed. Also, since PPCPs can be active at very
low (ng/L�μg/L) concentrations, even if a system can affect the PPCP, it may
remain at potentially harmful levels post treatment [13]. Traditionally, WWTFs
consist of a primary treatment and a secondary treatment process, with some
facilities utilizing a tertiary treatment for additional purification needs. Generally,
in the primary treatment solid wastes such as plastics, oils, fats, sand, and grit are
isolated from the influent water through mechanical filtration and sedimentation. The
secondary treatment step varies widely from facility-to-facility; common techniques
used are fixed bed reactors, membrane bioreactors, moving bed biofilm reactors, and
the most common technique of conventional activated sludge (CAS). These second-
ary processes are utilized to remove biological waste from the influent. WWTFs that
utilize a tertiary step commonly use it for the purpose of further disinfection. The
most common types of tertiary disinfection are accomplished by chlorination or
ultraviolet irradiation [14].

Conventional treatment and sand filtration are rarely efficient at removing PPCPs.
Biological wastewater treatment is also often not sufficient to mineralize PPCPs,
which at most are only converted into stable TPs. It is therefore necessary to consider
other processes, such as membrane filtration, adsorption on activated carbon, and
ozonation, as options for the removal of PPCPs [15, 16]. Understanding the
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inefficiencies of WWTFs is critical for addressing improvements to specifically
address the presence of PPCPs. This can be accomplished by assessing the water
quality to determine presence of PPCPs before and after treatment, which poses its
own challenges. There are many methods of sampling that can be utilized, the most
common being grab sampling. However, long-term methods are also strongly
favored as they can help account for seasonal variations as well as increase sample
volume to improve detection limits. An example of these sampling techniques being
utilized occurred in Erie, Pennsylvania, USA. Raw (untreated) and treated water
grab samples were collected from the local water treatment facility over 10 months.
Along with grab samples, long-term samples were collected for 30–60 day periods
using passive polar organic chemical integrative samplers (POCIS) utilizing
OASIS™ HLB sorbent. The specific results from this study will be assessed in
proceeding sections, but the difference in the sampling methodology is applicable to
the topic at hand. For grab samples, 6 of the 17 tested PPCPs were found at
detectable levels in raw or treated water; for long-term POCIS samples, an additional
4 PPCPs (10 total) were found at detectable levels [17]. This demonstrates the
importance of sampling to the determination of PPCPs and TPs, and these factors
should always be considered when assessing the validity of research conclusions.

2.3 Presence of PPCPs and TPs in Wastewater Effluent

Release of PPCPs by discharge of wastewater effluent is a worldwide problem,
demonstrated by the detection of pharmaceuticals in at least 71 countries and
631 different types of pharmaceuticals/transformation products being detected in
aqueous environments [18]. The potential threat many of these PPCPs pose to both
the environment and inhabitants, specifically humans, is the major driving factor to
continue PPCP research. By improving our knowledge of levels of PPCPs in the
environment and understanding appropriate effective removal techniques, solutions
to eliminating PPCPs in the environment can be achieved. It is often very difficult to
assess PPCP levels in aquatic environments. Varying physicochemical properties
make it a challenge to design a single treatment strategy for PPCPs. Furthermore, the
biologically effective range for PPCPs can be at very low concentrations (ng/L–μg/
L) [13], which then can influence what treatment solutions must be made to achieve
acceptable levels of contaminants. Despite the challenges, it is critical to continue to
protect human and ecological health.

The primary pathway for PPCPs entering aquatic environments is through
WWTFs in which PPCPs are move into soils and surface waters by application of
treated sludge or discharge of WWTFs effluent. A continuous influx of PPCPs
exacerbates this problem as demonstrated by a study of a heavily urbanized river
in Guangzhou City, China, in which the daily consumption of PPCPs was directly
linked to the variety of species in the river [19]. A pilot study on the trace organic
contaminants in wastewater in Skaneateles Lake in New York State compiled data
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and found the following PPCPs in various drinking water sources: sulfamethoxazole
(ND-0.39 ng/L), triclosan (ND-1.93 ng/L), atenolol (ND-19.5 ng/L), ibuprofen
(ND-1.16 ng/L), bisphenol A (ND-1.42 ng/L), and caffeine (ND-11.1 ng/L)
[20]. In the United States, the hormone 17α-ethinylestradiol (EE2) has been detected
in surface water at a concentration >100 ng/L [18]. The maximum contamination
tends to be far worse in less affluent nations; as of 2019, the maximum concentra-
tions of the PPCPs sulfamethoxazole, estriol, ibuprofen, and 17β-estradiol
(E2) found in African drinking water sources were 53,828 ng/L, 45,550 ng/L,
17,600 ng/L, and 15,700 ng/L, respectively [21].

2.4 Transformation During Wastewater Treatment

Wastewater treatment facilities will typically include disinfection as a final treatment
step usually employing chlorination or an advanced oxidation process (ozonation or
UV/peroxide) to remove bacteria and oxidize potential contaminates. This can be an
important source of TPs for some of the PPCPs (Fig. 1).

Fig. 1 Release of human pharmaceuticals and personal care products (PPCPs) into the municipal
waste stream results in the introduction of these compounds into the terrestrial environment via land
application of biosolids (treated sewage sludge) and irrigation with reclaimed wastewater. At
numerous points, including the point of use, during wastewater treatment, or after release, PPCPs
can be transformed into new products (capital T surrounded by arrows) by biotic and abiotic
process. Many transformation products are biologically active or can be converted into biologically
active compounds, and therefore, largely represents unknown risks
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2.4.1 Chlorination

Chlorination is a very common treatment technique used in DWTPs and WWTFs
primarily for biological treatment. However, due to the operating conditions and the
mixture of reactive species that can exist, chlorination TPs can be abundant and
potentially harmful. It is also possible to see no effects from chlorination on PPCPs
as a result of competing reactions. For example, chlorine has a higher reactivity with
oxazepam than with diazepam, indicating that diazepam could largely remain intact
during chlorine disinfection of wastewater (Y.-Y [22].). Chlorination can introduce
unintended side reactions. This is an area of study still requiring attention by
researchers. A 2019 study investigated the relations of different reactive species
that are generated in chlorination and the effectiveness of removing PPCPs. It was
found that the in situ generation of HO•, reactive chlorine species (Cl•, Cl2, and ClO

•)
and O3 during solar irradiation of free available chlorine greatly accelerated the
PPCP degradation in simulated drinking water and real water samples. PPCPs
containing electron-donating moieties and PPCPs having high reaction rate con-
stants with O3 can be quickly degraded with half-life <7.3 min. PPCPs short of
electron-donating moieties were degraded mainly by HO•with half-life ranging from
7.39 to 14.96 min. Increased oxygen concentrations were found to increase PPCP
elimination rates. Enhancing free available chlorine has a minor effect on PPCP
degradation. The study concluded that the cytotoxicity did not increase significantly
in solar/free available chlorine (FAC) treated water and that the process could be a
potential candidate for removing various PPCPs [23]. However, if only the parent
compound is being assessed as the measure of removal, but TPs are not accounted
for, this may overlook an important source of CECs and biologically active com-
pounds stemming from the presence of PPCPs in the waste stream, which may
contribute to the overall toxicity of municipal wastewater.

Due to the wide variety of conditions used during chlorination, it is possible for a
single PPCP to undergo many different transformations. A 2021 study by Chen et al.
[24] examined the transformation pathways of levofloxacin under chlorination
treatment. Using UHPLC-TOF-M/S, GC-MS, and NMR, 15 different transforma-
tion products were identified from the chlorination of levofloxacin. Through the
structural identification, a plausible pathway for each transformation was proposed.
Proposed pathways included chlorination, dealkylation, decarbonation, hydrolysis,
hydroxylation, and oxidation. By controlling the pH and the FAC of the treatment, it
was demonstrated that the transformations could be regulated to predictable TPs.
The group then used quantitative structure-activity relationship (QSAR) techniques
to predict the genotoxicity of 11 of the TPs, of which it was determined that 10 of the
TPs were more genotoxic than the parent levofloxacin [24]. Herein lies the primary
issue with not only chlorination but also ozonation; these treatment procedures are
utilized in DWTPs or WWTFs, but little regard is given to the effects they can have
on trace levels PPCPs. If the TPs produced are in fact more toxic and/or more
environmentally prevalent, then the consumption from DWTPs can have severely
adverse reactions for consumers whereas the emission of these species into the
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environment through WWTFs can have long-term effects on wildlife and biota from
either surface water emissions or use of sewage and sludge.

2.4.2 Ozonation

Ozonation, while an excellent disinfectant process, can produce unknown degrada-
tion products when the process is not optimized for specific PPCPs [25]. Often the
concern with the TPs is the unknown reactivity and toxicity the new TPs poses. The
partial oxidation of the antiviral acyclovir is a good example of this. The ozonation
process of acyclovir yields the TP N-(4-carbamoyl-2-imino-5-oxoimidazolidin)-
formamido-N-methoxyacetic acid which was shown to be a more harmful toxin
than the parent compound; 14.1 mg/L (EC10) was able to inhibit green algae growth
while 100 mg/L of acyclovir had no effect on algae growth [26]. Further demon-
strating the complexity of ozonation due to the large volume of potential TPs is a
study by Gulde et al. [27], in which 87 parent micropollutants were exposed to
ozonation conditions and ozonation transformation products (OTPs) were investi-
gated. A total of 1,749 potential OTPs were identified, being derived from 70 of the
87 micropollutants. Conditions for treating the 1,749 OTPs were also examined. For
OTPs it was determined that granular activated carbon (GAC) yielded abatement for
40% to 53% of the OTPs whereas 87% were abated by powder activated carbon
(PAC) [27].

3 PPCPs and TPs Release in Terrestrial Environments

3.1 Reclaimed Wastewater: Irrigation Source

Effluent fromWWTFs is often released into rivers and streams where it finds its way
into municipal drinking water plants or is used in agriculture for irrigation. Further,
direct use of treated wastewater (reclaimed wastewater) containing trace PPCPs may
potentially result in accumulation of these compounds in the agricultural crops,
grazing animals, and consequently lead to human dietary exposure [28]. The use
of reclaimed wastewater is often necessary, especially in arid or semi-arid regions.
However, in these locations PPCPs may have a greater tendency to accumulate into
edible leaves and fruits due to the generally high plant transpiration rates [29]. Some
studies suggest that the levels of accumulation in irrigated crops are at minimal
concern. A two-year study on leafy greens revealed limited accumulation of con-
taminants in soil and plant leaves, their concentration being in the range of 1–30 ng/g
and 1–660 ng/g in soil and leaves, respectively [30]. However, as stated previously,
for some PPCPs, low ng/g or ng/L levels can have adverse effects on wildlife and
humans. Overall, leafy vegetables are more likely to have higher uptake of PPCPs
from reclaimed wastewater than fruit produced by crops [31].
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Methods by which reclaimed wastewater is applied to plants can affect the
concentration of the PPCPs in the environment. For example, plant uptake and
bioconcentration is significantly lower in soils amended with biosolids compared
to soils irrigated with treated wastewater. In soils amended with biosolids and
irrigated with reclaimed wastewater, the bioavailability of PPCPs for plant uptake
was moderately decreased as compared to plants grown in soils irrigated with
reclaimed wastewater alone. While treated wastewater acts as a continuous source
of PPCPs, biosolids act both as a source and a sink for these compounds [32]. With
all these factors considered, the continuous introduction of contaminated reclaimed
wastewater into the environment through irrigation may be the more important
source of PPCP contamination of agricultural areas.

