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Preface 

Our world is currently affected by a variety of environmental and social problems 
that need to be taken into account, and humans should make the highest efforts to 
help mitigate or solve these crucial issues. Within them, with a more specific focus, 
working to achieve substantial advances in Soil Science research would promote 
significant positive effects for the environment in general, and particularly for living 
beings that inhabit it. 

This book has been conceived with this objective, specifically focusing on new 
research in Soil Science, but also constituting the first volume in a tentative Book 
Series dealing with new research proposals in sciences (mainly environmental), in 
which the aim will be that different problems and proposals for research will be 
progressively addressed to control them as far as possible. 

The current book includes chapters written by research teams working on soil and 
environmental sciences in different countries, showing specific particularities, but all 
of them searching for improving our knowledge on soils and the overall environment, 
and on ways to increase wellness in our planet (Fig. 1).
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Fig. 1 Images showing examples of forests and soils, where humans could find paths to 
sustainability



Preface vii

The scientific editor would like to thank all authors, reviewers and the staff of 
Springer Nature involved. We hope that this work will be interesting and useful for 
researchers, as well as for the society, contributing to the study and understanding 
of the soil and the specific environmental aspects covered in the book. 

Lugo, Spain Dr. Avelino Núñez-Delgado 
Scientific Editor
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Introduction Chapter for the Book 
“Frontier Studies in Soil Science” 

Avelino Núñez-Delgado, Esperanza Álvarez-Rodríguez, 
María J. Fernández-Sanjurjo, Ana Barreiro-Buján, Andrés Rodríguez-Seijo, 
Juan José Villaverde, Montserrat Díaz-Raviña, and Jorge Mataix-Solera 

Abstract In this introductory chapter the authors show their views on what they 
consider current and future fundamental issues to advance knowledge and research 
in Soil Science. Each of the authors gives responses to a question posed by the 
scientific editor of the book. Furthermore, additional data is included to show a 
picture corresponding to the current situation of the theme, as per different scientific 
searching tools. 

Keywords New research · Environmental sciences · Environmental issues ·
Research proposals · Soil science 

1 Justification 

This introductory chapter has been designed following a peculiar structure, with the 
reason explained below. 

The origin of this chapter is closely related to a scientific meeting held in 
Guimaraes (Portugal), with the participation of the so-called “Guimaraes Group”, 
taking place on May 17th, 2023, to talk about soil science, among other tasks. There, 
the scientific editor of this book asked a question to those in the meeting, as well as
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Fig. 1 A sight of Guimaraes, where the Guimaraes Group was constituted in June 2022, and held 
a scientific meeting on May 2023

to a limited number of additional colleagues which were contacted by email. As a 
result of the talks and email exchanges, both the editor and the researchers providing 
responses decided that it could be interesting to include the question and the answers 
to it as main aspects of this Introduction chapter (Figs. 1 and 2). 

2 Question to the “Guimaraes Group” 

The question was as follows: 
What do you see as the current (and/or future) fundamental issues to advance 

knowledge and research in Soil Science? 
You could consider any geographic scale, as some issues may be seen as more 

relevant or meaningful when formulated at the local level, while others become more 
important with another spatial dimension. 

Please, argue sufficiently, giving all the details needed, in a way that you see (and 
the readers could see) your response clearly depicting what you intend to convey. 

Figure 3 shows some soil profiles, just illustrating classical starting points for soil 
research.
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Fig. 2 Brugmansia arborea at Guimaraes (on the left), and Magnolia grandiflora in Lugo university 
campus (on the right), symbols of the Guimaraes Group

Fig. 3 Three soil profiles in the North of Galicia 

3 The Answers 

Ordered alphabetically by names, the responses by the authors of the chapter were 
as follows.
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3.1 Response by Álvarez-Rodríguez, Esperanza 

In the field of Soil Science, several fundamental issues currently exist that pose 
challenges to the advancement of knowledge and research. These issues are crucial 
to address in order to effectively understand and manage soils, both at local and 
global scales. Below, I will outline some significant challenges: 

1. Soil degradation and loss. Soils are fundamental to life and to maintain their 
health is vital for agricultural development and ecological sustainability [2]. Soil 
degradation it is a change in soil health condition that reduces the capacity of the 
ecosystem to provide goods and services [23]. Land degradation has become a global 
issue that affects most terrestrial biomes and agro-ecological systems. The decline 
in soil quality and productivity due to factors such as erosion, compaction, nutrient 
depletion, pollution, acidification, desertification, and salinization, is a major chal-
lenge for future generations [59]. This issue is particularly critical due to unsus-
tainable agricultural practices, urbanization, industrial activities and forest fires that 
contribute to soil degradation. Erosion, both water- and wind-induced, leads to loss 
of fertile topsoil, reducing soil productivity and negatively impacting food security 
[8]. It is essential to study the underlying causes and implement effective conserva-
tion practices to mitigate soil erosion. Soil pollution is another important problem 
that leads to soil degradation and have severe implications for food security and 
ecosystem health. Anthropogenic activities, such as the use of agrochemicals, indus-
trial discharges, and improper waste disposal, lead to soil contamination [52]. The 
pollutants may persist in the soil for extended periods, adversely affecting soil quality, 
ecosystem health, and potentially entering the food chain [44]. In this sense, in 
recent years there has been a growing concern about emerging pollutants, chemical 
compounds that are not traditionally monitored or regulated but have been recog-
nized as potentially harmful to ecosystems and human health. These contaminants 
include pharmaceuticals, personal care products, pesticides, and industrial chem-
icals, and they may enter the soils through various pathways such as wastewater 
irrigation or application of contaminated biosolids as fertilizers [13, 60]. Research 
is needed to assess the fate, transport, and persistence of emergent contaminants in 
soils, as well as their potential impacts on soil ecosystems and the wider environ-
ment. Developing analytical techniques and monitoring programs to identify and 
quantify these contaminants in soils, and develop legislation with limit values for 
these contaminants, is crucial for effective risk assessment and management. It is 
also essential to study the use of low-cost materials, such as residues or by-products 
from different activities, to prevent the entry of these contaminants into the food 
chain. It is well known that the generation of a huge amount of waste is one of the 
major problems facing today’s society, including agricultural, industrial, and munic-
ipal waste, or plastics from different activities, that may have detrimental effects 
on soils [52]. Improper disposal of wastes can lead to soil contamination, nutrient 
imbalances, and the release of harmful substances. Some waste may contain heavy 
metals and other chemical pollutants, which can persist in soils and pose long-term 
risks to ecosystems and human health [44]. However, it is necessary to analyze these
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residues because many of them could be valued in the agricultural field, providing 
organic matter and nutrients, or as adsorbents for pollutants such as heavy metals or 
emerging contaminants. Understanding the impacts of different waste management 
practices on soil quality, developing effective remediation strategies, and promoting 
sustainable waste management systems are crucial research areas to mitigate the 
negative consequences of waste generation on soils. Some of them could be a valu-
able resource for soil when managed correctly, since they can improve fertility, 
soil structure, water retention, aeration, and nutrient availability for plants, reducing 
the need for chemical fertilizers. Research is also needed to use them as pollutant 
bio-adsorbents. Addressing waste generation requires a comprehensive approach 
involving waste reduction, recycling, proper waste management, and the develop-
ment of sustainable waste-to-energy technologies. Emphasizing the importance of 
recycling and composting can reduce the volume of waste entering landfills and 
positively impact soil health through organic matter recycling. 

So, advancing knowledge and research on the mechanisms, impacts, and preven-
tion of soil degradation are crucial for developing sustainable land management 
practices and promoting soil conservation. Implementing erosion control measures, 
reducing and recycling waste and restoring degraded soils through reclamation and 
rehabilitation efforts are important strategies to combat soil degradation. 

2. Climate change and soil carbon sequestration. Soil plays a significant role in 
carbon sequestration, regulating atmospheric CO2 levels. However, climate change, 
with its increased temperatures, altered precipitation patterns, and extreme weather 
events, can impact soil organic carbon content and decomposition rates [33]. Under-
standing how climate change affects soil carbon dynamics and finding ways to 
enhance soil carbon sequestration are critical for climate change mitigation. Devel-
oping a comprehensive understanding of the factors controlling soil organic matter 
decomposition, carbon stabilization mechanisms, and the impacts of land manage-
ment practices on soil carbon storage is crucial. This research can inform strate-
gies for enhancing soil carbon sequestration, promoting sustainable agriculture, and 
mitigating climate change. 

The warming of the Earth’s atmosphere also enhances evaporation rates, which, in 
turn, depletes moisture from the soil and exacerbates drought conditions. Droughts 
are intrinsically linked to water scarcity, as diminished precipitation reduces surface 
water levels, depletes groundwater reserves, and dries up rivers and lakes. Water 
stress reduces the availability of water resources for agriculture, further compro-
mising food production and exacerbating famine risks. Addressing climate change 
requires global cooperation and action to mitigate greenhouse gas emissions, promote 
sustainable practices, and enhance resilience to its impacts. By taking proactive 
measures, societies may mitigate the severity of drought, famine, pandemics, and 
other environmental problems linked to climate change. 

3. Soil–Plant interactions and nutrient cycling. Fertile soil is a non-renewable 
resource in terms of human time since and its production and regeneration can take 
hundreds or thousands of years [45]. Soils provide essential nutrients for plant growth, 
and their availability and cycling processes are fundamental for sustainable agricul-
tural production. However, there are still significant knowledge gaps regarding the
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complex interactions between soils and plants. Understanding the mechanisms of 
nutrient uptake, nutrient cycling dynamics, and the impact of soil properties on plant 
health and productivity is crucial. This knowledge can lead to the development of 
improved fertilizer management practices, precision agriculture techniques, and the 
promotion of sustainable nutrient cycling in agroecosystems. Additionally, studying 
the influence of soil microbiota on nutrient availability and plant health is an emerging 
field that holds promise for advancing sustainable soil management practices. 

4. Forest Fires. The increase in frequency and severity of forest fires in recent years 
have become a significant environmental concern [15]. Some impacts on soils are 
those indicated by Roshan and Biswas [49]: (a) Soil erosion: forest fires can lead to 
the destruction of vegetation and organic matter of soil. Without the vegetation cover, 
the soil becomes vulnerable to erosion by wind and water. On the other hand, when 
soil organic matter burns, it is transformed in CO2 and released into the atmosphere, 
contributing to global warming and climate change. This loss of organic matter 
also impacts soil structure and nutrient cycling processes. Soil erosion also increase 
surface runoff after a forest fire that may lead to sediment and ash entering nearby 
water bodies, negatively affecting water quality, clog waterways, and harm aquatic 
life. (b) Alteration of nutrient cycling: forest fires may alter the nutrient cycling 
processes in the soil. Some nutrients, like nitrogen and sulfur, are volatilized and lost 
during combustion, while others become more available for plant uptake after the 
fire. (c) Loss of soil microbial diversity: Forest fires may have severe impacts on soil 
microorganisms, which are essential for nutrient cycling and ecosystem functioning. 
High temperatures and combustion by-products may lead to the death or reduction of 
soil microbial populations, disrupting the delicate balance of the soil microbiome. To 
address the challenges posed by forest fires, both prevention and post-fire manage-
ment strategies are essential. Preventive measures and post-fire restoration efforts can 
focus on erosion control, reseeding native vegetation, and promoting the recovery of 
soil microbial communities. Additionally, promoting sustainable forest management 
practices and public awareness and community engagement in fire safety and preven-
tion are also crucial to minimize the human impact on forest fires. Researching holistic 
practices to forest fire management can protect soil health, preserve biodiversity, and 
ensure the long-term resilience of forest ecosystems. 

Addressing these fundamental issues requires interdisciplinary research collabo-
rations, increased funding for soil science research. Moreover, knowledge exchange 
and capacity building initiatives can help bridge the gap between research findings 
and practical applications, ensuring that scientific advancements positively impact 
soil management practices at various geographic scales. 

3.2 Response by Barreiro-Buján, Ana 

The detailed analysis of the soil microbial community is, currently and will be in the 
future, fundamental for the advance in the knowledge and research in Soil Science. 
Previous research has extensively addressed the determination and characterization
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of the different microorganisms that inhabit soil ecosystems, meanwhile the study 
of the soil microbial community functionality remains a challenge [39]. We know 
different families, species and genes that are part of the soil microbial community, 
but there is a lack of knowledge about what are their roles and functions in the 
complex soil ecosystem. Soil microbes are a key factor for the soil quality and health 
since they are largely responsible for soil fertility, and structure, biochemical cycling 
and soil C sequestration, even though for the latest they can act as both sink and 
source [46]. The decoded of the soil microbial functions in different ecosystems 
could contribute for example to improve crop yield and quality in agricultural soils 
[35]. For the study of the soil microbial community both large and local scale are 
important. Local scale studies are indispensable since climatic and physic-chemical 
properties can vary largely, even within small distances, and are determinant for the 
soil microbial community structure [6]. On the other hand, the results from the local 
studies are required to feed global models to obtain reliable results and predictions in 
subjects of major importance such as climate change and the role of the soil microbes. 

3.3 Response by Díaz-Raviña, Montserrat 

In the last two decades, specific concepts and ideas have been stressed to highlight 
the importance and role of soils in a healthy environment. These concepts refer to 
soil quality, soil health, soil sustainability and soil ecosystems as well as sustainable 
development goals. Soil health can be seen as the capacity of soil to function as a vital 
living system with an ecosystem and land-use boundaries, to sustain plant and animal 
productivity, maintain or enhance water and air quality and promote plant and animal 
health. Besides conceptually, soil health can be defined operationally by providing 
a key list of soil health indicators that includes physical, chemical, and biological 
properties. Studies concerning soil quality assessment and monitoring tools have 
been growing exponentially since the 1990s. Although a huge amount of papers 
(including original research, review papers, opinion papers, etc.) addressing many 
aspects concerning this topic have been performed worldwide (such as selection of 
best individual indicators used both individually, as simple indices, or in combination 
using complex equations derived from mathematical combinations or the application 
of statistical programs), the results are contradictory, questioning the validity of the 
tested indicators [7, 31]. 

The complexity and site-specificity of soil as well as the many linkages between 
soil functions and soil ecosystem services require highly demanding research focused 
on health assessment. Thus, the first step to address this known gap is the systematic 
compilation of the results of the studies performed over the last two decades in the 
same area and situations in which health assessment has been described. This will 
allow us to have a view of the art-state concerning how soil health can be effectively 
assessed, monitored, restored (if necessary) and—most importantly—used to guide 
land use and soil management decisions. Currently, there is an increasing interest
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of farming communities, researchers, industry, and policy makers towards a farmer-
feasible soil health assessment. Since soils vary greatly, approaches must be defined 
at local areas and cannot be extrapolated to other environment contexts. For this 
purpose, research should be focused on more practical methodologies and proto-
cols, including the existent feasible, effective, not expensive, and easily interpretable 
indicators, as well as in situ novel methods combining the measures of different 
soil properties. Soil functions, ecosystems quality and quantity, and the sustainable 
development goals are intrinsically related. At the end of last century, ecosystems 
services approaches emerged and have been implemented in some soils [43]. Studies 
of soil ecosystem services assessment, which is dependent on market values changing 
between countries or regions as well as over time, should be carried out in the future 
to encourage better dialogue between science and decision-making and hence for 
giving appropriate stakeholder recommendations and facilitate soil governance. 

In the discipline of soil microbial ecology, numerous studies concerning the 
high-resolution description of soil microbial communities, detection of taxa with 
minor abundance, screening of gene expression or the detailed characterization of 
metabolomes have been performed. However, the fault of enough effective descrip-
tion tools and limited possibilities to assign traits to community members make 
it difficult to link microbes to functions, and the analysis of processes related to 
enzyme activity measurements is still imperfect [4, 24]. Further studies should fill 
these knowing gaps as well as should focus on the observation of microorganisms at 
different levels of organization, ranging from a small scale, in order to look at indi-
vidual microorganisms (properties, in situ interactions, metabolic rates and activity), 
to a large scale, in order to look at the microorganisms at the community, ecosystem or 
biome levels. The recent development of novel tools including metabolomics, iden-
tification of genomes in metagenomics sequencing datasets or collection of trait data 
has the potential to bring soil ecology further. However, considering the extremely 
high soil complexity (scales, spatial heterogeneity, and temporal dynamics) and the 
small percentage of its biodiversity which is known (only around 5%), it will remain 
a highly demanding scientific discipline over the time. 

There is much literature exploring the response of soil microbial communities 
(mass, activity, structure, and function) to different perturbations of both natural and 
anthropogenic origin (erosion, salinity, drought, climate change, agricultural expan-
sion, conversion of natural habitats in rural areas and urban sprawl, soil management 
linked to agroforestry practices, presence of inorganic and organic contaminants, 
wildfires, etc.) and it is clear that these communities often do not recover their original 
state. But our understanding of how soil microbial communities and their collective 
metabolic activities resist and recover following these disturbances, and the conse-
quences of abrupt transitions in soil microbial communities for ecosystem function, 
is scarce. Given the important role of soil microbial communities for ecosystem 
restoration and sustainability, this represents an important knowledge gap. Recently, 
promising frameworks for quantifying resistance and resilience, and for diagnosing 
abrupt ecological change, have been developed [5]. Further research on this topic is 
needed to improve our knowledge of the soil functioning and agroforestry ecosystems 
restoration.
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In agricultural and forest ecosystems, biodiversity is a complex and multi-
faceted concept that includes both above-ground (e.g., plant species, structure, evolu-
tionary and functional trait diversity and composition) and below-ground diversity 
(e.g., soil macroscopic animals and microorganisms). The studies carried out to 
date have mainly focused on biodiversity within a single trophic group neglecting 
the fact that ecosystems functioning depends strongly on complex interactions 
between trophic levels and between above-ground and below-ground biodiversity 
[61]. Further research is needed to explore the relative effects of above-ground and 
below-ground biodiversity on ecosystems multifunctionality, while considering the 
direct and indirect effects of environmental conditions. In this regard, it could be 
clearly useful to optimize the functioning of the soil-microorganism-plant system and 
hence promoting the development and validation of environmentally friendly strate-
gies based on nature for the protection, maintenance, and improvement of agricultural 
and forest soil health. 

3.4 Response by Fernández-Sanjurjo, María J. 

In recent decades, the overall society has become aware of the fundamental func-
tions of soils in the ecosystem, in addition to that related to providing food and 
water, storing carbon and, in general, in the development of life. However, despite a 
rather slow awareness of the evident importance of the soil, some activities of direct 
or indirect anthropic origin are becoming more numerous and intense, causing a 
decrease, or even promoting the total destruction of edaphic functionalities. Many 
of these activities, such as pollution, overexploitation, erosion, or compaction, have 
been studied since the past century. However, the current strong pressure affecting 
ecosystems, and specifically the soil, including the effects of climate change, high-
lights the need to continue investigating the evolution of soil properties, and specially 
methods or procedures to mitigate these impacts. 

From just two centuries back to now, coinciding with the beginning of the so-called 
Anthropocene, the impact of human activities on the environment has experienced a 
clear and progressive rise, which is causing that the soil receives a cocktail of chem-
ical substances foreign to it, or that are found naturally in lower concentrations. These 
chemicals include heavy metals, plastics, rare earths, and drugs such as antibiotics and 
anti-inflammatories, both for veterinary and human use. For example, global produc-
tion of synthetic chemicals has increased exponentially, rising from 1 million tons in 
1903 to 400 million tons in 2000 [55]. Many of these pollutants are relatively recent 
but their speed of accumulation is very worrying; they are the so-called “emerging 
pollutants”. Given the magnitude of this problem, it is necessary to elucidate in detail 
their interactions with the soil, especially regarding microplastics and rare earths. In 
relation to microplastics, they come from the partial degradation of the huge number 
of plastics that are produced annually and that are dispersed throughout the environ-
ment, among other reasons due to their low recycling rate worldwide (<40% [37]).
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In fact, the term “plastisphere” has been coined as a new environmental compart-
ment [62]. As they are complex and very small particles (<5 mm), their study entails 
clear difficulties. Most research focuses on its behavior in the marine environment, 
while little is known about contamination in fresh water and soils. As for rare earths, 
they are the group of lanthanides of the periodic table of elements, which are being 
called “the vitamins of modern industry” [30] given their wide use in sectors such 
as technology (which generates millions of tons of waste annually), agriculture (in 
fertilizers and sewage sludge) and medical-pharmaceutical fields (contrasts, antibi-
otics), which also causes a remarkable dispersion in the ecosystem, with serious 
effects on microorganisms, plants, and human health. It is essential to investigate the 
behavior of these new contaminants in the environment, specifically their biogeo-
chemistry, their bioavailability, degradability, and their effects on the edaphic living 
phase, especially in relation to microorganisms, in addition to seeking alternatives 
to decrease their dispersion in the ecosystem. 

Another serious impact affecting soils is the agricultural overexploitation of some 
areas, with associated progressive loss of the arable layer, increased pollution due to 
the use of certain fertilizers and phytosanitary products, etc. Due to that, it is essential 
to intensify research on improving soil management, especially in aspects such as 
the search for alternatives to chemical fertilizers, biological control, improvement 
in crop rotation and tillage techniques. Furthermore, it is urgent to develop rigorous 
territorial planning, keeping in mind the conservation of the most fertile soils and 
biodiversity, avoiding actions that increase erosion and soil destruction. 

In addition, climate change, whose scientific evidence is compelling, is causing 
a magnification of impacts on the soil environment. In this sense, it is essential to 
determine how certain edaphic processes may be evolving due to the changes in 
the temperature, precipitation and sunshine regimes, to subsequently try mitigating 
these impacts. Specific studies should focus on how this phenomenon affects the 
availability of water, nutrient cycling, soil C storage capacity, and physical properties, 
as well as erosive processes. Furthermore, the influence of climate change on the 
alterability of rocks, clay-humic interactions, mineral formation and, in general, on 
the rate of soil formation, would be another key and interesting field of knowledge, 
since edaphogenetic trends could be modified in the medium term, in a detectable 
way, if the climatic variations currently observable continue to take place. On the 
other hand, climate change and forest fires are two closely linked processes feeding 
each other. Extreme fires are expected to increase by 50% by 2100 [53]. The increase 
in its frequency and intensity will aggravate the drastic impacts on the ecosystem due 
to fires. Although the effects on soils are well studied, it is necessary to delve deeper 
into the behavior of fires, how to introduce new and effective restoration techniques 
and preventive measures and, in general, how to improve land management, which 
again is related to the actual application of large-scale territorial planning. 

Numerous investigations have been carried out regarding soil–plant relations. 
However, one aspect that remains not enough explored is the rhizosphere zone, 
which is still not well known due to the difficulty of investigating it and the lack 
of accepted standard methodologies [28]. It should be relevant to better understand 
the type of compounds that are excreted and synthesized in the root environment,
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as well as the type of microorganisms that proliferate in this area, and also their 
relations with processes such as mineral alteration and nutrient uptake. Researching 
on rhizosphere processes in scenarios with greater and more varied pollution and with 
the presence of extreme values of temperature and precipitation will be a remarkable 
future challenge, mostly taking into account that these impacts will hinder food 
production, facilitating general soil degradation. These studies will be key for the 
advancement in the development of new microbiological methods are needed to 
improve seed germination, to, totally or partially, replace chemical fertilization and 
the use of pesticides, as well as for their use both in the field of phytoremediation 
and regarding plant colonization of marginal areas. 

To achieve these objectives and provide relevant advances in knowledge, collabo-
ration will be necessary, not only referred to experts in the different disciplines of soil 
science, but also to those in the fields of health, communication, new technologies, 
etc. This broad scientific synergy would allow the achievement of the proposed goals 
in the field of soil science and, in general in the environment, that help minimize the 
impact of the human activities mentioned above. 

3.5 Response by Mataix-Solera, Jorge 

In recent decades there were significant advances in the knowledge of soil science 
filling gaps, developing new techniques for a faster analysis of soil parameters, and 
collaborating from different disciplines understanding that soil is interdisciplinary by 
nature [11], but still we have much to do, especially in a world exposed to the effects 
of climate change modifying very fast the environments and the living conditions, 
which include soil. The study about how the soils can be adapted to these changes 
will be crucial. Soil is a living system where a 50% of earth biodiversity is inside 
it, much of them still unknown. Soil microbial communities are very sensible to 
perturbations. Understanding how they response to modifications climate will allow 
to take decisions to combat ecosystems degradation and to mitigate the impact of 
this global changes in agriculture, for example by improving the effectiveness of 
plant nutrition, the use of water, soil carbon sequestration, etc. As an example, at 
present, one of the most important threats to the health of our forest soils are wildfires 
that jeopardize the provision of soil ecosystem services. Certainly, at present, the 
escalating problem of significant forest fires is widely acknowledged as one of the 
most critical environmental challenges exacerbated by global warming. This issue 
is particularly pronounced in areas characterized by adverse climatic conditions, 
including extended periods of drought. Today wildfires are becoming more intense 
and bigger (mega-fires) and have unprecedented environmental and socioeconomic 
consequences (e.g. economical losses, air pollution, greenhouse gas emission and 
land degradation). 

Over the past few decades, extensive research has been dedicated to examining 
the impacts of forest fires on soil systems [17]. These studies have revealed that, 
for instance, Mediterranean regions often display a degree of resilience in their soils
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following such events [3]. However, the perturbations caused by wildfires are now 
encroaching upon areas that historically faced fewer fire risks and affecting soil 
much more vulnerable to degradation in ecosystems less adapted to fires. Further-
more, there is growing concern that this issue may become endemic on a global scale 
in the near future due to the influence of climate change. Exploring the impact of 
wildfires in diverse environments, particularly in semi-arid and arid regions, holds 
particular significance. Soil microorganisms in these areas have developed adapta-
tions to withstand stress conditions, and understanding their response to fire can 
provide valuable insights for decision-making in other fire-affected ecosystems. 

In addition, it is imperative to emphasize the necessity for further research into 
the effects of various post-fire management approaches on soil. Recent studies have 
highlighted the significant role of soil biocrust in the initial stages of post-fire recovery 
and its vulnerability to certain post-fire practices like salvage logging or mulching 
[26, 38]. 

The soil science community still has work to do in terms of effectively dissemi-
nating knowledge to the general public. Increased efforts in this regard, coupled with 
the publication of more research papers in high-impact journals, can help elevate the 
importance of soil on the agenda of environmental policymakers. 

3.6 Response by Rodríguez-Seijo, Andrés 

Soil sciences are facing a changing and uncertain future due to the influence of 
different factors such as population growth, unequal resource distribution and the 
impact of global warming, a fact that is increasingly present in our daily lives through 
extreme weather phenomena (e.g., floods, droughts, etc.) and accentuation of adverse 
effects such as reduced precipitation rate and increased temperature. The combination 
of these factors, especially climate change, will play a major role in soil health, such 
as increased wildfires (both in intensity and frequency), impacts on soil microbial 
ecology, and, among other aspect, agricultural production in the face of the challenge 
of feeding an estimated 9.8 billion people in 2050, and under a scenario with less 
water availability and reduced soil fertility due to soil degradation [34, 47, 51]. 

We cannot forget environmental issues caused by inorganic and organic contam-
ination due to heavy metals, pesticides, PAHs, etc. that still represent a major envi-
ronmental concern. However, under these new scenarios, it will also be necessary 
to pay attention to soil contamination by emerging contaminants such as antibiotics, 
viruses, nano- and microplastics or per- and polyfluoroalkyl substances (PFAS) due 
to their wide distribution in all kinds of environments and especially due to their 
understudied impacts on soil properties, biota and therefore, their potential transfer 
to the food chain [12, 13, 16, 60]. In this regard, plastic pollution has gained atten-
tion in recent years due to its impacts on soil’s physical, chemical, and biological 
properties. Due to their hydrophobic and porous surface, large surface area, small 
size or lightweight, they can be easily dispersed to all kinds of environments, could 
act as carriers of inorganic and organic contaminants and pathogens, and also can be
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hotspots for antimicrobial resistance genes and modify disease transmission process 
and drug resistance pathogens [36]. 

In response to this, cooperation is needed with other disciplines in the search for 
common solutions, such as nanotechnology with chemistry and physics sciences 
to the nanomaterials’ development that allow the farmers to achieve controlled 
release of agrochemicals through bio-nanocomposites or encapsulated nanoparti-
cles for fertilization or fungicide applications due to their ability to smart, controlled 
and targeted release of active elements, but also for their use for soil decontamina-
tion in a dual action (e.g., [48, 51]). The development of green technologies is also 
needed for an integrated and holistic restoration of ecosystem functions in degraded 
areas. A similar situation could be related to the development of agriculture 4.0, with 
drone technology for smart and more applied agriculture or with the combination 
of sensors (optical, electrochemical, mechanical sensors, etc.) and artificial intelli-
gence for improved field cultivation, greenhouse automation or early detection of 
agricultural diseases and environmental impacts by soil contaminants [32, 42]. 

3.7 Response by Villaverde, Juan José 

Among all issues to advance knowledge and research in soil science, two of them 
are key in current times: 

(a) To develop legal frameworks based on the most recent advances, in which the 
challenges to overcome are included. 

(b) To perform disruptive studies able to take advantage of the synergies generated 
by the combination of experimental and computational approaches. 

The scope of the next argue to support the above issues could be unapproachable, 
because the challenges that soil science must face are many and very complex, as 
can be seen from the above responses. Therefore, henceforth the attention is focused 
on the challenge to control agricultural soil contamination with emerging pollutants. 

A legal framework, that delimits the placing on the market and use of products 
that contain emerging pollutants or of products from which emerging pollutants 
are generated, is required to limit soil exposure to these substances of concern. 
The objective of this framework should be to guarantee the protection of human 
and animal health and the environment (especially the quality of soil and drinking 
water) and always supported by existing scientific and technical knowledge. This 
objective is important to promote progress in knowledge and research on topics 
related to soil science. In addition, it guarantees dynamic Regulations, which can 
be adapted to new needs that arise. In the European Union (EU), for example, the 
marketing of plant protection products (from now named as pesticides to simplify) is 
currently governed by Regulation (EC) No. 1107/2009, while their sustainable use 
is promoted by Directive 2009/128/EC. Both documents are the basis for the use 
of pesticides in the EU through an integrated pest management strategy, within the 
framework of sustainable agriculture, aimed at keeping production while respecting
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the environment, being economically viable and socially acceptable. In this sense, 
the European Commission performs the risk management for establishing the use of 
a pesticide. However, the European Food Safety Authority (EFSA) has previously 
established how risky is the use of this pesticide, based on scientific data obtained by 
guidance documents and analyzed by means of a complex process of risk assessment. 
In this way, studies on the impact of pesticides on soils are beginning to appear in the 
scientific literature [54], driven by the existing legal framework and under criteria 
approved by groups of experts and committees designated by EFSA for this purpose 
[20, 21]. These two facts guarantee the harmonization of studies and avoid wrong 
conclusions due to methodological reasons. 

On the other hand, currently, experimental studies are beginning to have diffi-
culties in explaining the effects caused by some types of chemical compounds (e.g. 
nanomaterials [19]), for example, on the functioning of edaphic ecosystems [1], 
or evaluating their effects on soil quality in accordance with the new regulatory 
requirements [41]. Furthermore, most experimental studies typically focus on the 
parent compound, paying less attention to the Transformation Products (TPs) gener-
ated. However, the importance of TPs should not be underestimated, since they often 
present different physicochemical properties compared to the parent (e.g., solubil-
ities are usually increased with the consequent risk of water contamination [10]). 
TPs also usually show different environmental behavior (e.g., greater persistence, 
different toxicity, ecotoxicity and biological activity [9]) and their concentration 
depends on numerous factors and processes [21]. Despite all this, TPs have histor-
ically been less studied due to (i) the impossibility of performing a complete study 
of such a broad spectrum of TPs and (ii) the impossibility of isolating TPs in suffi-
cient quantities to study them in detail. Current computational-based tools, such as 
those derived from Quantum Mechanics (QM) or Molecular Mechanics (MM), or 
based on Quantitative Structure–Activity/Structure–Property Relationships (QSAR/ 
QSPR), have great capacity to obtain accurate information at microscopic (the first 
two) and macroscopic (the later) scale [57]. In this way and thanks to these innova-
tive computational-based tools, the new challenges can be addressed and resolved 
in a comprehensive, practical and pragmatic way, for example, by supporting exper-
imental data that may raise doubts or providing data reliable enough to reduce the 
number of experimental studies needed [14]. In this sense, ab initio calculations have 
been used as cutting-edge methodology to identify TPs that are difficult to observe 
at analytical level during the risk assessment of the emerging pollutants [56, 63]. On 
the other hand, proteins compose an important fraction of soil organic matter and 
there is an incipient interest to study the proteins interactions within this surrounding 
at a structural level. This information can contribute to improve their action regards 
a potential application, such as on health of crops. The use of Molecular Dynamics 
(MD) is beginning to pay to this objective [27]. In this line, QM/MM simulations, 
in which a part of the system (usually small) is modeled using quantum mechanical 
calculations and the other one by MD simulations, have also great potential to study 
these interactions in the soil [50]. Finally, QSAR/QSPR models have also helped 
to fill the knowledge gap relative to the properties of the TPs when it is difficult to 
determine them experimentally [18, 58].
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In summary: to develop studies at the frontier of knowledge is increasingly neces-
sary, combining different but complementary work areas (e.g., legislation and compu-
tation), as well as interdisciplinary tools and studies, which not only allow the gener-
ation of knowledge, but also promote a radical change in the way to face the starting 
hypotheses. In this way, it is possible to overcome the existing limitations in each 
branch of knowledge and advance in each of the challenges. 

4 Additional Data 

Some of the most relevant scientific searching tools provided the following data as 
regards “frontier research in soil science”. 

Google scholar (GS) provided 759 results for the searching string “frontier-
research soil-science”, while the number was 430,000 for “frontier research soil 
science” (with 2,990 results just for the first six months of the year 2023). Ordered 
by relevance, the most recent references deal with a variety of themes, going from 
nanotechnology to soil erosion, farming, and others that have been continuously 
considered as key in soil research. 

Web of Science provided 2,909 results for the string “frontier research soil 
science”, dealing with soil health, soil microbiology, and various other themes. 

Scopus found 128 results for “frontier research soil science”, dealing with soil 
health, soil restoration and a variety of other themes. 

Searching for “new research soil science” on GS, the first reference (sorted by 
relevance) is a paper by Hartemink and McBratney [29], where the authors start 
indicating that “The renaissance was an intellectually-rich period following a period 
of stasis in the medieval period. Something analogous appears to be currently taking 
place in soil science where novel approaches to thought are combined with a revival 
of ideas from the past.” 

When restricted to the period 2022–23, one of the most relevant papers reported 
is the one by Evans et al. [22], who indicate “The importance of soils to society has 
gained increasing recognition over the past decade, with the potential to contribute to 
most of the United Nations’ Sustainable Development Goals (SDGs). With unprece-
dented and growing demands for food, water and energy, there is an urgent need 
for a global effort to address the challenges of climate change and land degra-
dation, whilst protecting soil as a natural resource.” Another interesting paper 
is that by Friedrichsen et al. [25], indicating that “Innovation for soil research 
can advance multidimensional outcomes for production and environmental quality 
through consideration of human well-being components. Integrating components 
from social and soil sciences builds the capacity to foster research and innovations 
that promote human well-being in conjunction with soil health.”
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Fig. 4 Two sights of coastal zones in Galicia (NW Spain) with vegetation growing on different 
soils 

5 Final Remarks 

Considering that soil is of main and fundamental importance in our planet, the authors 
of this introductory chapter would like to support current and future research on new 
aspects of Soil Science that could help to shed light on and solve crucial environ-
mental issues affecting the Earth, as previously done for specific geographic areas 
(see for instance [40]). This book has as objective to contribute to this task (Fig. 4). 
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Antibiotics as Emerging Pollutants 
of Soil Ecosystems 

Paola Grenni, Andrea Visca, and Anna Barra Caracciolo 

Abstract Soil is a non-renewable resource and maintaining its quality (including 
absence of contaminants) and fertility is fundamental for ensuring the safety of 
food derived from soil-based agriculture for both animals and human (“One Heath 
concept”). In this context, native soil microbial communities have a key role in 
providing several ecosystem regulating and provisioning services. Antibiotics are 
emerging contaminants, which can reach soils through different ways. They cause 
concern due to their possible direct biocide effects at very low concentrations. More-
over, environmental antibiotic contamination can significantly contribute to the selec-
tion of antibiotic resistance bacteria (ARB) carrying antibiotic resistance genes. 
Owing to the tight relationships between bacteria and plants, both antibiotics and 
ARB can enter plants and reach animal and human microbiomes through their inges-
tion. In this chapter, the main ways antibiotics enter soils, together with the effects 
on soil microbial communities and plants, are reported. A special focus is dedicated 
to sulphonamides and fluoroquinolones, which are largely used for both human and 
animal health. 

Keywords One Health concept · Antibiotic resistance genes · Sulphonamides ·
Fluoroquinolones 

1 Introduction 

In accordance with the “One Health concept” [16], environmental, animal and human 
health are directly connected. For example, terrestrial ecosystems are fundamental 
for providing several ecosystem regulating (e.g., disease and pest regulation, decon-
tamination), supporting (e.g., soil formation, plant growth) and provisioning services.
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Provisioning services include products obtained from ecosystems, such as food, raw 
materials, fuel, genetic resources and various chemicals [68, 74]. Consequently, it is 
fundamental to maintain soil fertility and ensure that food derived from soil-based 
agriculture is of good quality, because it can influence directly and indirectly human 
and animal health [61]. 

Pharmaceuticals are substances used in the diagnosis, treatment, or prevention of 
disease and for restoring, correcting, or modifying organic functions in human and 
animals. They include many drug classes (analgesics, anti-inflammatory, cardiovas-
cular, antidiabetics, estrogens, antiepileptic, psychiatric drugs, and antibiotics) with 
various biochemical activities and chemical–physical properties. Since pharmaceu-
ticals are only partially metabolized (10–90%) by treated organisms [91], a large 
amount of them is excreted unaltered or as active metabolites via urine and faces, 
reaching wastewater treatment plants in the case of human [79] and soil in the case of 
veterinary drugs [34]. For example, from 50 to 90% of antibiotic doses such as tetra-
cyclines, erythromycin and lincomycin are excreted in urine and faces [18]. Several 
substances not degraded in wastewater treatment processes can accumulate in signifi-
cant amounts in sewage sludge. For instance, a total concentration of about 11,800 ng/ 
g dry matter and 45 pharmaceuticals, illicit drugs and their metabolites were recently 
found in a sewage sludge from a municipal wastewater treatment plant [40]. 

Pharmaceuticals and their metabolites can directly reach agricultural soil. In fact, 
several antibiotics (e.g. doxycycline, 728.4 ng/g; oxytetracycline, 139 ng/g; chlorte-
tracycline, 1,079 ng/g) and antimicrobials (e.g. triclocarban, 51.8 µg/kg) have been 
found in in soil as emerging contaminants [34, 50, 63]. This could be due to the 
use of organic amendments such as animal manure applied as a fertilizer, reclaimed 
wastewater used for irrigation purposes [7, 34, 65, 66] and biosolids application 
(treated sewage sludge which meets pollutant and pathogen requirements for land 
application). The potential inclusion of pharmaceuticals, and in particular antibi-
otics, with the use of digestate as a soil amendment is currently under investiga-
tion. Recent studies have shown significant decreases in antibiotic concentrations 
(sulfamethoxazole, enrofloxacin and ciprofloxacin) in agro-zootechnical waste after 
its anaerobic digestion in biogas plants [84]. Moreover, digestate was found to stim-
ulate a higher soil microbial biodiversity, introducing and promoting more bacteria 
related to antibiotic degradation [6]. 

The degradability of these pollutants depends on their chemical structure and 
abiotic and biotic site-specific conditions (e.g., temperature, soil type etc.). Some 
compounds have an intrinsically low degradability. A recent review of antibiotic 
persistence reports fluoroquinolones (in particular ciprofloxacin), macrolides (e.g., 
azithromycin) and tetracyclines (doxycyclines and tetracycline) as the most persis-
tent antibiotics in soils [18]. Due to their persistence, these chemicals can have a 
serious potential impact and adversely affect terrestrial ecosystems [11]. As they are 
bioactive substances with high effects at low concentrations, they can influence the 
structure and functioning of microbial communities in soil with consequences for 
the ecosystem services provided by them [32]. Pharmaceuticals and their metabolites 
occurring in agricultural soil from animal manure, reclaimed wastewater or biosolids, 
can be adsorbed by plants. For example, in a recent study [6] with Lactuca sativa
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grown in a soil with manure or digestate and spiked with a mixture of two sulfon-
amide (sulfamethoxazole, SMX) and two fluoroquinolones (sulfamethoxazole, SMX 
and enrofloxacin, ENR) showed that plants partially up-taken CIP and ENR from 
soil (bioaccumulation factors > 1). Manure stimulates the bioaccumulation more 
than digestate. Interestingly, in lettuce leaves, the fluoroquinolone-resistance gene 
(aac-(6')-Ib-cr) was the most abundant. 

The octanol–water partition coefficient (Kow) is considered a tool for predicting 
plant uptake of non-ionizable pharmaceuticals. On the other hand, polar and ionizable 
pharmaceuticals (the majority of them are in this category) are found in soil pore 
water and are, consequently, the major fractions bioavailable for plant uptake and 
those most likely bioconcentrated in plants [51]. In a recent review, three ionizable 
antibiotics were identified as those with the highest concentrations in plant tissues 
(trimethoprim: 270 ng/g; chlortetracycline 532 ng/g; oxytetracycline 330 ng/g) [63]. 
Other studies found pharmaceuticals in plant tissue, with concentrations of up to 
487 µg/kg for the antibiotic Sulfadiazine in roots of winter wheat grown on soil 
treated with liquid pig manure. 

Once in plants, these pollutants may adversely affect plant growth and develop-
ment [13, 15]. Phytotoxic effects were found in laboratory conditions in a varied 
range of plants exposed to concentrations ranging from µg/L to g/L of indi-
vidual compounds. However, in some cases plant metabolism can achieve their 
detoxification, inactivation, or excretion. 

The combined effects of simultaneously occurring compounds have been rarely 
studied, and it was found that chemical mixtures can exert synergistic or additive 
effects resulting in enhanced phytotoxicity [15]. In the case of antibiotics, negative 
effects on plants can be due to direct damage or to interference with the symbiotic 
interactions with soil bacteria [31]. For example, amoxicillin was found to have 
ecotoxicological effects (growth and germination) on Alfalfa, carrot and lettuce in 
a range of 0.001–10 mg/L. Sulfadiazine was found to have negative effects on Zea 
mays, depending on its concentration (10 mg/kg: root growth decline; 200 mg/kg: 
death of plants). 

Although a low risk for humans of exposure to individual substances through the 
consumption of vegetables was calculated by some authors [12, 72], a long-term 
risk exposure to pharmaceutical mixtures or to their active metabolites cannot be 
excluded. 

Due to the lack of comprehensive data on toxicological and ecotoxicological 
effects and environmental concentrations, most pharmaceuticals are not regulated in 
either water or soil and for this reason are considered emerging pollutants. 

2 Antibiotics 

Antibiotics currently in use are natural, synthetic, and semi-synthetic molecules. 
Natural antibiotics are produced by bacteria and fungi (e.g., benzylpenicillin and 
gentamicin) to inhibit or kill other competitor microorganisms (with bacteriostatic
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or bactericidal effects). Semi-synthetic compounds are natural antibiotics chemically 
altered by inserting an additive within the drug formulation, which improves its effec-
tiveness (more stable and less biodegradable). Antibiotics are complex molecules that 
can have different functional groups within their chemical structure and can be clas-
sified in different classes based on their action mechanism: inhibition of cell wall 
synthesis, alteration of cell membranes, protein or nucleic acids synthesis inhibition, 
inhibition and metabolic or anti-competitive antagonism [32]. 

Antibiotics can persist in soil, being transported to surface and groundwater (in the 
case of polar, acidic and low Kow compounds) or absorbed by plants after being intro-
duced into the environment through manure or biosolid application and/or wastew-
ater irrigation. Wu et al. [89] investigated the accumulation of antibiotics and other 
pharmaceuticals in four major vegetables grown hydroponically for 21 days; they 
discovered that antibiotic transport was positively connected with the octanol/water 
partition coefficient (log Kow) of the chemicals and the amount and plant part in 
which pharmaceuticals can be adsorbed; it also depended on the vegetable and phar-
maceutical types. Hu et al. [37] studied the incidence and migration of antibiotics in 
organic farming employing biosolids as fertilizers and found that 11 antibiotics were 
distributed and accumulated in plants. Sabourin et al. [73] investigated the absorption 
of antibiotics from municipal biosolid-treated agricultural soils in tomatoes, carrots, 
potatoes, and sweet corn, and found that sulfonamide, quinolone and trimethoprim 
concentrations in the edible part of the crops ranged from 0.02 to 14 ng/g (dw). 
Moreover, antibiotics and their related resistance genes (ARGs) have been found 
in surface water, groundwater (including drinking and reclaimed water), soil and 
sediments [86]. 

Due to their intrinsic biocide action, antibiotics can kill or inhibit native soil 
prokaryotic communities, affecting key ecosystem processes such as contaminant 
degradation and nutrient cycling; an alteration in the latter can influence soil fertility 
and primary production [32]. It is generally found that antibiotics in soil nega-
tively affect soil microbial composition more than that of plants [80]. For example, 
Cyanobacteria, a diverse bacterial group of photoautotrophs, ubiquitous in terrestrial 
ecosystems and playing important ecological functions (e.g., primary production and 
nitrogen fixation), can be sensitive to antibiotic effects. A lab experiment with eight 
Cyanobacteria species exposed to antibiotics showed quite variable growth inhibition 
(with NOEC calculated from 1.5 to 157 µg/L), depending on the compound mode of 
action and the species tested. These results make it difficult to establish predictable 
non-effective concentrations [47]. 