Despite the contamination of agricultural regions, studies demonstrate that PPCPs
present in the reclaimed water when used for irrigation do not cause significant
contamination of groundwater and accumulation in the receiving soils [33]. In a
separate study, average concentrations of PPCPs detected in groundwater were
typically two orders of magnitude lower (0.4–37.7 μg/L) than those measured in
WWTP effluents (2.0–3,765 μg/L) [34], demonstrating attenuation of PPCPs prior to
entering groundwater.

3.2 Sewage Sludge/Biosolids: Presence and Composition
of PPCPs and TPs

Previously identified PPCPs, which are essential components in modern life [35],
enter the municipal waste stream and are incompletely removed during wastewater
treatment [2, 3, 36]. It is known that PPCPs are introduced into agricultural systems
through land application of biosolids and irrigation with treated wastewater [37]. An
environmentally relevant concentration for several frequently detected PPCPs is
50–120 ng/L [9]. Though designed to be nonbioaccumulative and eliminated from
humans and animals shortly after being administered, transformation of pharmaceu-
ticals has been observed as part of the metabolic process to facilitate elimination in
urine and or feces [38].

Sewage sludge, a by-product of wastewater treatment, is applied to agricultural
fields as biosolids for various beneficial reasons. The USEPA [39] defines biosolids
as nutrient rich organic residual that may be applied as fertilizer once it has been
treated and processed. Some of the advantages of applying biosolids to agricultural
fields comprise the relatively low cost as well as the valuable nutrients and organic
matter, which can enhance soil physical properties and ultimately crop yield [40].
With respect to just the United States McClellan and Halden [36] indicate that
approximately 250 metric tons of biosolids are added to the soil annually. Numerous
PPCPs in the concentration ranges of ng/L–μg/L and even mg/L have been reported
in several countries including, Mexico, South Africa, Brazil, Tunisia, Vietnam, and
other tropical Asian countries [41]. Land application of biosolids is a global practice,

Pharmaceuticals and Personal Care Products as Contaminants of Emerging. . . 251



and therefore, it is pivotal that researchers continue expand our understanding of the
role of biosolids application as it pertains to PPCPs and TPs introduction into the
natural environment.

Multiple studies have reported concentration ranges of PPCPs in biosolids,
however there remains a lack of understanding and accounting for the potential
transformation of the respective parent compound of interest. For instance, Herklots
et al. [42] mention that the pharmaceutical compounds carbamazepine, salbutamol,
sulfamethoxazole, and trimethoprim have been measured in reclaimed wastewater at
concentrations of 93.6 ng/L, 11.4 ng/L, 59.2 ng/L, and 46 ng/L, respectively, while
the same compounds were also detected in biosolids destined for land application
with average concentrations of: 271.2 μg/kg for salbutamol, 66.4 μg/kg for carba-
mazepine, 92.95 μg/kg for sulfamethoxazole, and 11.43 μg/kg for trimethoprim.
Brezina et al. [43] also confirmed the presence of carbamazepine (CBZ), an
antiepileptic drug commonly detected in wastewater end products, along with
10,11-dihydro-10,11-dihydroxycarbamazepine (DiOHCBZ), one of the main
metabolites of CBZ, in treated sewage sludge. The reported concentrations for
CBZ and DiOHCBZ in treated sewage sludge were 1.29 � 0.03, and
2.8 � 0.2 μg/L, respectively. Expanding upon the current understanding of fate
and transformation of PPCPs will assist with future studies with respect to
concentration.

4 Pharmaceuticals and Personal Care Products and TPs
in Soil Environments

4.1 Fate and Behavior of PPCPs in Soil Environments

A variety of studies have considered the persistence and behavior of PPCPs in soils.
Researchers have found that many PPCPs will persist in soils for an extended period
of time following land applications of biosolids or irrigations with reclaimed waste-
water [3, 44]. Mobility of PPCPs is, not surprisingly highly compound dependent
with some compounds retained in the upper layers of soils while others more readily
migrate within the soil column, and this behavior will be influenced by soil charac-
teristics as well, particularly the quantity of soil organic matter present [44, 45]. Dif-
ferences in behavior in soils of parent PPCPs and TPs might be expected and have
been reported. Two common metabolites of carbamazepine, 10,11-
epoxycarbamazepine and 10,11-dihydro-10,11-trans-dihydroxycarbamazepine, pre-
sent in reclaimed wastewater showed lower sorption and higher mobility in soils
compared to the parent carbamazepine in soils [46]. These findings support a
common theme highlighted in this chapter that TPs must be considered when
assessing the overall exposure and risks associated with PPCPs.
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In a 2009 study Xu et al. looked at adsorption in agricultural soils of six selected
PPCPs: clofibric acid, ibuprofen, naproxen, triclosan, diclofenac, and BPA [47]. The
movement is well described with the Freundlich equation (Eq. 1) [48].

Qe ¼ KFC
1=n
e ð1Þ

In this equation Qe is the amount of phenolic compounds absorbed per unit mass
of resin [48]. KF is the Freundlich constant which represents the absorptive capacity
of the substrate. Ce is the equilibrium concentration of phenolic compounds in the
system, and (1/n) is the empirical constant of the adsorption intensity of the system
[48]. The results showed that the soil had an affinity for the compounds. The
movement of the compounds followed the order triclosan > BPA > clofibric
acid > naproxen > diclofenac > ibuprofen. The results suggest that a retardation
factor exists in layers of soils and allows for the bacteria at each level to have a
longer residence time with the compound [47]. It also suggests that the compounds
that readily move with the mobile phase, water in this case, have a greater potential
of reaching water tables or being eluted out of the soil [47].

Degradation of the PCPPs followed a first order exponential decay which was
influenced by microorganisms and the clay content of the soil. When the experiment
was repeated with sterile soils the degradation was decreased [47]. High concentra-
tions also decreased the rate of degradation indicating toxicological effects on the
microbiome in the soil [47].

4.2 Transformation in Soils

Transformation of PPCPs in soil environments typically occur by three mechanisms:
The exposure to UV light, abiotic chemical degradation, and by microbially medi-
ated processes. Apart from the surface layer of the soil, chemical and microbial
action is the primary means of degrading PPCPs and forming TPs as well as the
degradation of TPs. PPCPs enter the soil from exposure to contaminated water
sources and by the application of biosolids as fertilizers and soil amendments. Past
studies show that mineralization of the PPCPs can occur in the aqueous environ-
ment. This was demonstrated with ibuprofen and the herbicide 2,4-D [49]. This work
showed that 85% of the 2,4-D and 68% of the ibuprofen was mineralized in the water
before it was applied to the soil. This biodegradation was vastly different in soils
with 57% and 45%, respectively [49]. This evidence shows that a competition occurs
between the abiotic and biotic processes. Mineralization by abiotic processes can
sequester compounds while biotic processes tend to create transformation products
which in turn may also be sequestered via mineralization or released based on the
affinity of the compound between the soil and the water. It is possible to construct
models for these environments. For example, in a study by Girardi et al. the
mineralization of the aqueous phase followed a logistic model while the soil
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followed a two-pool first order degradation model [49]. Presumably the latter is due
to the greater presence of microbes in the soil.

4.3 Biological Activity and Impacts of PPCPs and TPs
in Non-target Organisms

By their very design most PPCPs are biologically active and as noted many of their
TPs also have biological activity or can be readily transformed back into the active
parent compounds. While a greater number of projects assess the impacts of PPCPs
and TPs in aquatic environments [50–52], there is some evidence of potential impact
in terrestrial environments. Bioaccumulation of PPCPs and a limited number of TPs
in lower trophic terrestrial organisms and plants have been widely reported [35, 53,
54]. While relatively little data is available about the activity of TPs in terrestrial
environments there are some data available that indicates TPs can be important when
considering the overall fate and impacts of PPCPs [35, 53, 54].

Most available data related to exposure of terrestrial organisms to PPCPs is
derived from controlled laboratory experiments and frequently involve acute toxicity
(lethality) as the primary endpoint. Generally, these experiments involve individual
or select mixtures of parent PPCPs frequently at concentrations that exceed those
observed in the natural environment. In studies using the earthworm Eisenia fetida
the LC50 for many PPCPs are in the mg/kg concentration range [55, 56]. Earthworms
represent a popular test organism for contaminants in soils given that they are well
distributed globally, are in contact with the soil and soil solution, and are primary
consumers of organic matter in soils [57–59]. Earthworms are exposed to organic
chemical contaminants in soils through diet as well as dermal exposure [60].

Reclaimed wastewater and biosolids represent complex mixtures of PPCPs that
can be introduced into soil environments. In addition to organic chemical contam-
inants reclaimed wastewater and biosolids can contain a variety of organic chemical
contaminants other than PPCPs as well as inorganic constituents. Further, the
bioavailability of PPCPs and TPs can be limited in soil environments because of
the high organic matter content of biosolids [35, 61, 62]. While controlled laboratory
experiments allow researchers to better elucidate accumulation and effects of spe-
cific contaminants or mixtures of contaminants, controlled laboratory exposure
experiments may not adequately represent exposure to complex mixtures of con-
taminants or address factors that influence the bioavailability of such contaminants.
Bioaccumulation of PPCPs in earthworms in agricultural soils amended with bio-
solids has been observed [53, 63]. Exposure to environmentally relevant quantities
of biosolids has been demonstrated to increase earthworm mortality and reduce
reproductive success (i.e., cocoon production and numbers of juveniles) [64]. Earth-
worms represent a low trophic level in terrestrial food webs. As such,
bioaccumulation of PPCPs as well as possible transformation of PPCPs represents
a potential route of exposure to higher trophic organisms. Further disruption of
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earthworm populations has the potential to influence higher trophic organisms that
rely on earthworms for their diet. Evidence suggests that earthworms can be an
important route of exposure to PPCPs for avian species and may exert an influence
on birds [65, 66]. Markman et al. [65, 67] demonstrated endocrine disrupting
compounds present in earthworms collected from trickling filter beds at a WWTF
can cause a significant enlargement of the high vocal center of the brain in male
European starlings (Sturnus vulgaris) resulting in a change in song length and
complexity. Exposure to the endocrine disrupting compounds further decreased
immune function in the exposed birds.

Reports of exposure and effects of PPCPs in non-photosynthetic terrestrial
organisms are relatively limited. This likely reflects challenges monitoring higher
trophic organisms that may be exposed to PPCPs and TPs in their native habitats.
Traditional sampling methods for wildlife are commonly invasive, stressful, or
lethal. However, alternative approaches relying on samples of convenience such as
hair, eggshells, feathers, or fecal matter offer noninvasive approaches that may be
employed [68]. Fecal samples from North American otters and mink have been
employed as a diagnostic sample to document exposure to organic and inorganic
chemical contaminants, including some PPCPs, in wild populations of these
organisms [69].