Environmental antibiotic contamination due to extensive and increasing use 
causes particular concern for human and animal health due to the risk of the devel-
opment and spreading of multi-resistant bacteria [32]. The selection and spread of 
ARGs endow drug-resistant bacteria (ARB) with the ability to overcome the effects 
of antibiotics. This is a well-known phenomenon in hospitals, where drug-resistant 
pathogens can persist and infect patients and make infection treatment ineffective 
[87]. The scientific community has only recently become aware that the proliferation 
of ARBs and ARGs is a complex phenomenon involving not only the nosocomial 
environment, but also natural ecosystems, where they are present as micro-pollutants.
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The phenomenon of antibiotic resistance is a bacterial natural defense mecha-
nism, involved in competitive interactions (e.g. for space or nutrients) with other 
bacteria and fungi [4, 9, 53], defense against predators (e.g. Protists) [17, 43, 78], 
and protection versus other environmental stressors [21, 81]. Not all bacterial strains 
can produce antibiotics, but all bacteria (both antibiotic and non-antibiotic producers) 
can develop resistance [60]. 

This capacity is a microorganism peculiarity. The development of resistance can 
occur through a vertical gene transfer (VGT) inside the same bacterial species and/ 
or a horizontal gene transfer (HGT) between different species. The HGT between 
microorganisms and/or pathogens is possible thanks to mobile genetic elements 
(MGEs), such as plasmids, integrons and transposons [90]. HGT is a key process 
rendering possible a large distribution of ARGs in the environment [9] and it is 
promoted by a widespread environmental antibiotic presence [60]. 

Bacteria use regulatory mechanisms that selectively stimulate the expression of the 
appropriate antibiotic resistance genes only during exposure to antibiotics, avoiding 
the fitness burden and facilitating the long-term maintenance of such genes in the 
genome. Moreover, some resistance genes can have negative effects on bacterial cells. 
For example, resistance genes that provide methylation of specific antibiotic residues 
in 23S ribosomal RNA, protect bacteria from macrolide antibiotics; however, they 
can also cause cell-wide disruption in protein synthesis, leading to major fitness 
defects [19, 33]. In the case of the tetracycline efflux pump gene (tetA), the tran-
scriptional repressor TetR constitutively binds the tetA promoter and inhibits the 
expression of the tetA resistance gene in the absence of antibiotics [36]. When tetra-
cycline is present in the cell, direct binding of tetracycline to the TetR repressor leads 
to its dissociation from the DNA and drives tetA expression, leading to antibiotic 
resistance. In this case, it could be useful to analyze not only ARGs but also their 
promoter/repressors. 

Qian et al. recognized that multidrug resistance and efflux pumps are the dominant 
class genes and mechanisms in native soils and the resistome profile is mainly driven 
by bacterial community composition. No significant differences were observed 
for ARG diversity and abundance between native soil and a long-term cultivated 
agriculture soil. 

In animals treated with antibiotics, intestinal bacteria can act as a reservoir for 
ARGs, transferring genetic material to soil microorganisms, and from the latter to 
humans directly or indirectly, for example by eating fresh vegetables [5]. 

A recent paper reports that fertilization of Lactuca sativa with swine manure or 
digested sewage sludge results in a total hazard quotient calculated for antibiotics 
of <1, suggesting that Lactuca consumption amended with organic fertilizers does 
not pose a risk to human health due to the presence of antibiotics [52]. The same 
study found concentrations ranging from 0.67 ng/g (for lincomycin) to 14.2 ng/g 
(for ciprofloxacin) in Lactuca leaves, but the potentially harmful combined effects 
were not assessed. Another recent study reports that pig manure application to soil 
increased the bioaccumulation of ARGs and mobile genetic elements (MGEs) in 
carrot roots [55] and the peeling of the tubers is an effective strategy for reducing 
the risk of human intake of ARGs.
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Välitalo et al. [83] reviewed the ecotoxicological effects of several antibiotics on 
aquatic microorganisms (Green algae, cyanobacteria and some Proteobacteria such 
as Vibrio fischeri and Pseudomonas putida); high effect concentrations (EC50) were  
reported for various antibiotics and V. fischeri with the standard acute toxicity test, 
and this may underestimate the risk of antibiotics to environmental bacteria but can 
have long-term negative effects. For example, Daphnia magna was found to have 
a reduction of fertility with 5,000 µg/L of ciprofloxacin and ofloxacin in a 42-days 
test [60]. 

There is currently limited knowledge about the ecotoxicology and sub-lethal 
effects on aquatic and soil organisms. In any case, the ecotoxicology of antibiotics is 
different from that of conventional pollutants because they are specifically designed 
for a biological activity at low concentrations. Moreover, they act on specific targets 
that can be widely preserved in multiple life forms. 

3 Examples of Commonly Used Antibiotics: Ciprofloxacin, 
Sulfamethoxazole and Enrofloxacin 

Among antibiotics, sulfonamides and fluoroquinolones are the most widely used in 
human and veterinary medicine and frequently detected as environmental micro-
pollutants [6, 77, 84]. 

Sulfonamides are one of the first antibiotics used in medicine. Gerhard Domagk, 
a Nobel Laureate in 1939, was the first to discover their antibacterial characteristics, 
observing that prontosil, a sulfonamide dye, restrained pathogenic bacteria cells 
selectively. Prontosil is a pro-drug that the human body converts to sulfanilamide, an 
antibacterial active ingredient. Subsequently, other antibacterial compounds derived 
from this chemical group, with the same primary core, but with different bioactivities, 
have were produced [67]. 

Sulfonamides have a structure extremely similar to para-amino benzoic acid; for 
this reason, they can operate as competitive inhibitors by interfering in its role in 
the production of folic acid, purine and DNA [3]. The resistance is due to genes that 
encode alternative versions of dihydropteroate synthase enzymes (DHPS), which are 
drug-resistant and exclude prokaryotic cells. In fact, the sulfonamide target in bacteria 
is the dihydropteroate synthase enzymes (DHPS) which compete with the para-
aminobenzoic acid (PABA) precursor. The synthesis of folic acids by the reaction 
of 6-hydroxymethyl-dihydropterin 1'-diphosphate with 4-aminobenzoate catalyzed 
by DHPS, produces 7,8-dihydropteroate and inorganic pyrophosphate, which are 
involved in DNA synthesis. This process is hampered by sulfonamides [27] (Fig. 1). 
Bacteria can spread resistance to sulfonamides to other bacteria through plasmids.

Sulphamethoxazole (SMX), a sulfonamide with an aniline and an isoxazole group, 
is one of the antibiotics most prescribed and used in both human and veterinary 
medicine; it can be used to treat and prevent respiratory infections and mastitis in 
cattle combined with the antibiotic trimethoprim. SMX has a bacteriostatic effect,
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Fig. 1 The Sulfonamide target is the folate pathway. Sulfonamide antibiotics can operate as compet-
itive inhibitors by interfering in its role in the production of folic acid, purine and DNA. DHPS: 
dihydropteroate synthase enzymes; PABA: para-aminobenzoic acid (modified from [5])

stopping the bacterial synthesis of folic acid starting from para-aminobenzoic acid, 
required for nucleotide synthesis. 

In treated organisms, about 43% of SMX is metabolized to N4-acetyl-
sulfamethoxazole and 9–15% to sulfamethoxazole N1-glucuronide, and 15–25% 
is excreted unchanged. Once in the environment, SMX degradation can occur with 
variable degradation rates. Some authors report a degradation in biologically active 
soils of between 50 and 80% of its initial concentration in 20 days, depending on 
anaerobic/aerobic conditions. Other studies report a halving of its initial concentra-
tion (20 mg/kg) in 7 days, thanks to the presence of antibiotic resistance bacteria 
able to degrade it. Several studies have shown the phenomenon of ARB and ARG 
spreading in soil with the use of manure and biosolids as organic fertilizers. Conse-
quently, potential SMX, ARB and ARG accumulation in fresh edible plants needs 
to be investigated [64, 89]. A recent study showed possible SMX accumulation 
in lettuce, and this was positively correlated with antibiotic concentration in soil. 
Moreover, SMX contamination strongly reduced bacterial diversity and changed the 
composition of bacterial and fungal communities in the soil. SMX accumulation in 
edible plants can subsequently involve ARB and ARG acquisition in humans and 
farm animals and this phenomenon needs to be explored. 

The resistance-plasmid enzymes for SMX are encoded by two genes, sul1 and sul2 
[75]. The sul1 gene is frequently found in Tn21 type integrons with other resistance 
genes, whereas sul2 is usually found on tiny plasmids such as the highly mobilizable 
IncQ family (RSF1010) and the pBP1 family [45]. Both sul1 and sul2 DHPS prod-
ucts have para-aminobenzoic acid (PABA) Km (Michaelis constant) values of about 
0.6 M, resulting in resistance to high sulfonamide concentrations [5]. In fact, Km 
is the concentration of a substrate, which permits an enzyme to achieve half Vmax 
(Vmax: maximum rate of reaction). An enzyme with a high Km has a low affinity 
for its substrate and requires a higher concentration of substrate to achieve Vmax.
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For most enzymes, Km lies between 10–1 and 10–7 M. The DHPS of sul2 seems 
to be extremely selective in discriminating between its regular PABA substrate and 
sulfonamide. 

Perreten and Boerlin [69] also identified a third resistance gene, sul3, which codes 
for a 263-amino-acid protein that is identical to a dihydropteroate synthase expressed 
by the 54-kb conjugative plasmid pVP440 from E. coli. Sánchez et al. found that 
SMX resistance can be additionally due to genes encoding efflux pumps, such as 
smeDEF. 

Quinolones are another group of the most commonly prescribed antimicrobials 
in the world, and they are used to treat a variety of bacterial illnesses in humans 
and animals [70]. Quinolones can convert gyrase and topoisomerase IV, which are 
primary targets, into hazardous enzymes that fragment bacterial chromosomes [25]. 
The first broad-spectrum quinolone, norfloxacin, was only approved for treating 
urinary tract infections and sexually transmitted illnesses. Since the 1990s, the 
number of quinolone-resistant bacterial strains has progressively increased due to 
the widespread use of these antibiotics [23], threatening their clinical utility. 

There are several resistance mechanisms in bacterial cells against quinolones [30], 
including those involving chromosomal mutations in genes encoding topoisomerase 
IV or gyrase IV (involved in DNA replication), or drug accumulation reduction. 
The latter can occur thanks to overexpression of bacterial efflux pumps (which push 
the drug outside a cell) or down-regulation of porin proteins (membrane protein), 
preventing ciprofloxacin passive diffusion inside cells. Quinolone resistance medi-
ated by plasmids has also been identified. The qnr gene, which encodes a pentapep-
tide capable of binding chromosomal DNA and shielding it from drug action, was 
the first plasmid-mediated resistance mechanism identified [41]. The cr variation 
of the aac(6')-lb gene, which encodes for an aminoglycoside acetyltransferase that 
acetylates ciprofloxacin, is another plasmid-mediated resistance mechanism [28]. 

Fluoroquinolones (FQs) are wholly synthetic and broad-spectrum antibiotics, 
commonly used in animal husbandry. They derive from quinolones by adding fluo-
rine to the molecule. The mode of action of FQs is described in Fig. 2. Briefly, fluo-
roquinolones specifically inhibit DNA gyrase and topoisomerase IV. DNA gyrase 
catalyzes the separation of daughter chromosomes by introducing negative super-
helical twists in the bacterial DNA double-helix (upstream from the replication fork). 
This action is required for DNA replication to begin and allows initiation proteins 
to bind. The gyrA and gyrB genes, respectively, encode two GyrA and two GyrB 
monomeric subunits that make up DNA gyrase. Topoisomerase IV oversees decate-
nation, or the removal of interlinking between daughter chromosomes, permitting 
segregation into two daughter cells at the end of a replication round. Topoisomerase 
IV is composed of four homologous monomeric subunits, two ParC subunits and two 
ParE subunits encoded by the parC and parE genes, respectively. Fluoroquinolones 
cause conformational changes in the enzyme-bound DNA complex (i.e., DNA gyrase 
with bacterial DNA or topoisomerase IV with bacterial DNA) that limit normal 
enzyme function. As a result, the combined drug–enzyme–DNA complex stops the 
replication fork from moving forward, preventing normal bacterial DNA synthesis 
and eventually leading to bacterial cell death.
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Fig. 2 Mode of action of Fluoroquinolones. They inhibit DNA gyrase and topoisomerase IV, 
causing conformational changes in the enzyme-bound DNA complex, limiting normal enzyme 
function (modified from [5]) 

Enrofloxacin (ENR) is a broad-spectrum antibiotic belonging to the fluoro-
quinolone family [82]. It has been widely used in many countries to treat a number 
of poultry infections, primarily those caused by Escherichia coli and Pasteurella-
multocida, as well as avian mycoplasmosis. Although the use of enrofloxacin in 
chickens was outlawed in 2005 in the United States, FQ-resistant bacteria are still 
being detected [39]. 

Ciprofloxacin (CIP) is the first fluoroquinolone with antibiotic activity in body 
areas other than the urinary tract [76]. Ciprofloxacin is used to treat a variety of 
Gram-negative bacteria and, to a lesser extent, Gram-positive infections. The ther-
apeutic success of CIP generated a slew of newer-generation quinolones with an 
even larger spectrum of activity, particularly against Gram-positive bacteria. CIP 
was included in the European Watch List in 2018 [24] as a result of its widespread 
use and environmental detection. 

Ciprofloxacin is also the main metabolite of ENR [29]. Because both ENR and 
CIP are adsorbed to soil and have slow biodegradation rates, considerable levels of 
FQ can be found in agricultural soils [48, 92]. FQ stability in soil is influenced by 
abiotic (light, soil organic matter) and biotic (bacterial populations that can degrade 
them) factors [22].
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Strong adsorption, on the other hand, results in decreased absorption of FQs 
residues by plants [12]. The fate of this family of antibiotics in the ecosystem food 
chain (including the human food web) is almost unknown in soils [71]. 

A recent project (“Evaluation of the presence of Antibiotics in Zootechnical waste 
and in the digestate of biogas plants: study of strategies for their RemOval—AZeRO 
antibiotics”), supported by the Lazio Region (Lazio Innova, Italy) evaluated the pres-
ence and concentration of some antibiotics (sulfamethoxazole, ciprofloxacin and 
enrofloxacin) in zootechnical waste and in the digestate of full-scale biogas digesters 
(Fig. 3). The aim of the project was to assess how an antibiotic presence can influence 
the anaerobic digestion process and which conditions can favor antibiotic degrada-
tion during anaerobic digestion treatment of cattle manure and slurry. Antibiotic 
degradation is a fundamental process for preventing or reducing the environmental 
spreading of residual antibiotics and ARGs through agricultural practices such as the 
use of digestate as fertilizer [5].

Lab experiments were performed using digestate spiked with 5 mg/L of 
sulfamethoxazole. Interestingly, the microbial community was not negatively influ-
enced by the antibiotic in terms of biogas production; on the contrary, the acidogenic 
and acetogenic phases were more efficient in terms of CH4 and H2 production. More-
over, SMX was significantly degraded and, at the end of the 70-day experiment, only 
20% of its initial concentration was detected. At the same time, the relative abun-
dance (ARG/16S) of the SMX resistance genes (sul1, sul2, and the proxy intI1) 
found initially decreased during the digestion process in both spiked and control 
batches [54]. Additionally, annual analyses of input and output samples from a full-
scale anaerobic plant showed that sulfamethoxazole, ciprofloxacin and enrofloxacin 
degraded during the anaerobic digestion process, although with different percentages 
(84–100%), depending on the specific season and on antibiotic type. In line with the 
decrease in antibiotics, all ARGs detected (sul1, sul2, qnrS, qepA, aac-(6')-Ib-cr) 
decreased significantly (up to 80%) in the digestate samples. This proved that the 
anaerobic digestion process can be an effective tool for lowering antibiotic residues 
and ARGs in organic amendments and consequently in soil if they are used as organic 
fertilizers [84]. Digestate is known to stimulate soil microbial biodiversity, promoting 
bacterial genera involved in soil fertility, but was also found that its presence can 
decrease antibiotic bioaccumulation in plants [6]. 

4 Biodegradation of Antibiotics 

The native microbial community of soil is fundamental for ecosystem functioning. 
For example, it has an important role in regulating the environmental fate of 
pollutants, by controlling ecosystem quality [32]. In fact, microorganisms are key 
degraders of organic matter, offering nutrients to other organisms [57] and removing 
contaminants (including pharmaceuticals). Microorganisms contribute to ecosystem 
self-purification processes by degrading contaminants via metabolic and/or co-
metabolic pathways. In this sense, they provide an ecological regulating service.
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Fig. 3 Pictures of an open-air tank where manure is stored before entering the digester (a), exit 
pipe of digestate after the digestion process (b) and storage of solid digestate after solid/liquid 
separation process (c)
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This function could be hampered by changes in microbial functional groups, due 
to the presence of pollutants if their toxicity inhibits microbial activity [1, 2]. As a 
result, contamination can be critical in overall natural ecosystem quality. 

Degradation of pharmaceutical residues in soil, and in particular of antibiotics 
could consequently prevent potential risks to human health and soil ecosystems. 
Antibiotic degradation depends on several factors: among others, adsorption, trans-
port and the presence of an active, abundant and diverse microbial community. 
Adsorption depends on antibiotic properties (e.g., molecular structure, hydropho-
bicity, polarity, polarizability, and spatial configuration), soil characteristics (e.g., 
texture, mineralogy, pH) soil organic matter (influenced by the presence of biosolids 
or other organic amendments); moreover, potential chemical mixture interactions can 
also influence it [58]. Adsorption and transport influence antibiotic bioavailability 
in soil. Antibiotic concentrations and any repeated treatments and, most of all, the 
presence of bacteria able to resist them and to develop strategies to degrade these 
substances are of fundamental importance. 

Among pharmaceuticals, antibiotics have very variable half-lives, ranging from 
0.43 to 3,466 days, although, in most cases, they do not exceed 100 days [18]. 
Microorganisms can respond to an antibiotic presence with resistance mecha-
nisms (i.e. resistance genes) and remove it, thus also showing resilience capabili-
ties. Biodegradation of antibiotics can occur through metabolism or co-metabolism 
[85]. Microorganisms can metabolically degrade antibiotics, using them as carbon, 
nitrogen and energy sources [88]. On the other hand, microorganisms can uninten-
tionally transform (co-metabolism) a pollutant using enzymes or cofactors produced 
for microbial metabolism of other molecules. 

Antibiotic degradation, considered indirect resistance, can lessen the selective 
pressure caused by high concentrations of these pharmaceuticals, minimizing the 
need for bacterial populations to evolve resistance genes. Biodegradation can merely 
lead to an antibiotic modification (biotransformation), or to complete reduction to 
inorganic molecules (mineralization). 

Sulfonamides are antibiotics found in soils up to mg/kg and show halving times 
(DT50) varying from 7 days to 59 days [18]. They have a weak soil adsorption and a 
high mobility in line with their low log Koc values [18]. Crane et al. report that antibi-
otics with a Koc >4,000 L/kg are non-mobile and very persistent in soils (DT50 > 
60 days) and those with Koc values <15 L/kg are highly mobile and easily degraded 
(DT50 < 5 days). The biodegradation of sulfonamide antibiotics is due mainly to 
bacteria and can be favored by nitrogen availability. For example, some authors 
report that in the presence of additional nitrogen sources, sulfamethoxazole was fully 
converted into 3-amino-5-methylisoxazole, with no antibiotic activity. Several soil 
bacterial strains, such as Bacillus licheniformis ATCC 14580 (Firmicutes), Aquami-
crobium defluvium (Alphaproteobacteria), Pseudomonas putida (Gammaproteobac-
teria), Alcaligenes sp. (Betaproteobacteria), Microbacterium sp. C448, Microbac-
terium lacus SDZm4 and Terrabacter sp. 2APm3 (Actinobacteria), have been found 
to degrade sulfonamides. In any case, sulfonamides are generally reported to be 
resistant to microbial mineralization in soils. Hirth et al. reported an increase in



Antibiotics as Emerging Pollutants of Soil Ecosystems 33

sulfamethazine mineralization in soil thanks to bioaugmentation with an indigenous 
soil microbial community, including the Microbacterium sp. C448 strain. 

Quinolones and fluoroquinolones have long half-lives in soils (e.g., ciprofloxacin 
was found to have a half-life of more than 3,400 days) [18]. Ciprofloxacin has 
frequently been detected in soil due to its high sorption to organic matter, and this 
phenomenon promotes its accumulation with concentrations that reach 7.2 mg/kg dry 
soil. Fluoroquinolones can be transformed by photolysis, but this abiotic degradation 
happens little in soil. Some authors reported that they are recalcitrant to degradation 
in soil with non-acclimatized microbial communities. However, microbial transfor-
mation can occur, and N-acetylation is considered the most common transformation 
pathway for fluoroquinolones. This reaction can be catalyzed by numerous bacterial 
and fungal strains. 

Interestingly, a variant of the enzyme initially linked to aminoglycoside resistance 
(aminoglycoside acetyltransferase (AAC(6')-lb) was recently shown to be able to N-
acetylate ciprofloxacin. Different fungal strains can transform ciprofloxacin, but only 
two fungi (Curvularialunata, Ascomycetes; Gloeophyllum striatum, Basidiomycetes) 
were able to mineralize danofloxacin, enrofloxacin or ciprofloxacin. 

It has been recently found that ciprofloxacin degradation in soil can be promoted 
when it is incorporated into soil together with manure. Finally, two cultivars 
of Brassica parachinensis L. were found to promote ciprofloxacin degradation 
in soil and one bacterial genus Spirochaeta (Spirochaetes) and one fugal genus 
(Trichosporon, Basidiomycota) were associated with this antibiotic degradation in 
the plant rhizosphere. 

5 Environmental Concentrations of Antibiotics Improving 
ARG Spreading 

A large percentage of antibiotics used in clinical practices are either direct products 
or modifications of chemicals generated by soil bacteria. As a result, identifying 
the ecological role of antibiotics in soil ecosystems is a key issue for understanding 
antibiotic resistance. Soil bacteria can produce antibiotics not only for competitive 
and defensive interactions, but also at sub-inhibitory concentrations for inter- and 
intra-domain communication. It is difficult to define common native levels of resis-
tance genes in pristine environments and to determine safe release levels of antibiotic 
concentrations, which do not cause AMR propagation. 

Experimental findings reveal that AMR genes are selected in complex communi-
ties at antibiotic doses (the minimum selective concentration; MSC) that are substan-
tially lower than those that prevent sensitive bacteria from growing (minimum 
inhibitory concentration; MIC). Most studies on MSC are performed on single 
species. Studies of single species imply that resistant cells can protect susceptible 
cells by degrading antibiotics both intracellularly and extracellularly, enhancing the 
relative fitness of susceptible strains and hence the MSC. Excreted metabolites, on
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the other hand, might increase or reduce antibiotic efficacy, resulting in a decrease 
or increase in MSCs. 

The impact on mixed bacterial communities has been little studied so far. The 
real effect of other species most likely varies depending on the circumstances, the 
existence of the community normally raises the MSC. A recent study showed that 
SMX at some environmental concentrations tested (20 mg/Kg) did not have effects on 
microbial community growth and did not select for antibiotic-resistant gene (ARG) 
maintenance or propagation. SMX concentrations which inhibited microbial growth 
were higher (>4.75 mg/L) than those generally found in natural settings. This was 
presumably due to a previous adaptation to the antibiotic by the microbial community 
analyzed. In fact, the microbial populations were not only unaffected by the antibiotic 
but were also capable of rapidly degrading SMX in liquid cultures (within 24 h). 

The scientific community and industry stakeholders have been making efforts to 
estimate antibiotic concentrations that, based on current empirical knowledge, should 
provide safety limits for protecting human health from risks of AMR selection [10, 46, 
59]. Two international frameworks have established PNECs that might protect from 
AMR selection: (i) Bengtsson-Palme and Larsson [10] proposed the establishment 
of compound-specific safe antibiotic emission limits (PNECs) derived from MICs 
for clinically relevant bacteria; and (ii) Le Page et al. [46] proposed a single-value 
production discharge limit of 100 ng/L, based on MICs for clinically relevant bacteria. 

Bengtsson-Palme and Larsson [10] compared antibiotic concentrations measured 
in municipal sewage treatment plant effluents to PNECs to evaluate if their proposed 
PNECs were ecologically relevant. They discovered that effluent concentrations 
surpassed PNECs in 28% of cases. These findings suggested that more advanced 
treatment could be required to reduce AMR selection in treatment plants. Nonethe-
less, post-discharge environmental fate and transport mechanisms, such as dilu-
tion and degradation, could influence effluent antibiotic concentration of receiving 
water bodies at the watershed scale. However, neither PECs nor measured ambient 
concentrations (MECs) of antibiotics in surface waters have been investigated for 
the proposed PNECs. Furthermore, there has been no simultaneous co-consideration 
of current international frameworks for guiding antibiotic PNECs in order to reduce 
AMR proliferation and human health risk. 

Antibiotic residues consumed by drinking water or contaminated food may 
interact with the human microbiome, which is made up of a large number of different 
bacteria that live in the human body. Antibiotic residues from the environment can 
infiltrate the human gastrointestinal tract, which has around 800–1000 distinct bacte-
rial species and over 7000 different strains. About 95% of the microorganisms 
are beneficial bacteria, while the rest are dangerous and opportunistic infections. 
Bacteroidetes and Firmicutes dominate the micro-ecological balance between these 
bacteria and the human body over time, with minorities of Actinobacteria, Proteobac-
teria, Verrucomicrobia, and other bacteria phyla that have not yet been discovered or 
characterized. Antibiotic exposure is closely related to changes in gut microbiome 
composition, as measured by observational, clinical and epidemiological investiga-
tions, since antibiotics have a broad-spectrum effect on the host-associated micro-
bial community rather than a single target species. Antibiotic therapy may alter the
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composition of the intestinal microbiota, resulting in an increase in Firmicutes and 
a decrease in Bacteroidetes, as well as the formation of antibiotic-resistant bacteria 
that can live for years in the human intestine. 

6 Phytotoxicity of Antibiotics 

The phytotoxicity of antibiotics varies between antibiotic compounds and plant 
species. Research on the phytotoxic effects of different kinds of antibiotics is still 
lacking, and most of them are measured in vitro rather than under soil conditions. 
The phytotoxicity endpoints most studied are germination, growth and development. 
Antibiotics have a two-phase effect on plant growth, characterized by the excitatory 
effects caused by low-dose stimulation and by high-dose inhibition [49]. Tetracy-
clines reduce the production of pinto beans (Phaseolus vulgaris), but they promote the 
nutrient absorption of wheat (wheat) and corn (Zea mays) [8]. Tetracycline signif-
icantly increased the activity of the stress proteins glutathione S-transferase and 
peroxidase in corn plants but not in pinto beans [26]. Pan and Chu [62] report that 
the phytotoxic effects of antibiotics on seed germination are lower than those on root/ 
stem elongation. Antibiotics may have difficulty penetrating the seed coat, so they 
cannot be absorbed by the seed and affect the growth of the radicle [56]. Root elon-
gation is a more sensitive endpoint than bud elongation and seed germination [14]. 
Jin et al. [42] found that the inhibitory effect of sulfonamides on shoot elongation 
was significantly higher than that on root elongation. Some plants are more suscep-
tible than others; for example, Hillis et al. [35] found that carrots are more sensitive 
to tetracycline than lettuce and alfalfa. Hydrophobicity is the most important factor 
in controlling phytotoxicity [62]. However, most effective antibiotic concentrations 
measured in in vitro phytotoxicity tests are unlikely to occur in environmental soils. 
In addition, the potential environmental impact of antibiotic metabolites has not been 
extensively studied. It is necessary to study the chronic phytotoxicity of antibiotics 
in soil using wastewater, reclaimed water and organic amendments (e.g., manure, 
biosolids), which contain real antibiotic residues in greenhouse experiments [20, 
44, 73, 89]. Some of these works found accumulation of 13 antibiotics in plants. 
Hydroponic experiments found lettuce, spinach, cucumbers and peppers accumu-
lated sulfonamides in their roots [89]; however, although this experimental approach 
can be more intuitive for understanding absorption mechanisms, it does not repre-
sent the complexity of real agricultural environments (e.g., the physical and chemical 
properties of soils are not considered. In any case, data collected on antibiotic phyto-
toxicity are still limited. Mesocosm and field experiments are desirable for assessing 
the ability of plants to actually absorb and accumulate potential antibiotics. Realistic 
data can be used for risk assessment evaluations [38, 64].
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7 Conclusions and Future Perspectives 

Antibiotics together with their metabolites and transformation products have been 
detected in natural environments, including soil, at residual concentrations. Since 
they can have effects at low concentrations, they can pose a risk for ecosystems 
and human health. Antibiotics can persist in soil, depending on their intrinsic char-
acteristics and initial amount, abiotic (e.g., adsorption to soil, water availability, 
temperature) and above all biotic factors (the presence of a microbial community 
able to resist their biocide effects and/or to remove or detoxify them). 

An antibiotic presence in soil can have direct effects: death or inhibition of bacte-
rial populations involved in key ecosystem services; indirect effects: promoting bacte-
rial resistance mechanisms (e.g., ARGs), which can be transferred from soil bacteria 
to plants, and selecting bacterial populations able to degrade them. The link between 
antibiotic degradation and resistance still has to be better investigated, however the 
more an antibiotic is promptly degraded, the less the risk of resistance spreading. 
The concentrations able to maintain and select antibiotic resistance or degradation 
among mixed native microbial populations have not currently been determined. 

Moreover, few studies are focused on metabolites, transformation products or 
mixture of pharmaceuticals and other pollutants that can co-occur in soil (e.g., heavy 
metals, antibiotic degradation products). Finally, their long-term effects are still to 
be investigated and are a key focus for future research on this complex issue. 
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J (2018) Literature update of analytical methods for biogenic amines determination in food and 
beverages. TrAC Trends Anal Chem 98:128–142. https://doi.org/10.1016/j.trac.2017.11.001 

66. Pascual Aguilar JA, Andreu V, Campo J, Picó Y, Masiá A (2017) Pesticide occurrence in 
the waters of Júcar River, Spain from different farming landscapes. Sci Total Environ 607– 
608:752–760. https://doi.org/10.1016/j.scitotenv.2017.06.176 

67. Patra AK (2012) An overview of antimicrobial properties of different classes of phytochemicals. 
In: Patra A (eds) Dietary phytochemicals and microbes. Springer, Netherlands, pp 1–32. https:// 
doi.org/10.1007/978-94-007-3926-0_1 

68. Pereira P, Bogunovic I, Muñoz-Rojas M, Brevik EC (2018) Soil ecosystem services, sustain-
ability, valuation and management. Curr Opin Environ Sci Health 5:7–13. https://doi.org/10. 
1016/j.coesh.2017.12.003 

69. Perreten V, Boerlin P (2003) A new sulfonamide resistance gene (sul3) in  Escherichia coli is 
widespread in the pig population of Switzerland. Antimicrob Agents Chemother 47(3):1169– 
1172. https://doi.org/10.1128/AAC.47.3.1169-1172.2003 

70. Pham TDM, Ziora ZM, Blaskovich MAT (2019) Quinolone antibiotics. MedChemComm 
10(10):1719–1739. https://doi.org/10.1039/C9MD00120D 

71. Picó Y, Andreu V (2007) Fluoroquinolones in soil-risks and challenges. Anal Bioanal Chem 
387(4):1287–1299. https://doi.org/10.1007/s00216-006-0843-1 

72. Prosser RS, Sibley PK (2015) Human health risk assessment of pharmaceuticals and personal 
care products in plant tissue due to biosolids and manure amendments, and wastewater 
irrigation. Environ Int 75:223–233. https://doi.org/10.1016/j.envint.2014.11.020 

73. Sabourin L, Duenk P, Bonte-Gelok S, Payne M, Lapen DR, Topp E (2012) Uptake of phar-
maceuticals, hormones and parabens into vegetables grown in soil fertilized with municipal 
biosolids. Sci Total Environ 431:233–236. https://doi.org/10.1016/j.scitotenv.2012.05.017 

74. Saccá ML, Barra Caracciolo A, Di Lenola M, Grenni P (2017) Ecosystem services provided 
by soil microorganisms. In: Lukac M, Grenni P, Gamboni M (eds) Soil biological communities 
and ecosystem resilience, pp 9–24 

75. Sánchez-Osuna M, Cortés P, Barbé J, Erill I (2019) Origin of the mobile di-hydro-pteroate 
synthase gene determining sulfonamide resistance in clinical isolates. Front Microbiol 9:3332. 
https://doi.org/10.3389/fmicb.2018.03332 

76. Sharma PC, Jain A, Jain S, Pahwa R, Yar MS (2010) Ciprofloxacin: review on developments 
in synthetic, analytical, and medicinal aspects. J Enzyme Inhib Med Chem 25(4):577–589. 
https://doi.org/10.3109/14756360903373350 

77. Snow DD, Cassada DA, Larsen ML, Mware NA, Li X, D’Alessio M, Zhang Y, Sallach JB 
(2017) Detection, occurrence and fate of emerging contaminants in agricultural environments. 
Water Environ Res 89(10):897–920. https://doi.org/10.2175/106143017X15023776270160 

78. Song C, Mazzola M, Cheng X, Oetjen J, Alexandrov T, Dorrestein P, Watrous J, van der Voort 
M, Raaijmakers JM (2015) Molecular and chemical dialogues in bacteria-protozoa interactions. 
Sci Rep 5(1):12837. https://doi.org/10.1038/srep12837 

79. Starling MCVM, Amorim CC, Leão MMD (2019) Occurrence, control and fate of contaminants 
of emerging concern in environmental compartments in Brazil. J Hazard Mater 372:17–36. 
https://doi.org/10.1016/j.jhazmat.2018.04.043

https://doi.org/10.1016/j.scitotenv.2019.135882
https://doi.org/10.1111/ejss.12216
https://doi.org/10.1016/j.scitotenv.2015.12.040
https://doi.org/10.1016/j.scitotenv.2017.04.214
https://doi.org/10.1021/jf503850v
https://doi.org/10.1016/j.trac.2017.11.001
https://doi.org/10.1016/j.scitotenv.2017.06.176
https://doi.org/10.1007/978-94-007-3926-0_1
https://doi.org/10.1007/978-94-007-3926-0_1
https://doi.org/10.1016/j.coesh.2017.12.003
https://doi.org/10.1016/j.coesh.2017.12.003
https://doi.org/10.1128/AAC.47.3.1169-1172.2003
https://doi.org/10.1039/C9MD00120D
https://doi.org/10.1007/s00216-006-0843-1
https://doi.org/10.1016/j.envint.2014.11.020
https://doi.org/10.1016/j.scitotenv.2012.05.017
https://doi.org/10.3389/fmicb.2018.03332
https://doi.org/10.3109/14756360903373350
https://doi.org/10.2175/106143017X15023776270160
https://doi.org/10.1038/srep12837
https://doi.org/10.1016/j.jhazmat.2018.04.043


Antibiotics as Emerging Pollutants of Soil Ecosystems 41

80. Sun Y, Guo Y, Shi M, Qiu T, Gao M, Tian S, Wang X (2021) Effect of antibiotic type 
and vegetable species on antibiotic accumulation in soil-vegetable system, soil microbiota, 
and resistance genes. Chemosphere 263:128099. https://doi.org/10.1016/j.chemosphere.2020. 
128099 
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Rare Earths in Soils 

Raimundo Jiménez-Ballesta, Pablo L. Higueras, 
and Francisco J. García Navarro 

Abstract This chapter aims to review and summarize the scattered existing litera-
ture on the presence of the so-called rare earth elements (REEs) in soils by drawing 
on their basic characteristics and applications, contents, origin and possible sources, 
basic lanthanide chemistry, the chronology of their discovery, importance in soil 
genesis and the soil–plant system, and environmental consequences. The ultimate 
reason for this selection is that REEs accumulation in soil has increased in recent 
times not so much because of natural processes, but of anthropogenic activities. Thus, 
after the conceptualization and brief review of its historical identification, the origin 
and occurrences of REEs in soils are revealed. It is stated that they depend on: their 
presence in parent material; weathering of minerals; discharges from several sources 
(mining, industrial waste, P-fertilizers, sewage sludges, among others). Finally, atten-
tion is also paid to the potential risks that they entail. As occasional and uncontrolled 
REEs applications to agricultural soils are known to pose several environmental 
risks, it is necessary to undertake new studies on their bioavailability and subse-
quent possible adverse effects on microbial biomass and, therefore, on soil fertility. 
In this way, future research needs to: (i) include an understanding of REEs contents, 
their incorporation into soils by various external sources, but also their interactions 
with other soil constituents; (ii) promote new studies related to their interactions with 
plant growth; (iii) investigate impacts for the soil environment and human and animal 
health because of increasing REEs utilization. Therefore, future research lines should 
emphasize soil content control to identify the negative implications in environmental 
and agricultural sectors. Finally, the development of recycling processes for REEs is 
becoming an increasingly relevant, but challenging, issue. 
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1 Introduction 

The International Union of Pure and Applied Chemistry, an organization that works 
on maintaining international consistency for the chemical nomenclature, has iden-
tified the 15 transition metals from the Periodic Table of the elements with atomic 
numbers from 57 (lanthanum) through to 71 (lutetium) as lanthanides or lanthanoids 
[99]. These 15 elements share common physio-chemical properties and are listed 
as follows: lanthanum (57La), cerium (58Ce); praseodymium (59Pr); neodymium 
(60Nd); promethium (61Pm); samarium (62Sm); europium (63Eu); gadolinium 
(64Gd); terbium (65Tb); dysprosium (66Dy); holmium (67Ho); erbium (68Er); 
thulium (69Tm); ytterbium (70Yb); lutetium (71Lu). 

Rare earth elements (hereafter referred to as REEs) represent the cited 15 periodic 
elements of the lanthanide family, which lie at the bottom of the Periodic Table in 
the top horizontal row of the f-block elements (Fig. 1). Scandium (Sc) and yttrium 
(Y), also located in column 3 of the Periodic Table, are considered REEs because 
they exhibit similar properties to the lanthanide family and also because they usually 
appear all mixed in the same deposits. 

Although they are called “rare”, REEs are quite common litholfile elements in the 
Earth’s crust, with diverse, but not particularly, low average concentrations in relation 
to other elements [87, 211]. The question that justifies their ‘rarity’ is that they lack 
large ore deposits, unlike other elements such as base metals or similar ones. They 
are also known as “earths” because of the way that some oxides were called in the 
nineteenth century, which is why they are also called “metals” or “oxides” [231].

Fig. 1 REEs periodic table: rare earth elements are the 15 lanthanide series elements, plus yttrium 
and scandium 
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The set of elements making up the REEs group can be divided into three 
subgroups: LREEs (light REEs), MREEs (middle REEs) and HREEs (heavy 
REEs) [220, 251]. However, the set is usually limited to LREEs and HREEs 
[100, 193, 196, 256]. 

Some elements like Cu, Hg or Pb, among others, have been traditionally consid-
ered strategic elements because of their use in important industrial applications. The 
development of modern technologies has led to other elements (particularly REEs) 
also becoming part of this set. Indeed, in the last few decades REEs elements have 
drawn enormous international attention. Metallurgical processing, alloying and elec-
tronics applications (e.g., cell phones, computer components, electric motors, lenses, 
and a long etcetera of others) represent the most significant uses of REEs today. Many 
of these applications form part of the so-called green technologies. Besides, given 
the dependence on several of these elements for military applications, REEs are 
considered a national strategic resource by many countries. Hence these elements 
constitute an essential group of the so-called Technology Critical Elements, or TCEs 
[45], because of not only their fundamental role in technological applications, but 
also their increasingly important role in the geopolitical picture. The importance and 
transcendence of these elements lie in the fact that they are basic raw materials in 
the world of the energy transition imposed by progressive climate change, but also 
due to transformations toward digitalization, required by the so-called new tech-
nologies, and also by the military industry and aerospace. So, it is not surprising 
that REEs are known as “industrial vitamins”. Nonetheless, as these elements are 
increasingly demanded, excess REEs, such as Gd, are considered micropollutants in 
the environment [20, 114], particularly those that come from wastewater treatment 
plants [121, 225, 226] and hospitals [115, 123], were this element is used (since 
1988), as Gd-based contrast agents (GBCAs), frequently administered to patients 
for magnetic resonance imaging with the idea of improving tissue contrasts. Logi-
cally, after examination, they are excreted causing the accumulation of anthropogenic 
Gd into the environment (river and lake waters), since these Gd compounds are not 
removed in wastewater treatment plants (WWTP) due to their high stabilities. In 
addition, anthropogenic Gd chelates can also be used as tracers for emerging micro-
contaminants such as steroids, pharmaceuticals and personal care products [114]. 
However, the potential long-term effects of exposure to Gd low doses have not yet 
been studied. 

REEs elements are of importance in soil science and other environmental sciences. 
This is particularly the case of the geochemical behavior of REEs in many soil types 
in relation to weathering processes and the origin of the rocks containing these 
elements, as well as the influence of human activities on their mobilization, which 
have been (and still are) widely studied. Several aspects in this sense are particularly 
important today:

• Studies about the influence of REEs in soil formation [5, 32, 39, 120, 206, 224]
• Characterization of the variability of REEs contents in soils [37, 52, 78, 93, 97, 

122, 184, 249, 255, 257]
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• Fractionation, mobility and availability of elements in different edaphic contexts 
[1, 31, 35, 38, 93, 103, 104, 137, 148, 151, 174, 233]

• Assessment of soil–plant transferences and relations with agriculture [143, 172, 
186, 197, 217, 245]

• Environmental impact of REEs, including relations with soil microbiota [126, 
175]

• Health concerns about the presence of these elements in soils [68, 83, 128, 167, 
168, 187, 188] 

By taking into account the growing global economic importance of REEs for 
their use in several soil-related Earth Science fields and that most of the products/ 
by-products that are potential sources of TRs have the soil as their first destina-
tion, this review was carried out to provide an overall environmental perspective of 
REEs with respect to their presence in soils driven both by natural and anthropogenic 
processes. This chapter attempts to offer an examination, and provides comprehen-
sive coverage, of the geochemistry of lanthanoid elements in soils by presenting a 
current snapshot of their presence in soils. It also analyzes information about REEs 
by especially focusing on the natural and anthropogenic sources of REEs, contents 
and specific features in their behavior in soil. Finally, their manifestation as potential 
contaminants is succinctly discussed. The economic importance of these elements, 
and the quantification of their reserves in the world or their current supplies and 
demand worldwide, are not the subject of this review. 

2 A Brief Chronology in the Discovery of Rare Earths 

For just over three-four decades, in an international context, society has been 
immersed in a new revolutionary industrial process based on technological produc-
tion. These advances have resulted in some elements and minerals being considered 
“Critical Raw Materials” by the European Commission [110] to provide crucial 
elements for new technologies, including REEs, which appear as the most important 
group of strategic elements. Although they were mostly discovered at the end of the 
eighteenth century, it was not until after World War II that progress was made in 
their possible commercial applications. Indeed, REEs were discovered long before, 
in 1787, by Karl Axel Arrhenius, a Lieutenant of the Swedish Army, when the black 
mineral ytterbite (later renamed gadolinite) from a feldspar and quartz mine near the 
village of Ytterby, Sweden was collected and studied in detail. In fact, the majority 
of REEs were originally discovered in Europe, fundamentally from the Bastnäs and 
Ytterby mines in Sweden [70, 94, 242]. Table 1 sumarizes the history of the discovery 
of the different REEs, many of which were obtained from the same ‘black mineral’ 
present in Ytterby.

It was Gadolin (chemist and mineralogist) who, in 1794, began the discovery of 
the different elements in this group, starting with the yttrium element. In 1907, the 
discovery of element lutetium is considered by some as if it were the last element



Rare Earths in Soils 47

Table 1 Brief chronology of the development of rare earths appearing 

Element Name Original name Year Discoverer 

Y Yttrium Ytterby (village) 1794 Gadolin 

Ce Cerium Ceres (asteroid) 1814 Berzelius (and Hisinger) 

La Lanthanum To lie hidden (Gr.) 1839 Mosander 

Er Erbium Yettery 1843 Mosander 

Tb Terbium Yettery 1843 Mosander 

Yb Ytterbium Ytterby 1878 Marignac 

Sm Samarium Samarskite (mineral) 1879 Lecoq de Boisbaudran 

Sc Scandium Scandinavia 1879 Lars Nilson 

Ho Holmium Latin (holmia) 1879 Cleve 

Tm Thulium Thule 1878 Cleve 

Gd Gadolinium Johan Gadolin 1880 Marignac 

Pr Praseodymium Gr. (green twin) 1885 von Welsbach 

Nd Neodymium Gr. (new twin) 1885 von Welsbach 

Dy Dysprosium Gr. from dysprositos 1886 P.E.L. de Boisbaudran 

Eu Europium Europe 1886 Eugène Demarcay 

Lu Lutetium Lutetia (Lt. of Paris) 1907 Urbain 

Pm Promethium Prometheus (Gr. God) 1945 Glendenin/Marinsky

of the group to be discovered. However, the promethium element was discovered by 
Marinsky in 1943 due to a nuclear reaction, which truly closed the history of the 
discovery of REEs. 

3 Some Features of the Soil Chemistry of Lanthanides 
and Analytical 

From the chemical point of view, REEs elements share common physico-chemical 
properties for having a similar electronic configuration. As elements, they normally 
appear together in the same mineral assemblages. They also share many common 
characteristics and properties, which make it difficult to separate them, or to even 
distinguish them from one another. They are usually silver, silver-white or gray-
colored metals which, in the presence of air, lose their silver-white surface and 
become chestnut and dark-brown due to the formation of oxides [112, 186]. REEs 
are chemically active metals with low ductility, although mechanical properties very 
much depend on purity. Their chemical bonding is predominantly ionic, and they do 
not tend to form covalent bonds [235]. 

Some chemical species, such as hydroxyl anion (OH–), fluorine (F–), chlorine 
(Cl–), ammonia (NH3), acetic acid (CH3 COO–), carbonic acid (CO3 

2–), nitrate
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(NO3
−), sulfate (SO4 

2−), phosphate (PO4 
3−), oxide (O2−), alcohols (R–OH), amines 

(R-NH2), among others, which contain highly electronegative donor atoms like O2 

and F, are capable of forming ligands with lanthanides. REEs are not presumably 
as toxic as other heavy metals and metalloids, such as Hg, Cd or As, but may be 
chronically toxic to humans and cause long-term adverse effects [170]. 

The chemistry of REEs in soils has been documented by different authors like 
Aide [4]. In this context, most REEs exist in trivalent cations, and rarely in divalent 
or tetravalent cations. Although a few REEs occur in other ionic forms, such as 
samarium (Sa2+), thulium (Tm2+), and ytterbium (Y2+), only some forms of cerium 
(Ce4+) and europium (Eu2+) are commonly found in natural systems [182]. 

3.1 Analytical Methods 

Given the physico-chemical similarities that characterize REEs, their is compli-
cated, especially if there is a mixture of them. In practice, there are several 
methods that allow REEs contents to be determined in soils. Today numerous tech-
niques, such as Instrumental Neutron Activation Analysis (INAA) and Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS), including High-Resolution Induc-
tively Coupled Plasma Mass Spectrometry (HR-ICP-MS), are often used (probably as 
the most attractive [61, 74, 84]), to determine REEs in soils (Fig. 2). Their advantage 
lies in them having multi-element capabilities, high sensitivity, a wide linear dynamic 
range, fewer interferences, and easy operation and accuracy [15, 17, 18]. Other 
possible sensitive techniques are X-Ray Fluorescence Spectrometry (XRF) [51, 155], 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) [156], Glow 
Discharge Mass Spectrometry (GD-MS), Laser-Induced Breakdown Spectroscopy 
(LIBS), and recently Microwave Plasma Atomic Emission Spectroscopy, (MP-AES), 
have been introduced. Perhaps one of the most widely used techniques is XRF, a 
reliable method for REEs element analyses, although this technique is not relatively 
sensitive, but a conventional analytical technique for REEs analyses with distinct 
advantages over other methods in accuracy, speed and cost terms: Wu et al. [243] 
presented a review on XRF analysis applications in the Chinese REEs industry. Many 
other authors ([17, 93, 103, 104], among others) have used XRF in vineyard soils 
and ore deposits.

4 Applications of Rare Earths 

REEs elements form an important group of elements in applicability terms, as deter-
mined by their chemical and physical properties, which translates into vital impor-
tance in the development of the world’s economy. Indeed as a consequence of REEs 
having unique properties, but varied in detail, this set of elements is used in a wide 
range of modern technology applications (Table 2), and in such a way that they
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Fig. 2 Analytical methods used in the determination of REEs contents

are incorporated into various materials in medicine, imaging methods, mining and 
processing, lighter flints, iron and steel additives, carbon arc lighting, cell phones, 
catalytic converters for automobiles or rechargeable batteries [16, 36, 82, 138], and 
in fertilizers [40, 103, 104, 173, 200, 252, 254]. 

The application of REEs in various industrial fields includes non-nuclear energy 
production and energy-utilizing products like light bulbs, batteries and catalytic 
converters [14, 59, 125, 162], anti-corrosive technique development [127, 161] and 
magnet production. Nd is extensively applied in supermagnets for disk drives and 
some electric motors. Ce is a critical ingredient in autocatalyts. Almost all REEs are

Table 2 Main application of REEs (adapted from [36, 138]) 

Application Most used 
REEs 

Examples of use 

Magnets Nd, Pr, Tb, 
Dy 

Motors, disc drive, magnetic resonance imaging, power generation, 
microphones and speakers, and magnetic refrigeration 

Catalyst La, Ce, Pr, 
Nd 

Petroleum refining, catalytic converter, diesel additives, chemical 
processing and industrial pollution scrubbers 

Alloys La, C Pr, 
Nd 

Batteries, fuel cells steel, lighter flints, superalloys, aluminum and 
magnesium 

Glass and 
polishing 

Ce, La, Pr, 
Nd, Gd, Er, 
Ho 

Polishing compounds, decolorizers and colorizers, UV resistant 
glass and X-ray imaging 

Phosphors Eu, Tb, Nd, 
Er, Gd, Ce, 
Pr 

Display phosphors CRT, LPD, LCD, fluorescent lighting, medical 
imaging, lasers and fiber optics 

Other uses All REEs Nuclear, defense, water treatments, pigments (Ce), fertilizer and 
scientific research 
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used in making flat-panel TVs. These applications mean a very high REEs demand 
(Table 2). 

Therefore, REEs are very useful in modern technologies, especially the so-called 
green technology [50, 57, 72, 88, 221]. Components of high-strength magnets are 
used in electronic equipment (very powerful permanent magnets), wind turbines, 
the manufacture of hybrid and electric vehicles, for precision guided weapons, in 
computers, audio equipment and automobiles, mobile phones, solar panels, refractory 
telescopes, digital cameras, DVDs, fluorescent tubes, rechargeable batteries, among 
others [22, 196, 201]. 

Their use as fluid-cracking catalysts is significant during oil refining, or in the 
production of optical glass and as components in phosphors for energy-efficient 
lighting [88], albeit in small quantities. Their use in the military industry is especially 
important because they are critical for the manufacture of night-vision goggles, lasers, 
communication devices, GPS, precision weapons, batteries, nuclear reactors, among 
other electronic devices. They are associated with highly radioactive and polluting 
elements (including Th, U and Pu), and can be used to manufacture nuclear reactors 
and bombs. Despite the widespread use of rare earths in the clean energy sector, the 
electronics sector is still the largest user of rare earths. 

REEs have been used in electronics and advanced machinery for several decades, 
coinciding with the introduction of the first color television sets. Since then, 
demand for rare earths has steadily grown in relation throughout electronic products 
(including screens, glass, batteries, and magnets). One other potentially promising 
source of reduced reliance on new production of REEs is in recycling. But currently, 
recycling of REEs is in early stages of development. 

5 Abundance of REEs in the Earth’s Crust and Soils 

Rare earth elements are trace elements. As shown in Table 3, the average abundances 
of Ce (60 mg kg−1), La (30 mg kg−1) or Y (24 mg kg−1) in the Earth’s crust are 
comparable to those of common metals like Cu (68 mg kg−1) or Zn (79 mg kg−1) 
according to Wedepohl [237]. The estimated average concentration of REEs in the 
Earth’s crust ranges from around 130–240 mg kg−1, which is significantly higher 
than other commonly exploited elements [251]. Obviously for other elements, these 
concentrations show very wide variations throughout the crust depending on the rock 
type and compositional variations [5, 81, 91, 145, 209, 227, 237].

Table 4 shows the REEs contents for the Earth’s crust and soils as reported in the 
worldwide literature. For Bohn et al. [23], the concentrations of these elements in soils 
vary from 30 to 700 mg kg−1 (referred to the average concentration of all measurable 
REEs). And, for Liang et al. [130], their content in the upper soil layer (where they 
can interact with biota) considerably varies, reaching total average concentrations 
between 100 and 200 mg kg−1. The most abundant REEs are Ce and La.
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Table 3 Abundance of elements in the Earth’s crust [237] 

Element Abundance 
(mg kg−1) 

Element Abundance 
(mg kg−1) 

Nickel (28Ni) 90 Cesium (55Cs) 3.4 

Zinc (30Zn) 79 Gadolinium (64Gd) 4.0 

Copper (29Cu) 68 Dysprosium (66Dy) 3.8 

Cerium (58Ce) 60 Erbium (68Er) 2.1 

Lanthanum (57La) 30 Ytterbium (70Yb) 2.0 

Cobalt (27Co) 30 30 Europium (63Eu) 1.3 

Neodymium (60Nd) 27 Holmium (67Ho) 0.8 

Yttrium (39Y) 24 Terbium (65 Tb) 0.7 

Scandium (21Sc) 16 Lutetium (71Lu) 0.4 

Lead (82Pb) 10 Thulium (69Tm) 0.3 

Praseodymium (59Pr) 6.7 Silver (47Ag) 0.08 

Thorium (90Th) 6 Gold (79Au) 0.0031 

Samarium (62Sm) 5.3 Promethium (61Pm) 10–18

As with the other chemical elements, the concentrations of the REEs with an even 
atomic number are higher than those of the elements with an odd atomic number 
(Fig. 3 and Table 4). Only Sc, Y La, Ce and Nd reach concentrations of >10 mg kg−1.

6 Rare Earths Origin in Soils 

Natural soils contain variable concentrations of REEs, depending on the particular 
considered element and type of soil, its geological substrate, and the interactions 
between REEs-bearing minerals and local soil physico-chemical conditions. These 
elements in soils form part of the crystalline lattice of different minerals, some of 
which are primary (inherited from the rock that forms the local substrate) and some are 
secondary, the product of the weathering of REEs-containing primary minerals and 
soil reactivity. The minerals that can contain REEs include carbonates, phosphates, 
silicates and fluorides as the most important ones. 

Primary REEs are concentrated in some ore deposit types, which correspond to 
four geological environments, namely carbonatites, alkaline igneous systems, ion-
absorption clay deposits and monazite-bearing placer deposits, and to carbonatite and 
alkaline igneous rocks, which constitute the majority of the world’s REEs resources 
[55, 240].
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Fig. 3 Graph showing mean content of REEs elements in the earth’s crust and soil. Promethium 
does not occur naturally on earth

6.1 Primary Mineralogy—REEs Ore Deposits 

The first complete list of primary minerals containing REEs was issued by Clark 
[44] with the following: 

– Fluorite (CaF2), where Y and Ce replace Ca 
– Allanite [Ca(Ce,La,Y)(Al2Fe2+)(O/OH/SiO4/Si2O7)], a mineral from the epidote 

group 
– Sphene (CaTiSiO5), where Y and REEs replace Ca 
– Zircon (ZrSiO4), where Y and HREE replace Zr 
– Apatite [Ca5(PO4)3(F,Cl,OH), where Be, Ce, Pb, Y and REEs replace Ca 
– Monazite [(Ce,La) PO4], where most other REEs replace Ce and La 
– Xenotime (YPO4), where most other REEs replace Y 
– Rhabdophane [(Ce,La) PO4·(H2O)], where most other REEs replace La and Ce 
– Bastnaesite [(Ce,La,Y) CO3F], where most other REEs replace Y, La and Ce 

The existence of more than 200 known REE-bearing minerals is presently 
accepted, although some authors like Walters and Lusty [231] and Dostal [55] 
consider that there are over 250 minerals whose chemical formula and crystal struc-
ture contain REEs as relevant constituents. Table 5 lists the most important REEs-
bearing minerals and their generic formulas. Gupta and Krishnamurthy [80] state that 
only three of these can be considered to be REEs’ ores, with the most feasible ones for
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the extraction of REEs bastnasite, monazite and xenotime, despite the fact that only 
bastnasite and monazite are usually interesting in economic terms. A dozen other 
minerals have also been, or could be used as, REEs resources. Specifically, bastnasite 
is the ore that contains the highest proportion of REEs (e.g., Ce, La, and Y). This 
mineral concentrates in vein deposits, contact metamorphic zones and pegmatites. 
Following Higueras et al. [93], monazite can be found in two profitable deposit 
types: (i) a diversity of hydrothermal deposits characterized by the occurrence of 
the so-called yellow monazite, (ii) concentrations of detrital nodules of millimetric 
size (“gray monazite,” as defined by Donnot et al. [54]). These latter deposits are 
associated primarily with Ordovician shales, corresponding to secondary concentra-
tions produced through supergene processes in recent sediments that form on the 
aforementioned shales. Yellow monazite appears as the main REEs ore in the huge 
Bayan Obo (China) deposit, formed due to the metasomatism of carbonatites in a 
subduction-related environment [117, 134]. Xenotime can occur along with yellow 
monazite, but generally occurs as a minor constituent of the corresponding type of 
deposits of this variety. Monazite preferentially incorporates larger LREEs (here 
La-Gd), whereas xenotime tends to incorporate smaller HREEs (here Tb-Lu, + Y) 
[159].

6.2 REEs in Soils—Natural Origin 

The presence and abundance of REEs in soils are mainly the consequence of natural 
processes, but some anthropogenic activities can also alter their abundance. On these 
bases, anomalies with respect to background concentrations can be, therefore, indi-
cations of human-related pollution, linked to the usage of P-based fertilizants with 
high REEs concetrations; on the other hand, the possibility of being natural anoma-
lies, linked to the presence of high concentrations of these elements in the substratum 
cannot be neglected, particularly in areas in with human activities, and in particular 
the use of fertilizants, is not conspicuous. High concentrations of REEs would indi-
cate an anthropogenic rather than natural origin. The presence of REEs in soils and 
the natural environment depends, therefore, on not only parent material content, but 
also on weathering through geochemical and biological processes [64, 67, 79, 92, 
149, 199, 204, 208, 234, 244]. Figure 4 illustrates a typical well-developed and repre-
sentative red Mediterranean soil (profile a) identified in Torrenueva (Rhodoxeralf) 
in which gray monazite (b) is concentrated, coming from the weathering of Ordovi-
cian gray shales originally containing this mineral [93]. Other mineral phases than 
monazite can be present in common soils, explaining those variable concentrations 
in REEs elements.

Other natural processes seem responsible for some anomalous contents of these 
elements in soils [148], particularly those related to groundwaters flows [79, 199, 
204, 208, 212, 222, 234], and even more particularly for the water flows related to 
volcanic activity [92, 244]. As a consequence, REEs are widely distributed in soils.
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a) b) 

Fig. 4 a Well-developed and representative profile of Rhodoxeralf (red Mediterranean soil); b detail 
of Monazite particles that accumulate in this soil type

6.3 REEs in Soils—Anthopogenic Origin 

Human activity promotes major changes in soil composition by introducing elements 
that are generally called potentially toxic elements. Of these, the mining and 
processing of REEs-containing ores (and of REEs-containing associated minerals) 
can be an important source of these elements in soils that lie close to corresponding 
activities. In the same way, any processes involving the burning or calcination of 
organic (coal, oil) or inorganic (metals, in metallurgy) products may release emis-
sions containing REEs to the atmosphere, which undergo dry and/or wet deposition, 
and also produce the dissemination of these elements in surrounding areas, or even 
in remote zones, depending on the climate and meteorological conditions [101, 116, 
128, 150, 236]. None of this includes the 25, which can release amounts of REEs to 
the environment [19, 202]. Since the 1990s, recycling of waste has become a core 
element of sustainable development. But in our opinion recycling can delay for some 
years or decades at best. 

Modern agriculture very much depends on fertilizer and pesticide applications to 
promote the growth of crops and to protect them from pests [191, 213, 232, 239, 
252]. Thus, in addition to conventional pollution sources, phosphorous fertilizers 
can also be a considerable source of REEs pollution because these fertilizers contain 
such elements [68, 77, 154, 186, 213]. 

Given that REEs have been extensively used in agriculture for many years and 
in many regions of the world, the literature about this question abounds, such as
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Volokh et al. [228], Slooff et al. [202], Todorovsky et al. [214], Val’kov et al. [223], 
or Sabiha-Javied et al. [192], among others. 

Indeed, for some authors, the most important anthropogenic source of REEs 
entering soil is associated with the manufacture and use of organic and mineral fertil-
izers [24, 97, 173, 194]. REEs enrichment in surface soils has occurred in this way 
[40, 65, 79, 96, 126, 146, 173, 200, 218, 254], given their characteristic persistence. 

Rare earth elements (REEs) play important roles in agricultural and zootechnical 
applications, such as fertilizers and feed additives. For example, administration of 
a REE-based fertilizer was shown to increase wheat (Triticum aestivum) crop yield 
and REE accumulation [252] or on navel orange quality and safety [41]. The use 
of REE preparations as additives in livestock feed has been practiced for several 
decades as reviewed by Rambeck and Wehr [183] and by Redling [186]. The ultimate 
consequence is that they accumulate in soils, bioaccumulate in crops and finally enter 
the human food chain [36]. 

7 Geochemical Behavior of REEs in Soils 

The abundance of REEs is basically controlled by their abundance in substrate rocks, 
although, as stated in other sections of this chaper, some anthopogenic activities may 
increase them; in particular, and concerning natural concentrations, Hu et al. [97] 
found that REEs content in regoliths very much depends on the type of parent mate-
rial, which is their primary source. Mobility conditions can modify their abundance 
and distribution in soils. Alderton et al. [10] suggested that these elements are immo-
bile during weathering, while Fernández-Caliani et al. [63], Pérez-Lopez et al. [177] 
and Edahbi et al. [60] point out relative REEs enrichment from substrate to soil. 
According to Zhang et al. [253], Hu et al. [97] and Cidu et al. [43], REEs mobility 
depends not only on parent material, but also on the geochemical and biological 
processes that occur in soil. Jones [106] and Cao et al. [32] describe higher mobility 
rates for La, Ce, Gd and Y with pH and a redox potential that are low. 

All these processes can be understood by bearing in mind that during the weath-
ering process, rainwater infiltration will hydrolize and dissolve the soluble minerals 
in bedrock to generate processes that enrich or deplete REEs according to their 
relative mobility. Thus, mineral weathering can be considered an important source 
of elements for soils [179]; later, REEs might still be incorporated into secondary 
minerals, such as clay minerals (smectite, kaolinite, etc.) or other minerals, including 
gypsum or anhydrite, and then these REEs remain immobilized [69, 153, 171]. Ji 
et al. [102] and Jin et al. [105] report the mobility of these elements during weath-
ering and different degrees of mobility depending on climate conditions, as well as 
mineralogical differences and distinct organic matter contents. 

The detailed study of the geochemical behaviour of REEs during rock weathering 
and soil formation has steadily grown in past decades [6, 11, 13, 47, 98, 118–120, 139, 
142, 157, 163, 185, 217, 250, 258]. Although REEs in soils were originally assumed 
to be immobile or quite low [38, 255], REEs signatures have been employed to assess
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soil genesis because they are sufficiently mobile as to infer the intensity of some key 
pedogenic processes [157]. In this way, the study of these elements’ distribution 
and behaviour in soils can considerably support the understanding of weathering 
and pedogenic processes, such as eluviation-illuviation, erosion, elemental depletion 
because of leaching, oxyhydroxide formation or haploidization, which highlight their 
contribution as an external source of materials (alloctonism) [97, 105, 119, 250]. Tyler 
and Olsson [219] indicate that the majority of REEs are 40–50% removed from the 
upper A and E horizons of a Swedish Haplic Podzol. 

It is, therefore, concluded that REEs can be used to reveal: (1) lithologic disconti-
nuities [6–8], (2) the presence of aeolian or anthopogenic additions [9, 160, 165], (3) 
estimations of weathering intensities and elemental loss rates of soils [21, 25–27, 30, 
75, 85, 86, 141, 152, 158, 164, 180, 181, 218], (4) oxidation–reduction conditions in 
soil [3]. 

In short, Fig. 5 shows a scheme of the potential pathways of the edaphic cycle 
of REEs, in which several factors can participate, such as plant uptake, erosion, 
leaching, complexation, eluviation-illuviation, and the removal/adsorption of REEs 
by inorganic colloids (phyllosilicates and oxyhydroxides). 

Fig. 5 Illustrative scheme of the potential pathways for REEs migration and sequestration 
(modified from [5])
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8 REEs in the Soil–Plant System: Agricultural Applications 

Ever since Drobkov [56] demonstrated in 1941 that pea plant yields increased by 
adding 10−2 g La per vessel, many agronomic studies address the effects of specific 
elements’ plant growth processes. A review on this matter was conducted by Pang 
et al. [173]. 

Indeed, some REEs have been found to promote plant growth, development, crop 
production and better yields in various cultivation and application systems, but at 
low concentrations [205, 246]. Kabata-Pendias and Pendias [108] state that under 
natural conditions, plants absorb minimal amounts of REEs (1–45 mg kg−1 wt% 
in ash). Some authors [62, 166, 217] point out that certain species are capable of 
bioaccumulating high levels of these elements in spite of their low solubility in soil 
solutions. 

The matter of REEs mobility and (bio)availability in soil, particularly concerning 
the soil-to-plant transfer, has been the subject of a number of studies, especially for 
assessing transfer and consequences [2, 33, 41, 53, 66, 71, 89, 90, 93, 95, 111–113, 
124, 136, 176, 189, 215, 229, 247]. 

Wahid et al. [230] found a significant linear correlation between soil REEs content 
and the corresponding leaf or root REEs content in palms growing in sandy soil. Shan 
et al. [198] observed how the absorption capacity of REEs by plants significantly 
correlates with soil’s cation exchange capacity. However, the amount of REEs in 
plants does not correlate with REEs content in the rhizosphere [49, 58, 245] due to 
a greater control of REEs uptake by plant properties [220]. 

The effects of REEs elements on plants can be divided into three groups: beneficial, 
inhibitory, and toxic [186]. Negative, positive or no effects of REEs on plant growth 
crop and tree yields in many countries around the world have been observed since 
1933 [96]. 

Today there is limited and fragmented information on enriched REEs and the soil– 
plant system. The adsorption and desorption of REEs are affected by soil physico-
chemical properties [49, 130, 137, 147, 230]. This means that the REEs elements 
uptaken by plants are not controlled only by plants themselves but depend on both 
their concentrations in soil and soil properties [28, 238]. For example, the uptake of 
REEs by plants tends to be higher at a low pH [32, 198, 217]. A positive effect of 
REE on crop production has been observed since 1960. El-Ramady, point out that 
soil pH plays a vital role in the bioavailability of various REEs and their release 
into soils. Tyler and Olsson [219] also studied the effects of soil pH on the uptake 
of metals by a grass, Agrostis capillaris L. For the lanthanoids, it was observed that 
root concentrations were inversely related to soil pH and positively correlated with 
soil concentration. When Brown et al. [29] studied the effects of REEs on various 
Ca-mediated biological processes in plants, they coined the term “supercalcium” 
to refer to La being analogous to Ca. These authors concluded that many enzymes 
and other functional proteins are inhibited by La. Plants with high REEs concen-
trations generally show a small biomass, inhibited root growth, leaf chlorosis and 
morphological alterations, which mostly lead to plants dying [207].
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Experimental applications of REEs in the form of foliar sprays, additions of solid 
or liquid fertilizers, and seed treatments have been used in many species [96, 186, 
192]. It is accepted that these elements can be very beneficial when used in small doses 
in agricultural plants [213]. D’Aquino et al. [46] report the positive effects of La (0.4– 
150 mg kg−1) on seed germination in crops like Oryza sativa, Solanum lycopersicum, 
Tritucum aestivum or Citrus limonia. However, there is still controversy about the 
risk of uptake capacity of beneficial vs. toxic concentrations, and its mechanism in 
plants. 

In light of all this, it is not surprising that REEs elements have been used to identify 
particulate deposition related to anthropogenic activities and the enrichment of other 
elements by biogenic processes, particularly through lichen, moss and four vascular 
plants [42]. Therefore, if these previous studies are considered, there is a considerable 
need for further information as to whether REEs can be used as an alternative crop 
nutrition option under protected and open-field agricultural conditions. 

9 Environmental Consequences Linked with REEs 

Soil is a component of the environment in which the anthropogenic addition of some 
chemical elements can pose a health risk for ecosystems and people. Today REEs 
element production and uses in the world represent a significant economic yield, 
but pose serious potential risks to health, the environment [129] and biodiversity 
[48]. Concerns about radioactive pollution and REEs toxicity are also voiced, as 
highlighted by Gwenzi et al. [83] or Ma et al.  [140]. 

Besides natural processes, anthropogenic inputs must be taken into account 
because industrial, mining, and especially agricultural, activities are increasingly 
recognized as sources of these elements in soils [124, 258], as illustrated by Fig. 6. 
Therefore, despite the generally suspected low toxicity of REEs, their threshold 
limits and maximum permissible concentrations are still not well-known. In our 
opinion little is still known of the biological effects of occupational exposure to the 
lanthanides.

Rare earth primary production is associated with environmental impacts during 
mining, which depends on the type of deposit/mine and processing methods [196, 
240]. According to the last authors, there may even be a major risk linked with the 
presence of radioactive elements (Th and U) in REEs ores. 

As with other mining types, the mining and processing of REEs may generate tail-
ings during production processes (beneficiation, separation, reduction, refining), and 
might change natural soil and water physico-chemical conditions, which can increase 
their bioavailability and migration in the environment. So, it is not surprising that 
high REEs concentrations have been detected in soils [135], vegetables [128] and 
other crops [259, 260], and even in human bodies [129] near mining and processing 
operations Consequently, toxicity studies of REEs have increased [83, 144, 168–170, 
195, 203, 248]. Numerous examples appear in the literature to illustrate this topic. By 
way of example, a study by Li et al. [126] found that REEs’ soil pollution linked with
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Fig. 6 Main sources of REEs entering soils and routes of impacts

tailings from an REEs processing plant in China was located approximately 7 km 
away from the mining area. Furthermore, Li et al. [128] study REEs concentrations 
in different edible plants grown on soils of a REEs mining area, in Changting County 
of Fujian Province (China), finding concentrations of these elements exceeding the 
maximum permissible concentration of REEs in vegetables in the Chinese directives 
(0.7 mg kg−1 d−1), in particular in Ipomoea aquatica (water spinach) (0.92 mg kg−1 

d−1). The concentrations measured, in 8 different edible species, where higher in 
leafy vegetables than in non-leafy vegetables. They also find that REEs concentra-
tions in local resident’s blood and hair were 155.6 and 9.6 times higher than those 
of the general population, respectively. In another study by Slooff et al. [202], soils 
in polluted sites near industrial locations in the Netherlands contained high levels of 
REEs (at least 100-fold higher than background levels). In one of the many Chinese 
mining areas of these elements, Liang et al. [131] found REEs concentrations to 
be 200-fold higher than the Earth’s crust’s baseline levels for most of these. Like-
wise, plants bioaccumulate REEs in areas where mining activities take place [241]. 
Another example is that REEs also accumulate in lichens around mining areas [12, 
128]. So, the presence of such excessive REEs concentrations in soils can imply 
serious consequences for the surrounding environment and can ultimately enter the 
human body via many pathways, especially by food ingestion. Hence, this concern is 
being increasingly voiced because, according to Pitron [178] and Carrillo [34], many 
deposits are located in geographical areas where environmental care is practically 
nonexistent. 

In Campo de Montiel (south-central Spain), there are thick soils rich in monazite 
and, therefore, with high REEs contents (see Fig. 3). It is a unique deposit that 
is capable of supplying part of the European Union’s needs [93]. However, as the 
extraction area is located in a place marked by agronomy (olive trees, vineyards,
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cereal crops), and with hunting reserves and protected fauna (Iberian lynx, Lynx 
pardinus, Imperial eagle, Aquila adalberti; red kite, Milvus milvus, all of which are 
in danger of extinction), the mining project has led to significant rejection. 

Finally, the previously cited use of fertilizers in the agricultural sector [173, 192, 
223] for many years could further elevate REEs soil contents [18, 103, 104, 216, 
228], particularly in agricultural areas. 

10 Conclusions and Future Perspectives 

With the intensification of human activities, the abundance of REEs in the envi-
ronment (particularly in soils) has increased dramatically in recent decades, which 
has raised significant concerns worldwide. Despite intense and recent research and 
clear progress being made in understanding various processes related to the REEs 
soil cycle, certain relevant aspects still need to be investigated, because they are still 
missing. In this context, the following specific points need to be addressed: 

(i) Explore the sources of REEs in soils, especially for agricultural use, by under-
standing their incorporation and interactions with other soil constituents, and 
by considering precisely these external sources. 

(ii) Investigate the safe threshold of REEs concentrations for soil, the environment 
and living organisms, especially concerning human health 

(iii) Promote new studies about plant growth and soil–plant transfer by recognizing 
the interaction mechanisms and associated factors between plants and REEs 

(iv) Investigate impacts for the soil environment and human and animal health 
because of increasing REEs utilization and their related growing presence in 
the environment 

Given a whole series of processes related to the presence of REEs in mining and/ 
or oil refining, the need to control or monitor them is evident due to the environmental 
contamination risk that these elements may entail. Other possible sources of contami-
nation must not be ruled out, such as those deriving from the rise in discarded obsolete 
equipment containing REEs and from using REEs-containing phosphate fertilizers 
(or with slurry or WWTP sludge). However, information on the toxicity of these 
elements in a broad sense is scarce. Therefore, the positive and negative effects of 
REEs should be carefully considered. 

Current research should focus on the impact that REEs use can finally have for 
animal and human health, because REEs can be absorbed by vegetation, may form 
part of mineral nutrition and finally enter the human food chain either directly with 
vegetals or indirectly with contaminated cattle. So, each and every lanthanide should 
be analyzed and assessed to clarify its comprehensive toxicity to living organisms. 

Presently, the commercial recycling of rare earths is very limited. Therefore, the 
development of REEs recycling processes is becoming an increasingly important 
issue with every passing day, which is quite a challenge. In this way, the “urban
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mining” concept (defined as the recovery of elements and compounds from waste 
materials and products) is becoming more and more important. 

Finally, although the current literature on REEs is not abundant, especially for their 
industrial and economic interest, a new impulse in their research is certainly expected 
to take place in the near future, particularly in relation to soils. We believe that all 
these studies must be placed in the ideal framework context, which would consist 
in linking sustainable REEs production with “innovative and clean environmental 
technology” based on the appropriate management of these elements. 
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Impact of Agricultural Wastes 
on Environment and Possible 
Management Strategies 

Muhammad Numan Khan, Tanveer Ali Sial, Amjad Ali, and Fazli Wahid 

Abstract The world population is growing rapidly and needs more resources explo-
ration. The global population is expected to reach 9.7 billion by the end of 2050, which 
exerts a huge pressure on the agriculture sector. The agricultural activities increased 
to meet the need of the rapidly growing population in the past decades. Agricultural 
activities provide food, feed, and shelter to human. At the same time, the agricul-
tural activities also contribute to global waste generation, environmental threats, 
and health hazards. At least 1/3 (1.3 billion metric tons/year) of the global food 
produced is lost as waste each year. Fruits and vegetables cultivation (peels, seeds, 
sugarcane bagasse, and woody trenches) and processing, dairy and poultry farming 
(urine, feaces, waste milk, bedding materials, birth tissues, bones, and blood) are 
the main sources of agricultural waste generation. Agricultural wastes pose threats 
to environment (CH4 and CO2), release bad smell, and influence the air and water 
quality, and soil health. These concerns can be addressed by proper management 
measures. The management practices include 3R technology (reuse, recycling, and 
reduction), energy recovery from wastes, rational management, bioactive compound 
recovery, biological application (animal feed and biofuel i.e., bioethanol, biodiesel, 
and biogas), and conventional food waste management (landfilling, anaerobic diges-
tion, and composting/vermicomposting). Economic incentives can attract industrial
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sector to waste disposal and generate extra revenue. Similarly, waste can be converted 
to economical and precious compounds and can provide raw materials for other 
agro-based industries and generate high revenue and jobs market. 

Keywords Crop wastes · Environmental impact ·Management alternatives ·
Recycling 

1 Introduction 

Agricultural wastes are the unwanted materials either in liquid or solid forms 
produced from the manufacturing, processing and marketing of the agricultural prod-
ucts (such as crops and animals). Agriculture produces both organic and inorganic 
waste through a variety of farming practices, including dairy, horticulture, harvesting, 
and processing. According to the Agriculture Act of 1947, agriculture includes fruits 
and seeds cultivation, dairy farming, cattle breeding, use of grazing land, market 
gardens, nursery grounds, and woodland management. The agricultural activities 
increased to meet the need of the rapidly growing population in the past decades and 
it is estimated that the world population will reach 9.7 billion by the end of 2050 
[107]. This rapid increase in the world population put substantial pressure on the 
agricultural productivity to meet the demands of future population, so the agricul-
tural waste production will also increase. The wastes generated from the agriculture 
industry need proper disposal, while its inappropriate disposal causes environmental 
(soil and water) pollution. 

Horticulture crops, including fruits and vegetables have a vital role in our daily 
life, hence the demand of such food stuffs is very important. According to Food and 
Agriculture Organization (FAO, 2017), the world produces citrus, bananas, apples, 
and pineapple of 124.7, 114.08, 84.63, and 25.43 million metric tons, respectively. 
Globally the production of some vegetables including potato, tomatoes, cabbages, 
brassica, carrot and turnips, cauliflower and broccoli, and peas are 3820, 171, 71.77, 
38.83, 24.17, 17.42 million metric tons, respectively, (FAO, 2017). Higher production 
and growth of fruits and vegetables, poor handling methods and transportation make 
huge losses and waste of these important food stuffs being created. At least one third 
of the food produced globally is lost as a waste each year (1.3 billion metric tons/ 
year). FAO; Sagar et al. [35, 88] reported that waste production in the horticulture 
commodities is high as compared to all other food types, about 60% of the fruits and 
vegetables are lost as a waste. The disposal of such waste is a critical problem all over 
the world because the fruit and vegetable wastes are rich sources of organic material, 
however, previously it has been reported that only 20% of the waste is treated before 
discharge [97]. 

Cereal and sugar producing crop also play an important role in the human life. 
According to Erenstein et al. [33], the worldwide production of wheat, maize, and rice 
was 757, 1137, and 757 million ton/year, respectively, while the annual production 
of sugarcane was 1.6 billion ton/year [1]. The higher production of these crops also
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produces waste in the form of crop residues (stem, leaves and roots). It is estimated 
that wheat produced 529-million-ton straw/year, of which Asia produced 43% wheat 
alone and an average wheat straw of 1.3–1.4 kg of wheat grain. Globally, the annual 
rice and maize straw production is 370–520 and 1100 million ton/year, respectively, 
sugarcane produces 279 million metric tons of bagasse each year [1]. Mostly the 
farmer burns these left-over crops residues through traditional methods in the fields. 
It reduces the waste volume and emits various toxic gases (carbon monoxide, carbon 
dioxide, particulate matter, and poly cyclic aromatic hydrocarbon) into the global 
environment. The burning of straw and residues also produce some dioxin during the 
combustion and releases chlorine content and pesticides absorbed by the crop. The 
Commission for Environment Co-operation [13] noticed that the dioxin was 17 time 
higher in Taiwan during the weeks in which intensive agriculture residues burning 
took place as compared to the weeks in which the burning was not done. Similarly, 
they compared that larger amount of dioxin (10–20%) emitted in those provinces 
of China which have more agricultural productions corresponds to those provinces 
which have less agricultural productions. This report revealed that dioxin emit during 
the combustion process due to the presence of chlorinated pesticides which are now 
a days used as agro-chemicals for the control of weeds and pests. 

Globally, the growing of livestock is increasing to feed the rapid population of 
the world. The increase in the livestock also significantly increase the solid waste/ 
manure of animals and poultry farms. Robbin [85] reported that a single hog produces 
three times more wastes and a cow produces 20 times more than human. The animal 
waste is a mixture of organic waste consisting of feces, urine, bedding materials, and 
food wastes and stored in open pit. When there is rain fall it adds to the volume of 
the waste (feces + urine mixture) and there may be runoff of slurry into the land 
and water, creating pollution in both resources. The animal waste is a rich source 
of nutrients like nitrate and phosphate, leach from the pit into the below ground 
water which causes water eutrophication. Singh et al. [100] observed that poultry 
is one the fast-growing industry, as crop production and dairy farming may not 
solve the food requirement of the humans. As the poultry farming increase, waste 
production also increased and about 90% of the poultry wastes spread near the poultry 
farming areas. The poultry industry produces huge amount of the waste including 
solid waste like feces, hatchery waste, saw dust, and disinfections of chicken farms. 
The poultry manure requires proper disposal and avoidance of these manure will 
create environmental pollution. The poultry manure contains high phosphorus, when 
it combines with mineral fertilizer have positive effect on the productivity of the crops 
[100]. Therefore, proper management and disposal methods for wastes needs into 
account to reduce the risk of water and soil pollution. 

1.1 Waste 

Waste is unwanted material that cannot be used by the producer and decided or 
required to dispose. Even this waste/substance can be reused or recycled, but legally
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it is considered to be waste for person/farmer who manufactured/produced it. There 
are different types of wastes produced globally, such as solid waste, municipal waste, 
hazardous waste, and agricultural waste. In this chapter we only focus on the waste 
that is produced during the agricultural activities either at the field or outside the 
field. 

1.2 Agriculture Waste 

Agricultural waste is produced from agricultural practices and cannot be used by 
farmer/producer either it is organic/inorganic and needs to discard. It can also be 
defined as the unwanted and unusable materials that is produced as a result of agri-
cultural activities related to the growing of crops/farming of livestock/poultry [81, 
106]. The agriculture waste mainly includes the crops residues (wheat, rice and maize 
straw), vegetables, and fruit wastes (the peels and seeds), sugarcane bagasse, woody 
trenches, and livestock residues (urine, feces, waste milk, bedding materials, birth 
tissues, bones, and blood from slaughter houses). The runoff of fertilizer from the field 
is also considered waste water and causes pollution in term of water eutrophication 
[81]. 

1.3 Main Sources and Causes of Agriculture Wastes 

Farming operations are the principal source of agricultural wastes. Moreover, the 
agriculture waste is not restricted to the production but also include other activities 
on the farms and in food chain. At every stage, significant number of agricultural 
wastes can be produced along the agro-food cycle. Following are the wide-ranging 
sources of agricultural wastes: 

1.3.1 Sources 

Waste from Crop Production 

Crop production waste refer to the waste that are produced from the agricultural 
activities related to crop production. Few examples of the crop production waste are 
crop residues (wheat, rice, and maize straw, and sugarcane bagasse). 

Waste from Horticulture Crop Production 

Horticulture crop waste refers to the waste generated from the maintenance and 
cultivation of horticulture plants and landscaping for the beautification. Examples of
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horticulture crops are pruning of trees, cutting of grasses, and vegetables residues 
(stem, leaves, and rotten vegetables). 

Waste from on Farm Medications 

This type of waste refers to the waste that is produced from the medicines (drug and 
insecticides/vaccines) used for the control of insect, pest, and for the treatment of 
animals (syringes, containers, and vaccines wrappers). 

Waste from Animal Productions 

The waste generated from the dairy framing including the feed, bedding mate-
rials, rotten milk, feaces, urine, animal carcasses, bones, and blood from the 
slaughterhouses. 

Waste from Food and Meat Processing 

The waste produced as a result of food and meat processing for the use of human 
being (kitchen waste, fruit peels, feathers, hoofs, rotten vegetables, and breads). 

1.3.2 Causes 

The main causes of the agriculture waste production are the agricultural activi-
ties at the farm during the preparation, consumption, and processing of agricultural 
products. 

Farming Activities 

These are the main source of agriculture waste production. The agricultural waste 
produced in the farm at every phase, such as from the clearing of land till harvesting of 
crops generate wastes. From preparing the feed for the live stocks till the slaughtering 
of the animals generated waste. Likewise, in agriculture field farmer use different 
insecticide and pesticides for the control of insect and pest, also generate wastes. 

Poor Road Network 

The transportation of agricultural products from the farm to the market or to storage 
halls produce huge amount of waste. As most of the farming fields are located in the 
villages, which results in road accidents or delay in the transportation of agricultural
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Fig. 1 Agriculture product transportation a spoilage of food waste b, and kitchen and household 
waste c and d 

commodities from the farm to the markets. Due to road accidents, most of perishable 
agricultural products easily get rotten. The rotten products are either thrown away 
on the roads or discarded once the farmer reach to the market. Figure 1a shows  the  
transportation of agriculture product in developing countries. 

Lack of Electricity 

Electricity is also one of the big problems in term of storage of agricultural products. 
The electric power supply in the rural areas of some developing countries is not well 
established. If the electricity supply on the farm is not good, then farmer will have 
lack of cold storage facilities. Stable electric power supply enhances the cold storage 
and also reduces the spoilage of agricultural commodities and wastes generation.
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Lack of Drying and Storage Facilities 

With the right drying and storage methods, rotting of many agricultural products 
could be avoided. Food spoilage and agricultural waste may have been significantly 
reduced if farmers had access to suitable drying techniques or moisture monitoring. 
This would improve food security and mitigate the negative effects of agricultural 
wastes on human health and the environment. Many farmers depend greatly on the 
unreliable solar system to dry their agricultural product before it is stored. They also 
use the outdated and ineffective approached of conventional moisture monitoring. 
Aflatoxin infestation has reportedly occurred as a result of insufficient moisture 
content monitoring of grain prior to storage. Aflatoxin contamination of food and 
livestock feed can result in large amount of annual crop losses worldwide. It is both 
a cause and a product of food spoilage [55, 73]. 

Food Spoilage 

The food spoilage mainly occurs due to the improper storage of food items due to the 
bacteria and fungi (Fig. 1b). The bacteria and fungi breakdown the food, wastes, and 
other product which produce foul smell and unpleasant taste. In USA alone about 
40% of food is wasted annually. Li et al. [61] reported that 20, 15, and 5% of cereals, 
vegetable, and dairy foods are wasted annually in China, respectively. 

Improper Management of Kitchen Wastes 

Agricultural activities are typically carried out with the intention of producing food 
for domestic use. The generation of agricultural wastes is typically a byproduct of 
family consumption of agricultural products (Fig. 1c). Banana and orange peels, for 
instance, are frequently disposed as agricultural solid wastes in the houses. Moreover, 
the kitchen waste is also produced from the food spoilage and by adding the restaurant 
kitchens waste, then it becomes significantly high. Similarly, Li et al. [62] noticed that 
all the kitchen waste in Chinese cities are 88–94% of the total food waste generated 
in China annually. 

2 Types of Agricultural Wastes 

2.1 Fruits and Vegetables Wastes 

The fruits and vegetable (FV) play a vital role in our diet. Demand of fruits and 
vegetables increased in the past decades due to growing human population [88]. The 
increase in the production and growth of FV also generated huge amount of waste
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because of the inappropriate handling method and poor infrastructure. The horticul-
ture commodities (60%) in the world produce large amount of waste as compared to 
all other foods [88]. It has been documented by different scientist that most of waste 
produced in the supply chain of FV including transport, packaging, classification, 
grading and at home before preparation. Parfitt et al. and Plazzotta et al. [77, 79] 
reported that 89 million tons of the food is wasted in the European Union (EU) annu-
ally and expected that it increases by 40% in the coming 4 years. In the EU, Italy alone 
discarded 87% of the fruit, vegetables and cereal before reaching to the consumer 
[30]. Documented that the world-wide production of fruit and vegetable was 1728 
million tons in 2011. Brazil is the third largest producer worldwide while in vegetable 
production third largest country in America. The author also reported that in Brazil 
97% of the household waste composed of fruits and vegetables. Meanwhile, Sial et al. 
[98] observed that globally 3.5 million ton of banana peel waste produced per year in 
the food industries, among this waste production, China alone produced 1.3 million 
tons of banana peel waste, being the 2nd largest banana producing country in the 
world. The citrus also generate 50 to 60% waste after processing in the juice indus-
tries in the form of peel, seed, and membrane residues [113]. In fruits and vegetables 
approximately 25–30% of the waste generated during its processing. Apple produced 
9–11% seed and pulp and 90.01% as a final product. Papaya generates 7.5–8.6% peel 
waste, 5.4–7.05% seeds, 31–33% unusable pulp, and 51–52% final product, while 
mangoes generate 9–12% peels, 11–14% seeds, and 57–59% of final product [88]. 
Moreover, the industries involved in canning, packaging, and freezing produced 6 
million metric ton of solid waste annually. The disposal of such wastes creates both 
environmental and soil pollution due to its high moisture, organic compounds, and 
biodegradability. The FV consist of valuable nutrients, if it is not handled properly, 
the nutrient present in the waste is lost either through runoff or leaching. In some 
countries of the world the FV wastes are either burned or used as a landfilling which 
is also not good for the environment and release greenhouse gases (Fig. 2a) into the 
environment (CO2 and CH4). Therefore, proper management and recycling policy 
need to be made to reduce the loss of nutrients present in the waste and reduce the 
chance of greenhouse emissions.