The accumulation of PPCPs in reclaimed wastewater and biosolids in plants,
primarily crop plants, has been widely reported [70–72]. Generally, such studies
have focused on potential human exposure and risk as a primary concern when
considering accumulation of PPCPs in plants. Human risk of exposure to PPCPs via
consumption of contaminated crop has been deemed low due to the low concentra-
tions of PPCPs reported in edible portions of plants [73–75]. However, exposure and
uptake of PPCPs in plants can impact growth and development of these plants.
Exposure to biosolids and PPCPs can negatively impact germination and plant
development [64, 76, 77]. Accumulation of PPCPs in plants also represents some
of the rare examples where researchers have demonstrated extensive transformation
of parent PPCPs [61, 78–81]. Macherius et al. [80] reported a majority of triclosan
accumulated in carrots as TPs and Riemenschneider et al. [81] reported about 45% of
carbamazepine in tomato plants present as TPs with the ratio of TPs to parent
carbamazepine up to 2.5 in the fruits. Substantial transformation of PPCPs in plants
demonstrates the importance of PPCP TPs in terrestrial environments and impor-
tance of TPs when considering the fate and impacts of PPCPs in terrestrial systems.

The toxicity of some TPs, especially well characterized human metabolites has
been assessed. For example, carbamazepine 10,11-epoxide and acradine, both
metabolites of the antiepileptic pharmaceutical carbamazepine, have been identified
as potential genotoxic as well as widely produced in crops exposed to carbamazepine
contaminated soil [81, 82]. Carbamazepine is among the most widely studied PPCP
given its low removal efficiencies during wastewater treatment and high frequency
of detection in terrestrial environments. Where researchers have recently assessed
the toxicity of the most abundant TPs of select PPCPs in select test organism they
have generally found lower toxicity among the TPs compared to the parent com-
pounds, yet it is important to note that the TPs still posed biological activity and
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could potentially be transferred further [83, 84]. Notable exceptions to this obser-
vation include greater toxicity of the R enantiomers of ibuprofen and naproxen [84].
While limited data about the widespread presence of PPCP TPs in wastewater end
products and environments impacted by these products is available, where data
exists there are examples of toxicological concern as well as concerns about the
overall biological activity that TPs may contribute in exposed environments and
organisms.

5 Measuring PPCPs and Transformation Products

5.1 Analytical Tools and Techniques

Where analytical standards exist, which is the case for many important and well-
characterized human metabolites or TPs, analytical techniques for the quantitative
analysis of PPCP transformation products are like that of the parent PPCPs. This will
include an extraction or isolation method, which are abundantly referenced in the
scientific literature. This may be by liquid extraction that includes process like
QuEChERs or Solid Phase Extraction (SPE), which includes the use of a sorbent
in the extraction process to aid in analyte isolation, concentration, and sample clean-
up [3, 85, 86]. More aggressive extraction processes may be necessary for some
matrices such as biosolids or biological samples. In such instances, ultrasonic
assisted extraction (UAE) [31, 87], microwave assisted extract (MAE) [88], or
pressurized liquid extraction (PLE) [66, 71] may be more appropriate.

Given the complex nature of many samples (e.g., soils, biosolids, and biological
samples) chromatographic methods are generally coupled with mass spectrometry
for qualitative and quantitative analysis. Advances in analytical tools, namely liquid
chromatography-mass spectrometry (LC/MS) and to a lesser extent gas
chromatography-mass spectrometry (GC/MS), as it pertains to PPCP analysis,
readily available analytical standards of PPCPs, and a growing availability of isotope
labeled PPCPs has made the analysis of parent PPCPs in a variety of matrices
accessible to researchers. While early research on the presence and fate of PPCPs
relied primarily on single quadrupole mass spectrometers, more recently liquid
chromatography coupled to a tandem mass spectrometer (MS/MS) has become the
standard, especially triple quadrupole mass spectrometers, which allows for greater
sensitivity and selectivity (USEPA Method 1694). Triple quadrupole MS for PPCP
analysis of complex samples employ multiple-reaction-monitoring (MRM). When
operated in the MRM mode the first quadrupole serves as a mass filter that allows
only ions of the m/z ratio of target analytes to pass through to the second quadrupole
commonly referred to as a collision cell. The collision cell contains a collision gas,
typically argon or nitrogen. Collision of the target ions with the collision gas results
in the reproducible production of fragment ions. The third quadrupole, like the first
quadrupole, is operated as a mass filter that allows the characteristic fragment ions of
the target analytes to pass to the detector. For most analytes a minimum of twoMRM
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transitions will be monitored: one for quantitative purposes and the other for
qualitative application.

5.2 Analytical Standards: Measuring Transformation
Products and Matrix Effects

The use of LC/MS/MS is a powerful tool for the quantitative analysis of PPCPs in
complex matrices for analytes for which analytical standards exist. This includes
parent PPCPs and some metabolites/transformation products, especially for impor-
tant human metabolites. However, due to the selective nature of LC/MS/MS oper-
ation it is not well suited for monitoring potential transformation products for which
analytical standards are not available or for previously unidentified transformation
products. Increasingly researchers are reporting the presence of a variety of PPCP
transformation products in a variety of matrices including plants exposed to PPCPs
[61, 80, 81]. More advanced (and more expensive) analytical tools/techniques (e.g.,
time-of-flight mass spectrometer or Orbitrap mass spectrometer) are frequently
required for non-target analysis need to identify some TPs for which standards are
not available or that were previously unknown. Application of accurate mass
techniques can be used to identify the molecular formula of TPs, and, when coupled
with fragmentation information and the natural abundance of stable isotopes, tenta-
tive structures can be proposed [80].

Another attribute of analyzing PPCPs in complex matrices is the potential for
“matrix effects,” which commonly results in ionization suppression of target PPCPs
compared to analysis of the compounds in calibration standards. Researchers can
take steps to “clean” extracts prior to instrumental analysis, such as employing semi-
selective solid phase extraction. Employing, multi-step extraction and sample prep-
aration steps generally results in analyte loss and can contribute to low recoveries. A
common approach to overcome matrix effects and/or low analyte recoveries is the
use of “isotope dilution” where stable isotope labeled standards of the target analytes
are added to the samples (USEPA Method 1694) [39]. The labeled version of the
target PPCPs are expected to experience the same losses and matrix effects as the
unlabeled PPCPs effectively making the labeled compounds the ideal internal
standard. While the use of isotope labeled standards are effective analytical tools
to address matrix effects and most factors contributing poor analyte recovery, the
drawback is the increased analysis costs associated with adding such standards,
which typically cost substantially more than their non-labeled counterparts.
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5.3 Quantitative Measurements and Interpretation

When researchers can make direct comparison to analytical standards, especially
when employing the use of an internal standard(s) or isotope dilution, quantitative
measurement of transformation products is straightforward. However, in the absence
of analytical standards for transformation products identification, or qualitative
analysis, does not readily translate to quantitative determinations. Approaches to
estimate the concentration of transformation products without available analytical
standards can be performed by estimating a response factor from chromatographic
peaks. Macherius et al. [80] employed this method to estimate the formation and the
presence of conjugated transformation products of the disinfectant triclosan in
carrots to be five times the amount of parent triclosan in the vegetable. However,
this method carries with it several assumptions and does not benefit from techniques
to address matrix effects or transformation product recovery. Alternatively, mass
balance of the parent compound and transformation products with available analyt-
ical standards can be used to determine the estimated contribution for newly
identified transformation products.

Modern mass spectrometry techniques are capable of measuring low ng/mL
concentration of many PPCPs and TPs in extracts/samples. When preconcentration
steps are employed as part of sample preparation the ability to detect even lower
concentrations of such compounds in the original sample or extract is possible. A
consistent area of inquiry to the presence of low concentrations of PPCPs and their
TPs in environmental or biological matrices relates to “what does it mean” or “what
are the risks” to human and ecological health. These are challenging questions to
adequately answer. Acute exposure can be monitored for a variety of model organ-
isms. In such instances, it is common that the LC50 or EC50 exceeds typical
environmental concentrations, prompting the conclusion that the presence of these
compounds in the environment is of little risk. A couple of notable examples where
risk has been clearly identified at environmentally relevant concentrations includes
the collapse of the vulture population on the Indian subcontinent due to the veter-
inary use of nonsteroidal anti-inflammatory diclofenac in the region [89], and the
reproductive disruption of male fish as a result of exposure to natural and synthetic
estrogens that is commonly found in wastewater effluent and receiving waters
[50, 90]. It should be noted that much of the toxicological research on PPCPs has
focused on aquatic organisms with limited work on terrestrial organisms in general
with even less information available for TPs, contributing to a general paucity of
information a paucity of information in the scientific literature related to environ-
mental toxicology of PPCP TPs.

Research addressing the impacts of chronic exposure to PPCPs and their TPs is
limited, especially as it relates to terrestrial biota. Traditional approaches employed
to assess acute exposure, such as survival and reproduction, are most likely inade-
quate to assess the impacts of long-term exposure to low environmental concentra-
tions of PPCPs and their TPs. More subtle effects to chronic exposure may include
behavior changes, which could include alteration in predatory response, feeding
patterns and behavior, or activity. Such changes in behavior can have long-term
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consequences for survival, reproductive success, and development, which can lead
to long-term changes at the population level. Examples of identified behavioral
changes include behavioral defects in Caenorhabditis elegans (soil nematode) and
their offspring following exposure to the antibiotic sulfamethoxazole [91]. While
this work included exposure at environmentally relevant concentrations, it does
represent a short-term exposure experiment. Another example of behavior changes
in response to short-term exposure to PPCPs involves Pimephales promelas (fathead
minnow) exposed to antidepressants. Exposure to the antidepressants resulted in
reduction in measures of predator avoidance, which may impact survival and
reproductive success [52]. While these short-term exposure experiments demon-
strate some concerns related to exposure to PPCPs, they do not address the potential
impacts of chronic exposure and generational consequences of exposure to low
concentrations of PPCPs. Further, impacts of chronic exposure to transformation
products of PPCPs remain unknown.

6 Conclusions and Future Needs

In the decade before the start of the twenty-first century researchers began a
concerted effort to understand the presence and consequences of PPCPs being
released into the natural environment. While a few examples of endocrine disruption
in aquatic and terrestrial organisms have been identified, few clear connections to
human health concerns have been identified. Accumulation of parent PPCPs in crops
does not appear to be a serious human health concern. However, the presence of
trace quantities of antibiotics coupled with the observation of antibiotic-resistant
genes and bacteria raises concerns of indirect health concerns for humans. Experts
predict a higher mortality rate due to infectious diseases by antibiotic-resistant
pathogens than by cancer in 2050 [92]. Thus far ecological risk has largely been
based on measures of acute toxicology. More subtle chronic effects at the population
level resulting from long-term exposure to sub-acute concentrations of PPCPs
remains an area of concern. To date, toxicological work has predominantly focused
on parent PPCPs with an absence of consideration of TPs for many of the reasons
previously cited. The overall importance of TPs on overall exposure and effects of
PPCPs remains unknown and an area of research need. Further work needs to be
done on the origin and effects of TPs on the often-ignored environmental compart-
ments such as insects and microorganisms that stabilize the biota and allow for the
diversity of life to grow and exist. This possibility for TPs to adversely affect this
microbiome and therefore impact the larger biota and potentially wildlife and
agriculture exists.
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Abstract Microplastic (MP) contamination is a current global problem in the
environment and specifically in soils. Plastics enter the soils through multiple
pathways, such as agricultural application, organic amendments from wastewater
treatment plants, landfills, or industrial sources. This chapter provides a description
of the current state of the analytical techniques used for the extraction, quantification,
and identification of MP in soils. In this sense, the methodology for determination
and quantification of MP is currently easier and much more developed for aqueous
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media than for soils, due to the difficulties affecting analytical methods for extraction
and identification of MP in complex matrices such as soils. The procedures and
processes needed to isolate MP from soils vary considerably among studies. Cur-
rently, there is no single method to isolate MP from soil. In general, the main
techniques for MP separation from soil include sieving, density flotation, filtration,
and digestion processes. Microplastics extracted from soil samples can be identified
and quantified mainly by means of visual classification, scanning electronic micros-
copy (SEM), spectroscopic techniques (Raman Spectroscopy, Fourier Transform
Infrared Spectroscopy (FT-IR), or Time of Flight Secondary Ion Mass Spectrometry
(TOF-SIMS)), and thermoanalytical techniques (Thermal Extraction and Desorption
Gas Chromatography coupled to Mass Spectrometry (TED-GC/MS), Pyrolysis-Gas
Chromatography coupled to Mass Spectrometry (Pyr-GC/MS), and
Thermogravimetric Analysis Mass Spectrometry (TGA-MS)), among others. The
main advantages and disadvantages of these techniques are also discussed.

Keywords Ecosystems, Microplastics, Spectrometry, Thermoanalytical techniques

1 Introduction

Plastics have become indispensable in our daily lives, and their use and production
have increased exponentially over the last 40 years. Plastics and microplastics
(MP) (plastic debris smaller than 1 mm) have been identified as one of the most
significant environmental issues in the last years due to their spread in all ecosys-
tems, including remote ecosystems such as Antarctica. This represents an ecological
issue, as waste management technology has not evolved at the same rate as plastic
production/consumption. Although plastic pollution in marine ecosystems has been
studied since the 1970 decade, the study of this issue in the context of terrestrial
ecosystems is a recent concept (mainly since 2016). This even though plastics
reaching the oceans are mainly originating from terrestrial ecosystems and there
are 4–23 times more plastics in terrestrial ecosystems than in marine ecosystems [1–
3].

After plastic debris discharging and once in the environment, they undergo
degradation when exposed to physical, chemical, and/or biological agents, resulting
in small particles (usually <1 mm). They may be easily dispersed, and consequently
enter into the food chain, and damage organisms, which increases the potential to
affect several ecosystem functions at many levels [1, 3–7]. In this sense, plastics can
enter the terrestrial ecosystems through multiple (and some still unknown) pathways,
such as agricultural applications, organic amendments from wastewater treatment
plants, landfills, industrial sources, and others. Recently, the potential relevance of
two understudied sources (probably the main sources) of plastics to the terrestrial
ecosystems has been indicated: plastics released from the washing of synthetic
clothes and car tire abrasion [2, 3, 7–13]. Besides, the emergence of COVID-19
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crisis raised significant implications at many levels, including economic, health, and
social issues. Nevertheless, this natural disaster has also become one of the major
environmental threats due to the wide use of disposable face masks and gloves as one
of the most relevant safety measures, which are produced from different types of
plastic polymers. Most recent publications claim that the increase in production/
consumption of these products is contributing to the accumulation of large amounts
of plastic and plastic particles waste in the environment, reaching waterways (fresh-
water and marine environments) and the surrounding soils [14].

(Micro-)plastics may have a wide range of properties such as source, color (red,
white, clear, blue, green, black, purple, yellowish, and brown), erosion grade, size
(from 5 to <100 μm as nanoplastics), shape (fibers, triangular, rectangular, circular,
polygonal, column, spherical, pellet-shaped, cuboid, cone-shaped, pyramidal, and
irregular shapes), and chemical composition (low- and high-density polyethylene
(LDPE and HDPE, respectively)), polystyrene (PS), polypropylene (PP), polyethyl-
ene terephthalate (PET), polyamides (PA), etc.). Besides, much plastic debris
(mainly as fibers or smaller items (<250 μm)) can be confused with soil components
such as organic matter, clays, and oxides, which are difficult to distinguish and
estimate quantitatively MP into the soils [15, 16].

In this sense, the methodology for the determination and quantification of MP is
currently much easier and developed in aqueous media than in soils [17]. Although
the number of studies focused on the measurement of MP concentrations in terres-
trial environments has increased in the last years, there is still scarce knowledge
about their extraction, quantification, identification, and the relationship betweenMP
and adverse effects, fate, and toxicology in soils [1, 18, 19].

For example, plastics used as covers in agricultural activities may be fragmented
due to abrasion and erosion over time, giving rise to the formation of MP, which
cannot be removed easily and usually remain deposited in the soil [3, 20]. However,
the amount, fate, and effects of MP need to be assessed in depth, being an actual
challenge due to the lack of sufficient analytical methods. Mainly, difficulties
affecting analytical methods for extraction and identification of MP are some of
the reasons for the limited data of MP in soils. Unlike aquatic systems, the identi-
fication and quantification of MP in complex matrices such as soils are much more
problematic. In addition, no validated and standardized methodologies are published
for soils and terrestrial environments, unlike aquatic systems and sediments, and
these questions are responsible for the scarce advances taking place in the charac-
terization of the problem in this environmental compartment [7]. This chapter delves
into the most recent methods related to the separation, identification, determination,
and quantification of MP in soils.
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2 Collecting Soil Samples for MP Analysis

A correct sampling of soil contaminated by plastics is essential to perform a
subsequent appropriate analysis. Among the factors that must be taken into account
are the type of soil studied – since it may determine the sampling scheme –, the depth
of sampling, the sampling area, and the number of samples to be collected [21]. It is
essential that the sampling points are representative of the contamination in the study
area. Soil sampling can be punctual or compound. The MP distribution in soils tends
to be heterogeneous and their size used to be variable. Thus, composite soil samples –
within a determined sampling subarea – are usually more representative of the global
content of MP in the entire study area. Besides, a higher number of samples collected
in the study area, as well as a greater amount of soil sampled at each point, is more
representative than sampling with few samples and little amount of soil, due to the
heterogeneous distribution of MP in soils. Also, it is essential to identify possible
areas of potential accumulation, such as cavities, where MP can be deposited as a
consequence of surface runoff, or areas where the deposition of suspended particles
may be greater. The choice of sampling depth is another factor that decisively
influences a correct sampling. When sampling is done on undisturbed soil, taking
the first few centimeters (10 cm) may be sufficient, since this is the most likely range
to find most of the MP. However, in disturbed soils, such as plowed soils, sampling
depth must be adapted accordingly to the vertical distribution of MP in the soil
[21]. Up to now, samplings have been carried out for MP analysis in agricultural
soils, alluvial plains, paddy soils, urban zones, or forest areas [10, 22–28].

Sample collection is done with typical sampling materials used to collect soils,
such as stainless steel shovel, stainless steel corer, soil auger, or Lenz sampler [29–
32]. Then, samples must be transferred to labeled glass or metal containers with lids
(without plastic) for transport and storage. It is necessary to avoid contamination of
samples with MP from tools, clothing, or the ambient air of laboratories and storage
facilities.

3 Methodology for MP Separation from Soil

The procedures and processes used to isolate MP from soil vary considerably among
studies. Currently, there is no single method to isolate MP from soil samples,
although many of them share stages of the process. In general, the main techniques
for MP separation from soil include sieving, density flotation, filtration, and diges-
tion (Fig. 1).
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3.1 Soil Sieving

The initial step to separate MP from soils is dry soil sieving, having the objective of
removing oversized debris plastic. This pretreatment – used before density flotation –
allows to separate and collect all plastic particles >5 mm, or even smaller (up to
2 mm) through the use of meshes of different sizes [21, 33].

Sieving is usually the simplest method for plastic and MP separation from soil,
which allows a mechanical separation and manual classification, through the use of
stereoscopic microscopes. Before sieving, soil samples may be subjected to storage
at 4�C in the laboratory, and/or air drying [33]. Likewise, soil samples can also be
dried in an oven with temperatures between 40�C and 70�C, although it is possible
for MP to be deformed and break if heating exceeds the thermal deformation
temperature of plastic. When dry soil contains a high content of plant material,
such as roots or leaves, it must be previously cleaned manually. After sieving, MP
remaining on sieves must be collected and classified for later identification and
characterization. Although the use of a 5-mm sieve seems to be more suitable for the
classic MP definition, 1-mm and 2-mm sieves should be used, depending on the
content of plant material or other “impurities” that soils may contain [33].

3.2 Extraction

3.2.1 Density Flotation

Density flotation is one of the most used procedures for the separation of MP from
soil [34]. In general, soils present a density between 2.6 and 2.7 g ∙ cm�3. The
rationale behind this technique is based on taking advantage of the different densities
of soil mineral particles and MP (usually between 0.9 and 1.45 g ∙ cm�3), which is
used to separate them by flotation in a high-density saline aqueous solution
(of known density) as an extraction medium [35]. Soil particles with high densities

Fig. 1 Most common steps to isolate MP from soils and subsequent identification
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settle to the bottom of a container or vial, while MP with low density floats on the
surface of the solution. Table 1 shows the densities of the most common plastics.

The densities of the most common MP are in the range of 0.015–1.50 g ∙ cm�3;
thus, the flotation solution needs to have a density >1.50 g ∙ cm�3, except for
polytetrafluoroethylene “Teflon” (PTFE). Among the high-density saline aqueous
solution most used to separate plastics from soils by flotation are binary salts.
Saturated solutions of NaCl are the most used, due to their low cost and risk [37–
39], although these are not effective to separate plastics with densities higher than
1.18 g ∙ cm�3, such as polyvinyl chloride (PVC) or PET (polyethylene terephthalate)
[7, 21]. As an alternative to NaCl, several studies have proposed other saline
saturated solutions, and even flotation methods based on more than one extraction
using different saline solutions such as: (1) sodium iodide (NaI) (1.8 g ∙ cm�3) [40–
42], (2) zinc chloride (ZnCl2) (1.6–1.7 g ∙ cm�3) [43, 44], (3) sodium bromide
(NaBr) (1.55 g ∙ cm�3) [45], (4) sodium polytungstate (Na6[H2W12O40]) (1.4 g ∙
cm�3) [46], and (5) potassium formate (HCO2K) [47].

Besides, the extraction of MP has been proposed to be carried out through the
combined use of different saline solutions. For example, extractions with NaCl (1.2 g
∙ cm�3) and NaI (1.6 g ∙ cm�3) have been used with a continuous flow and a floating
separation device [48]. Also, an extraction in three times has been used with distilled
water (1 g ∙ cm�3), NaCl (1.20 g ∙ cm�3) and followed by ZnCl2 (1.55 g ∙ cm

�3) with
shaking and centrifugation [49] or with NaCl (1.2 g ∙ cm�3) and CaCl2 (1.5 g ∙ cm

�3)
by using a sedimentation cylinder [50]. Likewise, distilled water can be used for MP
with a density lower than 1.0 g ∙ cm�3, such as PE (especially light-density PE
[LDPE]) and PP, widely used in agriculture as plastic mulch [16].