2.2 Cereal and Other Crops Waste 

Cereals are the most widely grown crop in the world. The three-cereals (maize, 
wheat, and rice) equal to 90% of the total world cereal production. Maize being 
the most growing cereal crop in the world followed by the wheat, rice, and barley. 
In cereal production, China being the largest producer of the cereals, followed by 
USA, India, Russia, and Brazil. China cumulatively produces more than 6 × 108 
ton of straw annually, with 1.1 × 108 ton rice straw, 1.3 × 108 ton wheat straw 
and 2.3 × 108 ton of maize straw [50]. The main agricultural industry wastes are 
the wheat straw, maize straw, rice, and sugarcane bagasse [58]. Agricultural wastes 
compose of valuable compounds (Table 1). The straw consists of cellulose, lignin,
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Fig. 2 Global greenhouse gas emissions by different sectors a straws burning in the field b

and hemicellulose, which when apply to the field microbes use these compounds 
as a source of energy (carbon) for the growth. Straw and crop residues is the most 
abundant and inexpensive source to reduce the environmental pollution [21, 58]. 
Similarly, [104] reported that Germany produced 8–13 million ton of cereal straw, 
whereas, UK generated 12.2 million ton of straw in 2011 from both cereals and oil 
seed crops. In the United Stated, the rice straw production was about 1140 million ton, 
in which 1.5 ton of straw was generated per ton of the rice grains [91]. In Thailand, 65 
million ton of sugarcane was harvested in 2004, which generated about 18 million 
ton of sugarcane bagasse and 26 million ton of rice straw in the season of 2015/ 
2016 [17, 53]. Brazil produced 279 million metric ton of sugarcane bagasse and 9.3 
million ton of rice straw per year [1, 20]. The cereals and other crops straw are the 
major source of essential plant nutrient, but recently most of the farmer remove the 
straw and plant residues from the field or burn them in the field directly (Fig. 2b). 
The burning and removal of the crop straw from the field also reduce the nutrient 
concentration of the soil and burning of the residues also produce CO2 and CH4 

which contribute to the global warming. Therefore, an efficient method is required 
to properly manage the crops straw or residue on the field and educate the farmers 
about the damages caused by the burning and removal of crop residues.

2.3 Food Wastes 

Food waste (FW) is a serious issue for the researchers and scientists in the recent 
decades. The food is wasted mainly in the supply chain through different reasons, 
such as poor transportation, lack of storage facility, low level of farmer’s education 
and poor management of the field. The FW losses not only threatens the world food
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security but also have economic cost about 2.6 trillion US$, which account for 8–10% 
of greenhouse gas emission linked to the unconsumed food [44]. According to the 
report of [105], 17% of the world food production is lost as a waste, which includes 
61% of waste coming from the home, 26 and 23% come from the food services and 
retailers, respectively. Similarly, [44] and [93] noticed that household waste is the 
main source of food waste. The reduction of this food wastes generation is the main 
concern for the world’s scientists. Mainly the food waste is generated from the poor 
management and habits (planning, storing, eating, cooking and leftovers) [47]. Stated 
that the increase in the food waste quantity mainly related to the economic growth and 
development of the country. He further explained that most of the rural area people 
shifted to the industrial area, where there are a lot of job opportunities. Similarly, 
most of the people in developing countries shifted to more developed countries and 
have more job chances. Therefore, the quantity of food waste become increased. In 
Malaysia, the solid waste was about 2900 ton/day in 2001–2005, while it increased 
up to 30,000 ton/day in 2020, due the migration of citizen from different countries. 
Most of food waste, that is wasted before reaching to the human stomach is estimated 
to be 30 and 29% of the waste originated from the breads and fruits and vegetables 
industries, respectively [66]. In USA, the total values of the food waste was about 
165.6 billion US$ in 2008, in which 26% of the total waste was fruits and vegetables 
[12]. This waste is a burden for mandatory waste management system, where 40% 
of the food produced in the US is disposed in landfills. Organic matter releases CH4, 
which has 25 times more global warming potential than CO2. The categorized food 
wastes are shown in Fig. 3. 

Fig. 3 Food waste by 
category. Source Internet 
(https://cookforgood.com/cli 
mate-change-food-waste/)

https://cookforgood.com/climate-change-food-waste/
https://cookforgood.com/climate-change-food-waste/
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2.4 Livestock and Poultry Wastes 

The livestock and poultry industries have grown very quickly because of the increase 
in world population. The scientists used different breeding technique to increase 
the animal and poultry products. The annual production of dairy and poultry are 
several trillion units every year in the world. Girotto and Cossu [37] reported that 
in Italy the average number cattle doubled between the 1990–2010, (24.1 and 45 
units, respectively). Similarly, FWW (2016) stated that the US livestock and poultry 
generated 369 million tons of waste in 2012, which is 13 times more than the waste 
of US population (US population, 312 million). Globally, the main livestock unit 
is poultry (chicken, broilers, turkey, duck and laying hens), more than 500 billion 
units, the cattle and calves are 490 million units, lambs and goats are 890 million 
units in the world. The livestock and poultry farming produce milk, meat, eggs 
and yogurt, and also produce different types of waste and residues such as bones, 
blood, feather, bedding material, birth fluids, urine, and feaces in the farm houses, 
slaughtering industry, and food and meat processing companies [37, 75]. The waste 
produced by the livestock and poultry industry include large amount of liquid slurry 
and wastewater or solid, and these wastes could be either useful or harmful to the 
environment. When the livestock waste is used as manure in the field (Fig. 4), it 
is a rich source of nutrients and organic matter (OM) and increase the fertility of 
the soil and crop production. The animal manure contains 55–90% of nitrogen and 
phosphorus content in the feces and urine. If the animal manure is properly handled it 
have very positive effects on soil and environment, and if not then it emits dangerous 
gases (ammonia, hydrogen sulfide, carbon dioxide and methane). Hydrogen sulfide 
is very dangerous gas among other gases, it causes throat illness, headache, excessive 
coughing, burning eyes, and bronchitis in human. Robbin [85] reported that the farmer 
collects the animal waste in the “cesspools” in USA. The animal waste contains large 
amount of nitrogen and other nutrients, the nitrate seeping from these cesspools into 
below ground water, increase the risk of blue baby syndrome leading to the death of 
infants. 

Fig. 4 Poultry waste a and livestock waste b
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3 Environmental Concerns About Agricultural Wastes 

3.1 Impact of Wastes on Air Quality 

The wastes produced after the agricultural activities on the farms/field could 
either positively or negatively affect the world-wide air quality. Mostly for higher 
production and protection from insects and pests, farmers apply different inor-
ganic fertilizers, insecticides, and pesticides. The insecticides and pesticides contain 
different toxic chemical (chlorofluorocarbons and aromatic hydrocarbons), which 
are absorbed by the crops. When these crops are burned in the open field, it releases 
different gases and elements into the atmosphere. It is stated that one nascent chlorine 
(Cl–) destroy 100,000 ozone molecules before it is removed from the stratosphere. 
Similarly, the improper dumping of the agricultural waste also release CH4 under 
anaerobic condition which is another toxic greenhouse gas and largely contributing 
to the global warming. Aneja et al. [2] noticed that the preparation of animal feed 
also increases the emission of organic acids and trace gases to the environment. 
Globally, the livestock sector emits 18% of all the greenhouse gases, which includes 
65, 37, 64% anthropogenic nitrous oxide, methane, and ammonia, respectively [36]. 
Animal production emits hundreds of VOCs which includes acids, esters, alcohols, 
amides, aldehydes, aromatics, ketones, hydrocarbons, and other nitrogen and sulfur 
containing compounds. Some of them have very unpleasant odor such as H2S, mainly 
emitted from the swine manure. The H2S gas causes respiratory disease and also asso-
ciated with death and other illness for peoples with acute exposure to gases released 
from the liquid manure [2, 14]. 

3.2 Impact of Wastes on Water 

The agriculture waste significantly affects the quality of water. The water pollution 
caused by the agricultural wastes are now the major concern of the researchers and 
scientists. Around 80% of the world municipal wastewater discharge into the water 
bodies without any treatment. The processing and juice industry of fruit and vegeta-
bles discharge a lot of sewage directly into the river and stream, significantly affecting 
the aquatic biodiversity [65]. The water pollution caused by the agriculture wastes 
mainly comes from the discharge of agrochemical from the farms, drug residues 
and saline irrigation drainage into the underground water bodies, which significantly 
affect the aquatic and human ecosystem. In developed and developing countries, 
the pollution caused by the agriculture industry mainly on field is the leaching of 
different nutrient (phosphate, nitrate, and different heavy metals). The leaching of 
nitrate into the underground water bodies cause the eutrophication. Similarly, 38% 
of water bodies in the Europe Union are contaminated by the agriculture, while in the 
United States, agriculture sector is the major source of water pollution in streams, 
rivers, wetland and lake (WWAP, 2015; USEPA, 2016). The high or improper use
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of insecticides, pesticides, and fungicides, pollute the water bodies with carcinogens 
and other toxic substances. The pesticides and insecticide also affect the aquatic 
biodiversity by killing weeds and insects which negatively affect the food cycle of 
aquatic ecosystem [65, 92]. The waste from the animal processing industries are 
the major water pollutants. The biological oxygen demand (BOD) of pig slurry and 
domestic sewage was 30,000–80,000 and 200–500 mg/L, respectively, which causes 
hypoxia in water bodies, because the degradation of organic matter need dissolve 
oxygen [36]. 

3.3 Impact of Waste on Soil 

The waste is generated from the agricultural activities on field (packaging material of 
pesticides and insecticide, residues of crops, animals and poultry waste) and outside 
field (processing and packaging industry of fruits and vegetables, feed preparation 
industries for the livestock and poultry, and different inorganic fertilizers indus-
tries). The sewage from these industries composed of different hazardous chemical, 
organic and inorganic compound, suspended particles, heavy metal, and nutrients. 
When these sewage sludge or waste water is applied to the agricultural land, it 
degrade the soil quality, diminishes the microbial activities in the soil and adversely 
affect the physical and chemical properties of soil. Yeilagi et al. [115] reported that 
the household and agriculture waste, including food, paper, plastic wastes, glass, 
inorganic salts, building materials, and metals are discarded by public. The decom-
position and biodegradation of these wastes vary based on the physical, chemical, 
and biological reactions produce a liquid called “leachate”. This leachate composed 
of different organic and inorganic compounds causing damage to both agricultural 
and nature ecosystem. The leachate after the biodegradation of different waste mate-
rials composed of 1000–3000 mg/L of NH3-N in different part of the world, while in 
the US it has been reported that the leachate consists of 0.2–41 mg/kg Cd, 21–1500 
mg/kg Cr, and 16–1300 mg/kg Ni [39, 115]. The burning of the crop residues on the 
farms degrades the soil quality. The straw burning reduces the volume of the residues 
and losses a lot of essential nutrient and remove different beneficial microbes during 
the burning of residues [50, 98]. 

4 Management 

Agricultural waste such as crop straw, fruits and vegetables waste, animal manure, 
and poultry manure are highly biodegradable, when it properly managed, on one hand 
it reduced the bulk of waste and on other hand it adds to the soil fertility. Therefore, 
the management of wastes produced by the agricultural industry is very important, if 
the waste produced by the agriculture are not properly managed it create soil, water 
and environmental pollution and loss of essential nutrients. Due to these reasons, in
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the recent decades the scientist tries to develop policies for the management of waste 
[59]. Management of waste is the collection, recovery, transportation, and disposal of 
waste generated by the agricultural industries. Waste management strategies includes 
reduction, recycling, energy recovery, and landfilling of waste [23] can be explained 
in detail in the following sub topics. 

4.1 Reduction of Agriculture Waste 

Waste management, including reduction of agricultural waste, is considered as a top 
priority that mainly depends on production practices [23]. To reduce the production 
of agricultural waste, it is necessary to improve the quality of crops, fruits and vegeta-
bles. Similarly, Du et al. [28] investigated that 1.3 billion ton of fruits and vegetables 
are discarded as a waste due to its low quality standards set by the traders. To decrease 
the fruits and vegetable wastes produced due to low quality or substandard, different 
strategies are anticipated and implemented, such as the misshape fruits and vegetable 
are often used for the production of juice and vinegar, and reduce the price of substan-
dard fruits and vegetable for the consumers, in order to save the fruits and vegetables 
to become waste [79]. Mateo-Sagasta et al. [65] reported that one quarter of the food 
is lost in the supply chain, and this food losses can be reduced if the food production 
plant is closer to the actual food demand. The other reason to generated waste on the 
farm is the poor storage facility. Most of the farmer lost huge number of harvested 
crops due to lack of storage facilities. If the storage condition is good on the farm, 
it reduces the chance of spoiling the crops, vegetables and fruits. We should make 
the storage facilities cleaned, well ventilated and disinfected before being filled with 
crops grain or fruits and vegetable to reduce the risk of spoiling and rotting of food 
stuffs. 

4.2 Reuse of Agriculture Waste 

The waste generates after the agricultural activities on field or outside the field, used 
for other purpose with or without minor changes in their properties is called the reuse 
of agricultural waste. The agricultural waste such as crops straw (wheat, maize and 
rice), sugar cane bagasse, fruit and vegetables waste are often use as a soil amendment 
for soil fertility. The on field agricultural waste are rich in nitrogen, phosphorus and 
potassium which are the main essential nutrient for the crop growth [57]. The agri-
cultural waste can also be used for the remediation of polluted soils, by immobilizing 
the trace metals and metalloids and reduced the leaching of these toxic metals into 
the underground water [18]. Due to high fibers content the agriculture wastes such 
crop straw are used as a fodder for the livestock. Similarly the food waste including 
fruit, vegetables, meals and bakery waste are used for the preparation of poultry feed 
[103]. The agricultural waste such as wood, crops straw and animal dung are used
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for heating and cooking proposes in the rural areas, while the direct combustion 
of agricultural waste release toxic substance, carbon dioxide, carbon mono oxide, 
sulfur oxides and nitrogen [94]. To reduce the direct combustion of agricultural we 
should educate our rural areas peoples and arrange seminars and poster presentation 
to know the hazardous effect of the direct combustion of agricultural waste. 

4.3 Recycling of Agricultural Waste 

The agricultural waste including crop straw (wheat, maize, and rice), poultry waste, 
livestock waste, fruits and vegetables wastes are very important resources. The 
improper disposal of such agricultural waste not only treat to cause environmental 
pollution but also lost a lot of valuable biomass as a waste [109]. Therefore, the 
recycling of agricultural wastes is considered to be the important strategy to protect 
environmental pollution and agricultural development. Recycling is the strategies 
adopted to recover waste materials after a major modification in their characteristics. 
Recycling strategies varies, such as the whole waste could be recycled (processing to 
flour, composting and conversion to water) or the extraction of specific compounds 
from the waste. An ancient eco-friendly strategy called aerobic composting is adopted 
to convert organic waste into organic fertilizer. However, on the other hand anaerobic 
digestion is a more attractive strategy followed for the production of fertilizers from 
agricultural waste, because of energy recovered as bio gas [96]. Similarly, flour of 
agricultural waste is processed with different aims, their fibrous structure and contact 
surface have been used to adsorb pollutants including dyes and heavy metals from 
water and soil [6]. The olive seed waste used for the preparation of environmentally 
friendly and economical insulation material. Similarly, the olive mill waste are also 
used for the manufacturing of clay bricks [94]. The ash of different of agricultural 
waste such as wheat straw ash, wood waste ash, rice straw ash, bamboo leaves ash 
and sugar cane bagasse ash are used for the preparation of concrete, which is used as 
a cementing agent to modify the strength durability and performance of the concrete 
as well as reduce the cost of construction [3]. 

4.4 Energy Recovery from Agricultural Waste 

The main of source of energy in the recent decades is the fossil fuels that are consumed 
by both developed and developing countries around the globe. The combustion 
of these fossil fuels also contributes to the global warming by emitting different 
toxic gases into the atmosphere [108]. Therefore, in this context agricultural waste 
consisting of crops straw, stalks, cobs, sugarcane bagasse, leaves, wood etc., are 
the carbon feasible resources for the bioenergy production and nutrient recovery 
[29]. Different technique has been used for the recovery of energy from agricul-
tural waste. The methane production from the sewage sludge, animal and poultry
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manures, organic part of house hold materials along with energy crops, further this 
methane production used for the thermal and electricity [108]. Bioethanol can also 
be produced from the fruit, vegetables, crops straws and sugarcane bagasse, which 
can also be used as an energy source [8]. Briquettes is another source of energy made 
from the compressed wood chips, straw, charcoal, cobs, sawdust, and paper through 
thermochemical conversion. The briquettes are safe economical and environmen-
tally friendly biofuel. The briquetting process usually reduce the transportation and 
storage cost and increase combustion quality. Briquettes made from the agricultural 
waste are used in power generation, straight ignition, industrial boilers, furnaces 
and other combustion equipment [29, 108]. The production of biohydrogen from the 
agro-lignocelluloses wastes to reduce the dependency on the fossil fuel. The biohy-
drogen can be produced through biologically decomposition or dark fermentation 
using livestock waste or crop residues [108]. 

4.5 Rational Management of Agricultural Waste 

Agricultural waste is seen to be a trustworthy, affordable, and easily accessible 
feedstock for the possible recovery of energy, water, and useful ingredients. Inte-
grated approaches to agricultural waste management are the dire need to maximally 
exploit its potentialities by developing, combining, and choosing the best strategy of 
reuse, recycle and energy recovery. Such strategies include waste characterization in 
term of amount and composition, process design including production processes of 
obtaining outputs, feasibility study including cost, consumer acceptability of environ-
mental sustainability, compliance with legal standards for outputs, and appropriate 
processes. The conventional and emerging valorization methods are of prime impor-
tance, as the biological or chemical transformation of organic constituents normally 
leads to CO2, CO, CH4, H2, H2O, NH3, and H2S release. These technologies have 
the tendency to provide biogas, bio-hydrogen compost, heat and power. However, 
unable to recover complex components from waste. Furthermore, the environmental 
risk still exists due to their impact on atmospheric air pollution, greenhouse gas 
emissions, wastewater and solid wastes production. On the other hand, valorization 
methods are found effective to maintain the nutrients and other valuable compounds 
safe [34]. Integral valorization approaches are considered important to recover valu-
able components but also treat the remaining constituents conveniently. The combi-
nations of both emerging and conventional methods would be a suitable option to 
promoted to reduce waste management hierarchy and avoid food waste generation 
[76]. Valorization technologies contribute more in reduction of final disposed by 
recovering and reincorporating valuable components. Strategies should be adopted 
to create awareness in the consumers, especially the use of green and sustainable 
production of food to ensure the socio-economic growth of food industry.



96 M. N. Khan et al.

4.6 Bioactive Compound Present in Agricultural Waste 

Globally every year huge amount of waste was produced because of the poor 
production chain, and estimated that 45% of fruit and vegetable is lost as waste, 
in which 5–25% in developed countries and 20–50% in the developing countries, 
which pollute soil, air and water and affecting both environment and human health 
[38]. Therefore, it is necessary to find a new, economical, and environmentally 
friendly technologies to reduce the waste and extract some bioactive compounds 
from the agricultural waste, a bioactive compound is a substance that has biolog-
ical activity and trigger the physiological response in living organism. The bioactive 
compound have several beneficial effects such as anticancer, antiallergic, antioxi-
dant, anti-inflammatory, antiproliferative and antiatherogenic [38, 40]. The agricul-
tural waste mainly composed of lignocellulosic biomass which are the main source of 
sugar and phenolic compounds. The phenolic acids are composed of different groups 
of benzoic and cinnamic acid such as ellagic, salicylic, gallic, capsaicin, syringic, 
ferulic, and chlorogenic acid present in both free and bound form. Flavonoids are also 
bioactive compounds which two aromatic rings, furthermore the flavonoids belong 
to different subclasses such as flavonols, flavones, anthocyanins and isoflavones 
[60, 95]. Similarly, fruits and vegetables have different bioactive compounds and 
have different bioactivity. Apple pomace, citrus peel, seeds, mango, banana, potato, 
carrot, beetroot and cauliflower consist of pectin, modified citrus pectin, oligosaccha-
rides, apigenin-glucoside, caffeic acid, ferulic acid, gallic acids and its derivatives, 
mangiferin, caffeic acid, sinapic, rutin, limonin, catechin, isorhamnetin, phlorizin, 
lutein, β-carotene, Glucoiberin Glucoerucin and ursolic acid which can be used as 
dietary fibers, prebiotic, antioxidant, antimicrobial, anti-inflammatory, anti-tumor, 
anti- diabetic, lowering blood pressure, improving blood glucose control, anti-cancer, 
lowering cholesterol, anti-bacteria and anti-viral [10]. 

4.7 Biological Approaches for Wastes Mitigation 

4.7.1 Animal Feed 

Agricultural wastes are used as animal feeding under controlled conditions [89]. 
Care should be taken while considering agricultural waste for animals feeding in 
order to eliminate the chances of toxin that can cause diseases or might affect dietary 
process [59]. Agricultural wastes are rendered safe following thermal treatments 
however, this process makes it more costly but still considered beneficial compared 
to land filling or anaerobic digestion. Agricultural waste contributes half portion 
of conventional feed whose production greatly influence environmental and health 
impacts. Countries like Japan and South Korea share food waste recycles as feed 
up to 35.9 and 42.5% respectively. However, such practices are illegal and strictly 
regulated in European countries [89].
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4.7.2 Biofuels (Bioethanol, Biodiesel and Biogas) 

Biofuel: The conversion of agricultural waste into biofuels are practiced in both 
developing and developed countries, because of energy security, environmental, and 
economic issues. Many countries in the world use biofuels due to its sustainability, 
less greenhouse gas emissions, economical, and easily degradable. Different types 
of biofuels include bioethanol, biodiesel, and biogas. 

Bioethanol 

The bioethanol can be produced from the agricultural waste (straw, bagasse, fruits and 
vegetables wastes) by the fermentation using different microorganism. Worldwide 
the annual production of bioethanol from the rice straw, corn straw, wheat straw and 
sugarcane bagasse was 205, 58.6, 104 and 51.3 giga liter, respectively [90]. Similarly, 
the bioethanol can also be produced from the vegetable and fruits wastes. Pineapple 
leaf waste, citrus peel, and waste citrus processing wastes give 7.12, 76, and 94% (v/ 
v) bioethanol, respectively [99]. 

Biodiesel 

The biodiesel can also be produced through fermentation from the agricultural waste 
such as animal fats, different waste cooking oils, vegetables oils and palm oil. The 
reduction in reservoir of natural crude oil (petrol and diesel) and high prices of the 
fuel forced the scientist toward the production of biodiesel. The waste palm oil, 
cooking oil and vegetables oil can be converted to biodiesel by different catalyst. 
Similarly, the pepper seed, date pits waste, palm oil, waste cooking oil and fish oil 
produced 94.1, 98.2, 88.15,89.6, and 97% biodiesel, respectively [99]. 

Biogas 

Biogas can be produced from the agricultural waste (crop straw, animal manure and 
poultry manure) through anaerobic digestion. The anaerobic digestion of agricultural 
waste reduced the emissions greenhouse gases and provide sustainable energy supply. 
The biogas produced from the agricultural waste uses as a renewable energy, as CH4 is 
the main constituent of biogas. The production of biogas from animal waste contains 
65% of CH4. The cotton stalk, cotton seed hull and cotton oil used for the biogas 
production in a batch reactor contain 65, 86 and 78 mL CH4 for 1 g of cotton stalk, 
cotton seed hull and cotton oil cake, respectively. Similarly, the biogas production of 
rice straw was about 357–382 mL/day, food waste and green waste yield 358–430 
and 185–245 mL/g CH4 and cow dung yielded 47% methane content [27, 83, 99].
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4.8 Conventional Food Waste Management Technologies 

4.8.1 Landfilling 

In the agricultural waste management, landfilling is most common and cost-effective 
method to handle the waste. In landfilling management practice, the waste are collect 
and store in a pit and then compact the waste by the compactor or bulldozers to 
minimize the oxygen supply. In most developing countries the agriculture waste 
discarded in open air landfilling site, which is very harmful for the human and create 
environmental pollution, while in developed countries the landfilling is engineered 
having the facility to collect the leachate and gases from the landfilling site, this 
modern landfilling technique is called sanitary landfills. The sanitary landfills also 
have a routine soil cover on the freshly dispose waste to reduce the odor, diseases, fire 
and waste scaving [43, 71]. Fruits and vegetables waste are highly rich in nutrients and 
are easily degradable [82]. Leachate formation, another environmental issue relates 
to landfilling caused by the rainwater infiltration that percolates through the waste 
layers and accumulates at the bottom of landfill. Leachate should be treated based on 
its chemical composition, municipal wastewater treatment plant under appropriate 
conditions. The complex matrix integrates organic matter, inorganic salts, organic 
trace pollutants, and heavy metals, depends on weather conditions (temperature, 
rainfall), waste composition, and the age, depth, design and operation of landfill 
[11, 68]. 

4.8.2 Anaerobic Digestion 

Agricultural waste such animal manure, poultry manure, crop residues, fruits shell, 
green leaves and molasses are the potential renewable energy resources. The on 
field burning of wheat, rice and maize straw creates environmental pollution [24]. 
Therefore, there is need of economical and efficient technique which can reduces 
the bulk and also environmental pollution, for this purpose researchers used the 
anaerobic digestion. The anaerobic digesters convert the organic waste into biogas 
consisting of 50% methane. The anaerobic digestion convert the organic matter into 
methane and slurry is applied as a fertilizer in the field [67]. The gas produced 
in anaerobic digestion is of high quality and contain 80–90% of the atmospheric 
methane. The bio-methane can be used as a fuel in the vehicle, used for the cooking 
and for the power generation [24]. The manure and sludge produced in the treatment 
plant of wastewater can also be managed through anaerobic digestions. The pH, 
organic acid profile, alkalinity, Carbon–nitrogen ratio and the existence of heavy 
metals are other important parameters to be considered [117]. Compared to landfills, 
anaerobic digestion produces higher yields of methane due to controlled fermentation 
conditions in the digestor. Similarly, Wang et al. [111] reported that pig manure is 
one of the major animal manure and most of the manure produced cannot be well 
managed which causes serious threat to soil, water, air and also to livestock and
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poultry, the author further stated that anaerobic digestion would greatly minimize 
the environmental risk and also economical for their conversion into methane gas. 

4.8.3 Composting and Vermicomposting 

Another technology suited for the management of agricultural waste is known as 
composting or vermicomposting. It is environment friendly as it allows less green-
house gas emissions and leachate generation. However, sorting of waste materials 
to separate organic fraction, power required for mixing and aeration, water addition 
and careful operating conditions should be addressed. Composting process involves 
the aerobic biological conversion of organic matter, results into CO2, N2, NH3 and 
a solid recalcitrant material as compost, containing humic substances. Compost has 
the ability to amend soil and retain water thus reduce the needs of irrigation, precipi-
tate heavy metals, pathogens and micro-pollutants [54]. The pH, C/N ratio, moisture 
content, aeration, particle size and porosity of the raw material affects composting 
[15]. 

Vermicomposting can be used as a source of nutrients and soil conditioner in 
agricultural applications. Vermicomposting is a recent approach for the production 
of bio-fertilizers, which presents a good quality nutritive vermicompost through 
the combine action of earthworms and microorganisms compare to conventional 
compost [86]. It is an efficient way of mitigating and managing environmental pollu-
tion problems. The enzymatic and microbial activities make vermicomposting a 
higher-quality end product compared with traditional composting [7]. Vermicom-
posting also results in mass reduction, reduce the processing time, contain high 
levels of humus, and reduce phytotoxicity of the substrate [5]. Vermicomposting is 
considered most suitable for organic agriculture practices due to its high nutrients 
content and contains high quality humus, abundant plant growth hormones, enzymes, 
and protect crops against pests and diseases incidence [22]. Previous studies have 
shown the significant role of earthworms in the fruit and vegetables waste vermicom-
posting and concluded its beneficial role in destroying pathogenic load compare to 
other composts developed for soil fertilizers [101]. Composting has been promoted 
over landfilling by environmental legislation which share almost doubled for the 
developed countries (Eurostat, 2018). The average municipal solid wastes in US 
for the year 2018 was 292.4 million tons, of which 94 million tons were recycled 
and composted equivalent to 32.1% recycling and composting rate. Despite huge 
amount of household FW generated in Japan their share is less than 6% due to scarce 
implantation of separation of organic fraction as source. Like in China, almost 60% 
of municipal wastes are landfilled whereas less than 2% are composted which result 
in poor quality of compost that have high contents of heavy metals as a consequence 
of deficient separation practices [112].
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4.8.4 Thermal Treatment 

Incineration: Agriculture wastes are dumped into the landfills which are inciner-
ated or combusted (Fig. 5). This process significantly reduces the waste volume 
and size. Moreover, it also extends the life of the landfill’s sites. Modern inciner-
ation plants have the potential to suitably integrate air pollution issues resulting in 
extremely low gas emission of contaminants [46]. Nonetheless, huge investments 
and operation costs are required for its implementation as it need a great amount of 
energy due to existence of low calorific content and high moisture contents of agri-
cultural waste. Plastic related stuff if used, not only generate harmful air pollutants 
(dioxins) but significantly increase atmospheric CO2 emission [34, 54]. Natural gas 
being a primary source of energy could be utilized as to suitably sustain high oper-
ating temperatures. The partial recovered combustion heat is used for incineration 
or intended for power generation. Solid residue, ash is generated through combus-
tion which are often land filled can be use in building material [26]. In European 
countries, the share of incineration among technologies utilized for municipal waste 
management in case of composting has almost doubled, from 15–27% within 16 
years [34]. Countries like Japan and China utilized the incineration, contributed a 
share value of 80 and 30% in 2012, respectively [112]. 

Pyrolysis and gasification: Pyrolysis is the decomposition of agricultural waste 
(animal manure, poultry manure, carrot residues, plant materials, wood, sewage 
sludge, crop straw, sugarcane bagasse) in the absence or no oxygen supply resulting 
in the production of gas, bio-oil and biochar [51, 52]. The biochar is black carbona-
ceous substance which can improve the soil water holding capacity, nutrient holding 
capacity, increase the pH of the acidic soil, improve the soil physical and biological 
properties, decreased the leaching of phosphorus, nitrate and heavy metals due to 
high surface area of biochar and reduce greenhouse gas emission from both dryland

Fig. 5 Flowchart of Waste disposal through thermal treatment 
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and paddy soil [9, 16, 25, 98, 114]. In gasification, the wastes are decomposed in 
partially oxidized atmosphere for the production of gas steam called producer gas, 
which are used in combustion and or processed to syngas [69]. The existence of 
high moisture contents in food waste favors the gasification process. Nonetheless, 
application of high energy required to heat up and vaporize water and negatively 
affects the thermal efficiency of wastes treatments are the serious drawbacks in this 
process. Conventional techniques for managing fruit and vegetable waste has signif-
icantly improved in the last decade, only a small fraction of residues generated can 
be valorized by some other means [63]. 

5 Economic Incentives for Waste Reduction 

Reducing the economic loss is an important motivating factor for changing and 
reducing food waste in the retail sector. Analyses of the economic cost of the in-store 
waste revealed that 86% of the cost derived from the cost of fresh fruit and vegetables 
(FFV) is based on the purchase price. The personnel cost for the working time on 
waste management and the waste disposal cost corresponds to 14% of the economic 
cost. The results show that it is essential to be aware of and included all parts when 
discussing the economic costs. Knowledge and awareness about the economic costs 
of FFV waste can create an incentive for the stores to reduce waste and the economic 
incentive for the stores may be stronger than by only focusing on incorporating a law 
concerning reduced retail wastes. Waste prevention measures will give additional 
advantages for the stores, such as goodwill, since awareness about food waste is 
becoming more well-known and trendier. The economic cost of agricultural waste 
is based on the purchase price, but the actual cost is even higher when the lost profit 
of the removed produce that will not be sold is taken into consideration. Reducing 
economic losses will decrease the wasted mass and climate impact at retailer level 
and contribute to a sustainable food supply chain. Penalizing measures to discourage 
the disposal of waste is mostly applied. It is mostly applied in Italy on a regional basis 
based on the amounts disposed waste. To exempt the environmental tax the producer 
must carry out treatment in a plant i.e., bio-mechanical or thermal, according to the 
national or regional directives. The incentives for energy production have focused 
on biodegradable to be composted aiming to material recovery. The biodegradables 
have a potential of 110–130 kg CH4 /ton of dry matter from which we can get 220 
kW h of electric energy, that corresponds to 60 e/ton [19]. The methodology to 
measure and calculate the economic cost of FFV waste developed in this study could 
be applicable for other departments in a retail store.
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6 Conclusions 

Agricultural activities have increased in the past decades due to increasing world 
population and to provide food, feed, and shelter. In addition, agricultural activi-
ties contribute to waste generation, posing environmental threats, and human health 
hazards. Agricultural activities like fruits and vegetables cultivation, and dairy and 
poultry farming generate agricultural waste, which pose threats to environment and 
affect the air and water quality and soil health indicators. These threats can be 
addressed by 3R technology, energy and bioactive compounds recovery, bioresources 
generation, and other conventional food waste management practices. Economic 
incentives can add extra benefits to wastes handling. In addition, wastes can be 
converted to economical compounds to provide raw materials for other agro-based 
industries to provide get more revenue and jobs opportunities. 
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Abstract Soil organic carbon (SOC) plays a key role in global warming mitigation. 
The type of SOC and the decomposition rate determine the organic matter storage in 
the soils. The environmental conditions, soil properties and land use and management 
are the main factors determining the ability of soil to store carbon. However, there 
are no common rules that can be applied for all the conditions, and it is important 
to understand the local and regional environmental processes to achieve the better 
strategy to increase SOC. Moreover, it is important to improve the methods to easily 
know the type of organic carbon stored and determine if SOC is increased by the 
increment of the stabilised and long-time resistant organic matter. More research is 
needed if we want to stablish a common framework of actions that can be used under 
different situations to reduce greenhouse emissions from agriculture and ensure the 
sequestration and storage of carbon in soils. Even more, all would be under a general 
SOC methodology to estimate the carbon content and their resilience to changes. 
The only generalization that can be made is that farm soils have lower SOC levels 
than soils with natural vegetation under similar environmental factors and this is the 
key to look for new strategies to combat climate change. 
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1 Introduction 

Soil is an important resource, essential for filtering water, maintaining biodiver-
sity, and storing carbon from the atmosphere. As a major carbon sink, soils play an 
important role in combating rising atmospheric greenhouse gas (GHG) concentra-
tions [94]. This is why their use is at the heart of many sustainable development 
issues and objectives [2], like those proposed by United Nations for 2030. 

Soils are dynamic living ecosystems that are much more complex than they appear. 
Insects, bacteria and fungi are essential organisms for soil carbon, i.e., they decom-
pose organic matter (carbon-based plant and animal remains) and release carbon into 
the soil. 

In some ecosystems, this carbon can remain in the soil for a long time, but the 
quality of carbon that can be stored in soils depends on local ecosystems, land use 
and land cover [94]. Regardless of its source or state of decomposition, soil organic 
carbon (SOC) is a measurement of the total amount of organic carbon in the soil. Its 
presence in soils is not only important for reducing global warming, but also a key 
of the carbon cycling and, it varies spatially depending on the environmental factors. 

Interest in SOC is common among soil scientists and relevant practitioners because 
of its importance for key physical, chemical, biological, and ecological functions and 
because SOC is a universal indicator of soil quality [131]. 

C sequestration in soils has also been promoted as a strategy to mitigate the 
effects of increasing GHG to the atmosphere [58, 67, 72]. The creation of solutions 
to increase the stock of SOC and thus partially offset the increase in atmospheric 
carbon dioxide depends on carbon sequestration [89]. Sequestration and storing are 
closely related because the major source of organic matter into the soils are plants. 

The United Nations Sustainable Development Goals, including Zero Hunger 
(SDG 2), Climate Action (SDG 13) and Life on Earth (SDG 15), recognise the 
importance of maintaining soil carbon stocks to reduce greenhouse gas emissions and 
ensure sustainable food security by 2030 [39]. Regarding global warming and food 
security, soils—carbon stock in the form of soil organic matter (SOM)—represent a 
crucial component [116, 155]. 

Although we know that the dynamics and storage of carbon can mitigate the nega-
tive effects of climate change, we still do not know well how all the processes work 
and how to measure the SOC along these processes, at any stage. This review gives a 
general overview of additional aspects, such as soil characteristics and land manage-
ment, that affect how biological systems work and can be improved by adopting 
deliberate land use policies in order to address the reduction of atmospheric CO2. 
This study will favour the increase of our knowledge of carbon stock variability and 
land use management methods across various land use types, guaranteeing sustain-
able land use for mitigation and adaptation strategies to climate change. Additionally, 
it will offer concise and current information on the primary causes of land use change 
to agricultural land managers, environmentalists, and legislators. To acquire accu-
rate estimations of carbon sequestration potential, we must understand the effects 
of various land management techniques and land use. It has been estimated that the
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cumulative net CO2 emissions from land use changes between 1750 and 2011 are 
estimated at approximately180 ± 80 PgC [20]. 

2 Importance of Knowledge of Soil Organic Carbon 
Content as the Main Terrestrial Carbon Reservoir 

Soil organic carbon plays a major role in maintaining soil properties and is an impor-
tant carbon reservoir sensitive to anthropogenic disturbances, including changes in 
land use or management [53]. It is critical the absence of basic rules and legislation 
related to the soil management changes in most of the countries. At the same time, 
the absence of a common framework to determine the effects of the land management 
changes in soil quality. 

In terms of the environment, increased carbon storage in the form of soil organic 
matter could be crucial in averting climate change by limiting the emission of green-
house gases into the atmosphere [9, 90]. The aims are to reduce SOC stock losses 
and explore SOC sequestration potential [63] in order to increase the presence of 
stabilised organic matter in the soils. On the other hand, soils constitute a signifi-
cant source of carbon stored as soil organic matter (SOM), making them potentially 
extremely vulnerable to climate changes [1]. Soils can help to mitigate negative 
effects, but they are also subjected to them. 

Organic carbon accounts for 50% of soil organic matter overall. It is a mixture 
of materials, mainly from living organisms that are more or less recognisable and 
mixed with inorganic fraction of the soil. The stock of organic carbon is constantly 
being renewed in the soil and determines many soil properties: soil fertility, its 
structure, and the biodiversity that inhabits soil. Depending on the climate, land use 
and management, the organic carbon supply may also be a source of greenhouse gases 
due the decomposition processes and the metabolism of the biota. Understanding the 
storage and destocking mechanisms of soil organic matter is therefore a crucial issue 
both for the sustainability of cropping systems and for environmental objectives [98]. 

Agricultural land undergoes SOC changes over time that are characterized by 
dynamic exchange processes that are influenced by environmental factors like soil 
texture, temperature, and precipitation as well as management techniques like crop-
ping systems, fertilization, residue disposal, and tillage regimes [6, 27, 31, 63, 68, 
138]. Therefore, carbon sequestration in soils, in the form of organic matter, is 
beneficial for the fertility of agricultural and forest soils, and also reduces CO2 

in the atmosphere, making them a major player in ongoing climate change and its 
mitigation. 

Research on how climate change affects carbon stocks in agricultural and forest 
soils is an issue that is constantly expanding. As a result of the rising temperature, 
the data point to two opposing effects: an acceleration of carbon mineralization, or 
its conversion to CO2, and an increase in biomass with carbon being recycled into 
the soil as organic matter. Contrarily, the process of releasing CO2 into a land unit’s
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Fig. 1 Organic carbon 
storage process: humification 

soil through plants, plant waste, and other organic solids helps the land unit retain 
or store carbon as a component of the soil organic matter (humus). The key to this 
process, as shown in Fig. 1, is to obtain stabilised organic matter (humified organic 
matter), which develops complex materials that can be kept in the soil for an extended 
period of time. The promotion of the humification seems to be the naturally strategy 
to increase SOC. 

The retention time of organic carbon sequestered and stored in the soil (terrestrial 
reservoir) can range from short-term storage (but not immediately released to the 
atmosphere) to long-term storage (millennia), so the process of SOC sequestration 
is expected to increase net SOC storage [99, 100] if it is followed by adequate 
humification. In these circumstances, our society must understand and forecast the 
fate of organic carbon in soils in order to comprehend not only the current but also 
the projected worldwide changes [87]. 

2.1 The Need for SOC Measurement Protocols 

The reduction potential in the agricultural sector is less precisely defined than in other 
sectors due to the largely diffuse nature of emissions, the complexity of the underlying 
biophysical and behavioural processes, and the vast diversity of production systems. 
However, it is crucial to fairly assess and contrast the costs of the several available 
levers for purposes of policymaking [105].
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It is necessary to establish a soil sampling protocol to certify changes in organic 
carbon stock in mineral soils [131] and in organic soils (peatlands), and guidelines 
for measuring and modelling SOC stocks and stock changes in livestock production 
systems [40]. 

The United Nations Framework Convention on Climate Change (UNFCCC) [135] 
and its embodiments in the Kyoto Protocol [136] and the Paris Agreement [137] 
require reporting countries to monitor and report changes in SOC stock. 

Regulations, procedures, and reporting requirements have been created as a result, 
including Decision 529/2013, Regulation 2018/841, and Regulation (EU) 525/2013 
[35] on greenhouse gas emissions and removals from land use, land use change, and 
forestry (LULUCF) activities [36, 37]. 

The historical Paris Agreement, which was recently signed in 2015, intends to 
keep global warming well below 2 °C, ideally below 1.5 °C. Emission reductions 
must be combined with swiftly implemented mitigation measures in order to achieve 
this [92]. 

The role of United Nations and in this case, Food and Agricultural organiza-
tion, is critical to establish and spread a protocol that can be useful to measure the 
changes of SOC in soils and account how these changes occur. This is a new step 
that should be applied after the establishment in 2017 the Global Soil Laboratory 
Network (GLOSOLAN) to build and strengthen the capacity of laboratories in soil 
analysis and to respond to the need for harmonizing soil analytical data. 

2.2 Agriculture and Mitigation Measures 

Reducing N2O, CH4 and CO2 emissions, storing more carbon in soils and biomass, 
and creating bioenergy (biofuels, biogas) to replace fossil fuels can all be used by 
agriculture to help achieve national and international GHG reduction targets [104]. 
We know what to do but the way to do is subjected to many circumstances, including 
environmental, technical and socioeconomic ones. Additionally, it is widely acknowl-
edged that land use in agriculture may play the most important role in lowering and 
mitigating emissions because of the large surface occupied by cropping systems, 
close to 40% of land area [41]. Land use emissions are increasingly included in 
nationally determined contributions, NDCs, officially INDCs [92]. 

Numerous mitigation strategies have been put forth on a global or for individual 
countries, with agricultural sectors such as the International 4/1000 initiative (which 
calls for an increase in soil organic matter of 0.4% annually) launched at the 2015 
United Nations Climate Change Conference in Paris highlighting the potential role 
of soils in mitigation activities. According to [71], a 0.4% increase in soil organic 
carbon (SOC) at a depth of 30 cm might reduce anthropogenic greenhouse gas 
(GHG) emissions by about 25% annually (using data from 2014 emissions) but also 
at different levels: at the global level [126, 127], at the scale of the continent [3], at 
the national level [44, 113, 123], for the livestock sector [93, 122], for soil organic 
carbon storage [129], for agroforestry [158].
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Researchers have discovered, for instance, that the topsoil SOC in an agricultural 
system is lower than that of the nearby original forest soil because the farmland 
ecosystem exports a significant quantity of organic C, resulting in a limited supply 
of SOC [48]. For example, optimised agricultural practices with high organic inputs, 
permanent vegetation cover and reduced tillage can play a key role in soil carbon 
sequestration, defined in contrast to a reference cropping system (i.e., in ref. 84), and 
thus in climate change mitigation [8, 46, 109, 141]. 

The effects of conservation agriculture (CA) on soil carbon dynamics directly 
translate into an increase in carbon in the soil fraction because CA helps to mitigate 
climate change. By reducing mechanical soil manipulation, this can significantly 
slow down the oxidation of organic carbon [54] and a consequence, soil organic 
compounds could be more time inalterable in the soils. 

To discover soil carbon sequestration/storing mechanisms, information on the 
consequences of intense cultivation with various agricultural systems and asso-
ciated management approaches is required. Once discovered, this knowledge can 
help to create agricultural practices modified that have a great chance of improving 
SOC stocks, which would reduce the amount of CO2 in the atmosphere and slow 
down global warming [85]. The three most crucial factors influencing SOC dynamics 
are the quantity of carbon intake, total SOC content, and environmental conditions 
(precipitation and temperature). These factors could account for the majority of the 
variation in SOC change rates [80]. 

Annual carbon losses from agricultural soils are thought to make up about 12% of 
all human-caused emissions on a worldwide scale [17]. The conversion of primary 
forests to agricultural land is therefore regarded as SOC depletion, whereas afforesta-
tion is seen as a way to replenish SOC supplies [26, 28, 50, 55, 83, 147]. Soils have lost 
huge amounts of organic carbon due to agriculture (Table 1), due to the conversion 
of natural ecosystems to cropland and, more recently, due to agricultural intensifi-
cation in the face of demographic change [17]. On the other hand, The SOC pool is 
vulnerable to human intervention, particularly in the form of land use and land cover 
changes [147]. 

Table 1 Practices that increase or decrease the SOC 

SOC Increase SOC Decrease SOC 

Practices – High organic inputs such as: manure, 
unharvested and unburned residues 

– Mineral nitrogen content 
– Irrigation 
– Fertilisation 
– Reduced tillage 
– Conservation agriculture 
– Afforestation 

– Agricultural intensification 
– Human interference 
– Change in land use and land 
cover 

– Conversion of Natural 
Ecosystems to cropland 

– Intercropping
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2.3 Importance of Carbon Sequestration 

A critical component of keeping global warming to 2 °C is carbon sequestration 
[150]. Concerns about climate change’s effects on world SOC stocks have been 
raised [147]. Therefore, SOC plays a key role in the C cycle and in mitigating global 
warming [152, 154]. In this cycle, sequestration by living organisms has the main 
role as a source of organic matter for soils. 

One of the main reasons for the prominence of soil carbon sequestration in national 
GHG reduction programmes is the assumed “win–win” situation of mitigating GHG 
while improving food security through improved soil health and cropland fertility 
[97, 120, 132]. About one-third of the increase in atmospheric CO2 is attributable 
to soil carbon loss due to changes in land use [101, 111]. When forecasting future 
carbon cycling and potential sequestration, specific consideration of soil temperature 
and texture is necessary [154] as both have a key role: formation of aggregates 
and soil structure, and temperature control biological activity and organic matter 
decomposition. 

It is important to cope the physiological process of carbon sequestration by living 
organisms with the SOC accumulation and the mitigation of climate change, empha-
sizing on the essentiality of tackling adverse impacts of the ongoing process of climate 
change and engaging scientific and academic community in the depth-exploration of 
causes and outcomes of climate change impacts [65]. Carbon sequestration is linked 
to living organisms and those to environmental conditions and specially temperature. 

3 The Relationship Between Soil Organic Carbon 
and Climate Change 

Changes in soil organic matter can have a considerable impact on the GHG respon-
sible for climate change since soil organic matter is recognized as a fundamental 
component of the global carbon cycle [15, 47, 49]. Soil is not only a sink but also 
a source of GHG. In this sense, we should be able to ensure conditions in cropping 
systems to increase the SOC stock in front of the emissions of GHG from soils. This 
is, in our opinion, one of the most important lines for research in Soil Science. 

The distribution, composition, structure, and function of terrestrial ecosystems 
are significantly impacted by small changes in the soil’s organic carbon storage, 
which in turn affects the availability of nutrients to terrestrial vegetation [76, 148]. 
Although there is a consensus that spatial variation in SOC is an important input to 
models used to understand the current and future carbon cycle and to predict global 
climate change, neither how to quantify the relative contribution of factors such as 
topography or canopy composition on SOC variation nor how the intensity of soil 
sampling affects the estimated fraction are completely clear [151]. 

Future climate and ecosystem quality will be impacted by how soil carbon 
dynamics respond to climate and land use change. The majority of the soil carbon
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pool is made up of deep soil carbon (deeper than 20 cm), yet little is known about 
its dynamics [87]. [87] suggested that additional analysis revealed that climate and 
agricultural practices had the greatest impact on the age of topsoil carbon. The latter 
demonstrated the high dependence of soil carbon dynamics on other soil properties, 
such as clay content and mineralogy, by confirming that the age of deep soil carbon 
was more affected by soil taxa than by climate. As a result, the future balance of 
soil carbon, or the balance between ecosystem production of dead organic matter 
and heterotrophic respiration, will have a significant impact on climate change [59]. 
Additionally, the SOC increment strikes a balance between the biota of the soil and 
the soil’s inorganic composition, which would aid in the storage of SOC in the profile. 

Not only temperature, but the importance of soil moisture was confirmed by [143] 
in their study on the distribution of SOC and N stocks in Bavaria based on agricul-
tural regions. The Tertiary hills and loess regions, which had significant areas with 
potentially high soil moisture content in existing floodplains, had the highest SOC 
and N stocks for cropland. Due to low temperatures, heavy precipitation, and high 
soil moisture content in regions of glacial denudation, grassland soils demonstrated 
the largest accumulation of SOC and N in the Alps and Pre-Alps. The study done 
by [147], on the other hand, demonstrated that the rate of SOC sequestration was 
not only influenced by land use and land cover, but also by climatic conditions that 
interacted with land use and land cover. Higher rainfall seemed to slow the rate of 
SOC sequestration in the topsoil, but a warmer environment tended to speed up SOC 
accumulation. To better understand how SOC reacts to climate change, it is neces-
sary to investigate how land use/land cover and climate interact [147]. One of the 
major concerns nowadays is the impact of climate change in boreal soils because the 
increment of temperature facilitates the decomposition of osil organic matter by the 
microorganisms [5]. 

Several researches have provided various insights into the geographical envi-
ronment; [60] revealed that SOC increases with rising temperature and precipita-
tion. Environmental factors have a bigger impact on SOC when the temperature is 
lower. Instead, the more substantial the effect of soil texture on SOC, the higher the 
temperature [154]. 

SOC is frequently predicted using climatic variables, such as precipitation and 
air temperature, as well as other covariables. As was previously demonstrated, some 
studies indicate that precipitation has a strong positive link with SOC, while air 
temperature has a strong negative correlation [7, 13, 38, 101]. It has been suggested 
that changes in precipitation patterns have an even greater impact on ecosystem 
dynamics than the singular or combined effects of increasing atmospheric CO2 

concentration and temperature [140]. Therefore, understanding ecosystem carbon 
cycle responses to changes in precipitation is of paramount importance for accu-
rately predicting the rate and extent of climate change [57, 157]. The interconnec-
tions between soil, climate, vegetation cover, and land management determine how 
projected future climate change scenarios would affect the SOC and its dynamics 
[70, 78]. 

All of these findings suggested that there are not universal laws that apply every-
where, and it is important to know the local conditions, environmental factors, and
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Table 2 Some examples of 
the expected positive and 
negative effects on SOC 
storage 

Effect Positive Negative References 

LULC Grassland Cropland [147] 

Humidity High Low [143] 

Precipitation High Low [60] 

Temperature Low High [154] 

Texture Clay soils Sandy soils [117] 

soil type to understand and decide the best method to enhance SOC. Table 2 presents 
some of the more prevalent trends, nevertheless. 

Changes in precipitation may have an impact on interactions with other global 
change factors by altering ecosystem structure and function and terrestrial carbon 
cycles [14], for instance, CO2 increment in the atmosphere and global warming. 
Global climate models anticipate that future precipitation patterns would alter signif-
icantly [86] due to the intensification of the global water cycle as a result of global 
warming, according to [57]. This might have a significant impact on ecosystem 
carbon dynamics. Although several controlled experiments have been carried out 
to investigate how ecosystem carbon processes respond to changed precipitation, it 
is still unknown how soil carbon storage responds to both drought and irrigation 
throughout the world’s biomes [157]. In fact, it is thought that enhanced forest and 
agricultural land management has a great potential for reducing CO2 on a worldwide 
scale through the storage of atmospheric carbon in soils and irrigation would be a 
desirable factor to be used for organic carbon store in cropping systems. 

Pastures are particularly significant in this context as they account for about 25% 
of the potential carbon sequestration in the world’s soils [45], yet they have so 
far been largely under-resourced [107]. In addition, the relatively high sequestra-
tion rate combined with the large spatial extent of potential cropping areas leads to 
the conclusion that cover crop cultivation is a sustainable and effective measure to 
mitigate climate change [92]. In sum, agriculture, forestry, and other land uses are 
responsible for 24% (10–12 Pg CO2 per year) of global greenhouse gas emissions, 
as the example of Spain, agriculture also accounts for 10% of GHG emissions [104]. 

4 Organic Carbon Storage Dynamics 

Numerous studies have revealed that recent climate change has caused changes in 
the distribution of forest vegetation [73, 74, 112, 133], leading to changes in the 
carbon sequestration potential [11, 34, 149] and affecting the carbon cycle [19, 42, 
156]. Forests land globally absorb roughly 2.5 + 1.3 PgC yr−1, or roughly one-third 
of our fossil emissions [20]. By accelerating the rate at which greenhouse gases are 
accumulating in the atmosphere, a decrease in the size of these sinks could hasten 
climate change [34].
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Planning for climate change mitigation and adaptive management must take all 
of these factors into account because the consequences of climate change on forests 
differ depending on species, site circumstances, management, and fire regime [34]. 
In Florida (USA), sugarcane and wetlands had the largest SOC stocks, followed by 
improved pastures, urban areas, mesic upland forests, rangelands, and pine forests, 
while crops, citrus, and xeric upland forests had the lowest. These differences were 
reported in the study done by [147]. Temperate forests offer many opportunities to 
increase carbon sinks, however, the risk of negative effects on climate change and 
poor management decisions can limit these opportunities [34]. Therefore, forest soils 
are an important component of the global carbon cycle as they store large amounts 
of organic carbon [110]. 

4.1 The Effect of Temperature on Soil Organic Matter (SOM) 

A significant amount of research has been done on the effects of temperature on 
microbial decomposition of SOM in the context of global climate change. For 
example, increasing temperature and decreasing precipitation together can increase 
the carbon storage capability of forest vegetation [43, 52, 62]. Numerous studies on 
the impact of temperature on the microbial degradation of SOM have been conducted 
in relation to global climate change (Kirschbaum 1995) [43, 52, 156]. According to 
certain research, temperature increases can hasten the microbial decomposition of 
SOM, which causes a net loss of carbon to the atmosphere [10, 25, 32]. However, 
other research showed that raising temperature can enhance soil organic carbon 
(SOC) by encouraging biomass input that outpaces an increase in breakdown [12, 
95]. The decomposition process can also be affected by many factors, such as the type 
of organic matter and soil texture [75]. For example, the DNDC (DeNitrification-
DeComposition) model can accurately simulate SOC and its dynamic change under 
specific climates (R2 = 0.96) and can also make a long-term estimate [64, 153]. 

This suggests that the adoption of established technologies can sequester/store 
carbon at a rate of 5–10 kg/ha year on dry areas, 50–500 kg/ha year in pastures, 
500–1000 kg/ha year in croplands, and 500–1000 kg/ha year in forests [150]. Soil 
management should therefore be prioritized for implementation if it is to be used to 
combat the issue of global warming [125]. Opposite to those results, [143], on the 
other hand, claim that climate effects (mean annual temperature and precipitation) 
had little impact on agricultural soils since management choices partially offset 
them, especially in cultivated soils. However, the results of [91] showed that SOC 
content is strongly correlated with precipitation and temperature under cropland and 
with texture and drainage under grassland, but not only that the combined effect of 
increasing temperature and decreasing precipitation can increase the SOC of forest 
vegetation [156].
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4.2 Effect of Cropping Practices: Intercropping 

As it seems, cropland has a huge potential global carbon sink combined with global 
food production needs, increasing due to the growing world population and the 
wealth of emerging economies. In comparison to soils with wild vegetation and 
under the same environmental conditions, farmland soils typically have lower SOC 
concentrations. Finding practical ways to boost SOC stocks while enhancing and 
sustaining high agricultural output is therefore essential [107]. 

Indeed, intercropping systems have a greater potential to reduce atmospheric 
carbon dioxide concentration compared to single cropping systems [103]. As well 
as [107] suggested, cover cropping is a sustainable and successful method to combat 
climate change based on the relatively high sequestration rate and the vast spatial 
breadth of viable cropping regions. Even more, cover crops and mulching systems 
can be useful to keep soil moisture at higher levels than conventional agriculture 
[114], and this effect can be an additional factor join to the application of organic 
wastes as a soil cover that can promote the increment of SOC. 

Models must account for geographical and temporal variations in these agri-
cultural practices in order to assess long-term changes in soil carbon, for instance 
on a European scale [21]. Agricultural practices, both for CO2 and N2O fluxes, as 
well as the consequences of climate change, all affect the GHG balance of crop-
lands in Europe [51]. The following aspects of agricultural practices are affected: 
(i soil carbon supply, such as from manure and unharvested, unburned residues,(ii 
soil carbon decomposition, such as from timing and intensity of tillage, soil mineral 
nitrogen content, and irrigation; and (iii soil N2O emissions from fertilization prac-
tices. According to [80], the variation in rates of SOC change observed in their study 
showed that the age of topsoil carbon was mainly affected by climate and cultivation 
(environment and land management). 

4.3 Effect and the Role of Microbial Activity 

According to estimates, the Earth’s terrestrial carbon storage is made up of around 
two-thirds of soil organic carbon [130]. To find pathways for carbon sequestration 
in soils and to keep SOC at a level necessary for preserving soil health and also for 
controlling global warming, it is necessary to understand the dynamics of the carbon 
stock in soils as influenced by management practices [50] and the effects on soil 
microbiota. A lot of research has been done on the function and significance of soil 
biota, particularly microbial activity. The need of energy and nutrients to maintain 
the biological activity of soils is one of the most important bottlenecks that limits the 
increment of SOC. The other one is the temperature and the opposite effects from 
cold to warm temperature commented previously. 

Environmental conditions control the microbial activity as far as the SOC, and 
in most cases at higher temperatures favour a faster degradation of organic matter
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in the soil due to a thermal boost to microbial activity [66]. Microbial activity and 
decomposition of soil organic matter depend on the amount of SOM, structure, 
texture, composition of biotic material input into soils, and environmental conditions, 
i.e. temperature, soil moisture, and nutrient status. 

Recent research demonstrates that the amount of soil organic carbon protection 
(the clay-humus complex) and, subsequently, the accessibility of substrates for micro-
bial activity, impact the rate of organic carbon breakdown [142]. Therefore, there 
are two paths that can be opposed. On the one hand, the biological activity of the 
soils is necessary for the transformation of fresh organic matter and residues used 
as amendments. On the other hand, the maintenance of this activity consumes and 
decomposes organic matter that can release GHG into the atmosphere. Reaching the 
balance and knowing what it is for each type of soil and environmental conditions, 
continues to be a major challenge for researchers. 

5 Increasing SOC Stocks 

Any plan to increase SOC is extremely difficult due to the ephemeral nature of 
carbon stored in soils and the lack of a thorough understanding of SOM stabiliza-
tion mechanisms [70]. Increasing soil carbon stocks can have many advantages in 
addition to the potential for mitigation, such as better water infiltration and storage, 
improved nutrient cycling, increased land productivity, and increased below-ground 
and possibly above-ground biodiversity, all of which can improve livelihoods [92]. 
Again, the measures proposed relate to nitrogen management, livestock diets, and on-
farm energy production and consumption reached great importance [104], avoiding 
possible nitrogen pollution, especially for water. 

In fact, given the climate and land use/land cover, soils are projected to constitute 
a significant carbon sink [147]. Additionally, SOC stocks are often regulated by C 
outputs [121] like SOM mineralization, soil erosion, and export (including dissolved 
organic matter) as well as C inputs like residues, secretions, and exudates from plants, 
animals, and microorganisms [115, 154]. In this regard, increases in SOC concentra-
tion in the near-surface soil due to conservation agriculture led to improvements in 
soil physical conditions,these should contribute to increased sustainability and adap-
tation to climate change, even if they do not necessarily lead to a steady increase in 
agricultural yields [107]. In particular, wetland soils are likely to provide a substantial 
carbon sink [147], although they can constitute, mainly in younger stages and asso-
ciated to the depth, an atmospheric GHG source [4, 124, 146]. Therefore, it is better 
to increase organic matter stocks through labile than stable inputs [107]. However, 
this should be studied in depth because not all the organic amendments increase 
carbon storage and some of them can also increase the CO2 emissions, depending 
on environmental conditions and soil management [94]. 

Cover crops are crops that are sown in place of bare fallow during the winter and 
are ploughed in as green manure before planting the following major crop. They are 
also known as intercrops or catch crops [22]. The potential of cover crops to increase
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SOC stocks and thus mitigate climate change has been demonstrated in very few 
studies [69] but the number of them is increasing in order to understand and enhance 
soil organic matter [119, 139]. Additionally, cover crops can help decrease fertil-
izer leaching and improve nutrient efficiency, decrease wind and water erosion, and 
manage pests, making them both environmentally and commercially advantageous 
in the long run [107]. 

The use of straw has been widely recommended as an environmentally friendly 
practice to manage carbon sequestration/storage in agricultural ecosystems. A 
general trend and magnitude of changes in soil C in response to the return of 
straw remains un-certain [77]. Active fractions of SOC [18, 84] and the emission of 
three major biogenic GHG, i.e., CO2, CH4, and N2O, can all be increased by straw 
incorporation [33, 82, 159]. 

Therefore, raising soil organic matter through management approaches considers 
difficulties with soil carbon as well as agronomic, environmental, sociological, 
economic, and ethical aspects [77]. Despite extensive research on the subject, the 
impacts of environmental factors and farm management techniques on SOC are still 
unclear. For instance, some studies [23, 61, 134], found that higher temperatures 
increased SOC content on cultivated land, while other studies (finding that higher 
temperatures lowered it) discovered the opposite [96, 106]. 

From a management standpoint, conservation agriculture techniques including 
converting from monoculture to varied rotational cropping, minimizing soil distur-
bance through no-till techniques, and improving primary production through fertil-
ization are typically thought to improve SOC content [29, 139, 141]. By lowering 
decomposition, raising sequestration, or doing both, these strategies raise SOC. The 
advantages of these agricultural methods heavily depend on the soil and climate 
conditions for certain cropping systems [81, 128]. According to Davidson and 
Janssens [24] environmental restrictions and the naturally diverse character of SOC 
have disguised the reactions of SOC dynamics to increased temperatures [155]. 
Other results show that SOC content is strongly correlated with precipitation and 
temperature under cropland and with texture and drainage under grassland [91]. 

On the other hand, mitigation of GHG emissions by increasing SOC stocks should 
not be seen as a way to compensate for CO2 emissions from fossil fuel combustion or 
N2O or CH4 emissions from agricultural activities and thus allow business as usual 
to continue, but rather as an additional lever in the portfolio of options that countries 
can consider to reduce their agricultural GHG emissions [145]. The amount of CO2 

stored in soils must not be equal to CO2 emissions due human activity; in such a way 
it is not possible to reduce CO2 presented in the atmosphere. 

Diverse inputs (fertilizers, organic matter, chemicals, water, tillage, etc.) are 
utilized throughout cultivation, mostly to boost yields. As a result, there are more crop 
wastes, which must be returned into the soil. It is typical to anticipate that intense 
plant cultivation using these inputs will result in a build-up of carbon in the soil. 
Contrarily, numerous researches demonstrate that with intensive farming employing 
contemporary inputs, the carbon content in soils has declined [85]. 

Soil de-sealing and creating Technosols maybe a good strategy to increase the 
carbon storage as a form of organic carbon recovering soil functions. Moreover, the
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pressure on agricultural and natural soils is growing due to the trend of increasing 
world population and the number of urban settlements [116], which may have a 
negative effect on the likelihood of using soils as a carbon storage to mitigate climate 
change. Anthropogenic mand-made soils can help in urban and peri-urban environ-
ments to increment the possibilities of SOC storage. Those including the use of green 
roofs in urban areas [118]. 

6 Conclusions 

A lot of knowledge about dynamics and storage of carbon, including how climate 
change affects carbon stocks either directly or indirectly, have been accumulated 
mainly about laboratory, local and regional experiments. Indeed, most research has 
focused on biological aspects, some authors have shown that many soil properties 
modify the functions of ecological systems and are crucial for long-term storage, 
including the soil texture and the interactions between soil organic matter and inor-
ganic particles. As a result, much remains to be known about the effects associated 
with these soil properties and carbon storage. 

Increasing soil organic carbon stocks has additional benefits in terms of improving 
soil fertility and agricultural productivity. Improving sustainable cropland manage-
ment could contribute significantly to CO2 mitigation. It is important to note that the 
benefits associated with carbon sequestration go beyond CO2 mitigation, as increased 
SOM is associated with improved soil fertility, soil structure, water retention capacity 
and thus higher productivity [144]. Sustainable cropland management should imply 
the increment of SOC because in other way, this management would not be considered 
as sustainable under the climate change scenery that we are living. 

Incorporation of manure and crop residues, conservation tillage, fallowing, 
organic farming, bioenergy, perennial crops, improved management of harvested 
peat soils, improved pasture and livestock management, and conversion of cropland 
to grassland are promising agricultural practices to increase organic carbon stocks 
[30, 46, 102]. Thus, it is true that alternative cropping systems have the potential to 
sequester organic carbon under temperate climate conditions, through higher carbon 
input rather than through the effect of reduced tillage [8]. When residues are placed 
on the surface, as in some conservation agriculture practices, they are more suscep-
tible to environmental factors (such as temperature and moisture) than when they are 
integrated into the soil profile [56]. 

Short-scale soil incubation experiments (days to year) have shown that the rate 
of soil organic carbon mineralisation could be increased by higher inputs of fresh 
organic matter [16]. A meta-analysis of 257 studies shows that nitrogen addition 
significantly increased above-ground, belowground and litter carbon pools by 35.7%, 
23.0% and 20.9% respectively [79]. 

The incorporation of cover crops into cropping systems is a viable strategy for 
sequestering carbon in agricultural soils. Cover crops have an advantage over other 
management techniques for increasing soil organic carbon (SOC) since they don’t
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diminish yields like extensification of farming or transfer carbon to other systems like 
organic manure treatments do [107]. Straw integration and extensification through 
arable and barley rotations, organic manure or sewage sludge supplements, and more 
recently, the growth of winter cover crops, have all been recommended methods for 
enhancing carbon inputs [88]. 

Numerous conservation agriculture techniques, such as zero tillage, boost the 
amount of SOC in the soil’s surface layers, improving soil quality. However, these 
techniques do not always raise the stock of SOC, which is required to reduce climate 
change. Additionally, it is incorrect to assume that any management strategy that 
increases SOC stock mitigates climate change; instead, interpretation must take into 
account the mechanisms causing the increase in SOC and whether there is a net 
transfer of carbon from the atmosphere to the soil in comparison to the standard 
strategy [109, 129, 130]. The greatest amounts of SOC sequestration are achieved 
by taking agricultural land out of production and returning it to native grasslands 
or forests [127], but this land-use change is in conflict with food security objectives 
[108]. 

More research is needed if we want to stablish a common framework of actions 
that can be used under different situations to reduce greenhouse emissions and ensure 
the sequestration and storage of carbon in soils. Even more, all would be under a 
general SOC methodology to estimate the carbon content and their resilience to 
changes in all the countries as we need to know the global balance between soils and 
atmosphere. The only generalization that can be made is that farm soils have lower 
SOC levels than soils with natural vegetation under similar environmental factors, 
and to change this, is the challenge for researchers. 
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Agricultural Soil Management Impacts 
on Soil Microbial Communities 
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Abstract Soil microbial communities are significantly affected by agricultural soil 
management. Inappropriate management can be a cause of land degradation and 
ecosystem services loss. This chapter aims to assess the impacts of agricultural soil 
management on soil microbiome. In large amounts, fertilizers and pesticides can 
affect the soil microbial structure and communities and change ground interactions 
between different ecological-trophic groups of microorganisms. Soil microbiological 
activity directly impacts plant biomass production and determines the ecological state 
of soils. The excessive use of mineral fertilizers affects the mineralization process 
and reduces microbiological diversity and soil organic matter. Organic fertilizers can 
positively affect soil properties (e.g., soil structure, fertility) and soil microbiome 
(diversity, microbial biomass, activity). Nevertheless, before using it, it is essen-
tial to identify the presence of antibiotic residues not to increase soil pollution and 
prevent it from entering the food chain. Control of contamination by antimicrobial 
substances is crucial for the elimination of spreading antibiotic-resistant bacteria 
in the environment. This is an additional tool for the prevention formation of soil 
resistome. 
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1 Introduction 

Different agriculture practices can significantly alter the soil’s biogeochemical, 
biological and microbiological properties. Soil microbiome plays a vital role in 
forming soil fertility and productivity of agroecosystems. It is one of the most critical 
factors in forming a healthy environment [23, 47, 52, 58]. Soil microbial biomass, 
community structure, and microbial diversity are sensitive indicators of soil quality. 
The structure of microbial communities and microbial activity can impact plant 
growth and crop yield [6, 35, 63, 65]. Changes in soil microbiome functional activity 
and integrity reduce soil quality and agroecosystems productivity. In particular, soil 
microbial biomass, activity and diversity are indicators of soil fertility and ecosystem 
productivity. For this reason, they are used as indicators of soil quality and health. 
The ecological status of soil depends on qualitative and quantitative changes in the 
microbiome structure, ratio, and several certain ecological trophic groups of microor-
ganisms [50, 56]. Any microbiome consists of microorganisms of different functional 
and taxonomic groups, which differ in their requirements for nutritional conditions 
and energy sources. There are specific ecological niches in the soil with properties 
inherent only to them. These are caused by the combined action of several environ-
mental factors, such as temperature, moisture, the reaction of the environment (pH) 
and anthropogenic activity. The objective of this book chapter is to assess the impacts 
of agriculture practices on microbial communities. 

2 Effect of Mineral Fertilizers 
(Nitrogen-Phosphorous-Potassium) on Soil Microbial 
Communities and Their Activity 

The impact of agro-technologies on soil microbiomes can be either direct or indi-
rect. They can affect the physical and chemical parameters of the microclimate and 
energy sources (e.g., carbon), the structural reorganization of microbial communi-
ties and their functional activity [2, 31]. Microbial activity and diversity are related 
to soil ecosystem multifunctionality, plant productivity, nitrate, ammonium, phos-
phorus availability and nitrogen mineralization rates [11, 40]. Mineral (phosphate, 
potash, nitrogen or their complex) and organic manure can significantly affect soil 
microbiome [12, 21, 48]. The main nitrogen sources available to plants are gaseous 
nitrogen from the atmosphere and nitrate and ammonium nitrogen from the soil. 
Nitrogen nutrition is vital for the growth of all crops. With a lack of nitrogen growth, 
plants deteriorate sharply. Compared to other essential elements, it contributes to 
the growth of vegetative organs, the formation of the ovary, and increased harvest 
and quality. Nitrogen plays a vital role in increasing the energy of photosynthesis. 
Nitrogen also promotes the active growth of the roots of cultivated plants. Both 
lack and excess nitrogen weaken root growth. Nitrogen excess fertilizers block the 
supply of available copper, which leads to a decreased nutritional value of protein in
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feed, and negatively affects the shelf life of vegetables and their quality for canning. 
Excessive nitrogen nutrition can cause the accumulation of nitrates in plants that are 
harmful to humans and animals. The use of nitrogen fertilizers regulates the nitrogen 
nutrition of plants [18, 36]. The application of mineral nitrogen fertilizers affects 
the soil microbiome [19] and activates microorganisms (bacteria, algae, fungi and 
actinomycetes) and microfauna (protozoa and nematodes) [38, 64, 65]. Plants use 
up to 40% of nitrogen fertilizers. Approximately 30% can be lost by leaching, and 
30% is fixed in organic form. One of the main problems of increasing soil fertility is 
providing them with nitrogen,with intensive use of soils, assimilated nitrogen is at 
a minimum. Nitrogen fertilizers applied in large doses change the properties of the 
soil: migration along the soil profile increases fulvic acids and humic acids, calcium 
and magnesium cations, as well as acidifies the soil, which negatively affects the root 
system of plants. A single application of high doses of nitrogen fertilizers increases 
the loss of nutrients. At the same time, not only the nitrogen from fertilizers but also 
from the soil is washed out because the mobility of soil nutrients increases under 
the influence of fertilizers [17, 60]. Therefore, using appropriate doses and forms of 
nitrogen fertilizers is one of the main factors in improving agricultural production. 
The use of nitrogen fertilizers in the world is increasing. Therefore it is key to know 
their behavior on the soil microbiological activities. High concentrations of ammonia 
can suppress soil microbiome vital activity. This leads to the inhibition of processes 
of nitrification or ammonification. Long-term studies have shown that double doses 
of nitrogen fertilizers decrease the number of ammonifiers and nitrogen-fixing micro-
biota in the soil. Instead, the content of soil micromycetes increases. Nitrogen fertil-
izers, directly and indirectly, influence the diversity of soil bacterial, fungal, and 
protist communities. The indirect effect on the soil microbiome is due to soil physic-
ochemical properties changing. The alteration of inter-kingdom interactions within 
soil microbiomes is due to competition and predator–prey interactions between the 
different microbial groups [66]. 

Phosphorus is one of the most critical elements of plant nutrition because it is part 
of proteins. Nitrogen in the soil can be replenished by biological fixation from the 
air, phosphorus only by phosphates application to the soil in the form of fertilizers. 
The main phosphorus sources are phosphorites, apatite, vivianite, and waste from the 
meat and metallurgical industries. Enriched apatite are the best raw materials for the 
production of industrial phosphors [5]. When phosphorite flour is applied together 
with phosphorus, uranium, radium and other radioactive elements enter the soil, albeit 
in small quantities. Different types of superphosphates contain different amounts of 
heavy metal impurities. So, depending on the type of fertilizer, the cadmium content 
ranges from 1 to 170 mg/kg. With the systematic application of increased doses of 
superphosphate containing about 1.5% of water-soluble fluorine, the latter accumu-
lates in large quantities and pollutes the soil and plants. Increased amounts of fluorine 
inhibit the action of enzymes in the plant, inhibit photosynthesis and disrupt protein 
metabolism [3, 39]. Fluoride also negatively affects the activity of microbiological 
processes in the soil. The processes of mineralization and humus formation are slow 
down. Potassium plays a significant role in the life of plants. It is most abundant 
in young growing organs, the cell sap of plants, as it helps the rapid accumulation



138 L. Symochko and P. Pereira

of carbohydrates. Potassium enhances ammonia nitrogen’s use during synthesizing 
amino acids and protein. Under the influence of potassium, the winter resistance 
of plants increases. To obtain high yields of crops, exchangeable potassium accu-
mulated in the soil is not enough, so it is necessary to apply potash fertilizers [30, 
62]. Potash fertilizers have a significant drawback. Most potash fertilizers contain 
a significant amount of chlorine, which hurts the growth and development of plants 
[1]. Applying large doses of potassium fertilizers can lead to increased chloride ions, 
displace calcium and magnesium from the soil absorption complex, and increase 
their migration along the soil profile [9, 16]. Sodium in potassium salt and sylvi-
nite pollutes the soil. It deteriorates the physical and chemical properties of many 
soils, especially chernozem, chestnut and saline soils, as it makes them more salting. 
Finding potassium in feed in excessive amounts can cause animal poisoning. An 
excess of chlorine also negatively affects microbial communities’ taxonomic and 
functional structure. The number of “agronomically useful” microbiota, particu-
larly nitrogen-fixing and phosphate-mobilizing bacteria, is decreasing. In microbial 
communities, the number of oligotrophic and pedotrophic microbiota is increasing, 
which indicates the deterioration of the ecological status of soils [52]. Complex fertil-
izers (Nitrogen-Phosphorous-Potassium) have a high concentration of nutrients, so 
their use significantly reduces farm expenses for their transportation, mixing, storage 
and introduction. Among the disadvantages of complex fertilizers is that the propor-
tions in the Nitrogen-Phosphorous-Potassium content vary within narrow limits. 
Therefore, when applying, for example, the required amount of nitrogen, other 
nutrients are applied less or more than required [32, 46]. Mineral fertilizers and 
the main nutrients (nitrogen, phosphorus, potassium, calcium, magnesium, sulfur) 
contain various impurities and ballast substances: salts of heavy metals, radioactive 
substances, and organic compounds. These impurities are transferred from the raw 
fertilizer materials. Their content can be up to 5%. Most of the impurities belong 
to toxic substances. Various industrial wastes are often used as micro-fertilizers in 
enterprises. For example, pyrite nitrite is used as a copper fertilizer, although it 
contains lead, arsenic, and other harmful substances. Ballast substances (e.g., chlo-
rine, sodium) that enter the soil with fertilizers negatively affect its properties, cause 
changes in physiological and biochemical processes in plants, affect soil micro-
bial communities that worsen the quality of agricultural products and contaminate 
groundwater [4, 29]. 

3 Organic Fertilizers in Agroecosystems, Impact on Soil 
Microbiome 

In traditional agriculture, due to active use of mineral fertilizers and chemical plant 
protection agents may cause side effects: a change in the structure of the soil 
microbiome, a decrease in its diversity, and a violation of functional parameters. 
In the last century, agricultural intensification caused significant biodiversity loss in
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most agroecosystems. Biodiversity and ecosystem services might be protected with 
agri-environmental schemes and agro-technologies [26, 28, 42]. 

Organic mechanisms of pathogen control were used in agriculture plant organ-
isms through competition or antagonism using measures which contributed to the 
improvement of the functional structure of the soil microbiome and increasing its 
species diversity. The application of organic fertilizers in agriculture improves soil 
fertility [33]. It contributes to increasing crop yields. However, it can be a source of 
the spread of antibiotic-resistant microorganisms, which pose a danger not only to 
the environment but is a risk factor to human health [51]. This is because antibiotics 
are widely used on farms for therapeutic purposes and prophylactically, as well as 
growth factors. Getting into the body of animals, they are excreted together with 
feces and urine, characterized by a long half-life. Together with organic fertilizers, 
they get into the environment. High levels of reproduction and significant biomass 
and adaptation possibilities characterize soil microorganisms. The biggest danger 
is that these microorganisms are vectors of horizontal and vertical gene transfer of 
antibiotic resistance. Therefore, an essential aspect of studying the soil microbiome 
is not only functional parameters and taxonomic characteristics but also verifica-
tion of the presence of antibiotic-resistant microorganisms [53, 54]. The basis of 
sustainable and productive ecosystems is healthy soil. For that, it is necessary to 
implement good agricultural practices with healthy principles such as minimal soil 
disturbance, crop rotation, and organic manure-enhancing soil microbiome [41, 57]. 
Good Agricultural Practices is a collection of principles to apply for on-farm produc-
tion and postproduction processes, resulting in safe and healthy food and non-food 
agriculture products while taking into account economic, social and environmental 
sustainability (FAO 2016). Implementation of these principles in agriculture has some 
difficulties. In recent decades, obtaining high yields was achieved due to using inten-
sive agricultural technologies with high doses of mineral fertilizers and pesticides 
[12, 43]. 

4 Antibiotics in Agriculture—Soil Resistome 

Soil is an important reservoir of antibiotic resistance genes (ARGs). However, their 
potential risk in different ecosystems and their response to anthropogenic land use 
change are still unknown [45]. Environmental contamination by antibiotics is linked 
to the development of antimicrobial resistance in non-target species of bacteria. 
Antibiotic substances and their metabolites excreted by food animals in primary 
production enter the environment (soil, water) and are a selector for the emergence 
and evolution of resistances. Selection for resistance already occurs at low concen-
trations of antibiotics in nature [24]. Using antibiotics in animal husbandry and 
their faeces as organic fertilizer is problematic for agriculture. Antibiotic residues 
affect soil microbiome and resistome [37, 55]. The environment, particularly soil, 
has been identified as a huge reservoir of resistance genes, the so-called “environ-
mental resistome” [10]. There is also a risk that antimicrobial resistance genes can
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be mobilized and transferred to human pathogens [61]. However, the transfer routes 
of resistance genes from the environmental resistome to humans could be clearer. 
Whether the bacteria perform critical ecosystem services, pose a health threat as 
pathogens, or have incompletely understood functions, the development of antimi-
crobial resistance because of human activities is problematic. Incorporating genetic 
information encoding can alter susceptibility characteristics of microorganisms for 
resistance or by a mutation in their DNA. Antibiotic resistance genes are recognized 
as important environmental contaminants [44, 61]. It is now accepted that resis-
tance is a natural property of all bacteria. The term resistome is used to describe the 
framework that encompasses all forms of resistance and precursor elements. Resis-
tance genes originating from the guts of animals can, for example, reach soil with 
manure and spread via horizontal gene transfer, which is promoted by the simul-
taneous presence of antibiotics (and other pollutants) in manure and soil [15, 59]. 
The bi-directional nature of resistance gene transfer between the food chain and the 
environment is important because it allows the environment to act as a repository or 
reservoir that intercepts and re-releases resistance genes [7]. Recognizing that human 
health, animal health, and ecosystem health are inextricably linked, the “One Health” 
[14, 34]. Taken together in a complex picture (Fig. 1), the transfer of resistance genes 
between pathogenic and non-pathogenic bacteria that make up the microbiome of 
humans, animals, and free-living bacteria in the air, soil and water is revealed. The 
antimicrobial agents used in humans and animals act as selectors within the intestinal 
mucosa, but also their degradation products, which can be detected as residues in 
food or get via the manure into the soil, groundwater and drinking water [20]. 

Fig. 1 Vectors of spreading antibiotic resistant (AR) bacteria and formation of soil resistome



Agricultural Soil Management Impacts on Soil Microbial Communities 141

Data supports that the reservoirs for resistant bacteria present in humans, animals 
and the environment are linked, identical bacterial clones [8], and resistance genes 
can be found in all three reservoirs. 

Studies of the agricultural environment and the food chain have revealed that 
pathogen reservoirs exist outside their animal host, which presents a potential infec-
tion reservoir. It has been shown that gene flow in the environment is extensive for 
bacterial populations and is likely to be promoted by the availability of nutrients. 
This gene flow also implies an increased transfer of drug-resistance genes encoded 
by plasmids and gene cassettes in biofilms and slurries [22]. 

Additional research has focused on the ecological roles of antibiotics, and 
evidence has been reported on selective conditions in soil for expression of antibiotic-
resistant gene clusters using reporter gene fusions and by detecting mRNA extracted 
from soil. Soil can be a major reservoir of microbial pathogens. In situ analysis of 
different environments revealed that pollution with antibiotics can drive the selection 
for adaptive mutations or uptake of resistance genes similar to those already rapidly 
evolving in bacteria found in hospitals and farms due to the frequent use of biocides 
and antibiotics [27, 49]. 

A large fraction of the antibiotics administered to animals is excreted and reaches 
agricultural soils with animal manure fertilizers [8, 15]. It has been shown that the 
spreading of manure from pigs in the soil treated with sulfadiazine (SDZ) resulted in a 
higher abundance of sulfonamide. Several antibiotics, such as fluoroquinolones, tetra-
cyclines and sulfonamides, persist in soil for weeks to months. Soil bacterial genomes 
consist of large parts of mobile genetic elements. Plasmid-mediated genetic variation 
allows bacteria to respond rapidly with adaptive responses to challenges such as irreg-
ular antibiotic or metal concentrations or opportunities such as utilizing xenobiotic 
compounds. Cultivation-independent detection methods such as qPCR and capture 
of plasmids from soil bacteria into Escherichia coli, and complete sequencing have 
provided new insights into the role and ecology of plasmids [22]. It was shown 
that mobile genetic elements from soil bacterial communities could be captured into 
food chain-relevant organisms such as E. coli [59]. This shows that the environmental 
antibiotic-resistant bacteria pool is a potential source of AR bacteria selected for food 
production animals. The soil microbiome and resistome depend on anthropogenic 
impact [55]. A significant number of aerobic microorganisms with multiple antibi-
otic resistance present in the agroecosystem, part of them are the causative agents of 
foodborne infections. Soil particles carrying viable bacteria can be transported over 
long distances and might contribute to the spreading of antibiotic resistant bacteria 
over wide geographic ranges [13, 25]. 

5 Conclusion 

The use of inappropriate farming practices: high doses of chemical fertilizers and 
pesticides and frequent changes in land use may cause variability in soil microbial 
communities, which can have important effects on soil fertility and productivity.
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Applying chemical fertilizers impacts populations of microbes such as bacteria, 
micromycetes and streptomycetes. They play different functions in the soil, such 
as maintenance of soil structure, suppressing effects of toxins and pathogens and 
indirectly helping in sustainable agricultural productivity. The use of high doses of 
mineral fertilizers leads to a decrease in microbial biodiversity and a violation of the 
integration of microbial coenosis. The number of oligotrophic microbiota increases 
and the soil’s mineralization processes are disturbed. This can cause losses of soil 
organic matter and, as a result, reduce soil fertility. Inorganic and organic fertilizers 
have a vital role in increasing agricultural production, but the use of mineral fertilizers 
is constantly growing. There is increasing concern regarding the adverse environ-
mental effects of chemical fertilizers on soil microbiota. Applying organic fertilizers 
improves soil structure and is responsible for a more balanced and stable nutrient 
supply, which can sustain a more diverse microbial community than mineral fertil-
izers. Moreover, organic fertilization positively affects microbial activity taxonomic 
structure of soil microbiome and improves the chemical and physical properties of 
soil better than inorganic fertilization. However, despite organic fertilizers’ positive 
effects, some must be controlled. Organic fertilizers should be checked for the pres-
ence of antibiotic residues and antibiotic-resistant microorganisms to prevent soil 
contamination since it plays a leading role in forming soil resistome and environ-
mental resistance in general. The soil microbiome plays a vital role in agroecosys-
tems’ ecological status and in the development and spread of antibiotic resistance 
in humans and the environment. That is why soil microbial communities’ struc-
ture, diversity, and functions should be better managed through good agricultural 
practices. 
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Abstract There is huge and growing environmental and public health concern 
in relation to the potential spreading of emerging chemical pollutants, as well 
as pathogenic microorganism, through wastewater and subsequent application of 
sewage sludge on soils. In this chapter the authors review recent data on antibiotics 
and other emerging pollutants present in raw and treated sewage sludge. In addition, 
available data on pathogenic microorganisms, mainly bacteria, virus and fungus, is 
also reviewed for both raw and treated sludge. The reviewed data could be consid-
ered for assessing the eventual need of further complementary treatments, as well as 
of precautionary measures regarding the management of sewage sludge intended to 
agronomic recycling. 

Keywords Antibiotics · Emerging pollutants · Bacteria · Virus · Fungus 

1 Introduction 

As indicated in [8], “emerging pollutants are defined as synthetic or naturally occur-
ring chemicals that are not commonly monitored in the environment, but which have 
the potential to enter it and cause known or suspected adverse ecological and/or 
human health effects”. These authors also indicate that “in some cases, release of 
emerging pollutants to the environment has likely occurred for a long time but may 
not have been recognized until new detection methods were developed, while in other 
cases, synthesis of new chemicals or changes in use and disposal of existing chemicals
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can create new sources of emerging pollutants”. For [34], “emerging pollutants can 
be understood in a broad sense as any synthetic or naturally-occurring chemical or 
any microorganism that is not commonly monitored or regulated in the environment 
with potentially known or suspected adverse ecological and human health effects, 
mainly including chemicals found in pharmaceuticals, personal care products, pesti-
cides, industrial and household products, metals, surfactants, industrial additives and 
solvents, with many of them used and released continuously into the environment 
even in very low quantities, and some of them potentially causing chronic toxicity, 
endocrine disruption in humans and aquatic wildlife and the development of bacterial 
pathogen resistance”. 

In fact, chemical emerging pollutants (and specifically antibiotics) are of 
increasing concern regarding environmental and public health issues, and it also 
happens with pathogenic microorganisms (which is clear when a pandemic disease 
takes place). This is true for different environmental compartments and materials, 
and sewage sludge (raw and/or treated, before and/or after being spread on soils) 
is of clear relevance as potential reservoir/vehicle for transmission in this regard 
[3, 17, 19]. 

In a previous work [23] we commented on antibiotics in sewage sludge, although 
the review did not cover other abiotic and biotic emerging contaminants. 

In view of that, the authors of this chapter propose a review/update on the matter 
of antibiotics and other chemical emerging pollutants, as well as on pathogenic 
microorganisms, in raw and/or treated sewage sludge, focusing on recent data. The 
authors of the chapter think that this review could be a valuable aid for assessing 
the feasibility of eventual complementary treatments, as well as to make reflections 
on new alternatives dealing with the management of sewage sludge destined to be 
agronomically recycled. 

2 Antibiotics and Other Emerging Pollutants in Raw 
and Treated Sewage Sludge 

2.1 Antibiotics 

As indicated above, the authors of this chapter have recently published a text dealing 
with effects of treatments of sewage sludge on antibiotics [23], including a table with 
data on concentrations for different antibiotics in sewage sludge that covered from 
2003 to 2018. In view of the contents of that previous work, in the current chapter we 
will include very recent data, going from the start of 2019 to the end of June 2023. 

Regarding number of publications, searching on Web of Science (WOS) for 
“antibiotics sewage-sludge” as topic, a total number of 645 results was reported 
for 2019–23 (while the number is 1,048 for 1900–2023). Among these references, 
we found as one of the most relevant that published by [35], dealing with the increased
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abundance of antibiotic resistance genes in agricultural soils receiving the applica-
tion of sewage sludge, as well as the paper by [16], dealing with antibiotics removal 
and heavy metal immobilization during treatment of sewage sludge and pig manure. 
As comparison, Google Scholar (GS) provides 17,000 results for the same string 
(“antibiotics sewage-sludge”) in the range 2019–23, and 43,200 results for the whole 
range of years covered by the tool. 

Searching for “antibiotics-concentration sewage-sludge” on WOS, a total of 21 
results is reported for 2019–2023. Among them, the paper by [29] shows the absence 
of effects on soil bacterial resistome when sewage sludge is spread on farmland, 
whereas the one by [13] deals with the fate of antibiotics present in a primary sludge 
during co-composting with palm wastes, with fluoroquinolones showing the highest 
risks, the paper by [38] reports that antibiotic residues may stimulate or suppress 
methane yield and microbial activity during high-solid anaerobic digestion (a method 
to dispose dewatered sludge),and the publication by [11] focuses on the fate of 
antibiotics and antibiotic resistance genes in a food waste treatment plant, showing 
that “human food might not be free of antibiotics and antibiotic resistance genes, 
and that food waste was an underestimated antibiotics resistance pool with various 
determinants, although derived hazards of food waste could be mitigated through 
biological treatment with well-planned daily operations”. Just as comparison, GS 
provides 188 results for the same string (“antibiotics-concentration sewage-sludge”) 
in the range 2019–23. 

When the search topic is “antibiotics treated-sewage-sludge”, 9 results are shown 
by WOS, including the one by [36], dealing with antibiotics and distribution of 
antibiotic resistance genes in microbial electrolysis cells (an emerging pollution 
control technology) treating sewage sludge, the paper by [32], showing good results 
for thermal hydrolysis pre-treatment and various anaerobic digestion conditions, 
regarding removal/decrease of antibiotics, antibiotic resistance genes, and mobile 
genetic elements in sewage sludge, and the one by [31], who studied retention-
release of ciprofloxacin and azithromycin in biosolids and biosolids-amended soils, 
finding that “the target antibiotic bioaccessibilities from biosolids and finer-textured 
(typical agricultural) soils would be minimal and that biosolids (not soils) control 
desorption of the two biosolids-borne chemicals”. GS provides 688 results for the 
same string (“antibiotics treated-sewage-sludge”) in the range 2019–23. 