The use of each of these other solutions shows a series of advantages and
disadvantages that must be considered. From the perspective of density, cost, and
respect for the environment, CaCl2 seems to be a good option for the separation of

Table 1 Density of most common plastics (adapted from [15, 36])

Plastic polymers Density (g ∙ cm�3)

Expanded polystyrene (EPS) 0.01–0.04

Polypropylene (PP) 0.85–0.92

Low-density polyethylene (LDPE) 0.89–0.93

High-density polyethylene (HDPE) 0.94–0.98

Acrylonitrile-butadiene-styrene (ABS) 1.04–1.06

Polystyrene (PS) 1.04–1.08

Polyamide (PA) 1.13–1.16

Polymethyl methacrylate (PMMA) 1.16–1.20

Polycarbonate (PC) 1.20–1.22

Cellulose acetate (CA) 1.30

Polyethylene terephthalate (PET) 1.38–1.41

Polyvinyl chloride (PVC) 1.38–1.41

Polytetrafluoroethylene (PTFE) 2.10–2.30
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MP, even better than NaCl. However, it has been reported that Ca2+ may agglom-
erate with soil organic matter [50] and adhere to the filter membrane, interfering with
the counting and identification of MP [33]. ZnCl2 is considered corrosive and toxic,
and NaI may be hazardous, while HCO2K and Na6[H2W12O40] are rather expensive.
The density of NaI solutions is high enough (1.8 g ∙ cm�3); however, it is expensive.
Thus, the combined use of NaCl and NaI solutions in a 1:1 (v/v) ratio is considered
one of the most efficient and relatively economical extractions [34]. Also, NaBr was
suggested for the extraction of MP due to its high efficiency for most polymers in
soils and its advantages of being a low-cost and environmentally friendly
solution [51].

Besides, other compounds have been suggested for plastic extraction from soils,
such as canola, castor, and/or olive oil, due to their lipophilic conditions [52–
54]. These alternative methods have several advantages such as low cost, easy
access, and being environmentally friendly solutions, with good results for extrac-
tion of high-density polymers with recovery rates over 90% [21, 54, 55].

In general, all density separation solutions show limitations and affect the sepa-
ration efficiency of MP. Therefore, the choice of solutions must be made based on
the specific characteristics of the MP present in the soil samples. However, when the
overall picture of MP distribution is still unclear, a separation solution with a high
density is more effective [3].

In general, MP aggregate with soil components, such as organic matter and clays.
To separate them from the soil, other procedures have been described – in addition to
density flotation – such as agitation, centrifugation, ultrasonication, aeration, and
continuous flow techniques [34, 56, 57], usually applied in combination with density
extraction [57].

(Micro-)plastics, like polymers, show hydrophobic, lipophilic, and electrostatic
properties, which allow the use of alternative methods for separating from soils
[58]. Some studies have indicated that, based on the hydrophobicity of MP, foam
flotation can be used to extract them from the soil. For that, air bubbles bind
selectively to the more hydrophobic particles moving them toward the surface and
separating them from the less hydrophobic matrix [59, 60]. Also, new methods using
electrostatic separation have been described to separate MP from multiple environ-
mental matrices, including water, sediments, and bleach sands, but it is uncertain that
these methods can be suitable for large-scale separations of MP from soils
[61, 62]. Recently, a method that uses extraction with pressurized fluids and
solvents – such as methanol, hexane, and dichloromethane – has been proposed to
extract MP from soils under high-temperature (180–190�C) and high-pressure
conditions (103 bar). After extraction, solvents are removed from the extracted
residues by evaporation under a stream of nitrogen [56]. Despite the high efficiency
of this method, it has some deficiencies such as the need for organic solvents which
are highly dangerous for the environment, the fact that natural organic matter may
also dissolve and part of MP can be pyrolyzed at high temperatures, destroying their
shape and microstructure without being able to be identified and characterized
[51, 63].
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These techniques, especially those based on Na-salts, should be applied carefully
on soils with higher clay contents to avoid clay dispersion by Na, to avoid interfer-
ence with MP identification. For these reasons, each soil requires a previous study of
its characteristics, as well as the adjustment of each soil extractant according to its
properties.

3.3 Filtration

After the density flotation step, it is necessary to separate the MP from the saline
solution. One of the most used methods is solid-liquid filtration through fiberglass,
cellulose acetate, cellulose nitrate, polycarbonate, nylon, or alumina membranes that
allow the separation of MP, and their subsequent identification by optical or spec-
troscopic analysis [17]. Filter pore sizes range from 0.2 μm [50] to 20 μm [31].

The filter composition may have consequences in the subsequent identification of
MP. For example, the surface of glass fiber filter membranes is very rough, and also
has the disadvantage of releasing fibers, so it is not suitable for a later identification
by IR spectroscopy. The polycarbonate filter membrane is not hydrophilic, which
does not favor the retention of MP. In addition, polycarbonate has a strong infrared
signal, which causes disturbance when MPs are identified by FT-IR. In contrast, the
membrane surfaces of cellulose or nylon filters are smooth and convenient for
extraction [30].

3.4 Digestion of Organic Matter

There is no standardized analysis scheme for separating MP in soil, mainly because
soil is rich in various complex organic compounds [64, 65]. It is difficult to
completely separate (and then distinguish) organic compounds from MP by conven-
tional salt solution density separation, whether focusing on farmland soil, sludge, or
other stable soil structures [65]. The treatment of organic matter becomes the key
step in detecting MP in soil samples. Hydrogen peroxide (H2O2) and Fenton reagent
(H2O2 combined with FeSO4) are still common reagents for the digestion of organic
compounds [66]. Hydrogen peroxide at 70�C has a better effect on the digestion of
organic compounds [67]. However, some studies have found that H2O2 will reduce
the extraction efficiency of MP [68]. Sodium hydroxide (NaOH) and KOH are also
used to digest organic matter in soil samples. Although they effectively remove
organic matter from the soil, these two reagents can cause MP discoloration and
degradation [69]. A recent study used 98% H2SO4 to separate MP from farmland soil
to obtain pure polyethylene [65].

A large amount of organic matter is also a problem to be solved in the extraction
of microplastics in soils, which cannot be completed by density separation [2, 50,
64]. Some of these authors evaluated the efficiency of the most common reagents
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used to remove the soil organic fraction (30% H2O2, 65% HNO3, 50% NaOH, 96%
H2SO4 and 13% KClO), and found that 65% HNO3 reacting with the sample at 90�C
showed higher efficiency for organic matter removal. It can remove most organic
matter in a reduced time, while HNO3 treatment can cause partial decomposition of
PA, PET, and PMMA polymers. Due to the time-consuming process, the removal
efficiency of hydrogen peroxide (10–30% H2O2), which is most often used to
remove organic matter from environmental matrices, has been also questioned
[66]. For these reasons, Fenton’s reagent, an advanced oxidation process using
H2O2 in the presence of Fe

2+ as a catalyzer, has been indicated as an efficient method
with reduced harmful effects in organic material removal [17, 33, 66]. However,
Fenton’s reagent has been associated with several issues for soils with higher
carbonate contents, which can impact the pH and reduce the reaction efficiency.
Besides, not all laboratories have appropriate conditions for using these methodol-
ogies, since organic matter digestion with Fenton’s reagent needs to be carried out
with an ice bath to avoid trouble due to high temperatures.

4 Quantification and Identification

The methodology for characterization, quantification, and classification of MP is not
standardized, which forces researchers to reach a consensus on the protocol for
determining MP. After extraction and separation processes, MP can be analyzed,
identified, and classified. Potential plastic particles that are extracted from soil
samples can be identified and quantified mainly by visual classification (including
microscopy), spectroscopic techniques (Raman Spectroscopy and Fourier Transform
Infrared Spectroscopy (FT-IR)), and also techniques such as thermoanalytical pro-
cedures, including Thermal Extraction and Desorption Gas Chromatograph coupled
to Mass Spectrometry (TED-GC/MS), Pyrolysis-Gas Chromatography coupled to
Mass Spectrometry (Pyr-GC/MS), and Thermogravimetric Analysis Mass Spec-
trometry (TGA-MS), among others.

Currently, visual analysis (with or without the aid of an optical microscope or
stereomicroscope) continues to be the simplest method and one of the most widely
used to differentiate between MP and other compounds [70], despite its low preci-
sion and potential misidentification and confusing with soil components. Nowadays,
the most widely used methods for the identification and characterization of MP in
soils are Fourier Transform Infrared Spectrometry (FT-IR), Raman spectrometry,
and Scanning Electron Microscopy (SEM) [23, 71–74].

In general, visual characterization is used as a preliminary identification or first
screening of MP, which makes it possible to reduce the number of particles that must
be chemically characterized in subsequent analyses [75, 76]. In this line, Lorenzo-
Navarro et al. [77] developed a computational method based on deep learning
networks to automatically count and classify MP from 1 to 5 mm from images
larger than 16 megapixels. However, this method can be imprecise and requires that
the MP to be determined is specified previously.
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Optical microscopy makes it possible to quickly determine the shape (e.g.,
spherical, cylindrical, long and thin fibers, disc, round, irregular ovoid, etc.) and
the color (mainly white or similar) of MP [78]. In any case, visual inspection is not
totally reliable and has marked limitations, such as its low sensitivity (valid for
particle sizes >200 nm) [79], low differentiation among MP and other inorganic
compounds, such as clays or organic fibers of cellulose and starch, due to the
characteristics of these compounds (similar colors, sizes, and shapes) [80]. Likewise,
the visual quantification process of MP is imprecise, which does not facilitate their
correct identification and quantification, especially for those MP with a small size
[81]. Some studies have reported that false identification of non-plastic particles
under a microscope is generally above 20–70%, which was confirmed by spectro-
scopic analysis [82].

To differentiate MP from other particles, different studies have used the hot
needle test. The foundation of this technique is based on the thermoplastic charac-
teristics of MP. With this methodology, microscopic images of the samples are
obtained before and after subjecting the MP and other compounds of the sample to
thermal heating (� 130�C). It is considered that the MPs are particles that in the
microscopy images appear fused after thermal heating [83, 84]. In any case, this
technique presents limitations in identification, since (for example) some high-
density and thermosetting plastics do not melt under these conditions, which does
not allow determining the MP polymer composition [85]. Due to the approximate
results obtained with the optical microscopic examination, the use of additional
analysis techniques [86], spectroscopic techniques or electron microscopy, is
recommended to obtain results about the characteristics and chemical composition
of the polymers [87].

Fourier Transform Infrared Spectroscopy (FT-IR) is one of the most common and
advanced analytical methods for studying MP in soils. This technique is used to
accurately identify the chemical composition of MP, determining and distinguishing
between polymers and other substances in the sample. The FT-IR and its optimized
technologies, such as μ-FT-IR, Total Attenuated Reflectance-FT-IR (ATR-FT-IR),
and Focal Plane Array-FT-IR (FPA-FT-IR) have also been the most widely used
techniques for the chemical characterization of plastic in soils [23, 72, 88–90].

FT-IR is a simple, efficient, non-destructive, and low-cost MP identification
technology, although the size of detectable MP is limited. Its foundation is based
on the fact that the spectrometer signal – known as infrared absorption bands of the
polymer under study – depends on the change in the permanent dipole moment of a
chemical bond, making it sensitive to the polar functional groups in different plastic
polymers [91]. The FT-IR technique is also a surface-based technology, which
means that for correct identification, plastic particles must be absent from any
coating, film, or material [92]. Furthermore, its spectral quality can be influenced
by external factors, such as the presence of organic matter and/or water [92, 93]. The
FT-IR devices have spatial resolutions up to 5 μm [91]. However, this technique
requires minimum sample thicknesses of 150 nm [94] and the deposition of the
sample on an IR transparent substrate [95]. Therefore, FT-IR has good reproduc-
ibility and it is not affected by sample color, fluorescence, and other conditions,
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being suitable for identification of MP with a diameter of more than 20 mm or
samples that contain a strong polar functional group [96]. The FT-IR signal can be
obtained by reflection or transmission of IR signal or also by attenuated total
reflection (ATR), which can be used to identify particles >500 μm [97]. It has
been reported that FT-IR can be connected to a microscope, allowing measurements
(spectral identification) of smaller plastic particles (up to 10 μm) [98]. On the other
hand, for black particles, the FT-IR is usually inaccurate due to the high absorption
of infrared radiation. Agglomerates or smaller particles can be analyzed using a focal
plane matrix (FPA) – μ-FT-IR, with which particle sizes ranging from 10 to 500 μm
can be identified [95].