However, just one result is found by WOS when searching for “antibiotics raw-
sewage-sludge”, while GS finds 240 results in the range 2019–23. 

Slightly modifying the searching string to “antibiotics treated sewage-sludge”, 
104 results are reported by WOS (see Fig. 1a for number of publications by country), 
while GS provides 16,200 results for the period. And searching for “antibiotics raw 
sewage-sludge”, the number of results found by WOS is 44 (see Fig. 1b for number 
of publications by country), while GS provides 14,400 results. In both cases, the 
highest number of results from WOS corresponds to China, followed by the USA, 
and Spain placed 3rd and 6th, respectively.
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Fig. 1 Number of publications by country (period going from January 2019 to July 2023) provided 
by WOS for the searching strings “antibiotics treated sewage-sludge” (a), and “antibiotics raw 
sewage-sludge” (b) 

2.2 Other Emerging Pollutants 

To search for chemical emerging pollutants other than antibiotics, we should use 
searching strings for all chemical emerging pollutants, and then we should take into 
account previous results for antibiotics. However, in this case we will carry out the 
search for a more extended period than that performed above just for antibiotics, 
as in our previous work covering up to 2018 [23] we had not focused on chemical 
emerging pollutants other than these biocides. 

Searching for “chemical emerging pollutants raw sewage-sludge” on WOS, the 
total number of results is 8 when covering from 1900 to 2023, coincident with that 
found when the search is restricted to 2010–2023. Among the papers, we consider
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relevant the one by [33], an editorial piece for a special issue focused on biowaste for 
energy recovery and environmental remediation, as well as that by [9], dealing with 
the removal of organic micropollutants and biological activities from sewage sludge 
by means of anaerobic digestion, and also, the paper by [15], dealing with sewage 
sludge ash. As comparison, GS provides 16,800 results for the period 2019–23. 

Searching for “chemical emerging pollutants treated sewage-sludge” the total 
number of results provided by WOS is 27 from 1900 to 2023, the same number as that 
for the period 2010–2023. Among these publications, we consider especially relevant 
the one by [14], focused on spatial distribution of pharmaceuticals in a conventional 
wastewater treatment plant with sludge treatment reed beds technology, as well as 
the paper by [6], dealing with classic and emerging contaminants resulting from the 
application of biosolids to agricultural lands, and the publication by [27], focused 
on the assessment of industry-derived organic amendments for agricultural use. Just 
as comparison, GS provides 16,400 results for the range 2019–23. 

Figure 2a shows, with data from WOS, the countries with higher results for the 
string “chemical emerging pollutants raw sewage-sludge”, with the highest number 
of results in 2021 (Fig. 2b). While for the string “chemical emerging pollutants 
treated sewage-sludge” the results by countries are shown in Fig. 3a, and the years 
showing higher results were 2022 and 2021 (Fig. 3b).

Table 1 shows results provided by GS by range of years, for the searching strings 
“chemical emerging pollutants raw sewage-sludge” and “chemical emerging pollu-
tants treated sewage-sludge”. The number is clearly increasing for both strings, being 
higher for “treated”.

3 Pathogenic Microorganisms in Raw and Treated Sewage 
Sludge 

Biotic emerging pollutants are receiving a highly increased attention, mainly due to 
the COVID-19 pandemic caused by the SARS-CoV-2 coronavirus. In this regard, 
searching for “biotic emerging pollutants sludge” on WOS, 5 results are provided 
for the whole range of years covered by the tool, but in fact 4 of them deal with 
chemical emerging pollutants. As a comparison, GS provides 29,200 results. 

Searching for “emerging pathogens sludge” on WOS, the number of results is 116 
(58,800 results in GS). 

To refine and differentiate, when the search on WOS is performed for “emerging 
pathogens raw sludge”, the number of results is 12 (31,200 in GS). In WOS, some of 
the papers included deal with leachates from landfills (not really focused on sludge), 
or with wastewater, but not with sludge, or with drinking water, or on wastewater. 

Changing the searching string in WOS to “emerging pathogens treated sludge”, 
the number of results is 40 (46,400 results in GS). Sorting by relevance, one of 
the results in WOS is that by [30], dealing with recycling of sludge as fertilizer, 
and including some comments regarding pathogens, another one is that by [10],
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Fig. 2 Number of publications for the searching string “chemical emerging pollutants raw sewage-
sludge” provided by WOS by country (a) and by year (b)

including some data on removal of pathogens, and also, a paper by [12], dealing with 
the pathogenic bacteria Acinetobacter baumannii and other pollutants in sludge. 

Table 2 shows results provided by GS by range of years, for different searching 
strings. By range of years, it is clear that the number of results has drastically increased 
for all searching strings, reaching between 16,500 and 17,100 results in the period 
2011–2023, thus more than doubling the results of the period 2001–10 for three of 
the four strings considered.

Regarding SARS-CoV-2 in sewage sludge, WOS shows 69 results for the whole 
period covered by the searching tool (number of results coincident with the period 
2020–23). The author with the highest number of results corresponding to this 
searching string is one of the coauthors of this chapter (A. Núñez-Delgado). Some 
of the publications including data and comments in this regard are the ones by 
[4, 7, 21, 22].
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Fig. 3 Number of publications provided by WOS for the searching string “chemical emerging 
pollutants treated sewage-sludge”, also by country (a) and year (b)

In addition, papers such as those by [20, 37] have evaluated survival on sewage 
sludge of bacteria and viruses causing different diseases, while there are various other 
interesting works regarding pathogens in sludge (for instance [18]). Also relevant, 
[2] studied some viruses in sewage sludge. 

The authors of this chapter have also published more recent papers on the matter 
[1, 5, 24–26, 28]. 

Figure 4 shows images of sewage sludge sampled by the authors of the book for 
various research tasks performed in past years.
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Table 1 Number of results 
provided by GS by range of 
years, for two different 
searching strings related to 
chemical emerging pollutants 

Range of years Searching string 

CEPRSS CEPTSS 

1900–1960 18 24 

1961–1980 165 269 

1981–2000 1,230 3,040 

2001–2010 4,250 6,560 

2011–2015 5,550 8,980 

2016–2020 10,600 15,800 

2016–2017 3,440 5,480 

2018–2019 4,530 7,210 

2020–2021 17,000 19,100 

2022–2023 17,600 19,600 

CEPRSS: Chemical emerging pollutants raw sewage-sludge; 
CEPTSS: Chemical emerging pollutants treated sewage-sludge.

Table 2 Number of results provided by GS by range of years, for different searching strings related 
to biotic emerging pollutants 

String Range of years 

1900–1960 1961–80 1981–2000 2001–10 2011–23 

BEPS 58 767 4,280 10,500 16,700 

EPS 38 201 3,610 7,490 16,500 

EPRS 22 112 1,040 3,790 17,100 

EPTS 35 196 3,540 7,160 16,900 

BEPS: Biotic emerging pollutants sludge; EPS: Emerging pathogens sludge; EPRS: Emerging 
pathogens raw sludge; EPTS: Emerging pathogens treated sludge.

Fig. 4 Some raw (up) and treated (down) sewage sludge samples used by the authors of the book
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4 Perspectives on Future Research in This Field 

Recent data reviewed for the current chapter show that further research is still needed 
to achieve better results regarding removal of antibiotics from sludge, both for physic-
chemical and biological processes. This is in line with that indicated in our previous 
chapter on antibiotics in sludge [23], where we concluded that “treatments with 
participation of microorganisms (related to biodegradation) are considered more 
efficient than other kinds of processes, when dealing with antibiotics removal from 
sewage sludge and bio-solids, although removal efficiency is not always as high as 
desired”. 

Regarding other chemical emerging pollutants in sewage sludge, a clearly 
increasing number of results is shown by searching tools, especially when using 
GS. Obviously, it is a growing field of research, even if the searching tools just 
show an approximate view of the works really focused on the matter. The number of 
results (and then probably the trend for coming years) is clearly higher for “chemical 
emerging pollutants treated sewage-sludge” than for the equivalent search focused 
on “raw sewage-sludge”. 

Biotic emerging pollutants in sewage sludge, and specifically emerging pathogens, 
are also of growing interest, mostly since the beginning of the COVID-19 pandemic, 
with clearly increasing results provided by searching tools. However, it should be 
noted that the numbers are drastically different when using the various searching 
tools available, and that the specificity (or quality) of the results provided is just 
partial, regarding the fitting to the theme. In any case, in recent years the number 
of results is higher for “emerging pathogens treated sludge” than for the equivalent 
search dealing with “raw sludge”, and even higher than the more general searches 
“biotic emerging pollutants sludge”, and “emerging pathogens sludge”. 

So, treated sewage sludge seems to concentrate increasingly higher efforts as 
regards research dealing with abiotic (chemical) and biotic (pathogens) emerging 
pollutants. 

Finally, taking into account that in some cases various thousands of results can 
be found for a search covering just one year (or some months), and that the real 
“relevance” obtained when sorting by that item on the tools is sometimes very limited, 
those researchers looking into the theme here covered (or into other themes) should 
base their eventual selection of the most representative/interesting papers on their 
own selective views/readings (or on additional refined tools, when available), as we 
did for this chapter in addition to considering the results proposed by the tools. 
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Remediation of PTEs Contaminated Soils 
by Washing Treatment 
with Biodegradable Reagents 

M. Race, A. Ferraro, D. Spasiano, A. Reyes, P. Papetti, G. Monteverde, 
A. Panico, and F. Pirozzi 

Abstract This chapter discusses different aspects related to the soil washing tech-
niques, in both ex-situ and in-situ configurations, and particularly focuses on the 
application and effectiveness of the remediation through biodegradable reagents. 
Nowadays, the use of these reagents is a key-factor to ensure a remediation process 
characterized by operating costs affordability and environmental sustainability. Low-
molecular-weight organic acids (LMWOA), chelating agents, and biosurfactants can 
represent suitable extractant agents for the achievement of both high treatment effi-
ciencies and minimized soil characteristics alteration. In this perspective, the charac-
teristics of the main reagents involved in the washing process and the related mech-
anisms influencing the removal of Potentially Toxic Elements (PTEs) from soils are 
thoroughly analyzed. Indeed, the findings from previous studies highlight the need 
of preliminary investigations at lab scale to identify the soil properties and conse-
quently select the best process operating conditions in order to perform feasible and 
effective treatments. Moreover, the literature review identifies the chelating agents 
as the most used extractants to date. Nonetheless, several researches aimed at further
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deepening this topic also indicate the LMWOA and biosurfactants as promising 
and less impacting alternatives in the near future also due to their possible low-cost 
production through biological processes. 

Keywords Soil washing · Soil flushing · Low-molecular-weight organic acids ·
Chelating agents · Biosurfactants 

1 Introduction 

Contamination of soils and sediments by Potentially Toxic Elements (PTEs) is an 
ascertained worldwide issue as also highlighted by several scientific studies over the 
last 30 years [38, 58]. This concern is not only due to the PTEs toxicity but also to 
their solubility in lipids. In fact, PTEs tend to concentrate either in the fatty tissue 
or in organisms from one trophic level to another along the food chain. Also, the 
very slow rate of PTEs excretion from fatty tissue is a potential cause for “biological 
magnification” occurrence [48]. 

Soils represent the main target of PTEs contamination from human activities and 
their high contaminant retention capacity leads to long-lasting pollution conditions 
in the environment [21, 63]. Besides this, PTEs contamination cannot be reduced by 
biological degradation as naturally occurs for organic compounds. 

In the agricultural sector, soils contamination by PTEs prevents an optimal use of 
the land, thus causing serious economic damage [2] and altering the existing balance 
of natural components [13]. 

Also, influence by environmental factors can change both PTEs chemical form 
(speciation) and bioavailability with time thus possibly resulting in more hazardous 
form of contamination. The European Environment Agency (EEA) estimated 2.5 
million of potentially contaminated sites in the EU. The 14% of these cases are 
characterized by an ascertained contamination then requiring the involvement of 
remediation processes (EEA, 2020). 

For contaminated agricultural areas, optimal remediation approaches should be 
aimed at removing pollutants without affecting the original structure and composition 
of the soil. Generally, this result can be achieved by phytoremediation, but this 
technique might not be feasible for high contaminants concentration and very deep 
contamination in soils [23]. In a contaminated land, anthropogenic activities can be 
cause of very high PTEs concentrations occurrence in delimited areas. These are 
identified as hot spots [25] and their remediation requires more specific approaches 
than that based on treatments for low contamination levels (such as phytoremediation) 
[15]. 

According to this, the remediation of PTEs contaminated soils is an impor-
tant challenge to deal with the involvement of suitable and efficient strategies. In 
this perspective, soil washing processes represent a promising technical solution if 
performed with extracting reagents which minimize the soil characteristics alteration 
and do not result in toxic by-products formation after treatment [54].
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Soil Washing is a well-assessed chemical-physical technique for contaminants 
removal from the solid matrix through solubilization in an aqueous phase. It is 
an actual washing of the contaminated soils which are excavated and mixed with 
water solutions containing an extracting reagent (such as surfactants, biosurfactants, 
organic solvents, chelating reagents, acids or bases) in closed reactors [15]. 

This method has been successfully applied to different pollutant classes, such as 
semi-volatile organic compounds, fuels, PTEs as well as volatile organic compounds 
and pesticides. The removal efficiencies of inorganic compounds can be very high 
but vary as a function of the extracting reagent added to the washing solution. 
Also for PTEs removal, Soil Washing can be performed through different extracting 
reagents which differ for costs and efficiency. In particular, acid solutions (HCl, 
H2SO4, HNO3) or complexing reagents such as citric acid, ammonium acetate, 
Nitrilotriacetic acid (NTA), Ethylenediaminetetraacetic acid (EDTA) and Ethylene-
diaminedisuccinic acid (EDDS) are most frequently used [18]. However, suitable 
reagent selection needs to be carried out by also considering the effect on soil char-
acteristics after the treatment and the possible reuse of the remediated solid matrix. 
For instance, the soil fertility preservation and prevention of toxic by-products forma-
tion should be priority aspects in the treatment of soils for further agricultural reuse 
[56]. Accordingly, the involvement of biodegradable and non-toxic reagents indeed 
represents a key-solution for a feasible and environment friendly contaminated soil 
remediation processes. This chapter aims at deeply discussing the Soil Washing tech-
nique performed through biodegradable reagents and specifically provides detailed 
considerations about the chemical, biological, and engineering aspects related to the 
process. 

2 Biodegradable Reagents 

Several literature studies analyzed various reagents applicability in the remediation 
of contaminated sites. The main one involved in the remediation process are gener-
ally: (i) inorganic reagents, (ii) low-molecular-weight organic acids (LMWOA), (iii) 
chelating reagents. However, only LMWOAs and some synthetic chelating reagents 
are biodegradable and, therefore, suitable to perform environmentally sustainable 
treatments. 

2.1 Low-Molecular-Weight Organic Acids 

LMWOAs are very widespread since their microbial, plant, or animal origins. In 
the industrial field, their production is mainly achieved through chemical processes 
while only in modest quantities through biological ones [52]. LMWOAs are natu-
rally found in soils due to production by lichens and algae. Moreover, LMWOAs 
are strongly linked to the carbon cycle, and usually, their concentration does not
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exceed 100 mM [3]. LMWOAs are characterized by the presence of at least one 
carboxylic acid group, which enables the formation of complexes with PTEs. For 
this reason, the number of scientific studies investigating the use of LMWOAs as 
soil-washing reagents has grown in the last decade [28, 56, 73]. The main advantage 
of LMWOAs application is their low toxicity and high biodegradability compared 
to inorganic acids and chemically produced organic acids. Unlike strong mineral 
acids, organic acids are usually weak and are not completely dissociated in water 
[34]. Furthermore, LMWOAs can be widely used in remediation processes, even 
at high concentrations, thanks to their high solubility (Table 1). The supply costs 
are strongly dependent on the production method and, obviously, on the degree of 
LMWOAs purity. For instance, biological methods are advantageous for the concur-
rent production of various LMWOAs facilitating their subsequent use as a mixture. 
In this case, the supply costs would be very low compared to other biodegradable 
reagents.

2.2 Aminopolycarboxylic Acids 

Aminopolycarboxylic acids (AAs) are produced by both chemical and biological 
processes [9]. AAs are characterized by a high tendency to form complexes with 
PTEs. Therefore, these reagents are widely used in the remediation of PTEs contam-
inated soils. To date, the most commonly used AAs is the EDTA. However, EDTA is 
characterized by negligible biodegradability, and previous studies showed the poten-
tial toxicity of EDTA-Me complexes [27, 61]. Consequently, in recent decades, new 
AAs with high biodegradability and low toxicity have been investigated. These AAs 
are characterized by one or more N atoms bound to carboxyl groups by C atoms. 
Nonetheless, the production of biodegradable AAs is still not common at indus-
trial scale. In fact, EDTA is still one of the AAs mainly used in soil remediation 
processes thus resulting in high costs for treatments carried out by involving other 
AAs. A further disadvantage of soil remediation through AAs is represented by the 
reagents reduced solubility. Then, treatments performed with high reagent concen-
trations are not feasible [65]. Accordingly, AAs application could be recommended 
for site contaminations not spatially extensive and characterized by modest pollutant 
concentrations. 

2.3 Biosurfactants 

Biosurfactants (BSs) are produced by the vital activities of bacteria, yeasts, and fungi 
(i.e., surfactin, sophorolipids etc.) but also by plants and animals (tannic acid) [53]. 
BSs enhance the desorption and solubilization rate of PTEs. Due to their different 
origins, they can be composed by different chemical compounds (i.e., carboxylic
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acid with an aliphatic chain, glycolipid, etc.) as well as display different chemical 
structures. 

BSs of natural origin are very suitable for the remediation of contaminated sites 
as they do not significantly alter the soil characteristics. However, the co-use of 
several biosurfactants during the chemical washing may be necessary, especially for 
highly contaminated soils. Their costs are currently relatively high. However, soil 
remediation with BSs may become economically feasible in the perspective of an 
increase of their production through biological processes [75]. 

3 Washing Treatments 

Chemical washing on soils can be carried out both in situ and ex-situ [15]. In the first 
case, the soil is not excavated by site of origin and process is defined as Soil Flushing. 
In the ex-situ remediation, the soil is instead excavated prior the treatment which is 
as Soil Washing. The reagents involved can be the same for both approaches and 
dependent on the type of target contaminant. PTEs, radioactive elements and some 
organic compounds (i.e., PAHs, PCBs etc.) are generally removed by Soil Washing. 

3.1 Soil Washing 

Soil Washing is a remediation treatment based on physical and/or chemical mecha-
nisms [40]. Physical mechanisms consist of dry (or wet) grading methods to sepa-
rate the fine fraction (most contaminated) from the coarse material which can be 
recovered. Instead, the chemical mechanisms allow the pollutant removal through 
solubilization from the solid matrix to the liquid phase represented by the washing 
solution [26]. In this case, the chemical reagents in the washing solution enhance the 
pollutant removal. The treatment cycle (Fig. 1) includes sequential operating units, 
each of them affected by different factors depending on characteristics of both soils 
and contaminants. The main steps are as follow:

(1) Removal of soil from the origin site; 
(2) Granulometric separation: the separation technique can vary according to the 

soil particle sizes to collect for further treatment; the most common are the drum 
screening, hydrocyclones, etc.; 

(3) Treatment of the contaminated fraction: the reagent is chosen according to: 
(i) the selectivity towards the target contaminants, (ii) economy, and (iii) low 
toxicity; moreover, studies are required to evaluate the best operating conditions 
(i.e., contact time, pH, soil/solution ratio, reagent dosage); 

(4) Treatment of the exhausted solution: processes aimed at treating industrial 
process waters are used; however, whenever possible, attempts are conducted 
to reuse both the aqueous solution and the reagent.
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Fig. 1 Scheme of the soil washing process

3.2 Soil Flushing 

In the Soil Flushing process, being an in-situ approach, the previously discussed 
steps 1 and 2 are not carried out. Furthermore, in this case, proper selection of the 
involved reagent is essential to avoid the pollution of the deep layers of soil as well as 
the aquifer [43]. Soil Flushing requires the construction of wells (vertical or sloped) 
for the washing solutions injection within the soil. Moreover, the wells allow the 
extraction of the solutions containing the dissolved contaminants after the treatment. 
For the Soil Flushing, soil permeability plays an important role as it affects the flows 
of the injected washing solution [5]. Then, a geological study of the contaminated 
area before treatment is essential (Fig. 2). 

Fig. 2 Scheme of the soil flushing process



168 M. Race et al.

4 PTEs-Reagents Interactions 

The interactions between PTEs and reagents can differ according to their mutual 
characteristics. However, the pivotal principle of all successful mechanisms is the 
solubilization of PTEs. This section describes the individual mechanisms that can 
occur between reagents and PTEs. 

4.1 PTEs Interaction Mechanisms 
with Low-Molecular-Weight Organic Acids (LMWOAs) 

The LMWOAs mainly studied in previous literature are reported in Table 1. 
LMWOAs can dissolve, solubilize and desorb PTEs from the soil particles [4]. 
The interaction between PTEs and LMWOAs results in the formation of soluble 
complexes. LMOWAs have different stability and complexation constants for each 
single metal (Table 1). Then, the involvement of LMWOAs for soil remediation 
should be decided according to the specific contamination detected in the solid matrix. 

The use of LMWOAs at high concentrations can change the soil pH resulting in 
the non-selective dissolution of several elements. The pH variation can affect the 
balance of the formed complexes by varying the speciation of the single LMWOA 
and, therefore, altering its capacity to form complexes [35]. 

However, the extraction of the single PTE can also be influenced by its bioavail-
ability, which is generally determined through sequential extraction procedure but not 
always discussed in scientific studies. More in detail, PTEs can be bound to different 
fractions of the soil: exchangeable, oxidizable, reducible and residual. The quantity 
of PTEs contained in the residual fraction cannot be leached in any environmental 
condition. However, some study also reported the decrease of PTEs in the residual 
fraction due to the dissolution of inorganic complexes. For instance, [77] observed 
vanadium reduction by more than 50%. On the contrary, PTEs dissolution occurs 
more easily from the mobile fractions represented by the exchangeable, reducible, 
and oxidizable ones. In general, LMWOAs solubilize elements from these fractions 
[74]. PTEs can be released from the first fraction (exchangeable) in slightly acidic 
conditions. Concerning the reducible fraction, it is basically due to the reduction of 
the iron/manganese oxides is the main phenomenon which leads to the PTEs release. 
Finally, for the oxidizable fraction, LMWOAs can dissolve the soil’s organic matter 
thus allowing the PTEs solubilization [16]. The solubilization effect is not observed 
with High-molecular-weight organic acids (HMWOAs) which instead are gener-
ally effective in the stabilization of the contaminants within a solid matrix [74]. 
Based on the above discussion, it is clear that selection of proper analyses aimed 
at characterizing the PTEs bioavailability in soils could play a fundamental role for 
the efficiency of the treatment. Then, single sequential extraction analysis could be 
unsuitable especially considering the variable chemical speciation possibly displayed 
by metals.
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Remediation process on soils contaminated by different PTEs can be carried out at 
various operating conditions. Table 2 shows the main results from scientific literature. 
The characteristics of both soils and contaminants as well as the washing methods can 
significantly affect the removal efficiency. High concentration of LMWOA results in 
high PTEs removal efficiencies. However, concurrent removal of nutrients (i.e., K, P, 
Ca, Mg, etc.) can also be observed from soil since LMWOA are non-selective extrac-
tants. According to this, a previous ecotoxicological study suggested the addition of 
nutrient-rich salts after the treatment process in order to restore the soil initial char-
acteristics [56]. Due to the strong selectivity of LMWOAs toward specific pollutants 
(Table 1), the use of a low reagent dosage could be very effective for the removal of 
target contaminants. In fact, for citric acid, the Cu removal efficiency is usually more 
significant than that of the other PTEs such as Cd and Zn. Among the LMOWAs, 
oxalic acid (OA) showed effective applicability especially at high concentrations. 
OA forms insoluble complexes with PTEs (i.e., Pb) and other elements in the soil. 
Nonetheless the formed OA complex can easily resolubilize at slightly acidic pH thus 
increasing the fraction of potentially releasable metals. [62], observed a concentration 
increase of Cu and Pb in the exchangeable fraction due to the formation of oxalates. 
Accounting for Tartaric Acid and Lactic Acid, their use in the washing process is less 
frequent despite the high removal efficiencies achievable. Currently, scientific studies 
on washing process performed through LMOWA mixtures are lacking in literature. 
Indeed, this aspect could be worth of future investigations by also studying the effects 
on the soil remediation process through washing solution characterized by combina-
tion of LMOWAs from biological treatments carried out different application fields 
(such as wastewater treatment).

The solid/liquid (S/L) ratio (v/v) indirectly affects the PTEs-LMOWA molar ratio. 
High values of the S/L ratio lead to enhanced diffusion phenomena [20]. As reported 
in Table 2, treatment efficiency increase can be observed at increasing S/L ratio 
values. However, in full-scale applications, too high S/L ratio could hinder the process 
feasibility due to the consequent requirement of large washing solution volumes and 
their subsequent treatment. According to the results observed in Table 2, S/L ratio 
of 1/10 seems in most of the case an optimal operating condition. LMOWAs are 
readily biodegradable but after their complexation with PTEs, the biodegradability 
rate slows down [49]. [22] observed that the citric acid is not biodegradable after 
complex formation with Cu at CA/Cu molar ratio equal to 1/1. On the contrary, 
CA is still totally biodegradable if the CA/Cu molar ratio increases to 2/1. The 
biodegradation of LMOWAs can also occur due to microorganisms present in the 
soil. Nonetheless, monitoring of potential changes occurring in the distribution of 
microorganisms community within soil after treatment with LMOWAs would be 
strongly recommended [57]. Therefore, based on the above reported discussion, the 
selection of a proper LMWOA (and its concentration) for the soil treatment should 
be done by also evaluating the biodegradability and toxicity of the formed complexes 
besides the PTEs removal efficiencies potentially achievable.
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Table 2 Removal efficiencies for PTEs by varying the operating conditions and the reagents 

Soil PTE Concentration 
(mg kg−1) 

Parameter Removal 
efficiences [%] 

References 

pH 7.4; 
CEC:3.6 meq/ 
100 g; 
Sand(%): 97; 
Silt(%):3; 
Clay(%) 0; 
OM(%): 0.2 

Cd 500 
(Artificially 
contaminated) 

0.001 – 0.1 mol l-1 
S/L = 1/10 
T = 3 h  

AA: 5.2–31.1 [28] 

Pb 500 
(artificially 
contaminated) 

AA: 42.2–100 

Ni 500 
(artificially 
contaminated) 

AA: < 1 

pH 6.1; 
CEC:1.6%; 
Sand(%): 78; 
Silt(%):13; 
Clay(%) 9; 
OM(%): 0.2 

Ni 438 
(Artificially 
contaminated) 

0.05 mol l-1 S/L = 
1/25 
T = 6 h  

CA: 46 
TA: 28 

[72] 

Cu 498 
(Artificially 
contaminated) 

CA: 50 
TA: 30 

Zn 376 
(Artificially 
contaminated) 

CA: 44 
TA: 27 

Cd 340 
(Artificially 
contaminated) 

CA: 38 
TA: 19 

Pb 293 
(Artificially 
contaminated) 

CA: 31 
TA: 16 

pH 5.1; 
CEC:1.6%; 
Sand(%): 49; 
Silt(%):30; 
Clay(%) 21; 
OM(%): 5.4 

Pb 2797 0.03–0.16 mol l-1 
S/L = 1/25 
T = 6-9 h 

CA: 83 
TA: 88 

[70] 

Cd 1821 CA: 96 
TA: 97 

pH 6.3; 
CEC:12.2%; 
Sand(%): 53; 
Silt(%):24; 
Clay(%) 23; 
OM(%): 7.1 

Pb 1036 0.03–0.40 mol l-1 
S/L = 1/25 
T = 12-24 h 

CA: 80 
TA: 87 
CA + OA: 70 

Cd 794 CA: 100 
TA: 99.9 
CA + OA:82 

Cu 926 CA: 88 
TA: 97 
CA + OA: 99.9

(continued)
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Table 2 (continued)

Soil PTE Concentration
(mg kg−1)

Parameter Removal
efficiences [%]

References

Zn 1029 CA: 96 
TA: 98 
CA + OA: 99.9 

pH 7.5–8.4; CEC: 
1.2–4.0 meq/ 
100 g; 
Sand(%): 60; 
Silt(%):30; 
Clay(%) 10; 
OM(%): 7.1 

Cd 7 0.05 mol l-1 S/L = 
1/10 
T = 3 h  

CA: 40 
OA: 9 

[54] 

Cr 238 CA: 2 
OA: 2 

Cu 1241 CA: 24 
OA: 15 

Hg 2 CA: 18 
OA: 14 

Pb 21,560 CA: 5 
OA: < 1 

Zn 3729 CA: 22 
OA: 5 

As 18 CA: 5 
OA: 5 

pH 8; CEC: -; 
Sand(%): 100; 
Silt(%):0; 
Clay(%) 0; 
OM(%): 0 

U 0.006 
(Artificially 
contaminated) 

0.01NaCl + 
0.001 mol l-1 S/L 
= 1/5 
T = 1 h  

NaCl + CA: 95 [33] 

pH 6.25; CEC: 
12.40 cmol kg − 
1; 
Sand(%): 52; 
Silt(%):8; 
Clay(%) 40; 
OM(%): 1.9 

Cd 17 0.070 mol l-1 S/L 
= 1/10 
T = 2 h  

CA: 24 
EDDS: 24 
GLDA: 61 

[69] 

Pb 1640 CA: 35 
EDDS: 44 
GLDA: 89 

Zn 2589 CA: 40 
EDDS: 83 
GLDA: 38 

pH 7.0; CEC: 18 
cmol kg − 1; 
Sand(%): 65; 
Silt(%):17; 
Clay(%) 18; 
OM(%): 2.4 

Cd 33 0.070 mol l-1 S/L 
= 1/10 
T = 2 h  

CA: 46 
EDDS: 43 
GLDA: 67 

Pb 681 CA: 32 
EDDS: 72 
GLDA: 85 

Zn 368 CA: 43 
EDDS: 34 
GLDA: 40

(continued)
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Table 2 (continued)

Soil PTE Concentration
(mg kg−1)

Parameter Removal
efficiences [%]

References

pH: 8.5 CEC: 6 
(meq/100 g); 
Sand (%): 19 Silt 
(%): 47 Clay (%): 
34 

Cr 769 0.2 Na3C6H5O7 + 
0.2 mol l-1 S/L = 
1/2 
T = 20 h 

CA: 49 [39] 

pH: 8.0 CEC: -
Sand (%): 99 Silt 
(%): < 1 Clay 
(%): < 1; TOC 
23: g kg-1 

As 49 25%v/v S/L = 1/10 
T = 1 h  

LA: 79 [59] 

Cu 80 LA: 74 

Cr 35 LA: 71 

pH: 7.4 - CEC: -
Sand (%): 60; Silt 
(%): 28; Clay 
(%): 12; OM (%): 
27 

Cr 3051 0.8 - 1 mol  l-1 S/L  
= 1/10 
T = 48 h 

LA: 85 
MA: 67 
OA: 74 

[56] 

0.1 mol l-1 S/L = 
1/10 
T = 48 h 

LA: 2 
MA: 5 
OA: 3 
CA: 6 

pH: 5.2 - CEC: 
15.82 cmol kg-1; 
OM (%): 2.9 

Cd 27 0.1 mol l-1 S/L = 
1/25 
T = 48 h 

MA: 53 
TA: 33 
CA: 69 
NTA: 58 
EDDS: 44 
CTAB: 1 

[73] 

10%v/v S/L = 1/25 
T = 48 h 

LA:62 
GLDA: 14 

Pb 619 0.1 mol l-1 S/L = 
1/25 
T = 48 h 

MA: 35 
TA: 3 
CA: 49 
NTA: 31 
EDDS: 21 
CTAB: 1 

10%v/v S/L = 1/25 
T = 48 h 

LA: 60 
GLDA: 4 

As 290 0.1 mol l-1 S/L = 
1/25 
T = 48 h 

MA: 7 
TA: 7 
CA: 10 
NTA: 0 
EDDS: 10 
CTAB: 0 

10%v/v S/L = 1/25 
T = 48 h 

LA: 17 
GLDA: 6

(continued)



Remediation of PTEs Contaminated Soils by Washing Treatment … 173

Table 2 (continued)

Soil PTE Concentration
(mg kg−1)

Parameter Removal
efficiences [%]

References

pH: 6.3 - CEC: 19 
cmol kg-1; OC 
(%): 19 

Zn 1037 10 g l-1  S/L  = 1/10 
T = 4 h  

OA: 59 
TA: 57 
CA: 54 

[11] 

pH: 7.8 - CEC: 
2.8 cmol kg-1; 
Sand (%): 78; Silt 
(%): 10; Clay 
(%): 12; OM (%): 
10 

Cu 6511 0.10 g l-1 
S/L = 1/25 
T = 24-72 h 

Surfactin: 17 [42] 

Pb 4955 Surfactin: < 1 

Zn 15,090 Surfactin: 24 

Cu 6511 0.015 g l-1 
S/L = 1/25 
T = 24-72 h 

Saponin: 36 

Pb 4955 Saponin: 47 

Zn 15,090 Saponin: 18 

pH: 6.3; Sand 
(%): 40; Silt (%): 
8; Clay (%): 52; 
OC (%): 2 

Cd 18 0.05 mol l-1 S/L = 
1/10 
T = 1 h  

GLDA: 39 
ISA: 12 

[68] 

Pb 1222 GLDA: 58 
ISA: 34 

Zn 2648 GLDA: 22 
ISA: 13 

pH: 7.1; Sand 
(%): 18; Silt (%): 
17; Clay (%): 65; 
OC (%): 2.4 

Cd 43 0.05 mol l-1 S/L = 
1/10 
T = 1 h  

GLDA: 81 
ISA: 40 

Pb 232 GLDA: 79 
ISA: 45 

Zn 1286 GLDA: 64 
ISA: 61 

pH: 4.8 - CEC: 13 
cmol kg-1; Sand 
(%): 40; Silt (%): 
40; Clay (%): 20; 
OM (%): 4 

Cd 5 0.06 mol l-1 S/L = 
1/2 
T = 18 h 

GLDA: 76 
EDDS: 20 
IDS: 31 

[24] 

Pb 809 GLDA: 58 
EDDS: 7 
IDS: 25 

Zn 448 GLDA: 29 
EDDS: 23 
IDS: 22 

Organic-rich soil 
reference material 
BCR 700 from 
EC-JRCIRMM 

Cd 132 0.05 mol l-1 S/L = 
1/10 
T = 1 h  

GLDA: 62 
MGDA: 49 
EDDS: 36 
IDSA: 35 

[8] 

Cu 169 GLDA: 44 
MGDA: 35 
EDDS: 37 
IDSA: 36 

Ni 373 GLDA: 18 
MGDA: 13 
EDDS: 14 
IDSA: 14

(continued)



174 M. Race et al.

Table 2 (continued)

Soil PTE Concentration
(mg kg−1)

Parameter Removal
efficiences [%]

References

Pb 288 GLDA: 17 
MGDA: 10 
EDDS: 9 
IDSA: 11 

Zn 1584 GLDA: 32 
MGDA: 25 
EDDS: 23 
IDSA: 23 

smelter site, no 
other information 
is available 

Cr 1060 0.1 mol l-1 S/L = 
1/10 
T = 24 h 

AA: < 1 
TA: 4 
CA: 5 
MA: 5 
OA: 6 

[77] 

V 2015 AA: 27 
TA: 48 
CA: 48 
MA: 48 
OA: 52 

pH: 6.6—CEC: 
11.7 cmol kg-1; 
Sand (%): 86; Silt 
(%): 6; Clay (%): 
8; OM (%): 0.5 

Pb 842 0.5 mol l-1 S/L = 
1/10 
T = 1 h  

TA: 63 [47] 

Cu 438 TA: 42 

Zn 375 TA: 49 

pH: 7.8—CEC: 
2.4 cmol dm-3; 
Silt-loam; C(%): 
1.2 

As 114 
(Artificially 
contaminated) 

2% 
S/L = 1/20 
T = 48 h 

Rhamnolipid: 
53 

[14] 

Cd 122 
(Artificially 
contaminated) 

Rhamnolipid: 
90 

Zn 3339 
(Artificially 
contaminated) 

Rhamnolipid: 
80 

pH: 6.4—CEC: 
14.6 meq per 
100 g; Sand (%): 
15; Silt(%): 65; 
Clay(%): 20; 
OM(%): 20 

Cu 140 Soil flushing 
10 g 
0.05 ml g-1 min-1 

Rhamnolipid: 
17 

[41] 

Zn 4854 Rhamnolipid: 6 

Ni 76 Rhamnolipid: 
16 

pH: 7.7—CEC: 
73 meq per 100 g; 
Sand (%): 27; 
Silt(%): 26; 
Clay(%): 47; 
C(%): 0.45 

Cd 16 Soil flushing 
50 g 
0.2 ml min-1 
T: 36 

Rhamnolipid: 
19 

[32] 

Pb 19 Rhamnolipid: 8

(continued)
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Table 2 (continued)

Soil PTE Concentration
(mg kg−1)

Parameter Removal
efficiences [%]

References

pH: 6.3—CEC: 
66 meq per 100 g; 
Sand (%): 30; 
Silt(%): 28; 
Clay(%): 42; 
C(%): 0.38 

Cd 435 
(Artificially 
contaminated) 

Rhamnolipid: 
91 

Pb 905 
(Artificially 
contaminated) 

Rhamnolipid: 
87

4.2 Aminopolycarboxylic Acids 

Aminopolycarboxylic Acids (AAs) are synthetic chelating substances. AAs can form 
complexes with very stable and water-soluble PTEs, thus avoiding PTEs precipitation 
[37]. To date, the most used AAs at full scale are scarcely biodegradable (i.e., EDTA) 
but many scientific studies investigated the possible application of biodegradable 
AAs in the remediation of contaminated sites. The removal mechanisms of PTEs 
from soils are similar to those discussed for LMWOAs. Compared to a LMWOA 
washing, the removal efficiencies achievable in the AAs washing at same reagent 
concentration are higher due to the high stability constants values of the formed 
complexes (Table 1) [73]. However, unlike LMWOAs, the pH variation plays a minor 
role with AAs since no soil pH alteration are significantly observed. In general, the 
efficiency of AAs washing is affected by: (i) physicochemical characteristics of the 
soil, (ii) process parameters, and (iii) characteristics of PTEs contamination. 

Despite the very high removal efficiencies which can be generally achieved 
with AAs, selection of the most suitable reagent is done by evaluating the stability 
constants of the complexes that they could form from the interaction with the target 
PTE [6, 64]. 

After the AAs washing, possible consequences observable in the treated soil are: 
(i) removal of some nutritional elements (i.e., Ca and Mg) in addition to the PTEs 
and (ii) partial adsorption of the formed PTEs-AAs on the soil particles. The AAs 
biodegradability after the complex formation with the PTE as well as the toxicity 
of biodegradable PTEs-AAs complexes are not thoroughly reported in scientific 
literature. Nonetheless, an exemplifying study showed the reduction of both overall 
biodegradability and biodegradation rate of EDDS after complexation with Cu [66]. 

4.3 Biosurfactant 

According to their definition, surfactants are a mixture of surface-active agents 
created by Antara products in 1950. Surfactants are usually amphiphilic organic 
compounds (they contain both hydrophobic and hydrophilic groups). Therefore, 
surfactants are soluble in both organic solvents and water [30]. Surfactants reduce



176 M. Race et al.

the surface tension of water by adsorbing at the liquid–gas interface and reduce the 
interfacial tension between oil and water by adsorbing at the liquid–liquid interface. 
Surfactants can be either anionic or cationic and both are successfully used to reme-
diate sites contaminated by PTEs [31]. Usually, anionic surfactants are preferred to 
the cationic ones because they are more soluble in water and form complexes with 
positively charged PTEs (i.e., Cd, Pb, Cu, etc.). Instead, the remediation of soils 
with PTEs in oxyanions form (i.e., Cr and As) requires cationic surfactants. Surfac-
tants are generally produced through chemical processes. However, in recent years, 
research has increasingly moved toward the BSs production. These are generated by 
microorganisms, animals, or plants (i.e., rhamnolipids can come from Pseudomonas 
aeruginosa) [76]. 

The most common BSs used to remediate contaminant sites are rhamnolipids 
(glycolipids) and saponin. Rhamnolipids reduces the solution’s surface tension and 
are characterized by the presence of carboxyl groups that complex the PTEs with 
stability constants greater than those between PTEs and soil particles. Table 2 shows 
the results obtained by using rhamnolipids highlighting the achievement of very 
high removal efficiencies (about 90%). Moreover, with the use of rhamnolipids, no 
alterations of the treated soils characteristics (i.e., pH variations) are observed. On 
the contrary, an increase in the microbial population was reported [32]. Accounting 
for the PTEs removal based on their bioavailability in soil, [41] observed As, Cd, 
and Zn solubilization from both exchangeable and carbonate-bound fractions. 

Another BS widely used in the soil remediation treatment is saponin, which can 
display PTEs removal efficiencies comparable to rhamnolipids. In general, BSs have 
a high biodegradability. However, when BSs are complexed to PTEs are more slowly 
biodegradable than CA [71]. 

5 Conclusions and Future Perspectives 

The remediation of contaminated sites is a relevant topic and its significance is 
constantly increasing: the fertile soil resource is becoming rare and proper agricul-
tural soils preservation/reclamation strategies are nowadays required. Remediation 
treatments can be useful for PTEs removal, but at the same time, can reduce the 
soil fertility up to the occurrence of very adverse environmental conditions. The 
use of LMWOAs, AAs, and BSs could represent a feasible approach because of the 
high extraction rates achievable, compared to inorganic acids, and the lack of soil 
characteristics alteration if properly used. 

However, further studies are needed to evaluate their applicability at full-scale 
and to evaluate any long-term ecotoxicity effects as well. In this perspective, it also 
worth noticing that laboratory scale tests can still represent a fundamental source 
for preliminary identification of optimal washing reagent and operating conditions 
to perform an efficient and environmentally sustainable soil washing process.
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Abstract This chapter explores the vital intersection of environmental science and 
pharmaceutical pollution mitigation. Withing the overall problem, specific examples 
are provided, investigating the adsorption behaviors of three prominent antibiotics— 
amoxicillin, trimethoprim, and ciprofloxacin—across various bio-adsorbents. In that 
way, this study delves into the mechanisms governing the interactions between these 
emerging contaminants and environmentally sustainable remediation agents. Also, 
as examples, some by-products (specifically, pine bark and oak ash) are revealed as 
promising bio-adsorbents for the effective retention of antibiotics, holding potential 
as green barriers against the mobilization of pharmaceutical pollutants into soils 
and essential water resources. This chapter take into account global issues related 
to environmental pollution due to emerging pollutants, and specifically antibiotics 
(thus including a variety of groups, such as anticoccidials and many others), but is 
mainly conceived to go ahead considering previous studies of the research group, 
contributing to pave the way for future exploration of binary and tertiary adsorption 
systems, offering valuable insights into the evolving landscape of pharmaceutical 
pollution remediation of soils, both at a local scale and globally. 
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1 Introduction 

1.1 Background 

Anti-infective drugs, particularly antibiotics, represent a pivotal pharmacological 
category extensively employed in therapeutic applications. Their utility extends 
beyond antimicrobial treatment, encompassing prophylactic measures against trans-
missible diseases in humans, animals, and plants. In certain regions, antibiotics have 
even served as growth promoters in animal husbandry [8]. Nevertheless, due to 
the associated health hazards, the European Union took a decisive step in 2006 by 
prohibiting the use of antibiotics as growth promoters in livestock [7]. 

The widespread utilization of antibiotics in recent years has resulted in their 
pervasive presence and subsequent detection in water bodies and cultivated soils, 
posing significant threats to both human well-being and ecosystems health [59]. 
Given their incomplete absorption in the gastrointestinal tract, a substantial portion 
of these biocides, as much as 90%, is excreted from the body via feces and urine [23, 
51]. Consequently, antibiotics find their way into solid excreta, veterinary effluents, 
wastewater, and the sludge produced by wastewater treatment plants (WWTPs) after 
their use in human medicine [49]. Pertinently, most WWTPs exhibit inefficiencies in 
the inactivation or removal of antibiotics, with removal efficiencies ranging from 30 
to 90%. Consequently, a significant proportion of these compounds is either released 
into effluents or accumulates in sludges [27, 35]. The use of WWTP sludge and irri-
gation with wastewater effluents to enhance soil fertility may introduce these pollu-
tants into crop soils [38, 58]. This process raises concerns related to the emergence of 
antibiotic-resistant bacteria, ecotoxicity, and their ingress into the food chain through 
water and agricultural products. Even at low concentrations, these compounds are 
considered emerging pollutants due to their potential adverse impacts on human and 
animal health [44]. The surge in bacterial resistance has led to increased medical 
expenses, extended hospital stays, and elevated mortality rates [6, 26, 34]. 