Raman spectroscopy is a suitable technique to identify MP easily, also being fast
and non-destructive, with a higher sensitivity than FT-IR, and with the ability to
identify particles up to approximately 1 μm [99]. Raman spectroscopy is based on
the fact that when MP particles are exposed to monochromatic light, molecular
vibrations cause light scattering and allow the identification of the polymer type. The
main advantage of Raman spectroscopy is that the identification is based on the full
wavelength spectrum and amorphous carbon can be detected. Raman spectroscopy
can compensate for some shortcomings of FT-IR. For example, this technique
provides a better response to non-polar information and vibration of the molecular
structure of the sample; it presents a better spatial resolution (approximately 1 μm),
so the shape and thickness of the small particles do not influence the measurement
[100]. In addition, this technique presents less interference due to humidity and CO2

[91]. Surface-Enhanced Raman Spectroscopy (SERS) can identify MP lesser than
500 nm. For example, Xu et al. [101] identified with this methodology MPs with
sizes up to 450 nm. These advantages make Raman spectroscopy better than FT-IR
for identifying MP, but the process takes longer than FT-IR [102]. However, organic
matter, microorganisms [102], background fluorescence [103], and inorganic mate-
rial [91] can strongly interfere with the spectrum, preventing the correct identifica-
tion of MP.

FT-IR and Raman are the most used techniques for the identification of MP in
soils. However, they do not guarantee that every particle will be detected and
counted, due to size limitations [104]. In addition, the analysis of soil samples
requires extensive and time-consuming cleaning procedures to degrade organic
materials before particles are separated for analysis [92]. Both techniques provide
data on types of plastic, number of particles in each plastic, size, shape, and color,
but not on mass or concentration of plastic in the soil samples [105]. Many times,
FT-IR and Raman spectroscopy are used to analyze a subset of plastic particles
isolated from each sample, and then extrapolate the results to estimate their distri-
bution within the entire sample. This makes the reported data prone to errors,
omissions, and a lack of representativeness [92].

Scanning Electron Microscopy (SEM) has been indicated with potential use for
the identification of smaller plastic items (<0.2 μm), because this technique provides
high-resolution images of MP by means of a high-intensity electron beam that is
indexed on the surface of the sample [84]. Detailed images of the surface of MP can
be obtained, as well as differentiating them from other organic or inorganic
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compounds of soils, by analyzing the surface morphology of the particles. Among
the limitations of the technique are the inability to detect the color of the particles, the
lack of information on polymer composition, and the time and cost to prepare and
analyze each sample [82].

There are other analytical techniques such as Thermal Extraction and Desorption
Gas Chromatograph coupled to Mass Spectrometry (TED-GC/MS), Pyrolysis-Gas
Chromatography coupled to Mass Spectrometry (Pyr-GC/MS), Thermogravimetric
Analysis Mass Spectrometry (TGA-MS), which are effective for identifying and
quantifying plastic particles in soils, by analyzing characteristic thermal degradation
products of plastic [106, 107]. The results obtained with these techniques indicate
that Pyr-GC/MS is a sensitive and robust method for the qualitative and quantitative
analysis of polymers in samples, but it is not suitable for the analysis of samples with
PMs of unknown composition. Likewise, thermogravimetric analysis is also limited,
since, for example, some MP, such as PE and PP, can only be analyzed when the
technique is combined with other analytical methods [21, 106]. Although these
techniques allow to analyze MP with size ranges lower than those required by
Raman spectrometry and FT-IR, and they can also be used for mass-based concen-
trations, they are destructive and cannot provide morphological information about
particles such as size, color, shape, or number of plastic particles [92] (Table 2).

Other methods such as vis-NIR spectroscopy were used to quickly evaluate the
concentrations of plastic (LDPE, PET, and PVC) in soils without a previous extrac-
tion method, although the technique showed a low prediction precision [108]. It has
been reported as a relatively practical technique compared to conventional FT-IR
analysis, being faster, avoiding extraction steps, and quantifying directly the sum of
MP in the samples. Also, Du et al. [109] successfully identified plastic particles (PP,
PVC, PET, and polyamide) in soils in terms of particle size and abundance using the
Time-of-Flight Secondary Ion Mass Spectrometry Technique (TOF-SIMS). The
results of this study showed that TOF-SIMS can be used to quickly analyze plastic
particles in soils while simultaneously obtaining imaging and mass spectrometry.
However, the fragmentation ions of some plastic particles do not allow differentiat-
ing from each other in mass spectrometry. This occurs for PP and PE, which could
not be distinguished based on their observed ions. Therefore, the relative ionic
intensity of the suspected areas of PP was calculated and compared with those
obtained from the PE and PP standards to get its identification [109]. Likewise,
other methods, such as the Near-infrared (NIR) spectroscopy process, have been
used in combination with chemometric for the detection of plastic particles (PET,
PP, PVC, PE, and PS; <125 μm) in soils. The Pressurized Liquid Extraction (PLE)
with Pyr-GC/MS or FT-IR, or Hyperspectral Imaging Technology with
chemometrics, have also been used to detect MP in soils [56, 110–112].
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Table 2 Advantages and disadvantages/limitations of the most common techniques for quantifi-
cation and identification of MP in soils

Group technique Technique Advantages Disadvantages/limitations

Visual techniques Visual
characterization

• Fast
• Cheap
• Simple identifi-
cation of shape,
size, and colors
• Non-destructive

• Low precision
• Potential misidentification
• Subjective analysis
• No small plastic particles
(<1 mm)
• No chemical composition
• No quantification

Optical micros-
copy/
stereomicroscope

• Fast
• Cheap
• Simple identifi-
cation of shape,
size, and colors
• Non-destructive

• Low precision
• Potential misidentification
• Subjective analysis
• No particle sizes <200 nm low
differentiation between MP and
other no MP compounds
• No chemical composition
• No quantification

SEM • High precision
(<200 nm)
• Shape and size
identification
• Non-destructive,
• Differentiation
from no MP
compounds

• High cost
• Long time to prepare and analyze
samples
• No color detection
• No chemical composition

Spectroscopic
techniques

Raman • Easy sample
preparation
• Non-destructive,
• High-resolution
images
• Identification of
MP composition
• Good spatial
resolution
(1 μm)
• SERS (limit
detection 500 nm)

• High cost
• Long time analysis
• Samples require refinements
• Small area analysis
• Interferences with organic/inor-
ganic materials

FT-IR • Fast
• Simple analysis
• Non-destructive,
particles
• Limit detection
(> 500 μm)
• Low-cost identi-
fication
• Good reproduc-
ibility
• Automated
• μ-FT-IR (detec-
tion 10 to 500 μm)

• Strong interference from water
and organic matter
• Particles without coating, film, or
other materials
• Sample thicknesses (> 150 nm)
• Sample preparation on IR trans-
parent material

(continued)
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5 Conclusions

As we have just seen, different issues remain to be improved in terms of extraction,
identification, and others, regarding MP in soils, mainly due to the absence of a
standardized protocol covering their extraction, quantification, and identification.
Unlike aquatic ecosystems, terrestrial ecosystems are very heterogeneous. The
development of standardized protocols for plastic extraction from soils is very
challenging because it is matrix affected by high complexity and diversity among
regions or even in soils collected within a few meters from each other. Therefore,
future studies should focus on how to improve the extraction of microplastics

Table 2 (continued)

Group technique Technique Advantages Disadvantages/limitations

Spectroscopic
techniques

TOF-SIMS • Direct analysis
of plastic particles
• Imaging and
mass spectrometry
simultaneously
• High spatial res-
olution
• High sensitivity
• Easy sample
preparation

• Fragmentation of samples in ions
• No direct identification

Thermoanalytical
techniques

TED-GC/MS • Fast analysis
• Quantification of
MP
• Identification of
MP
• High samples
masses

• High cost
• MP destruction
• No morphological information
(size, color, shape, or number of
plastic particles)
• Dry sample needed
• Pre-concentration

Pyr-GC/MS • Easy and reliable
• Sensitive and
robust
• Quantification of
MP
• Identification of
MP
• Identification of
additives

• High cost
• Small samples masses
• MP destruction
• No morphological information
(size, color, shape, or number of
plastic particles)
• Dry sample needed
• Pre-concentration

TGA-MS • Detection of all
particle sizes
• Analysis of large
samples (15–
25 mg)
• Quantification of
MP
• Identification of
MP

• MP destruction
• No morphological information
(size, color, shape, or number of
plastic particles)

280 D. Arenas-Lago et al.



without affecting the integrity of the soil, especially when digesting organic matter,
as well as on the creation of protocols adapted to different soil properties.
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Abstract Human pathogenic viruses can be introduced into sewage sludge and soils
via fecal material from a variety of human activities. These contaminated matrices
can play a substantial role in the dispersion of pathogenic viruses in the environment,
constituting a potential public health problem if they enter the water cycle or the food
chain. However, the interactions between pathogenic viruses and these matrices have
received less attention compared to other environmental compartments. Understand-
ing the presence of viruses, their persistence and fate in solid or semi-solid matrices
like sludge and soil is important for the effective control of the infections they may
cause. In this chapter, we summarize current knowledge about human pathogenic
viruses in sewage sludge and soil, their importance in public health, and the factors
that govern their transport and persistence in soil matrices. We also review the
occurrence and variety of common and emerging viruses excreted in the feces and
their presence in sewage sludge and soil, as well as the potential use of certain
viruses as indicators of fecal pollution.
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1 Introduction

Transmission of human pathogenic viruses can occur either directly, by close contact
between two hosts, or by indirect transmission through the environment. The main
source of pathogenic viruses in the environment is the discharge of human and
animal fecal matter from infected individuals, being transmitted back to susceptible
hosts by direct contact or through consumption of water or foods (shellfish, fruits and
vegetables) contaminated with wastewater in their harvesting areas [1]. This mode of
transmission is known as the fecal-oral route and viruses transmitted in this manner
are commonly referred to as enteric viruses [2]. The potential modes of transmission
of enteric viruses through the environment are illustrated in Fig. 1.

Enteric viruses typically replicate in the gut, then are shed in large quantities in
the feces of infected individuals, including asymptomatic carriers, and are widely
prevalent in the community [3]. An infected person with diarrhea can shed between
1010 and 1012 viral particles per gram of feces [4]. However, our inability to detect
the numerous asymptomatic infections caused by enteric viruses and the fact that
environmental transmission is sometimes masked by person-to-person spread has
traditionally made difficult the study and the appreciation of the real scope of the
environmental transmission of these viruses [5]. In addition, our knowledge of the
presence of other viruses, not commonly associated with the fecal-oral route of
transmission, like coronaviruses and other respiratory viruses, in wastewater, is
largely limited, which, as indicated by Bibby and Peccia [6], would be probably
caused by scarce environmental investigations dealing with the fate of these viruses
in the urban water cycle. Table 1 includes the main viruses that can be found in
environmental samples.

The majority of the viral load associated with human and animal feces enters
municipal wastewater through the sewage systems. Their number in raw municipal

Fig. 1 Possible modes of transmission of enteric viruses in the environment
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Table 1 Human pathogenic viruses, taxonomy, genomic characteristic, and disease symptoms

Virus Genus (family) Genome Symptoms

Non-
enveloped
viruses

Adenovirus
(AdV)

Mastadenovirus
(Adenoviridae)

dsDNA From common cold to
severe pneumonia, gastro-
enteritis, conjunctivitis,
cystitis, and neurological
illness

Aichi virus
(AiV)

Kobuvirus
(Picornaviridae)

+ssRNA Fever, nausea, diarrhea,
vomiting, and abdominal
pain

Astrovirus
(AsV)

Mamastrovirus
(Astroviridae)

+ssRNA Mild gastroenteritis (nau-
sea dehydration, vomiting,
and diarrhea)

BK polyomavi-
rus (BKPyV)

Betapolyomavirus
(Polyomaviridae)

dsDNA Emerging pathogen in
kidney and bone marrow
transplant recipients, caus-
ing related nephropathy
and hemorrhagic cystitis

Bocavirus
(HBoV)

Bocavirus
(Parvoviridae)

ssDNA Cold with fever, upper
respiratory infections, and
gastroenteritis

Coxsackievirus
type B (CVB)

Enterovirus
(Non-polio)
Picornaviridae

+ssRNA Myocarditis, chronic
dilated cardiomyopathy,
diabetes, heart failure,
encephalitis, aseptic
meningitis

Hepatitis A
virus (HAV)

Hepatovirus
(Picornaviridae)

+ssRNA Fever, diarrhea, malaise,
nausea, jaundice, and dark-
colored urine

Hepatitis E
virus (HEV)

Orthohepevirus
(Hepeviridae)

+ssRNA Mild fever, anorexia, nau-
sea, vomiting, abdominal
pain, itching, skin rash,
joint pain, jaundice, and
hepatomegaly

JC polyomavi-
rus (JCV)

Betapolyomavirus
(Polyomaviridae)

dsDNA Progressive multifocal
leukoencephalopathy
(PML), an often-lethal ill-
ness of the human brain

Reovirus
(ReoV)

Orthoreovirus
Reoviridae

dsRNA Pneumonia, meningitis,
myocarditis, encephalitis,
choledochal cysts, biliary
atresia

Norovirus
(NoV)

Norovirus
Caliciviridae

+ssRNA Headaches, fever,
vomiting, abdominal
cramps, diarrhea, stomach
pain

Sapovirus
(SaV)

Sapovirus
(Caliciviridae)

+ssRNA Vomiting, cramps, diar-
rhea, myalgia, headache,
chills, nausea, and abdom-
inal pain

(continued)
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sewage may range from 102 to 107 genome copies/L [7]. However, sewage treatment
processes, when present, are only partially effective in viral removal [8, 9]. Effluents
and sludges from wastewater treatment plants (WWTPs) are frequently recycled in
agricultural applications [9, 10]. In addition, enteric viruses from animal husbandry,
runoff, and other origins can be present in the solid phase of natural environments
that receive solid or liquid fecal materials [11]. The exposure of workers to patho-
gens is also a potential risk due to the generation of aerosols in the aeration facilities
of the WWTPs or during the handling or land application of sludge and
biosolids [12].

The presence, persistence, and fate of human pathogenic viruses in solid or
semisolid matrices like sewage sludge and soils can thus constitute potential repos-
itories of these pathogens in the environment that may come into contact with the
population in a variety of ways. However, the interactions between pathogenic
viruses and these matrices have received less attention compared to the other
compartments, like coastal areas and surface water bodies. Understanding their
presence, persistence, and fate in the environment is important for the effective
control of these infections.

Table 1 (continued)

Virus Genus (family) Genome Symptoms

Parechovirus
(HPeV)

Parechovirus
(Picornaviridae)

+ssRNA Fever, diarrhea, cold,
sepsis-like syndrome,
meningitis, flaccid paraly-
sis, encephalitis, seizures,
and hepatitis

Rotavirus
(RoV)

Rotavirus
Reoviridae

dsRNA
(segmented)

Abdominal pain, watery
diarrhea, vomiting, and
fever

Saffold virus
(SAFV)

Cardiovirus
(Picornaviridae)

+ssRNA High fever, neurological
symptoms

Torque teno
virus (TTV)

Anellovirus
(Circoviridae)

ssDNA
(circular)

Hepatitis-associated
aplastic anemia, liver fail-
ure, and cryptogenic
cirrhosis

Human papillo-
mavirus (HPV)

Papillomavirus
(Papillomaviridae)

dsDNA Warts, particularly genital
warts

Enveloped
viruses

Severe acute
respiratory
syndrome
(SARS-CoV-1)

Betacoronavirus
(Coronaviridae)

+ssRNA Fever, fatigue, headache,
chills, muscle pains, diar-
rhea, dry cough, shortness
of breath

Severe acute
respiratory syn-
drome corona-
virus 2
(SARS-CoV-2)

Betacoronavirus
(Coronaviridae)

+ssRNA Headache, loss of taste,
sore throat, congestion,
runny nose, nausea,
vomiting, diarrhea, fever,
chills, cough, shortness of
breath, fatigue, and body
aches
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2 Persistence and Fate of Human Viruses in Sewage Sludge
and Soils

Figure 2 shows a summarized graphical representation of interconnected factors that
drive the environmental persistence of viruses.

2.1 Viruses in Sewage Sludge

Sewage treatment procedures are not totally effective in virus removal [8, 9] so part
of these viruses is merely transferred to sludge. In sludge, viruses tend to be solid
associated. Adsorption efficiency varies for different viruses and is influenced by
certain solids, water, or virus characteristics such as ionic force, pH, organic matter,
dissolved salts, or the size and the isoelectric point (surface charge) of the virus
[13, 14]. Viruses adsorbed to solid particles are usually less sensitive to inactivation
than those in water suspension, not bond to particles that reduce the area exposed to
substances with inactivation potential, also considering the shadowing effect due to
solid particles, which could protect viruses from UV radiation [15, 16].

Prado et al. [17] reported that elevated norovirus (NoV) counts were detected in
secondary effluents even after activated sludge treatment (105–103 genome copies/L)
and that an additional reduction in their concentrations could be reached using
tertiary treatments. Tertiary treatments can include chlorination, and/or sand-
anthracite filters, coagulation, and membrane bioreactor (MBR)/reverse osmosis
(RO). Prado et al. [17] indicate that “although sand-anthracite filters and chlorination
are economically more viable as tertiary effluent treatment, MBR/RO systems are

Fig. 2 Summary of the
interconnected factors that
drive the environmental
persistence of viruses
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more suitable for the production of reclaimed water where the application requires
higher quality criteria.” As regards virus removal, MBR and RO are considered
high-performance systems, reaching, in the case of NoV, an overall mean reduction
of 3.35 LOG [18]. However, Francy et al. [19] and Miura et al. [20] indicate that
even with MBR being highly efficient in virus removal, NoV have been detected in
effluents from these systems.

The vast majority of research related to virus in biosolids has dealt with
non-enveloped viruses. Virus densities vary for specific pathogens and as a function
of the procedures employed in their removal. Non-enveloped viruses (such as
adenoviruses, polioviruses, or norovirus) are much more robust than those
enveloped, like influenza viruses or coronaviruses, due to the higher susceptibility
of the outer lipid membrane of enveloped viruses to disinfection and environmental
stressors. Overall, the risk of exposure to any pathogenic virus shows a decrease with
more intensive treatments applied to fecal waste and biosolids. In fact, the highest
risk is related to the spreading of non-treated feces, untreated municipal sludge, class
B biosolids, and Class A biosolids.

Thermophilic digestion has been reported to be more effective than mesophilic
anaerobic digestion for non-enveloped enteric viruses [21, 22]. Mesophilic anaero-
bic digestion decreased enteric virus numbers in digested sludge by an average of
1.97 LOG reduction (94.4%), while the reduction obtained by thermophilic anaer-
obic digestion reached 4.6–7.1 LOGs or to levels below the detection capacity
(>2.8–>5.8 LOGs), depending on the virus [21]. Furthermore, Viau and Peccia
[23] indicated that “mesophilic anaerobically digested Class B biosolids further
treated to Class A with heat pelletization (35� to 37�C for 10 to 20 days, dewatering,
followed by a low-pressure oxidation drying system) and composting (agitated
windrow method) resulted in even lower virus levels.” Other reported LOG reduc-
tion ranges for certain sludges treatments were 0.5–2 LOGs for aerobic digestion,
2 to >4 for composting, 0.5 to >4 for air drying, and >4 for lime stabilization [24].

2.2 Viruses in Soils

Sewage sludge and manure application onto land is, traditionally, the main source of
human pathogenic viruses present in soils. For centuries, untreated wastes have been
applied to land as a method for supplying soils with valuable nutrients. Until the
1940s, only the nutritional aspect of this practice was considered, and the health
aspects were generally of no concern. Since then, we know that sewage carries many
human and animal pathogenic agents, including enteric viruses. The fate of viruses
in soil depends on a variety of soil, environmental, and viral factors that affect the
transport and survival of viruses in this matrix.

294 D. Polo and J. L. Romalde



2.2.1 Transport of Viruses in Soils

Key factors with the main effect on virus transport through soils are virus adsorption,
pH, ionic strength of the soil solution, presence of soluble organic matter, and the
hydraulic flow rate. These factors are interconnected and interact with each other to
determine the viral transport in the soil column.

Virus adsorption to soil is principally determined by the soil texture and compo-
sition, the ionic strength and the type of virus. It is well known that clay soils show
an overall higher virus-retaining capacity than sandy-textured soils, and muck soils
have a low affinity for viruses, as indicated by authors such as Scheuerman et al.
[25], Sobsey et al. [26], or Meschke and Sobsey [27].

Both dissolved and soil-associated organic matter weakens the electrostatic
binding established between soils and viruses. As a general rule, clay minerals are
much more stronger sorbents than soils with organic matter contents. The suppres-
sion mechanism of these organic compounds on viral adsorption to clay minerals is
the competition of proteins with the virus for sites on the minerals [28]. For example,
montmorillonite, glauconite, and bituminous shale are less effective than magnetite
sand and hematite, both of which are predominantly iron oxides, that have been
reported as one of the most effective adsorbers [29–31]. Viral transport is also
promoted by soluble organic materials present in sludge and wastewater effluents,
and by humic and fulvic acids [31, 32]. As previously noted by Chattopadhyay et al.
[33], “domestic wastewater contains surfactants that result from the use of laundry
detergents, and these surfactants inhibit virus adsorption to surfaces, thus increasing
transport through soils.”