Numerous research works have focused on the development of systems to mitigate 
the presence of antibiotics in soils [21]. Additionally, advanced oxidation, hydrol-
ysis, photodegradation, biodegradation, and adsorption represent prominent tech-
niques for antibiotic removal from water. Nevertheless, advanced oxidation processes 
may generate toxic by-products [22], and membrane technologies often lack the 
requisite reliability for antibiotic removal [15]. Conversely, adsorption stands out 
as a straightforward, cost-effective, highly efficient, environmentally friendly, and 
sustainable method [1, 3, 32, 55]. The adsorption of antibiotics onto soils holds 
promise in mitigating the entry of these pollutants into the food chain [11]. In this 
context, the use of (bioadsorbent materials to sequester antibiotics and prevent their 
release into the environment emerges as a feasible alternative that could enhance their 
retention in soils [12, 47]. Among sorbent materials, activated carbon is commonly 
employed, albeit with considerable cost and regeneration challenges [19]. On the 
other hand, bio-adsorbents such as mussel shells and waste/by-products from the 
forestry industry, including cork, pine needles, and biomass ash, offer potential as
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candidates for this purpose [18, 30, 41]. Incorporating these residues and by-products 
into soil or utilizing them in specially designed modules within WWTPs could curtail 
the risk of antibiotic dispersion into the environment. Furthermore, such an approach 
would contribute to the valorization of these by-products, mitigating their environ-
mental impact [4, 28, 31]. A study conducted by Conde-Cid et al. [17] demonstrated 
that pine bark enhances the adsorption and reduces the desorption of three types of 
sulfonamides. These materials have previously exhibited promising results as adsor-
bents for heavy metals, inorganic anions, and antibiotics, including tetracyclines and 
sulfonamides [37, 42, 43, 45, 50, 52, 53, 54]. 

1.2 Objectives and Significance 

The study of adsorption and desorption behaviors of pharmaceuticals in the environ-
ment has gained significant importance due to the potential ecological and human 
health risks associated with their presence in natural systems. This chapter goes ahead 
previous studies of the research team, focusing on elucidating the intricate interac-
tions between three commonly used antibiotics in human medicine, namely amoxi-
cillin (AMX), trimethoprim (TMP), and ciprofloxacin (CIP), and their interactions 
with three distinct bio-adsorbents: pine bark, mussel shell, and oak ash. 

Rationale for Antibiotic Selection: The selection of AMX, TMP, and CIP for this 
study is based on their widespread use in clinical settings, leading to their increased 
prevalence in environmental compartments. These antibiotics belong to different 
classes, allowing for a comprehensive examination of adsorption behavior. 

Adsorption Mechanisms: Understanding the mechanisms governing the adsorp-
tion process is essential to assess the efficiency of these bio-adsorbents. These mecha-
nisms may involve physical adsorption, chemical reactions, electrostatic interactions, 
and complexation with functional groups present on the adsorbent surfaces. 

Building on Previous Research: This study builds upon previous research works 
(such as [11, 12, 13, 48]) which have investigated the adsorption capabilities of 
these bio-adsorbents for other contaminants. By extending the scope to antibiotics, 
this chapter aims to contribute to a broader understanding of their applicability and 
effectiveness in mitigating emerging pharmaceutical pollutants. 

Implications for Environmental Risk Reduction: The significance of this 
research lies on its potential to inform strategies for mitigating the dispersion of 
pharmaceuticals in the environment. Given the ecological and human health concerns 
associated with the presence of antibiotics in natural systems, the findings presented 
herein hold promise for developing sustainable and effective solutions to reduce these 
risks. 

Through a systematic exploration of the adsorption and desorption behaviors 
of antibiotics on by-products used as bio-adsorbents, this chapter seeks to provide 
valuable insights into the fate of pharmaceuticals in the environment and the role of 
bio-adsorbents in their retention in Galician soils, which could be extended globally
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in certain aspects. Ultimately, these insights contribute to the broader goal of safe-
guarding environmental and public health by reducing the environmental presence 
of pharmaceutical contaminants. 

2 Methods 

2.1 Study Design 

Experimental Setup: Batch tests were conducted under controlled conditions at 
a temperature of 25 °C to investigate the adsorption and desorption behaviors of 
three distinct antibiotics: amoxicillin (AMX), ciprofloxacin (CIP), and trimethoprim 
(TMP). Each antibiotic was evaluated separately in three replicate adsorption tests. 

Adsorption Experiments: In each adsorption test, the antibiotic of interest was 
subjected to seven different concentrations, ranging from 0 µmol L−1 to 600 µmol 
L−1. A total of 0.5 g of the chosen bio-adsorbent material was mixed with 10 mL 
of a 0.005 M CaCl2 solution, which served as a background electrolyte to maintain 
constant ionic strength. These mixtures, one for each antibiotic concentration, were 
stirred continuously for 48 h. This duration was determined based on prior kinetic 
experiments, ensuring adequate time to reach equilibrium [11, 48]. Following the 
adsorption step, the samples were subjected to centrifugation at 4000 rpm for 15 
min. Subsequently, the resulting supernatants were meticulously filtered through 
0.45 µm nylon-type syringe filters to remove any particulate matter. 

Antibiotic Concentration Measurement: Antibiotic concentrations in the 
filtered supernatants were quantified using High-Performance Liquid Chromatog-
raphy (HPLC). The analytical system consisted of a Thermo-Fisher Model LPG 
3400 SD equipment (USA) equipped with a HPG-3400 quaternary pump (USA), a 
WPS3000 autosampler (USA), a thermostated compartment for the TM-120 column, 
and an ultraviolet–visible detector from the UltiMate 3000 series (USA). Data 
processing was performed using the Chromeleon software on a connected computer. 
For HPLC analysis, a Luna C18 column (150 mm long, 4.6 mm internal diameter, 5 
µm particle size) provided by Phenomenenex (Madrid, Spain) was employed. Addi-
tionally, a pre-column (4 mm long, 2 mm internal diameter, 5 µm particle size) 
packed with the same material as the column was used. The injection volume was 
set at 50 µL, and a flow rate of 1.5 mL min−1 was maintained. 

Mobile Phases and Gradient Conditions: The composition of the mobile phases 
and gradient conditions varied depending on the specific antibiotic being analyzed. 
For AMX, the mobile phase consisted of acetonitrile (phase A) and 0.01 M phos-
phoric acid with a pH of 2 (phase B). The linear gradient transitioned from 5 to 
15% of phase A and from 95 to 85% of phase B over 4 min. For TMP and CIP, the 
same mobile phases as for AMX were used, but with a different linear gradient. This 
gradient ranged from 5 to 32% of phase A and from 95 to 68% of phase B over 10.5 
min.
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Detection Wavelengths: To quantify the concentrations of TMP and CIP, a wave-
length of 212 nm was employed, while a wavelength of 230 nm was utilized for 
AMX. 

Desorption Experiments: After the completion of the adsorption step, desorp-
tion tests were conducted under the same temperature conditions (25 °C). Similar 
to the adsorption phase, three replicate desorption tests were carried out for each 
antibiotic. In the desorption experiments, the remaining bio-adsorbent material from 
the adsorption process was accurately weighed. Subsequently, 10 mL of a 0.005 
M CaCl2 solution was added to the material, and the samples were allowed to stir 
for 48 h. After this equilibration period, the samples underwent centrifugation and 
filtration using the same procedures as those applied during the adsorption phase. 
The resulting equilibrium solution was analyzed to determine the concentration of 
the corresponding antibiotic, following procedures analogous to those employed in 
the adsorption tests. 

2.2 Selection of By-Products Used for the Antibiotics 
Retention in Galician Soils and Characterization 

The selection of appropriate biosorbents is a critical aspect of this study, as it 
directly impacts the efficiency of the adsorption and desorption processes. The 
biosorbents employed in this research were sourced from the forestry and agro-food 
industry, chosen for their potential to effectively adsorb pharmaceutical pollutants. 
The following biosorbents were selected for their unique properties and origins: 

Oak Ash (Lugo, Spain)

• Source: Oak ash was obtained from the combustion of oak logs in a combustion 
boiler located in Lugo, Spain.

• Rationale: Oak ash was chosen for its inherent characteristics, which may include 
a high surface area and the presence of adsorption-active sites resulting from the 
combustion process. 

Mussel Shell (Illa De Arousa, Pontevedra, Spain)

• Source: Crushed Mussel shell was provided by Abonomar S.L., a company 
situated in Illa de Arousa, Pontevedra, Spain.

• Particle Size: The mussel shell material used in this study exhibited a particle size 
of less than 1 mm.

• Rationale: Mussel shells are rich in calcium carbonate, a compound known for its 
adsorption capabilities. In addition a variety of other potentially active compounds 
has been detected and reported in previous papers by the research team. The small 
particle size of the mussel shell material used would enhance the accessibility of 
adsorption sites.
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Pine Bark (Madrid, Spain)

• Source: Pine bark was supplied by Geolia, a company based in Madrid, Spain.
• Particle size: Prior to experimentation, the pine bark material was processed in 

the laboratory. It was crushed and subsequently sieved through a 0.63 mm mesh 
to ensure uniformity and consistency.

• Rationale: Pine bark has been recognized for its adsorption potential in previous 
investigations performed by the research team, and the crushing and sieving 
process aimed to optimize its particle size for effective adsorption studies. 

The selection of these biosorbents was guided by their availability, potential 
adsorption capacity, and previous research [9, 10, 12, 16, 36] indicating their suit-
ability for adsorbing various contaminants. These distinct biosorbents were chosen 
to provide a comprehensive evaluation of their performance in the adsorption and 
desorption of pharmaceutical pollutants, contributing valuable insights to the study’s 
objectives. It should be noted that, among the works indicated above, the main starting 
point and background reference for the current chapter is a specific paper recently 
published [36], which is complemented with various other to achieve a broader view 
of the theme, as usually expected for a book chapter. 

Characterizations 

The pH was assessed in both water and a KCl solution employing a soil-to-liquid ratio 
of 1:2.5, with contact durations of ten minutes and two hours, respectively, utilizing 
a CRISON model 2001 pH-meter (Crison, Barcelona, Spain) [29]. Elemental anal-
ysis was conducted to measure carbon, and subsequently, organic matter (OM) and 
nitrogen content, utilizing a TRUSPEC CHNS equipment, LECO model (USA). 
Exchange cations were displaced from the bio-adsorbents through the application 
of  a 1 M NH4Cl extractant, maintaining a 1:10 adsorbent-to-solution ratio for a 
duration of 12 h [39]. The quantification of aluminum (Al), calcium (Ca), magne-
sium (Mg), sodium (Na), and potassium (K) was achieved using atomic absorption/ 
emission spectrophotometry (Analyst 200, PerkinElmer, USA) with the addition of 
1% LaCl3 to mitigate potential interferences. The summation of these exchange 
cations provided the effective cation exchange capacity (eCEC) [25]. Extraction of 
non-crystalline iron (Feox) and aluminum (Alox) fractions was executed utilizing 
an ammonium oxalate buffered solution adjusted to pH = 3 [5]. These extracted 
fractions were subsequently measured employing the same atomic absorption spec-
trophotometer. Refer to Table 1 within the Results section for a comprehensive compi-
lation of these physicochemical parameters, as consistent with previous publications 
related to the respective sorbent materials [10].
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Table 1 Physicochemical characterization of the three bio-adsorbents 

Parameter Unit Bio-adsorbents 

Oak ash Mussel shell Pine bark 

OM % 22.76 19.66 83.76 

N % 0.22 0.21 0.08 

C % 13.23 11.43 48.70 

C/N 60.14 55.65 608.75 

pH (H2O) 11.31 9.39 3.99 

pH (KCl) 13.48 9.04 3.42 

eCEC cmolc kg−1 361.15 30.25 14.92 

Cae cmolc kg−1 95.00 24.75 5.38 

Mge cmolc kg−1 3.26 0.72 2.70 

Nae cmolc kg−1 12.17 4.37 0.46 

Ke cmolc kg−1 250.65 0.38 4.60 

Ale cmolc kg−1 0.07 0.03 1.78 

Feox mg kg−1 4233 171 74 

Alox mg kg−1 8328 178 315 

OM: Organic Matter; N: total nitrogen; C: total carbon; C/N: carbon to nitrogen ratio; eCEC: 
effective cation exchange capacity; Cae, Mge, Nae, Ke, Ale: Exchangeable cations; Alox, Feox: Al  
and Fe extracted with ammonium oxalate 

2.3 Data Analysis 

Adsorption Models 

To characterize the adsorption behavior of the antibiotics onto the selected bio-
adsorbents, three well-established models were employed: the Freundlich model 
(Eq. 1), the Langmuir model (Eq. 2), and the Linear model (Eq. 3) [56]. 

Freundlich Model 

qe = K f Cn 
e (1)

• qe (µmol kg−1): Adsorbed amount of antibiotic per unit mass of the adsorbent 
(the difference between the added amount and what remains in the equilibrium 
solution).

• Ce (µmol L−1): Concentration of the antibiotic in the equilibrium solution.
• Kf (Ln µmol1−n kg−1): Freundlich constant related to the adsorption capacity.
• n (dimensionless): Parameter related to the intensity of adsorption.
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Langmuir Model 

qe = qmax KLCe 

1 + KLCe 
(2)

• qe (µmol kg−1): Adsorbed amount of antibiotic per unit mass of the adsorbent.
• Ce (µmol L−1): Concentration of the antibiotic in the equilibrium solution.
• qmax (µmol kg−1): Langmuir’s maximum adsorption capacity.
• KL (L µmol−1): Langmuir constant related to the adsorption energy. 

Linear Model 

Kd = qe 
Ce 

(3)

• Kd (L kg−1): Partition coefficient in the Linear model. 

2.3.1 Model Fitting and Statistical Analysis 

The fitting of these adsorption models was accomplished using the SPSS software 
(version 18). This allowed for the assessment of how well these models described 
the experimental data and provided insights into the adsorption mechanisms. 

Furthermore, bivariate statistical Pearson correlations were conducted to explore 
potential relations between adsorption and desorption parameters and the physico-
chemical characteristics of the bio-adsorbents. This statistical analysis aimed to iden-
tify key factors influencing the adsorption and desorption processes and to provide 
a comprehensive understanding of the interactions between the antibiotics and the 
selected bio-adsorbents. 

The application of these models and statistical analyses facilitates a deeper insight 
into the adsorption and desorption mechanisms and their dependence on various 
parameters, contributing to the comprehensive evaluation of the study’s outcomes. 

3 Results 

In this section, we present the findings of the study, which encompass the adsorption 
of various antibiotics on the selected bio-adsorbents. The results are depicted in 
Figs. 1, 2, and 3, and they are represented in two forms: as adsorption values in µmol 
kg−1 and as percentages. Furthermore, equilibrium adsorption curves and modeling 
data are included in Table 2 to provide a comprehensive overview of the experimental 
outcomes. Furthermore, Fig. 4 shows the desorption behavior of the set of antibiotics 
from the bio-adsorbents of study. Table 1 shows the physicochemical results derived 
from the characterization of the three bio-adsorbents.
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Fig. 1 Adsorption of AMX, TMP and CIP onto oak ash in µ mol kg−1 and percentage (up) and 
modelling of equilibrium adsorption curves of the three antibiotics onto the oak ash bio-adsorbent 
(bottom) 

Fig. 2 Adsorption of AMX, TMP and CIP onto mussel shell in µ mol kg−1 and percentage (up) 
and modelling of equilibrium adsorption curves of the three antibiotics onto the mussel shell bio-
adsorbent (bottom)
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Fig. 3 Adsorption of AMX, TMP and CIP onto pine bark in µ mol kg−1 and percentage (up) and 
modelling of equilibrium adsorption curves of the three antibiotics onto the pine bark bio-adsorbent 
(bottom)

4 Discussion 

Adsorption (Figs. 1, 2 and 3) 

For amoxicillin, the highest adsorption capacity was exhibited by oak ash. Remark-
ably, oak ash achieved near-complete adsorption of AMX, reaching nearly 100% 
adsorption for all concentrations added. In contrast, pine bark and mussel shell 
displayed significantly lower AMX adsorption capacities, typically remaining below 
20%. Conversely, for ciprofloxacin and trimethoprim, pine bark proved to be the 
superior adsorbent, consistently achieving adsorption percentages close to 100% 
for all concentrations added (Fig. 3). Oak ash and mussel shell also demonstrated 
notable adsorption potential for CIP, particularly at higher antibiotic concentrations, 
with adsorption percentages reaching approximately 70% and 80%, respectively. 
However, in the case of TMP, oak ash exhibited limited adsorption capacity, retaining 
only 50% of the antibiotic at lower concentrations and not exceeding 30% at higher 
concentrations. Mussel shell generally displayed less than 20% adsorption for any 
of the TMP concentrations added. 

The adsorption mechanisms of AMX are complex, influenced by its three pKa 

values, causing it to behave as a cation, anion, or zwitterion under different pH 
conditions. The amino group, with a pKa1 of 2.67, influences the molecule’s charge 
at pH levels below this value. Within the pH range between pKa1 and pKa2 (7.11), the 
zwitterionic form predominates, while at pH levels between pKa2 and pKa3 (9.63),
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Fig. 4 Desorption of AMX, TMP and CIP from oak ash, mussel shell and pine bark in µ mol kg−1 

(left) and percentage (right)

the deprotonated form of the carboxyl and amine groups becomes dominant [20]. 
Beyond the pKa3, AMX carries a double negative charge due to the deprotonation of 
the phenolic hydroxyl group [40]. The diverse characteristics of the bio-adsorbents 
result in varying retention mechanisms, including electrostatic interactions, cationic 
bridges, and hydrogen bonds [2].
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Oak ash, characterized by its alkaline pH (11.31) and high concentrations of Fe 
and Al non-crystalline minerals, possesses a negative charge. In an environment with 
a pH of 11.31, the amino, carboxyl, and phenol groups of AMX become deproto-
nated, acquiring a substantial negative charge. In this context, calcium present in 
oak ash acts as a cationic bridge between the adsorbent and the adsorbate. A similar 
mechanism can be extrapolated to mussel shell, although its adsorption capacity is 
notably lower, possibly due to its lower content of non-crystalline Fe and Al, as 
well as exchangeable calcium, and a less alkaline pH (9.39) compared to oak ash. 
This results in fewer reactive surfaces and negative charges. Besides, the reduced 
content of variable charge components in mussel shell, such as organic matter or 
non-crystalline minerals, might affect the adsorption process. However, other mech-
anisms, such as electrostatic attraction between the protonated groups of AMX and 
the negative charges of the adsorbent, may also contribute. 

Conversely, the low adsorption of AMX onto pine bark may be attributed to its 
highly acidic pH (3.99). At this pH, the organic components and non-crystalline 
minerals in pine bark carry positive charges. AMX, acting as a zwitterion at this pH, 
exhibits protonated amino groups and deprotonated carboxyl groups, with the former 
likely prevailing due to the medium’s acidity. Electrostatic repulsions may account 
for this low adsorption. In a previous study, Cela-Dablanca et al. [12] observed higher 
adsorption of AMX with oak ash (89.71%) than mussel shell (48.15%), and much 
lower adsorption with pine bark (29.38%). 

For CIP, it has pKa values of 5.90 ± 0.15 for the carboxylic acid group and 8.89 
± 0.11 for the N-basic group, enabling it to exist as a cation, zwitterion, or anion 
depending on soil and water pH conditions. Pine bark emerged as the bio-adsorbent 
with the highest adsorption capacity for CIP, primarily due to its lower pH compared 
to the pKa1 of CIP, resulting in positive charges on both the adsorbent and CIP, leading 
to electrostatic repulsion. Pine bark’s high organic matter content, rich in carboxyl 
and hydroxyl groups, forms hydrogen bridges with CIP’s carbonyl and hydroxyl 
groups. The presence of benzene rings in CIP facilitates electron acceptance due to 
the high electronegativity of fluorine in its structure, receiving electrons from the 
hydroxyl groups of pine bark’s organic components. Additionally, under the acidic 
conditions in this study, free H+ ions in the medium contribute to the formation 
of hydrogen bonds between the adsorbent surface and CIP molecules. While some 
authors have highlighted the maximum adsorption efficiency for CIP between pH 
4 and 7 [14], oak ash and mussel shell also demonstrated considerable adsorption 
capacity for CIP, particularly at higher antibiotic concentrations (Figs. 1 and 2). In 
the case of oak ash, cationic bridges facilitated by exchangeable calcium likely play 
a key role, as CIP acts as an anion due to oak ash’s alkaline pH (11.31). In contrast, 
mussel shell’s adsorption mechanisms are likely similar to those observed for AMX. 
Additionally, at the pH of mussel shell (9.39), CIP might still retain some positive 
charge, enabling electrostatic attractions. The study by Chandrasekaran et al. [14] 
also indicated a higher adsorption of CIP in simple systems compared to AMX, 
similar to the observations for pine bark and mussel shell in this study but differing 
for oak ash.
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In the present research, pine bark was identified as the only effective bio-adsorbent 
for TMP retention, while oak ash and mussel shell displayed limited adsorption 
capacity, especially at higher antibiotic concentrations (Figs. 1, 2 and 3). TMP 
possesses a single pKa of 7.3, primarily existing as a cation (80%) and, to a lesser 
extent, as a zwitterion (20%). The high adsorption of TMP on pine bark can be 
attributed to hydrogen bonding, facilitated by pine bark’s numerous carboxyl and 
hydroxyl groups interacting with the NH2 groups in TMP’s heterocyclic aromatic 
ring. Furthermore, under acidic conditions, as in this study, free H+ ions in the 
medium contribute to hydrogen bond formation between the adsorbent surface and 
TMP molecules, similar to the mechanism observed for CIP. A positive and signifi-
cant correlation (p < 0.05) between carbon content and TMP adsorption was identified 
across all bio-adsorbents used in this study. As pine bark boasts the highest organic 
compound content, it exhibited the highest TMP adsorption percentage compared to 
other bio-adsorbents. 

Equilibrium Modelling (Figs. 1, 2 and 3) 

In the analysis of equilibrium adsorption processes, it was observed that the deter-
mination of appropriate modeling parameters is crucial. However, it should be noted 
that in cases where error values associated with the fitting are not excessively high, 
the R2 values demonstrate notable insights into the suitability of different models for 
characterizing adsorption phenomena. 

For trimethoprim, R2 values for all models were found to be consistently 
similar across various bio-adsorbents, ranging from 0.80 to 0.99. Nevertheless, the 
Freundlich model was observed to provide a more favorable description of AMX 
adsorption in oak ash (R2 = 0.94) and mussel shell (R2 = 0.69). Conversely, the 
Freundlich and Linear models exhibited comparable fits for AMX adsorption onto 
pine bark, with R2 values of 0.69 and 0.64, respectively. As for Ciprofloxacin (CIP), 
the Freundlich and Linear models demonstrated the best fits for oak ash, yielding R2 

values of 0.73 and 0.71, and for mussel shell, resulting in R2 values of 0.81 and 0.76, 
respectively. However, it is worth noting that CIP adsorption onto pine bark achieved 
a maximum adsorption percentage of 100% across all antibiotic concentrations, 
rendering modeling of this process unfeasible. 

Of significance is the observation that the Langmuir model was associated with 
significantly high errors when predicting most parameters and for most of the 
sorbents. This phenomenon may be attributed to the failure to achieve the thermody-
namic saturation condition of the bio-adsorbents due to the utilization of insufficiently 
high antibiotic concentrations to ensure the saturation state [57]. 

When focusing on TMP adsorption, especially concerning the Linear model, parti-
tion coefficient values (Kd) exhibited a range from 5.3 to 833 L kg−1. The highest Kd 

values were observed for TMP adsorption onto pine bark, accompanied by adsorp-
tion percentages near 100% for all concentrations (Figs. 1, 2 and 3). A comparative 
analysis of these results with prior studies indicated Kd values for TMP adsorption on 
agricultural soils within the range of 10–48 L kg−1 [48]. Similarly, some Australian 
soils exhibited scores ranging 9–311 L kg−1 [33], consistent with findings in the
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current investigation. In addition, Kf and KL values corresponding to TMP adsorp-
tion on pine bark were reported, signifying the superior affinity of pine bark for 
this antibiotic. However, it should be noted that fitting the model was not feasible 
for oak ash and mussel shell due to exceedingly high error values associated with 
the fitting process. In prior research, Kf levels for TMP adsorption on agricultural 
soils ranged from 29–125 Ln kg−1 µmol1−n [48]. Interestingly, this is comparable 
but significantly lower than the values obtained in the present investigation for pine 
bark, which reached 981 Ln kg−1 µmol1−n. Additionally, the Freundlich n parameter 
for TMP adsorption on pine bark was found to be less than 1 (specifically 0.93), 
indicating the existence of heterogeneous adsorption sites and a concave adsorption 
curve [11]. In contrast, the n parameter values for the other two adsorbents were 
slightly higher than 1, suggesting alternative characteristics. 

Turning attention to AMX, it was noted that oak ash exhibited the highest Kf 

values at 1824 Ln kg−1 µmol1−n. Conversely, mussel shell demonstrated a notably 
lower score of 2.767 × 10–6 Ln kg−1 µmol1−n. However, it is important to acknowl-
edge that fitting the model to pine bark was not possible due to excessively high 
error values. In previous studies, which focused on AMX retention in corn and vine-
yard soils amended with bio-adsorbents, Kf values fell within the range of 1–139 
Ln kg−1 µmol1−n [12]. The present work revealed considerably higher Kf values, 
especially for oak ash, indicating the enhanced affinity of these bio-adsorbents for 
AMX. Notably, the incorporation of oak ash into corn soil was found to double the 
Kf level [12]. Additionally, the Freundlich model’s n parameter was less than 1 for 
oak ash and pine bark, resulting in concavity in the AMX adsorption curve. 

The Linear model analysis highlighted that the Kd value for AMX adsorption 
onto oak ash was two orders of magnitude higher compared to mussel shell and 
pine bark. Specifically, oak ash exhibited a Kd value of 555 L kg−1, while mussel 
shell and pine bark displayed values of 2.5 L kg−1 and 4.0 L kg−1, respectively, 
in accordance with expectations. These values aligned with results from previous 
studies on vineyard and corn soils. In addition, the KL Langmuir parameters were 
reported, resulting in a value of 0.104 L µmol−1 for oak ash. Unfortunately, fitting 
the model was not possible for the other adsorbents due to high errors associated 
with estimation. Nevertheless, this value was consistent with results obtained from 
prior research on AMX adsorption in agricultural soils. 

Desorption (Fig. 4) 

In general, AMX and CIP display relatively low desorption from oak ash and mussel 
shell, particularly when high concentrations of antibiotics were added. Notably, TMP 
exhibited the least desorption from pine bark. AMX demonstrated the highest levels 
of desorption from pine bark, reaching 839 µ mol kg−1 when an antibiotic concentra-
tion of 600 µmol L−1 was introduced. For CIP, the highest desorption occurred from 
pine bark, with a value of 966.78 µ mol kg−1 observed at an added concentration of 
100 µmol L−1. TMP exhibited notable desorption levels, especially when interacting 
with mussel shell, resulting in desorption values of 2380.186 and 2294.927 µ mol 
kg−1 for added concentrations of 400 and 600 µmol L−1, respectively. In the case of 
oak ash, desorption values were intermediate between those of mussel shell and pine
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bark, with the maximum TMP desorption reaching 883.45 µ mol kg−1 for an added 
concentration of 600 µmol L−1, whereas pine bark exhibited minimal desorption, 
releasing only 189.60 µ mol kg−1 for an added concentration of 400 µmol L−1. 

When the values are expressed in terms of percentage, AMX exhibited the highest 
desorption from mussel shell at a concentration of 50 µmol L−1 (80%), while pine 
bark displayed the highest desorption for an added concentration of 600 µmol L−1 

(60%). Conversely, oak ash demonstrated the most substantial irreversible adsorp-
tion of this antibiotic, with desorption close to 0% (Fig. 4). For CIP, high desorption 
percentages were observed at low concentrations for both oak ash and mussel shell, 
with medium values for desorption percentages from pine bark at those concentra-
tions. However, at the two highest concentrations added, CIP desorption remained 
consistently less than 10% for all three adsorbent materials. 

It is important to note that for CIP, a higher percentage of adsorption and lower 
desorption were observed when higher concentrations were added, implying that as 
the concentration of this antibiotic increases, adsorption is favored, and the bonds 
with the adsorbent grow stronger. This observation aligns with the cooperative 
model of adsorption suggested by several authors [24, 46], where it is posited that a 
solute, when retained by a site on a homogeneous adsorbent surface, can influence 
consecutive active sites, facilitating new adsorptions. 

With respect to TMP, desorption was nearly 100% for mussel shell, while it 
remained minimal for pine bark, peaking at 6.29% desorption for an added concen-
tration of 25 µmol L−1. Mussel shell and pine bark exhibited low AMX adsorption 
capacity (always less than 30% of what was added) (Figs. 2 and 3) and desorption 
that could reach up to 80% for mussel shell and up to 60% for pine bark (Fig. 4). 
Conversely, oak ash displayed the highest AMX adsorption while releasing negli-
gible amounts. This can be attributed to oak ash’s higher content of Fe and Al non-
crystalline minerals, as well as the greater amount of calcium, resulting in stronger 
cationic bridges during adsorption, particularly compared to mussel shell. A prior 
study conducted by Cela-Dablanca et al. [12] also concluded that the desorption of 
AMX from oak ash was minimal, highlighting its efficacy for retaining this antibiotic. 

CIP exhibited high desorption percentages in general across all bio-adsorbents, 
particularly at lower concentrations, while desorption percentages decreased to below 
10% at higher concentrations. Thus, at the two highest concentrations of this antibi-
otic, all three bio-adsorbents displayed a high adsorption capacity (between 75 and 
100%) (Figs. 1, 2 and 3) and low desorption (<10%), with pine bark exhibiting the 
lowest desorption (Fig. 4). Nevertheless, in terms of the amount of CIP desorbed 
(in µmol kg−1), the values remained similar across the entire concentration range, 
suggesting that a constant quantity of CIP is desorbed from the bio-adsorbents. This 
may indicate the involvement of various adsorption mechanisms in the adsorption 
process, as discussed above. 

Regarding TMP, Fig. 4 demonstrates that the levels of µ mol kg−1 desorbed 
increase with the added concentration, particularly evident with mussel shell, which 
desorbs the most significant quantity of this antibiotic. This trend corresponds with 
the findings in a previous study examining TMP adsorption [33]. Pine bark emerges as
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an effective retention material for TMP, as it absorbs nearly all of the added antibi-
otic and exhibits minimal desorption (<5%), making the retention process highly 
irreversible. 

In previous studies, these same three bio-adsorbents (oak ash, pine bark, and 
mussel shell) demonstrated high retention capacities for tetracyclines (oxytetracy-
cline, chlortetracycline, and tetracycline), with pine bark and oak ash delivering supe-
rior performances [18]. Additionally, a study of sulfonamides (sulfadiazine, sulfamet-
hazine, and sulfachloropyridazine) highlighted pine bark’s exceptional retention 
capacity (almost 100%), while oak ash and mussel shell did not perform as favor-
ably in retaining these antibiotics [16]. Wood ash and mussel shell emerged as the 
bio-adsorbents with the highest sorption capacity and retention for the antibiotic 
cefuroxime [10]. 

5 Limitations and Future Directions 

While the discussions and insights provided in this chapter offer valuable contri-
butions to the understanding of adsorption behaviors of antibiotics on various 
bio-adsorbents, several limitations in the current research should be acknowledged.

• First, the experimental conditions should consider exploring the behavior of 
antibiotics on bio-adsorbents in more realistic scenarios, such as undisturbed soil 
and water systems, to provide a comprehensive understanding of the practical 
applications and implications of these findings.

• Second, expanding the investigation to include a broader spectrum of antibiotics 
and a wider range of bio-adsorbent materials would provide a more comprehensive 
database for the assessment of antibiotic adsorption in diverse contexts. In this 
regard, the research team is currently investigating anticoccidials.

• Furthermore, investigating the rate at which adsorption occurs and the thermody-
namic factors influencing these processes could offer additional insights into the 
interactions between antibiotics and bio-adsorbents. 

The ecological implications of antibiotics leaching into ecosystems and the poten-
tial effects on microbial communities remain largely unexplored. Investigating the 
broader ecological consequences of antibiotic adsorption on bio-adsorbents is essen-
tial for understanding the long-term impact on ecosystems. Also, future research can 
address the use of mixed bio-adsorbents and employing continuous-flow column 
experiments, which may better mimic real-world adsorption scenarios. At higher 
scales, lysimetric installations and in situ measurements performed in undisturbed 
environments, carried out in a continuous mode by using portable lab high-tech equip-
ment, would provide valuable data, both as actual information and as input or veri-
fication for high-level modeling, in order to go steps ahead in this methodologically 
rather classical (up to now) field of study.
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6 Conclusion 

In this chapter, considering as starting point the overall problem of pollution due to 
emerging pollutants, and specifically that caused by antibiotics (including many of 
those previously studied by the research team, and others that are being currently 
investigated, such as anticoccidials), as specific examples we have delved into the 
adsorption behaviors of three distinct antibiotics, namely AMX, CIP, and TMP, 
across various bio-adsorbents. The observed differences in the adsorption patterns 
of these antibiotics can be primarily attributed to their unique properties, such as 
polarity, hydrophobicity, molecular structure, and speciation with pH. These distinc-
tive attributes govern the interactions between the antibiotics and the reactive surfaces 
of the chosen bio-adsorbents. 

Notably, our findings highlight the efficacy of specific bio-adsorbents in the reten-
tion of these pharmaceuticals. Pine bark emerged as a highly suitable bio-adsorbent 
for the adsorption of CIP and TMP, exhibiting an impressive adsorption rate of nearly 
100% for CIP across all tested concentrations. Furthermore, the desorption of these 
two antibiotics from pine bark was notably lower when compared to the other bio-
adsorbents. This can be attributed to the formation of robust hydrogen bonds between 
the functional groups of the drugs and the bio-adsorbent, a phenomenon facilitated 
by the acidic conditions found in TMP and the presence of benzene rings that serve 
as electron acceptor groups in CIP. 

Conversely, oak ash proved to be the optimal material for the retention of AMX. It 
demonstrated the lowest level of desorption for AMX, primarily due to the establish-
ment of strong cationic bridges between the bio-adsorbent and the antibiotic. This 
was further facilitated by the alkaline pH and the elevated content of calcium and 
non-crystalline substances within the bio-adsorbent. 

Considering the insights gleaned from this research, the utilization of pine bark 
and oak ash as environmentally friendly remediation agents, to be incorporated into 
agricultural soils, or in appropriate modules linked to waste or wastewater treatment 
systems, appears to be a promising approach in addressing the entry of these emerging 
pollutants—AMX, CIP, and TMP—into the food chain. 

In conclusion, this chapter underscores the potential of nature-based solutions as a 
means to mitigate the environmental impact of pharmaceutical contaminants, empha-
sizing the importance of understanding the adsorption dynamics of these antibiotics 
on bio-adsorbents for developing effective strategies to safeguard both ecosystems 
and human health. Although the main focus of the chapter was on the three specific 
antibiotics indicated above, the strategy of the research would be appropriate for 
other emerging pollutants, such as anticoccidials, which are currently the objective 
of the research group. Using certain waste and by-products as low-cost sorbents can 
be seen as an easily and potentially effective affordable strategy to face environ-
mental pollution. After obtaining results to lead the application of this basic strategy, 
further steps could be directed to modify the raw materials or substitute them by 
high-tech materials/procedures, which would be justified to provide better outcomes 
when needed, and when the ratio cost/effectiveness is clearly favorable.
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Salt-Affected Soils 

Muhammad Shaaban 

Abstract In this Chapter, the author makes a review on soils affected by degradation 
processes due to excess of salt, focusing on causes, types, and consequences of salt-
affected soils. Finally, some alternatives to help solving these issues are presented. 

Keywords Land degradation · Saline soils · Saline-sodic soils · Sodic soils · Soil 
degradation 

1 Introduction 

Land degradation by salts is a major threat to sustainable crop production in many 
arid and semi-arid regions of the world [3, 31]. Salt-affected soils are a significant 
challenge faced by farmers and land managers worldwide. They are characterized 
by high levels of soluble salts, principally sodium, which can have harmful effects 
on plant development and growth [31]. It is estimated that global arable lands over 
1100 Mha are affected by salinity and sodicity, of which approximately 60% are 
saline, 26% sodic and 14% saline-sodic [7]. Salt-affected soils are widely located on 
all continents, and the most influenced regions are the Middle East, North Africa, 
Australia, and Eurasia. Poorly managed irrigation is a main reason for the develop-
ment pf salt-affected soils, particularly in arid climates. It is estimated that 20 to 50% 
of irrigated arable lands are salt-affected at global level [26]. This chapter aims to 
provide an outline of salt-affected soils, including their sources, types, impacts, and 
reclamations measures.
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2 Causes of Salt-Affected Soils 

There are numerous factors that involve in the development of salt-affected soils. 

2.1 Natural Factors 

Natural processes such as soil formation, water movement, and weathering of parent 
material can result in salts accumulation in the soil profile. Arid and semi-arid 
climates with low rainfall and high evaporation rates are mainly vulnerable to salt 
accretion in soils. 

(i) Soil parent material 

The geological composition of the parent material can affect the occurrence of salts 
in soils. Regions with naturally high salt contents in their sediments and rocks are 
more susceptible to to salt-affected soils [22, 24]. 

(ii) Amount and distribution of rainfall and climate 

The precipitation patterns in any region highly influence impact soil salinity. In arid 
and semi-arid climates, where evaporation exceeds precipitation, salts accumulate 
as a result of water evaporation, causing higher levels of soil salinity [2]. A simple 
illustration of salinity builds up and its impact on soil properties is presented in Fig. 1. 

(iii) Groundwater 

High groundwater table is also an important natural factor, which regulates soil 
salinity. High groundwater levels, particularly in areas with shallow water tables, 
can bring the salts to the upper soil layers. Consequently, water evaporation leaves 
the salts, leading to development of salt-affected soils [19]. 

(iv) Topography 

The drainage patterns, slope, and shape of the lands can impact the movement and 
accumulation of salts in soils. Areas with depressions, poor drainage, or inadequate 
access to natural water sources are at higher jeopardy for salt-affected soils [13].

Fig. 1 A simple illustration of salinity builds up and its impact on soil properties 
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2.2 Human Interventions 

Anthropogenic activities such as inappropriate irrigation and water management, 
extreme use of fertilizers, derisory drainage system, and scanty land management 
practices can aggravate salt problems. Improper water management, over-irrigation, 
and inadequate leaching can cause the soil salinity. 

(i) Irrigation techniques 

Improper irrigation practices, such as over-irrigation or the use of poor-quality 
water can substantially hasten the development of salt-affected soils. Over-irrigation 
without adequate drainage may cause salts accumulation and reduce soil fertility [8]. 

(ii) Derisory drainage systems 

Unsatisfactory or poorly designed drainage system can restrict the water movement 
in soil profile, resulting in waterlogging and subsequently build-up of soil salinity. 
If the drainage or water outlets are not proper, salts can accumulate in soil surface, 
leading to soil salinity [20]. 

(iii) Use of synthetic fertilizers 

Indiscriminate and excessive usage of chemical fertilizers can ascribe to soil salinity. 
Farmers use fertilizers for high crop yields, which contain high contents of salts, and 
their use over the time, can contribute to soil salinity. Moreover, runoff from fields 
treated with agro-chemicals in neighboring areas can also upsurge soil salinity [18]. 

(iv) Industrialization and urbanization 

Urban development and industrialization can introduce salts into the sewage water 
and environment. Disposal of industrial water, improper management of municipal 
waste, and the use of salt-based de-icing materials on roads can highly ascribe to 
development of soil salinity [33]. 

3 Types of Salt-Affected Soils 

Salt-affected soils can be categorized into three broad categories based on their 
dominant salts: 

(i) Saline soils 

Saline soils are characterized by high contents of soluble salts, primarily sulfate and 
chloride ions, which hamper plant growth due to osmotic stress. These soils generally 
develop in arid and semi-arid regions, where low rainfall and high evaporation rates 
lead to accumulation of salts. Saline soils may also arise from poor irrigation practices 
or excessive fertilizer use [31]. Normally, the water infiltration and soil permeability 
are poor in saline soils. Saline soils are characterized by an electrical conductivity 
(EC) of 4 deci-Siemens per meter or greater, as well as an exchangeable sodium



206 M. Shaaban

percentage of less than 15. The pH of these soils typically falls below 8.5, and the 
sodium adsorption ratio remains below 15. A distinctive feature of these soils is the 
presence of white color encrustation on the surface, resulting in a salt crust that lacks 
vegetation [15, 28]. 

(ii) Sodic soils 

Sodic soils are characterized by a high sodium content. Sodium ions replace calcium 
and magnesium, causing the dispersion of soil particles and leading to the formation 
of aggregates that are unstable when wet. Consequently, sodic soils exhibit poor 
structural stability and low water infiltration rates [3]. They often have a high pH 
and are prone to erosion and waterlogging. Sodic soils are typically found in regions 
with high sodium levels in irrigation water or in areas where sodium-rich parent 
materials predominate. The exchangeable sodium percentage (ESP) of sodic soils is 
typically 15 or higher, while the electrical conductivity (EC) tends to be less than 
4. Additionally, the sodium adsorption ratio (SAR) of these soils is typically 15 or 
higher. Furthermore, the pH levels in these soils usually fall within the range of 8.5 
to 10 [29]. 

(iii) Saline-sodic soils 

These soils exhibit characteristics of both saline and sodic soils, making them partic-
ularly challenging for agriculture. They have high levels of both soluble salts and 
exchangeable sodium, posing dual challenges to plant growth. The combination 
of salt accumulation and dispersion of soil particles reduces water availability and 
limits nutrient uptake by plants [4]. Saline-sodic soils occur in areas with both salinity 
and sodicity problems, such as coastal regions or areas irrigated with saline water. 
Soluble salts have a tendency to cause soil particles to flocculate, whereas exchange-
able sodium tends to disperse the soil, thereby reducing its permeability to water and 
air. Soils with an exchangeable sodium percentage (ESP) of 15 or higher, an electrical 
conductivity (EC) of 4 or higher, exhibit pH levels that depend on whether soluble 
salts or exchangeable sodium dominate. If exchangeable sodium dominates, the pH 
is typically above 5.8. Conversely, if soluble salts are dominant, the pH usually falls 
below 8.5 [24]. 

Table 1 presents a general criterion for the categorization of salt-affected soils. 
This criterion is used to classify different types of soils based on their salt content and 
level of salinity. The purpose of this classification is to provide a systematic way to 
analyze and understand the characteristics of these soils. By categorizing salt-affected 
soils, it becomes easier to develop appropriate strategies for their management and 
mitigation. This criterion takes into account various factors such as electrical conduc-
tivity (EC), exchangeable sodium percentage (ESP), soil pH, and salt concentration. 
Each factor is assigned a specific range or value, which helps determine the severity 
and classification of the salt-affected soil. It is important to note that this is a general 
criterion and may be subject to modification or adaptation based on specific regional 
or local conditions.
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Table 1 A general criterion for the categorization of salt-affected soils 

Soil type pH Electrical 
conductivity (dS/ 
m) 

Sodium adsorption 
ratio 

Exchangeable 
sodium percentage 

Saline <8.5 ≥4 <15 <15 

Sodic 8.5–10 <4 ≥15 ≥15 

Saline-Sodic Depends on 
dominant salt 

≥4 ≥15 ≥15 

Normal <8.5 <4 <15 <15 

4 Consequences of Salt-Affected Soils 

The presence of salt-affected soils can have numerous detrimental effects. 

4.1 Physical Properties of Soils 

(i) Deterioration of soil structure 

One of the significant consequences of salt-affected soils is the dilapidation of 
soil structure. Extreme salt accumulation can disturb soil aggregates, leading to 
poor soil porosity, abridged water infiltration, and augmented surface crusting. This 
degradation impairs soil aeration, root penetration, and nutrient uptake, therefore 
destructively affecting plant growth and overall soil health [9]. 

(ii) Decreased water availability 

Salt-affected soils display high electrical conductivity (EC) due to the occurrence 
of salts, which restricts with water availability to plants. High salt concentrations in 
the soil solution produce an osmotic potential that decreases the capacity of roots to 
extract water. This water stress can result in reduced crop yields and even plant death 
in exciting cases [15]. 

(iii) Soil texture 

Salinity alters soil particle arrangement, resulting in changes in soil texture. Clay 
particles tend to flocculate, while sand particles become dispersed, affecting water 
holding capacity and permeability [6, 34]. 

(iv) Soil erosion 

Saline soils are prone to increased erosion due to reduced stability and binding 
capacity, leading to soil degradation and loss of organic matter [6].
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4.2 Chemical Properties 

(i) Soil pH 

Salinity influences soil pH, causing soil alkalinization. High salt concentrations 
contribute to the accumulation of basic cations, affecting nutrient availability and 
microbial activity [31]. 

(ii) Nutrient uptake 

Salts in the soil can also interrupt the balance of essential nutrients in plants. Excessive 
salts can hinder nutrient uptake or induce nutrient imbalances, leading to nutrient 
deficiencies. Elevated sodium levels, for example, can lead to sodium toxicity and 
interfere with the uptake of potassium, calcium, and magnesium, which are vivacious 
for proper metabolism and plant growth. This interruption in nutrient balance can 
result in nutrient deficiencies and abridged crop productivity [10]. 

(iii) Ion toxicity 

High salt levels result in the accumulation of toxic ions (e.g., sodium, chloride, boron) 
in the soil, inhibiting plant growth and development [27]. 

(iv) Organic matter 

Salinity impacts the decomposition of organic matter, reducing microbial activity and 
nutrient cycling. This leads to a decline in soil fertility and organic carbon contents 
[29]. 

4.3 Biological Properties 

Salt-affected soils have a harmful impact on soil microorganisms, including fungi, 
bacteria, and beneficial soil fauna. Elevated levels of salts can dislocate the micro-
bial balance and decrease microbial diversity, which are vital for nutrient recycling, 
organic matter decomposition, and soil fertility. This disturbance in the soil micro-
biome can further exacerbate the negative consequences of salt-affected soils on plant 
growth. 