It is relevant that hydrophobic as well as electrostatic interactions play a role in
virus adsorption to soils. In this way, it is of main importance the fact that, generally,
soils have both negatively and positively charged sites (as well as hydrophobic
sites), while viruses usually show negative charges, above the isoelectric point. As
indicated by Armanious et al. [34], small amounts of hydrophobic material can
retard virus transport in porous media. Previous studies, such as those by Lance and
Gerba [35], Vaughn et al. [36], and Bales et al. [37], have shown that virus transport
is also promoted by increasing hydraulic flow rate, or by increasing pH. To note that
pH value influences the charge on both soils and viruses, while the ionic strength and
its constituents determine the binding force affecting them. Soils with a low pH are
generally good adsorbers for viruses, while viruses adsorb poorly to soils in situa-
tions where solutions have low ionic strength. It has been reported that higher ionic
strength, due to the presence of cations, reduced the electrokinetic potential of both
clay and virus particles, enhancing viral adsorption, with divalent cations like Ca2+

and Mg2+ being more effective than monovalent cations [34, 38].
Adsorption also varies with the type and strain of the virus. Distinctive adsorption

characteristics of four similarly sized and spherical viruses can be related to differ-
ences in polarities of the viruses and to surface charges on the capsid. This is
important since model viruses do not always simulate the survival and distribution
of other viruses of public health importance [32, 34].
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2.2.2 Survival of Viruses in Soils

Viral decay in the soil provides a barrier to the transmission of infectious diseases to
humans and livestock, but those not yet inactivated can return to surface water as
leachate and/or runoff, and to groundwater following subsurface and deep-transport
processes. Those released by rainwater may contaminate ground and surface waters
through vertical and lateral movement [38]. They can also be incorporated into crops
after irrigation with contaminated water. Although the exact mechanism and the
extent of this phenomenon are not well known, previous studies reported the
internalization of enteric viruses such as human and murine norovirus and hepatitis
A virus through the roots of different vegetables [39–41]. In addition,
Chandrasekaran and Jiang [39] also demonstrated that viral attachment to soil
particles is an important mechanism for viral risk reduction in comparison with
hydroponically grown vegetables.

Authors such as Gessel et al. [42] and Campos et al. [43] have indicated that
survival times of enteric microorganisms vary widely in top soil, reaching as long as
several months. Survival of viruses in soils depends on factors that also govern their
transport such as the nature and texture of the soil, the characteristics of the virus; the
pH, ionic strength, and the dissolved organic matter of embedding water
[13, 44]. However, soil temperature and moisture appear to be the most important
factors in viral persistence. Viruses survive better at low than at high temperatures.
Virus inactivation is also accelerated by a decrease in soil moisture [45]. Hurst et al.
[46] and Sobsey et al. [26] have shown that soil microorganisms may also produce
antiviral substances that increase the rate of viral inactivation. The levels of aeration
or aerobicity (anaerobiosis), as well as the presence of heavy metals and acid
pollutants, can also influence the inactivation of viruses in soils [16, 45–47].

3 Emerging Viruses in Soil and Sewage Sludge

The presence of human pathogenic viruses in sewage reflects part of the viral
infections that are transmitted in the population. Viral shedding in wastewater allows
tracking of emerging pathogens and the subsequent study of the epidemiology of
enteric infectious diseases in communities. Environmental surveillance of urban
wastewater can also be useful in tracking emerging viral pathogens and monitoring
the changing epidemiology of enteric infectious diseases [48]. Studies, as well as
regulations, on the presence and fate of viruses in sewage and aquatic environments,
are often limited to enteric viruses, that are typically non-enveloped. However,
wastewater can also contain a number of human viruses outside of the common
enteric viruses, including enveloped respiratory viruses like influenza virus and
coronavirus [6].
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3.1 Non-enveloped Viruses

Common enteric viruses present in wastewater are non-enveloped viruses from
different genera, most of them belonging to four viral families: Picornaviridae,
Caliciviridae, Adenoviridae, or Reoviridae. These viruses typically replicate in the
gastrointestinal tract and are excreted in large quantities in the feces of symptomatic
or asymptomatic infected individuals and for several weeks. They are highly resis-
tant in the environment and transmitted via the fecal-oral route following exposure to
drinking water, recreational waters, and foods contaminated by wastewater and
effluents from WWTP. Adenovirus (AdV), norovirus (NoV), sapovirus (SaV),
rotavirus (RoV), hepatitis A virus (HAV), astrovirus (AsV), and enterovirus (EV),
including polio and non-polio EV, are the most common genera found in wastewater
and sewage sludge. There is an extensive literature regarding these viruses in
wastewater and sewage sludge [6, 8, 22, 49, 50]. Emerging non-enveloped enteric
viruses include Aichi virus (AiV), BK polyomavirus (BKPyV), JC polyomavirus
(JCV), Human bocaviruses (HBoVs), Human parechovirus (HPeV), Reovirus
(ReoV), Human Saffold virus (SAFV), Torque teno virus (TTV), and Hepatitis E
virus (HEV).

The case of HEV is of special relevance since it become a worldwide public
health concern. HEV is a + ssRNA virus (Hepeviridae family), with zoonotic
potential, that infects a wide range of mammalian species. HEV is increasingly
reported in Europe, attracting the attention of the European Authorities [51]. How-
ever, data regarding the burden of HEV infections are limited due to the lack of HEV
surveillance in many European countries [52]. HEV transmission normally occurs
via contaminated drinking water or contaminated food. The environmental contam-
ination from human/animal sources may have relevance in the dissemination of
HEV. In fact, this virus has been detected in urban sewage, being frequent in sewage
and sludge from pig slaughterhouses in Europe. As specific details, note that HEV
prevalence within herds of domestic swine, as well as in pig production regions in
Europe, is often really high (98% in Spain; 55% in the Netherlands), and HEV
genotype 3 has been detected in domestic swine in many high-income countries
[53]. Shellfish harvested close to land and animal farms can bioaccumulate HEV,
including genotypes 3 and 4 that have been isolated from both humans and animals,
and are recognized as zoonotic pathogens [54].

3.2 Enveloped Viruses

Enveloped viruses (e.g., coronaviruses, Ebola virus, or influenza viruses) are tradi-
tionally considered more susceptible to inactivation in the environment and gener-
ally not associated with fecal routes of transmission in humans. Fecal samples are
rarely collected for non-enteric illnesses; however, recent wastewater metagenomics
studies have revealed a large diversity of human pathogenic viruses in feces and
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different sewage-related samples, including some enveloped viruses, typically con-
sidered respiratory viruses [6, 49]. From the wastewater perspective, coronaviruses
(CoVs) and avian influenza viruses are particularly important to consider.

Avian influenza viruses usually cause illness in birds, but occasionally cross over
to humans and result in serious illnesses. Unlike human influenza viruses, certain
avian influenza strains are transmitted via the fecal-oral route in birds [55]. The
highly pathogenic H5N1 virus crossed over from birds to humans in 2004. The virus
was present in stool samples [56], infected and replicated in human gut tissues [57]
and patients experienced severe diarrhea [56, 58]. Other strains, like the H7N9 virus,
which emerged in humans in 2013, or the H1N1 strain that caused illness in humans,
were also detected in stool samples and exhibited unusually high gastrointestinal
symptoms [59–62].

The knowledge of the presence of CoVs in wastewater is relatively limited due to
the lack of previous environmental investigations focusing on these viruses. During
the SARS outbreak in 2004 in China, SARS-CoV-1 RNA was detected both in
untreated and treated wastewater samples collected from a hospital in Beijing,
receiving SARS patients [63]. Wastewater was also believed to be at least partly
responsible for a previous SARS outbreak due to a faulty ventilation and plumbing
system [64]. However, the recent COVID-19 pandemic has drastically increased
interest in the detection of CoVs in wastewater, mainly as a disease surveillance tool,
an application known as wastewater-based epidemiology [48]. There have been
initial reports of the molecular detection of SARS-CoV-2 in wastewater in the
Netherlands, USA, France, Australia, and Spain [65–67]. These studies reported
the detection of SARS-CoV-2 RNA in untreated wastewater with maximum con-
centrations over 106 genome copies/L.

Regarding the presence of CoVs in sludge or soils, the literature is scarce. For
example, Bibby and Peccia [6] detected the RNA from two CoV strains (HKU1 and
229E) in untreated wastewater sludge and Class B biosolids in 83% of the samples.
On the other hand, SARS-CoV-2 RNA was also detected in sludge. Serra-Compte
et al. [68] reported that non-treated sludge (from primary and secondary treatments)
presented a higher occurrence of SARS-CoV-2 RNA than the corresponding water
samples, demonstrating the affinity of virus particles for solids. Furthermore, SARS-
CoV-2 RNA was detected in treated sludge after thickening and anaerobic digestion
(quantification levels of 103 genome copies/L), whereas viral RNA was completely
eliminated from sludge only when thermal hydrolysis was applied. Balboa et al. [69]
also reported the occurrence of SARS-CoV-2 in thickened sludge and pinpointed it
as a hotspot of virus RNA in the plant. SARS-CoV-2 viral RNA was also quantified
in solids collected from influent post grit solids (PGS) and primary clarified sludge
(PCS), in levels ranging from 103 to 105 genome copies/L [70]. So far, the presence
of infectious SARS-CoV-2 in wastewater or biosolids has not been documented.
However, Zhang et al. [71] reported the presence of SARS-CoV-2 RNA in hospital
outdoor soil (205–550 genome copies/g), pointing to respiratory droplets from
asymptomatic COVID-19 patients, contamination from medical wastes or deposi-
tion from aerosols as the potential routes of soil contamination.
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4 Emerging Viral Indicators of Fecal Pollution

Fecal indicator bacteria (FIB) such as E. coli and enterococci are typically used as
indicators of fecal pollution in water. However, FIB differ from viral pathogens in
terms of persistence in water. To overcome this limitation viral indicators have been
proposed to represent viruses in sewage-contaminated water better than FIB [72].

Previous studies have investigated human pathogenic viruses as possible viral
indicators. Human AdVs, PyVs, and AiVs are frequently found in wastewater and
other polluted environments, being suggested as potential fecal indicators [50, 73–
75]. However, and despite being human-specific, human pathogenic viruses can also
show distinct seasonality or variable prevalence by region [76]. Bacteriophages
infecting bacteria associated with the human gut are also common in wastewater.
Somatic coliphages (phages infecting E. coli) and F-specific RNA bacteriophages
(phages infecting bacteria through the F-pili) are commonly used to assess waste-
water contamination [50].

Recently, two novel viruses have been reported as promising viral indicators: a
cross-assembly phage (crAssphage) and the pepper mild mottle virus (PMMoV).
CrAssphage is a bacteriophage, discovered in 2014 by computational analysis of
human fecal metagenomes [77]. This bacteriophage, that infects the human gut
symbiont Bacteroides intestinalis, is highly abundant in the human microbiome on
a global scale [78] and its usefulness as an indicator of human fecal pollution for
impacted urban watersheds was demonstrated [79, 80].

Interestingly, a plant virus, the pepper mild mottle virus (PMMoV), has also been
shown to be associated with human wastewater and suggested to be a useful
indicator for wastewater contamination [81, 82]. The primary source of PMMoV
in human excreta is through consumption of peppers (Capsicum spp.) [83]. However,
its shape and size differ from other pathogenic viruses with icosahedral capsids and
hence its fate and behavior in the environment may be different.

5 Conclusions

Understanding the presence, persistence, fate, and diversity of pathogenic viruses in
biosolids and manure and their introduction into the soils, are crucial aspects to
providing better control and management strategies designed to mitigate their
potential microbiological health risks associated with common agriculture practices,
like land application of raw or treated sewage sludge and crop irrigation with
reclaimed water. This information would also assist in making rational regulatory
and treatment design decisions in the assessment of human exposure routes to
viruses, wastewater source tracking applications, and the efficacy of virus removal
from a variety of wastewater treatment schemes.
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