(i) Microbial diversity 

Salinity affects the abundance and diversity of soil microorganisms. High salt levels 
can suppress beneficial microbial populations, impacting nutrient cycling, disease 
suppression, and soil health [20]. Saline soils often experience reduced biodiversity 
due to their inhospitable conditions for many organisms. This can lead to a loss of 
ecological resilience and ecosystem functions. High salt concentrations can limit 
the growth and survival of many microbial species. This restricts the diversity of 
microbes capable of thriving under this harsh condition. Consequently, the overall
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microbial community composition in salt-affected soils becomes dominated by salt-
tolerant or halophilic microorganisms. These microorganisms have developed unique 
adaptive mechanisms to survive and thrive in high saline environments [31, 36]. 

(ii) Microbial abundance and activity 

Soil salinity affects microbial richness, as the high salt content constrains the growth 
and reproduction of certain microorganisms. The occurrence of salts upsurges the 
osmotic stress on microbes, plummeting their metabolic activity. This repressive 
consequence can lead to abridged microbial biomass and a slower nutrient cycling 
rate. However, salt-tolerant microbial populations, like halotolerant bacteria and 
fungi, have evolved stratagems to sustain their activity and perform indispensable 
functions under these challenging conditions. These salt-tolerant microbes attribute 
meaningfully to the nutrient cycling and overall constancy of salt-affected soils [21]. 

(iii) Functional variations 

Soil salinity impacts the functional potential of microbial communities. Certain 
microbial activities, such as nitrogen fixation, organic matter decomposition, and 
phosphorus solubilization, can be reduced in salt-affected soils. The diminished 
functional diversity of microbial communities under high salinity may negatively 
influence soil fertility and plant production. Nevertheless, it is imperative to note 
that not all functional groups are equally affected by salt stress. Some groups of 
microbes, such as halophilic bacteria and archaea, have specialized adaptations that 
enable them to perform specific functions, even under high saline conditions [35]. 

(iv) Microbial communications 

Microbes in salt-affected soils experience changed communications due to the 
variations in community composition and physiological rejoinders. Competition 
amid microorganisms for restricted resources rises as the overall microbial diver-
sity declines. In some cases, salt-tolerant microbes form supportive connotations 
to advance their chances of existence. Besides, some microbes release extracel-
lular substances, like exopolysaccharides, that help alleviate salt stress by acting as 
osmo-protectants. These complex microbial interactions play a key protagonist in 
determining the community structure and functionality of salt-affected soils [1]. 

4.4 Impact on Crop Yield 

The consequences of salt-affected soils on crop production are profound. High salt 
contents deter seed germination, diminish seedling vigor, and limit overall crop 
growth [25]. Saline soils are specifically challenging for salt-sensitive crops, leading 
to reduced yields and economic losses for farmers. Even moderately salt-affected 
soils can still have a substantial impact on crop productivity. Salinity inhibits plant 
growth and productivity by affecting water and nutrient uptake, causing osmotic
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stress, and disrupting hormonal balance. This results in reduced crop yields and poor 
plant quality [23]. 

(i) Oxidative stress 

Salt-affected soils induce oxidative stress in plants. The accumulation of salt ions trig-
gers the production of reactive oxygen species (ROS), including hydrogen peroxide, 
superoxide radicals, and singlet oxygen. The excess ROS can harm cellular compo-
nents like membrane lipids, proteins, and DNA, leading to cellular disfunction and 
even cell death. Plants respond by activating antioxidant defense mechanisms to 
scavenge these ROS [14]. 

(ii) Ion toxicity 

The excessive salt content in soil causes an accumulation of toxic ions, particularly 
sodium (Na+) and chloride (Cl−), which negatively disturb plant physiology. High 
levels of Na+ interrupt essential ion balance and restrict nutrient’s uptake, especially 
magnesium (Mg2+), calcium (Ca2+), and potassium (K+). This imbalance impacts 
several physiological processes, such as hormonal regulation photosynthesis, enzyme 
activity, and nutrient transport, leading to abridged growth and crop yield [14]. 

(iii) Osmotic stress 

Osmotic stress on plants is a devastating impact of salt-affected soils due to excess 
of salts. High soil salinity levels create a water potential gradient that limits water 
uptake by plants. This imbalance disrupts cellular osmotic regulation, leading to water 
scarcity within plant tissues. Subsequently, plants experience dehydration, resulting 
in wilting, reduced leaf area, and stunted growth [17]. 

(iv) Disruption of plant metabolism 

Salt stress often affects the metabolic pathways of plants and crops. It can impact 
important processes such as photosynthesis, respiration, and protein synthesis, 
leading to a decline in overall plant productivity [12]. Reduced photosynthetic rates, 
lower chlorophyll content, and altered stomatal conductance are common effects of 
salt stress on plant metabolism. These changes result in reduced energy production, 
carbohydrate accumulation, and altered nutrient metabolism [32]. 

(v) Growth limitations and yield reduction 

The cumulative effects of osmotic stress, ion toxicity, oxidative stress, and disrupted 
plant metabolism contribute to significant growth limitations and yield reductions in 
salt-affected soils. Reduced plant vigor, increased susceptibility to pests and diseases, 
premature leaf senescence, and smaller root systems are common manifestations 
of plants struggling to withstand salt stress. These conditions ultimately lead to 
decreased crop yields and economic losses in agricultural production [5].
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4.5 Environmental Challenges 

In addition to the instantaneous effects on soil and crops, salt-affected soils also 
pose environmental challenges. When salts accumulate, they can leach into ground-
water supplies or be carried away by runoff, leading to salinization of freshwater 
resources. Saline groundwater can degrade water quality and pose risks to human 
and animal health. Additionally, salt-affected soils contribute to soil erosion and can 
have negative impacts on nearby ecosystems [11]. 

5 Amelioration of Salt-Affected Soils 

There are various amelioration techniques available to alleviate salinity issues and 
reinstate the productivity and fertility of salt-affected soils. 

(i) Soil drainage 

Improving soil drainage is one of the prime methods to ameliorate salt-affected soils. 
By removing excess water, salts can be flushed out of the root zone and leached away. 
This technique is mainly effective for soils with high water tables or poor drainage. 
Techniques such as installing tile drains, constructing subsurface drainage systems, 
and contouring the land to redirect surface runoff can markedly improve soil drainage 
[29]. 

(ii) Irrigation management 

Appropriate irrigation management practices play a central role in remedying salt-
affected soils. Suitable irrigation scheduling helps avert waterlogging and excessive 
salt accumulation in the soil. Techniques such as precision irrigation (drip or sprinkler 
irrigation), use of saline-tolerant crops, and adopting deficit irrigation strategies can 
curtail water and salt-related problems, indorsing sustainable soil improvement [16]. 

(iii) Addition of soil organic matter 

Adding the organic matter in salt-affected soils can contribute to their amelioration. 
Organic matter acts as a natural amendment to recover soil structure, upsurge water-
holding capacity, and improve nutrient availability. Incorporating organic residues, 
such as crop residues and compost, into the soil augments microbial activity and 
nutrient cycling while reducing soil salinity [16, 29]. 

(iv) Soil amendments 

The application of soil amendments can help rectify salt-affected soils by altering 
their chemical and physical properties. Gypsum, a calcium sulfate compound, is 
commonly used to improve soil structure and aid in leaching excess salts. Addition-
ally, amendments like organic matter, elemental sulfur, and lime can be effective in 
adjusting soil pH, promoting nutrient availability, and improving soil health [3, 30].
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(v) Crop rotation and saline tolerance 

Employing a well-designed crop rotation approach can assuage salt-affected soil 
problems. Some crops are more tolerant to salinity than others, and rotating salt-
tolerant crops can help manage soil salt stress. These crops can extract salts from 
the soil and accumulate them in their aerial parts, which can then be removed with 
harvesting. This method, combined with suitable soil management practices, helps 
decrease salt build-up progressively [6, 12]. 

(vi) Phyto-remediation 

Phyto-remediation refers to the use of specific plant species to eliminate or counteract 
contaminants in soil. Some salt-tolerant plants, known as halophytes, have the capa-
bility to accumulate salts in their tissues by extracting them from the soil. By culti-
vating these plant species in salt-affected soils, farmers can reduce soil salinity levels 
over time. Phyto-remediation is a long-term approach to correcting salt-affected soils 
and requires vigilant plant selection and management [1, 14]. 

6 Conclusions and Summary 

The summary of the chapter is presented in Fig. 2. The chapter on salt-affected soils 
serves as a detailed exploration into the complex issue of soil salinity and its influ-
ence on agricultural productivity. Throughout the chapter, numerous aspects such 
as the causes of soil salinity, the effects on plant growth, and potential management 
strategies have been discussed. In conclusion, it is evident that salt-affected soils 
pose significant challenges to sustainable agriculture and food production. Salinity, 
whether caused by natural processes or human activities, leads to the accumulation 
of soluble salts, negatively distressing soil structure, nutrient availability, and water 
uptake by plants. Consequently, crop yields, as well as the overall health and vigor of 
vegetation, are severely compromised. Effective management of salt-affected soils 
requires a holistic approach that integrates both preventive and remedial measures. 
Prevention strategies involve proper irrigation practices, the use of salt-tolerant crop 
varieties, and implementing effective drainage systems to minimize salt buildup. 
Remediation techniques include leaching excess salts through drainage, the use of 
amendments like gypsum to displace sodium ions, and the adoption of precision 
agriculture technologies to optimize water and nutrient application. Additionally, 
it is vital to concede that salt-affected soils are not a one-size-fits-all problem, as 
the severity and nature of salinity can vary greatly depending on regional conditions 
and soil characteristics. Therefore, site-specific approaches and tailored management 
plans are necessary for long-term success. Overall, the chapter highlights the impor-
tance of understanding and addressing the challenges posed by salt-affected soils 
to ensure sustainable agricultural practices. By implementing appropriate strategies 
and leveraging scientific knowledge, it is probable to alleviate the harmful effects of 
soil salinity and safeguard a more robust, productive, and food-secure future.
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Fig. 2 Summary of salt-affected soils. Causes, types, consequences, and reclamation approaches 
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Abstract Peatlands are a major soil carbon reservoir, despite only covering about 
3% of the land surface. Waterlogged peatlands act as sinks of atmospheric carbon, 
through accumulation of partially decomposed plant remains. But there are concerns 
that boreal peatlands may shift from sinks to sources due to enhanced peat mineral-
ization with climate change. Characterizing the molecular composition of the peat is 
key to understanding the responses of peatlands to climate change, as it is expected 
that not all peat constituents will be equally affected. Mid-infrared (MIR) vibra-
tional spectroscopy is a fast, cost-efficient technique that provides information on 
the molecular composition of many different materials, although the interpretation 
of MIR spectra may be hampered by the compositional complexity of the material 
analyzed. Chemometric methods, such as the application of principal components 
analysis (PCA), can help to untangle the MIR spectrum but, to date, most previous 
studies using this approach only consider a few main vibrations representative of 
the main peat components (i.e., cellulose, lignin, etc.), losing part of the informa-
tion contained in the spectra. In this chapter, we explore the application of PCA on
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transposed MIR data (tPCA), using a previously well studied peat sequence from 
Store Mosse (SM-S2008), one of the largest peatlands in southern Sweden. Here, we 
exemplify how using the whole spectrum of each sample in the statistical analysis 
enables a proper characterization of the constituents of the peat. We describe both 
the scores’ spectra of the extracted components and identify the peat constituents 
they represent. We also describe the records of samples’ loadings, which show the 
variation of the constituents along the peat sequence. To support our interpretations, 
we compare the tPCA components with those extracted in a previous investigation 
using direct PCA (dPCA), correlate the tPCA components with elemental (C, N, and 
C/N ratio) and isotopic (δ13C and δ15N) properties of the peat, and model these same 
properties using the principal components. The results show that the major, and more 
obvious, constituents of the peat are easily identified here, but other relevant signals, 
more difficult to detect, such as that of microbial biomass are also extracted. Most 
of the tPCA components were highly correlated with the peat properties and were 
significant in the statistical models. These findings show that tPCA allows extracting 
detailed information about peat constituents, which is essential for understanding 
how peatlands may respond to ongoing and future climate change. 

Keywords FTIR-ATR spectroscopy · Mid-infrared · Peatlands · Principal 
components analysis · Principal components regression · Peat elemental and 
isotopic composition 

1 Introduction 

Despite that peatlands only represent about 3% of the total land surface, these water-
logged ecosystems act as a major carbon reservoir, that have accumulated the equiva-
lent to the amount in present day atmosphere [5]. Peatlands act as sinks of atmospheric 
carbon, through the accumulation of partly decomposed plant remains. However, 
ongoing and projected climate change have raised concerns that boreal peatlands 
may become sources of carbon to the atmosphere in the future due to increased peat 
mineralization [27]. In this regard, the characterization of the molecular composition 
of the peat organic matter is key to understanding how the peatland carbon reservoir 
may respond to ongoing and projected climate change. 

Mid-infrared (MIR) vibrational spectroscopy is a fast, cost-efficient technique that 
provides information on the molecular composition of many different materials and 
has been extensively applied to characterize peat organic matter [2, 4, 6, 19, 21, 29]. 
Recent applications of chemometric approaches to vibrational spectroscopic data 
have generated greater knowledge of the processes behind peat chemical composi-
tion. The use of principal component analysis (PCA) has facilitated extracting details 
that are not accessible from direct analysis of the bulk peat MIR data. It should be
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noted that PCA is mostly based on pattern recognition related to the variance within 
an infrared spectroscopic dataset [7]. To date, PCA has been successfully employed 
to determine infrared characteristics that are connected to various aspects such as the 
type of peat, peat decomposition processes, peat forming vegetation, responses to 
environmental drivers, and so on (see for example [2–4, 19]). Despite these advances, 
it is obvious that the traditional way of applying PCA, with samples in rows and a 
selection of infrared bands as columns (i.e., direct matrix, dPCA), tends to reflect the 
variations of the main peat components at the risk of losing information related to 
the unused part of the recorded spectra. The recent application of PCA to transposed 
infrared data matrix (i.e., wavenumbers in rows and samples in columns, tPCA), 
by using the full spectra—or at least the regions with significant absorbance—as 
variables, has been shown to be an advantageous way to analyze MIR data. For 
example, Traoré et al. [28] used this approach to successfully identify holocellulose 
and Klason lignin in pine wood and provided information about species differences 
(Pinus sylvestris vs. Pinus nigra) and effects related to trees’ growing location. In peat 
studies, we have previously used this approach to get a better understanding of peat 
mineralogical composition [14, 20], and to determine the timing of dust deposition 
and its relation to changes in storminess in the northern hemisphere [15]. 

Nonetheless, tPCA is a seldomly used approach and its application requires recon-
sideration of the meaning and significance of the PCA output data (i.e., scores, load-
ings, partial communalities, etc.). At the same time, we are aware that the introduc-
tion of such an approach requires justification and demonstration that it is at least as 
useful as the more traditional dPCA. Thus, this chapter explores these ideas by using 
over 100 samples from a peat sequence retrieved from Store Mosse bog (Sweden), 
which has been previously extensively studied [11–13], including a recent investi-
gation by dPCA on the MIR peat properties [19]. Here we aim to: (i) systematize 
the presentation and description of MIR peat data, (ii) apply tPCA and identify the 
peat constituents/compounds reflected by the scores’ spectra, (iii) describe the depth 
records of the tPCA loadings of the samples, (iv) compare the results with those of the 
dPCA previously done, and (v) determine the information value of the tPCA compo-
nents by correlating them to elemental (C, N, and C/N) and isotopic composition 
(δ13C and δ15N) of the peat and by developing principal component regression models 
of these peat properties using the tPCA components. Supported by this information, 
we argue that tPCA is an important chemometric tool that enables identification of 
both major and minor peat constituents, which allows advancing knowledge about 
peat chemistry and the processes governing it.
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2 Material and Methods 

2.1 Store Mosse Info: Location, Sampling, Peat Preparation 

Store Mosse (the “Great Bog”) is one of the most extensive bog complexes in southern 
Sweden, covering nearly 77 km2 (Fig. 1). A protected national park since 1982, this 
site’s rich scientific history reaches back over one hundred years. The stratigraphy 
has shown to be widely consistent across the southern portion of the bog complex 
with the deepest sections reaching nearly 7 m or 10 ka. The area was deglaciated 
~13,900 years ago and a large glacial ice lake was left in its wake [18]. With time this 
system was tipped southwards by isostatic rebound and the lake was drained leaving 
a flat shallow basin, ideal for peat accumulation [11–13]. Coring was conducted in 
November 2008, using two bore holes to retrieve eight overlapping peat cores (100 
× 7.5 cm), to a total depth of 568 cm [11]. The peat cores were sub-sampled, freeze 
dried, and analyzed for bulk density on cm resolution (n = 568). The bulk density 
results were used to align the cores and construct a composite sequence (SM-S2008), 
for further details the reader is referred to Kylander et al. [11]. Macrofossil work has 
identified five main developmental stages. This starts with the lake and fen phases 
at the base followed by a bog phase which is characterized by a dry Sphagna stage, 
an oligotrophic reversal and a wet Sphagna stage [25]. The dry Sphagna stage, in 
particular, is of interest as it overlaps with a high peat accumulation event (HPAE) 
where rates increase five-fold over background values over just a short period of time 
[11–13, 19].

2.2 Elemental and Isotopic Data 

For stable isotope analysis, samples were combusted with a Carlo Erba NC2500 
analyzer connected via a split interface to reduce the gas volume to a Thermo Delta 
V advantage mass spectrometer. From these measurements the reproducibility was 
calculated to be better than 0.15‰ for δ13C and δ15N. Carbon and nitrogen values 
were determined simultaneously when measuring the isotope ratios. The relative 
error was <1% for both measurements.
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Fig. 1 Store Mosse bog is located in south central Sweden in a peat rich area. When the area was 
deglaciated it was covered by a large glacial ice lake (extent shown in white, with dashed lines being 
more uncertain), which provided an optimal habitat for peat accumulation. The core was taken from 
the southern end of the bog complex of Store Mosse (star) (© Geological Survey of Sweden)

2.3 FTIR-ATR Analysis 

Finely milled bulk peat samples (105) from the SM-S2008 sequence were analyzed by 
Fourier-transform infrared spectroscopy in attenuated total reflectance mode (FTIR-
ATR), using a Gladi-ATR spectrometer (PIKE Technologies, Inc., USA), at the IR-
Raman facility of the RIAIDT of the Universidade de Santiago de Compostela, Spain. 
Spectra were acquired in the mid-infrared region ranging from 4000 to 400 cm−1 

at a resolution of 4 cm−1 with an average of 100 scans per sample. During the 
analytical process, the equipment was thoroughly cleaned, and a new background was 
collected between samples. To avoid bias in the spectroscopic signal due to scattering, 
reflection, temperature, concentration, or instrument anomalies, the spectra were
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baseline corrected using the R package {baseline} [17]. For a general description 
of the results the average, standard deviation, and second derivative spectra were 
calculated using the R package {andurinha} [1]. 

For a systematic description and interpretation of the results, we also synthesized 
the MIR spectrum of the peat samples into eight significant regions (as it is described 
in the result and discussion section below), and these are the regions that are repre-
sented in the figures concerning the tPCA results (from 3700 to 2700 cm−1, and from 
2300 to 700 cm−1). For the sake of simplicity, we avoided to include regions with 
background or very low overall absorbance that do not represent relevant absorp-
tion information associated with the chemical structures of peat organic chemical 
contents. 

2.4 Numerical Methods: PCA on Whole Spectra 

Principal components analysis (PCA) is usually applied to MIR spectral data in direct 
matrices (dPCA). The objective of this chapter, as indicated in the introduction, is 
to explore the application of PCA on transposed MIR data matrices (tPCA), with 
samples in columns and wavenumbers in rows. Using this approach, the whole spec-
trum of every sample is considered, without the need for a previous identification of 
the significant wavenumbers and quantification of their absorbance/transmittance. 

The tPCA was applied in correlation mode and with varimax rotation. It is worth 
noting that a non-rotated solution of tPCA concentrates almost all the spectral MIR 
variance in the first PCA component, which is in fact the average spectrum of all 
samples. Even when using a varimax rotation, and as we describe below, the first two 
components tend to account for a large proportion of the variance, so we recommend 
fixing the number of components to be extracted to 10 or more to be able to further 
explore the spectra of the peat samples in depth—i.e., going beyond the obvious. 

In the tPCA approach, scores are assigned to the wavenumbers and loadings are 
assigned to the samples. For any component, the variation of score values along 
the MIR region (4000–400 cm−1) can be represented as a sort of scores’ spectrum. 
This spectrum will contain positive and negative values, indicative of vibrations with 
absorbances above average and absorbances below average. In this way, vibrations 
belonging to a peat constituent or group of constituents that covary between samples 
will end up in the same component spectrum. Meaning that the interpretation of the 
components is based on the spectrum of scores instead of the covariation between 
selected peaks.
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The loading of a sample in a component is a measure of the weight of that compo-
nent in the sample MIR spectral variance, and its square value (i.e., partial commu-
nality) indicates the proportion of the sample’s variance allocated to that component. 
Variations in loadings and/or partial communalities can be taken as a proxy for 
changes in the relative abundance of the peat constituent represented by the principal 
component. In peat sequences, every tPCA component can be depicted as a depth (or 
time) record of loadings, which enables to get insights into the changes of relative 
abundance of the peat constituent(s) reflected by each component. 

It is important to note that tPCA explores the spectral variability of the samples, 
decomposing the sample spectrum into components and assigning each sample a 
loading value that corresponds to the proportion of the spectral variance of the sample 
of a given constituent or group of constituents as indicated by the scores’ spectrum. 

3 Results and Discussion 

3.1 Elemental and Isotopic Data 

Carbon, nitrogen, C/N, δ13C and δ15N (n  = 105) content for the SM-S2008 sequence 
has previously been reported [13], we therefore only briefly describe these results here 
(Fig. 2). Carbon concentration ranges from 45 to 58% (average 49 ± 6%, all standard 
deviations here reported as 2σ) while nitrogen ranges from 0.3 to 2% (average: 0.8 
± 0.7). Overall higher values are observed in the fen (C average: 53 ± 5; N average: 
1.2 ± 0.7, n = 25) compared to the bog (C average: 47 ± 4%; N average: 0.7 ± 
0.5%, n = 81). During the HPAE somewhat lower values are observed between 438– 
402 cm compared the upper part (397–308 cm). The C/N ratio ranges from 28 to 158 
(average: 77 ± 57), displaying a generally increasing trend from the lowermost part, 
towards the fen bog transition. Following the transition to ombrotrophic conditions, 
the C/N ratio increases sharply in the HPAE, reaching maxima values at 397 cm 
(158), followed by a decreasing trend. After HPAE, the C/N ratio is less variable, 
but lower values are recorded at 274 (36), 215 (47), 156 (48) and 134 (52 cm), while 
high values occur at 287, (76), 256 (59), 195 (92), 176 (95) and between 127 and 
176 cm (average: 90 ± 21, n = 13).

The δ13C values range from−28.8 to−21.9‰ (average: 26.1± 2.5‰). Generally, 
more depleted, and less variable, δ13C values are observed in the fen (−27.2 ± 1.3, n 
= 25) compared to the bog (−25.7 ± 2.4). During the HPAE less depleted values are 
recorded in the lowermost part of the section, compared to the upper part. Following 
the HPAE, overall greater variability is observed, with peaks noted at 278 (−21.9‰), 
253 (−22.1‰), and 185 cm (23.5‰). More depleted values occur at 185 (−23.8‰) 
and 61 cm (−23.5‰). The δ15N values range from −4.1 to 1.3‰ (average: 1.7 ± 
2.5) with higher values observed in the fen (average: −0 ± 1.5‰, n = 25) compared 
to the bog (average: −2.3 ± 1.7‰, n = 81). During the HPAE more depleted values 
are noted in the lowermost part of the section, followed by a variable, but generally
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Fig. 2 Depth records of C (black line), N (grey line), C/N, δ13C (black line) and δ15N (grey line) in 
the SM-S2008 peat sequence

increasing trend. Between 292 and 256 cm the values stay around the bog average, 
followed by a period of less depleted values between 171 and 131 (>2.3‰). Between 
127 and 51 cm the δ15N oscillated between high and low, with lower values observed 
at 114 (−4.2‰), 106 (4.1‰), 91–79 (average: −3.7‰, n = 4) and 66–51 (−3.0‰, 
n = 4). Less depleted values are recorded at 121 (−0.9‰), 96 (1.5‰) and around 
96 cm (1.5‰). 

3.2 MIR Spectra: Average, Standard Deviation and Second 
Derivative Spectra 

To better describe the MIR variation, the samples’ absorbance spectra, together with 
the standard deviation spectrum and the second derivative spectrum are represented 
in Fig. 3. We opted for dividing the mid-infrared range into eight distinctive regions 
representing the main vibrations of the functional groups and their relative variations 
in absorbance (see Larkin [16], and Pavia et al. [22], for a similar approach to the 
MIR spectrum), in an attempt to synthesize the spectrum of peat material. Some of 
the characteristic peaks of each region can be found in Table 1 and those found in the 
SM-S2008 sequence are found in Table 2. The range of wavenumbers, bond vibrations 
and associated peat constituents of the regions are the following:
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Fig. 3 FTIR spectra, standard deviation spectrum, and second derivative spectrum (reversed values) 
of the SM-S2008 peat sequence. This composed figure provides an easy way to summarize most of 
the MIR spectral variability 

Table 1 Regions of the peat MIR spectrum with characteristic bonds and corresponding vibrations 
in peat samples (assignments of the characteristic bands are provided in Table 2) 

IR region Type of vibration Characteristic IR bands 

I (3700–3000) Hydroxyl (O–H) and N–H 3300 

II (3000–2650) C–H stretching 2918, 2848 

III (2300–1800) C≡N, C≡C, and X=C=Y 2162, 2033, 1981, 1979 

IV (1800–1650) Carbonyl (C=O) group 1732, 1710 

V (1650–1450) Aromatic C=C, skeletal vibrations, and Amide 
I and  II  

1628, 1514, 1466 

VI (1450–1350) C–H and O–H deformations 1373 

VII (1350–950) C–O stretching 1267, 1159, 1059, 1032, 989 

VIII (950–700) C–H out of plane vibration 897, 839, 719
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Table 2 The characteristic IR bands of the studied peat samples and their assignments according 
to references in the literature (1. Chapman et al. [4]; 2. Heller et al. [8]; 3. Cocozza et al. [6]; 4. 
Artz et al. [2]; 5. Stuart [26]; 6. Martínez Cortizas et al. [19]) 

Bands 
(cm−1) 

Assignment 

3300 O–H stretching, hydrogen bonds in cellulose, N–H bond vibrations (1, 2) 

2918 Asymmetric stretching of aliphatic C–H, in fats, wax, lipids (1, 3, 4) 

2848 Asymmetric stretching of aliphatic C–H, in fats, wax, lipids (13, 4) 

2162 Aliphatic isonitrile –N≡C stretching (5, 6) 

2033 Aliphatic isonitrile –N≡C stretching (5, 6) 

1981 Overtone and combination bands (5, 6) 

1979 Overtone and combination bands (5, 6) 

1732 C=O stretching of carbonyl functions, aldehydes, ketones and carboxyl groups (3) 

1710 C=O stretch of COOH in free organic acids (4) 

1608 Aromatic C=C stretching and/or asymmetric C–O stretch in COO– (3, 4) 

1514 Aromatic skeletal vibrations, to conjugated C=N systems and amino 
functionalities, lignin or phenolic backbone (3, 4) 

1466 (amide-II) Aromatic skeletal vibrations, to conjugated C=N systems and amino 
functionalities, lignin or phenolic backbone (5) 

1373 C–H deformations of phenolic and aliphatic groups (3, 4) 

1267 C–O stretching of ethers and/or carboxyl groups, indicative of lignin backbone (3, 
4) 

1159 C–O stretching of polysaccharide structures (6) 

1059 C–O stretching of polysaccharide structures (1, 3) 

1032 C–O stretching of polysaccharide structures (3) 

989 C–O stretching of polysaccharide structures (6) 

897 O–H, carbohydrates (5) 

839 Aromatic CH out of plane (4) 

719 CH2 wagging (4) 

– Region I (3700–3000 cm−1): vibrations corresponding to O–H, from alcohols, 
phenols, carboxylic acids, and polysaccharides, N–H vibrations from primary 
and secondary amides, and even C-H from alkynes. In SM-S2008 peat samples 
it is characterized by one broad absorption peak near 3300 cm−1 that is mainly 
related to the hydroxyl (O–H) and N–H bonds vibration (Fig. 3, Table 2). These 
molecular vibrations in peat material are usually associated with hydrogen bonds 
in cellulose compounds [4] and the presence of nitrogenated compounds. 

– Region II (3000–2700 cm−1): C-H stretching vibrations of aromatics, alkanes, 
alkenes and aldehydes. In SM-S2008 peat it is mainly characterized by two well-
defined peaks at around 2919 and 2850 cm−1, which are related to C-H vibrations 
in aliphatic structures (Fig. 3, Table 2). The aliphatic signature can be associated
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with various organic components such as fats, wax, and lipids that derive from 
the original vegetation [4, 6]. 

– Region III (2300–1800 cm−1): triple bond vibrations of alkynes and nitriles, but 
also multiple double bonds in alkenes, ketones, isocyanates and isothiocyanates 
[22, 26]. S–H stretching of mercaptans also occurs in this region even if it is not 
commonly found in peat infrared data. In contrast to the other spectral regions, 
this one shows very low absorbances in SM-S2008 peat that can be assigned to the 
C≡N and C≡C bonds at bands around 2162, 2033, 1981, and 1979 cm−1, but  
also to the presence of multiple double bonds (X=C=Y). The standard deviation 
spectrum of the peat samples did not suggest much variation in this region along 
the peat core (Fig. 3). 

– Region IV (1800–1650 cm−1): related to the carbonyl bond (C=O) vibrations of 
anhydrides, aldehydes, ketones, carboxylic acids, imines, oximes and even alkenes 
(C=C). In SM-S2008 peat, the second derivative spectrum locates two peaks around 
1732 and 1710 cm−1 (Fig. 3, Table 2). Both can be related to the polysaccharide 
contents (hemicellulose), but also to carboxylate and carboxylic groups that are 
formed upon peat oxidation reactions [2, 4]. 

– Region V (1650–1450 cm−1): vibrations of N–H in primary and secondary amides, 
C=C in aromatics, C–H bending, and N=O in nitro compounds. In SM-S2008 
peat, these vibrations mainly correspond to chemical compounds with aromatic 
structures like lignin and other phenolic compounds [6, 26]. Note that the amide 
I and II vibrations of nitrogenated compounds also occur in this region (Table 2). 

– Region VI (1450–1350 cm−1). Peaks in this region are related to a variety of 
vibrations that can be due to bond vibrations in different chemical structures and 
functional groups. For example, in SM-S2008 peat the peak near 1373 cm−1 can 
be related to O–H as well as C–H deformations in phenolic and aliphatic groups 
[2, 6]. 

– Region VII (1350–950 cm−1). It is mostly characterized by the C-O vibrations. In 
SM-S2008 peat spectra, the peak at 1032 cm−1 resulting from the combination of 
C–O stretching and O–H deformation in polysaccharide compounds [6] tends to 
be the dominant one. Nevertheless, in this region certain bands (i.e., 1315, 1267 
and 1159 cm−1) are also related to bond vibrations in (G and S)-lignin structures 
[6, 19]. 

– Region VIII (950–700 cm−1). It is mostly characterized by bands associated with 
C–H out-of-plane vibrations in lignin, with also O–H stretching in polysaccharides 
[2, 19]. In SM-S2008 peat samples, it is one of the regions showing very low 
absorbances.
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The standard deviation spectrum (Fig. 3), an indication of the relative variability 
in peat organic matter composition, is similar to that of the peat spectra: it shows 
high variability (i.e., compositional differences between samples) in regions II and 
IV–VII. In regions IV–VII maximum variability occurs at 1600–1500 cm−1 and 
minimum at 1200–1100 cm−1. Moderate to high variability is also found in region 
I (at about 3300 cm−1). Although in general most of the molecular vibrations are 
located within the so-called fingerprint region (1800–700 cm−1, regions IV–VIII), the 
standard deviation spectrum demonstrates that other regions are also of importance 
for a full description of the MIR spectral properties of peat materials. 

3.3 PCA on Transposed MIR Data Matrix (tPCA) 

3.3.1 Identification of Components 

The first two components usually account for almost all the spectral variance when 
conducting PCA on transposed MIR data matrices of relatively homogeneous mate-
rials, such as peat. This is also the case for the SM-S2008 sequence, with Cp1 and Cp2 
accounting for more than 97% of the MIR spectral variance of the peat samples. In 
most instances, these two components are the only ones considered as they represent 
the main, and obvious, constituents of the peat—as we describe below. But focusing 
only on Cp1 and Cp2 fails to consider other components and changes in peat compo-
sition that may also be relevant for understanding peat chemistry (“going beyond the 
obvious”). The latter is the leitmotiv of this chapter and the reason we consider here 
up to the 11th component, knowing beforehand that these higher order components 
(Cp3 to Cp11) only represent up to 3% of the total MIR spectral variance. Even 
a minor component of the MIR spectral variance can be important if it can unveil 
crucial changes in peat formation and degradation. For example, microbial biomass 
will only make up a minor part of the peat mass but may have significant effects on 
peat mineralization. The eleven components scores’ spectra are illustrated in Fig. 4, 
together with the average spectrum of the peat core, as it enables to evaluate the 
overall absorbance of the spectral regions of the whole MIR spectrum extracted by 
each component.

A detailed identification of the main regions, characteristic vibrations (with posi-
tive and negative scores), and corresponding OM compounds can be found in Table 5. 
The scores’ spectra of the principal components can be summarized as follows:

– Cp1: elevated scores’ values in regions I (3320 cm−1) and VII (1072, 1057, 
1034, 1011, 989 cm−1) that are mainly assigned to vibrations in polysaccharides 
structures. 

– Cp2: high values in regions II (2918 and 2850 cm−1), IV (1734, 1710 cm−1), V 
(1628, 1608, 1593, 1577, 1552 cm−1) and part of region VII (1267 and 1223 cm−1). 
These peaks correspond to bond vibrations in aliphatic (i.e., alkanes, alkenes), 
carbonyl (i.e., acids, esters, aldehydes, and ketones) and aromatic, compounds.



Beyond the Obvious: Exploring Peat Vibrational Spectroscopy … 229

Fig. 4 Scores’ spectra of the extracted principal components (black lines). Gray lines correspond 
to the average spectrum of all peat samples

They mainly represent spectroscopic characteristics of functional groups in lignin 
and organic acids.

– Cp3: high positive values in regions V (1540 cm−1) and VI (1400, 1315 cm−1), 
where the absorptions of aromatics and nitrogenated compounds occur. Large 
negative scores are shown in regions II (2918, 2850 cm−1), IV (1730 cm−1) and 
VII (1260, 1220, 1159, 1124, 1105, 1034 cm−1) corresponding to aliphatic and 
carbonyl-rich compounds; possibly associated with organic acids. 

– Cp4: high scores in regions II (2918, 2850 cm−1), V (1628, 1552 cm−1) and VII 
(1107, 1072, 1034, 1011, 989 cm−1), indicating an OM enriched in aliphatic, 
N-rich compounds (i.e., proteins) and polysaccharides. 

– Cp5: large positive peaks in regions V (1593, 1510, 1452 cm−1) and VII 
(1226, 1169, 1122 cm−1), associated to enrichments in N-compounds, lignin and 
polysaccharides, and large negative peaks in regions II (2918, 2850 cm−1), IV 
(1714 cm−1), VII (1296 cm−1) and VIII (874 cm−1), associated to enrichments 
in aliphatics and carboxylates. 

– Cp6: large positive scores in regions I (3643 cm−1), II (2918, 2850 cm−1), V (1610, 
1514 cm−1) and VIII (719 cm−1), corresponding to clay minerals, aliphatics and 
aromatics; and large negative loadings in regions IV (1705 cm−1), V (1480 cm−1), 
VI (1410 cm−1) and VII (1300, 1194, 1099, 1055, 1030 cm−1), of carboxylated 
OM, N-compounds, lignin and polysaccharides.
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– Cp7: large positive peaks in regions II (2918, 2850 cm−1), V (1460 cm−1), and 
VII (1280, 1255, 1194, 1109 cm−1), reflecting enrichment in aliphatics, lignin, 
and polysaccharides, and large negative peaks in regions IV (1734–1655 cm−1), 
V (1545 cm−1), VI (1514 cm−1), and VII (1072, 1011 cm−1) due mostly to 
carboxylated compounds. 

– Cp8: only shows significant positive peaks in region II (2918, 2850 cm−1), IV 
(1766, 1750, 1710 cm−1) and V (1620, 1605, 1570 cm−1), due to aliphatics and 
carboxylated OM, and negative peaks in region IV (1655 cm−1) and V (1525, 
1504, 1452 cm−1) due to other aliphatics (possibly alkenes) and lignin. 

– Cp9 to Cp11: the spectra of these components have in common the presence of 
large peaks, both positive and negative, in region IV (2200–1900 cm−1) which 
correspond to absorbances in compounds with alkyne structures as well as nitro 
functional groups with multiple double bonds. In Cp9 they anti-covary with 
aliphatic compounds (vibrations in region II), while in Cp10 and Cp11 they covary 
with aliphatics (Fig. 4). 

The Cp1 spectrum fits rather well with the spectrum of holocellulose extracted 
from wood, while the Cp2 spectrum overlaps only partially with the spectrum of 
Klason lignin (Fig. 8), reinforcing the idea that it is a combined signal of the less 
degradable OM compounds. Thus, components Cp1 and Cp2 account, respectively, 
for changes in the labile (cellulose and hemicellulose) and recalcitrant (lignin and 
aliphatic) compounds of the SM-S2008 peat OM. 

In the higher order components (Cp3–Cp11), large positive and negative values 
in the samples’ scores spectra are an indication of exclusion between compounds, 
i.e., samples with positive loadings are enriched in compounds with positive scores, 
and samples with negative loadings are enriched in compounds with negative scores 
(as shown below). Cp3 accounts for the opposed enrichment in aromatics and N-
compounds versus aliphatic, carboxylated OM and polysaccharides. Cp4 reflects 
opposed enrichments in N-compounds (peaks in amide I–III), and polysaccharides 
and, interesting enough, its spectrum is quite similar to that of microbial biomass 
[10, 23]. Cp5 reflects changes between enrichments in N-compounds, lignin, and 
polysaccharides versus enrichments in aliphatics and carboxylates. The Cp6 spec-
trum is dominated by the opposed enrichment in aliphatics and aromatics versus 
carboxylates, N-compounds and polysaccharides; it is also one of the few compo-
nents showing vibrations compatible with inorganics (clay minerals; see Table 5). 
The Cp7 MIR signal is dominated by lignin vibrations versus carboxylates. The 
spectrum of this component fits well with that of the Klason lignin for regions V, VI 
and VII (except for the polysaccharides maximum in Klason lignin at ~1000 cm−1), 
which suggests it represents a secondary variation in peat lignin content (Fig. 8). 
Cp8 reflects opposed enrichments in different aliphatics, possibly between alkanes 
(positive values) and alkenes (negative values). As already mentioned, components 
C9 to Cp11 are dominated by the signal related to alkynes (and compounds with 
multiple double bonds) reflecting their changes in peat.
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These data indicate that the spectral signal of the SM-S2008 peat samples is domi-
nated by vibrations related to organic components. The presence of inorganics is 
only suggested by peaks in region I (at 3700–3600 cm−1) in components Cp6 to Cp9 
and in region VII (doublet at 798–777 cm−1), indicating the possible presence of 
clay minerals and quartz [11–13, 15, 20]. The fact that they are captured in very high 
order components points to very low amounts of inorganics, in line with the low ash 
content of the peat [15, 20]. 

Another recurrent feature is the large score values (negative and positive) of the 
aliphatic vibrations (2918, 2850 cm−1, related to alkanes and alkenes) in all compo-
nents (Fig. 4). This suggests that the distribution of aliphatics’ is complex, possibly 
resulting from interaction between peat decomposition and changes in OM sources 
(i.e., changes in peat forming vegetation) [9]. The novelty of the tPCA approach here 
is that carboxylates (1700–1600 cm−1) also show a complex distribution, something 
that went undetected in the previous dPCA study [19], and is related to the relatively 
large number of peat compounds (anhydrides, esters, aldehydes, ketones, carboxylic 
acids) with carbonyl groups. In the previous dPCA analysis, a few specific bands 
were selected to represent these compounds while in the tPCA the whole region (IV) 
is taken into consideration. The new tPCA analysis also enabled the identification 
of other important MIR signals, as those of microbial biomass (Cp4) and specific 
lignin variations (Cp7), by comparison with reference spectra. The tPCA provides, to 
some extent, an easier way to identify compounds that are present in lower amounts 
in the peat, since a whole spectrum lends more support to interpretation than single 
vibrations or even fractions of the variance of single vibrations, as it occurs in high 
order components in dPCA. Another advantage of the tPCA scores’ spectra is that 
they can be compared to reference spectra, obtained from literature or MIR reference 
databases [20], or validated with alternative techniques. For example, in a core from 
South Africa [24] found a MIR signal in the ninth tPCA component compatible with 
charcoal that was corroborated by pyrolysis GC–MS analyses. While it is true that 
compounds reflected by high order components may represent small proportions of 
the peat mass, this does not mean they are not important. As in a cooking recipe, 
there are main ingredients but also small amounts of secret ingredients which are 
key to the flavor. 

3.3.2 Depth Records of the Components 

As indicated in the methods section, tPCA produces loadings for the samples that 
provide an estimation of the weight (i.e., proportion of variance) of each component 
(i.e., identified peat constituents) on the spectral MIR signal of the peat OM. The 
depth distribution of the loadings is a good way to evaluate the variability of the 
constituents throughout the peat sequence (Fig. 5).
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Fig. 5 Depth records of the loadings of the tPCA components. Cp1–Cp11 depict relative changes 
in peat OM constituents throughout SM-S2008 sequence 

Cp1 and Cp2 loadings’ records are anti-correlated, with Cp2 displaying high 
values in the fen peat, abruptly decreasing during the fen-bog transition, followed 
by low and variable values. Most of the variation of the Cp3 record occurs in the fen 
peat (Fig. 5), with large positive values at the base of the core that rapidly decrease 
to sequence minima in the middle of the fen section, followed by recovering values. 
In the bog peat Cp3 shows much less variability, with a decreasing trend from the 
HPAE section towards the surface. Cp5 and Cp6 also show larger variations in the fen 
peat, with positive (Cp5) and negative (Cp6) values in the lower half of the section. 
In contrast, Cp4, Cp9, and Cp10 show much higher variability in the bog peat, after 
the HPAE, with large positive excursions at 300–250 cm and 175–100 cm in Cp4,
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300–200 cm in Cp9, and 250–100 cm in Cp10. Cp7 and Cp11 show the largest values 
in the HPAE section. 

In a previous FTIR-ATR study of the SM-S2008 sequence, in which we applied the 
dPCA approach [19], we identified the first five principal components as representing 
long-term peat decomposition (dCp1), abundance of compounds with triple bonds 
and multiple double bonds (dCp2), lignin and organic acids versus N-compounds 
(dCp3), mineral components (dCp4), and secondary variation of aliphatic compounds 
(dCp5). Cp1 and Cp2 of the tPCA are highly correlated to dCp1 (r Pearson correlation 
coefficient,−0.96 and 0.95 respectively); Cp3, is highly correlated (r−0.88) to dCp3, 
the negative sign of the correlation due to vibrations of N-compounds showing a 
negative loading in dPCA; Cp4, is moderately correlated (r 0.66) to dCp4, Cp5 and 
Cp6 are highly correlated to dCp5 (r 0.76 and −0.77, respectively), and Cp9 is 
moderately correlated (r −0.61) to dCp2 (Table 3). 

These results show that both statistical approaches will identify the same main 
peat constituents but tPCA, as applied here, will also allow identification of minor 
occurrences. Thus, tPCA effectively decomposes the signal into separate spectra 
representing OM compounds involved in peat compositional change. But there are 
also some differences such as the order of the components. In dPCA alkynes are 
extracted as the second component while in the tPCA they appear in high order 
components (Cp9–Cp11). This can be interpreted as dPCA giving more importance 
to alkynes in terms of peat composition. In most investigations using dPCA only 
the first two components are considered as they account for the largest proportion of 
total variance. This is because the number of highly covarying variables drives the 
dPCA extraction. In dPCA, peaks have the same weight/importance (the variance of 
each one is set to 1) and extraction of components is driven by covariation between 
MIR vibrations. To some extent, the weight of a component is conditioned by the

Table 3 Correlation (Pearson correlation coefficients) between the depth records of extracted 
components in tPCA (tCp1–tCp11) and in dPCA (dCp1–dCp5; data obtained from Martínez 
Cortizas et al. [19]) 

dCp1 dCp2 dCp3 dCp4 dCp5 

tCp1 −0.96 0.15 −0.15 −0.03 0.08 

tCp2 0.95 −0.17 0.12 0.02 −0.13 

tCp3 0.16 0.25 −0.86 −0.03 0.03 

tCp4 −0.12 −0.16 0.25 0.66 −0.30 

tCp5 0.13 −0.18 −0.21 −0.29 0.76 

tCp6 −0.07 −0.10 −0.31 −0.17 −0.77 

tCp7 0.10 0.19 −0.31 −0.33 −0.18 

tCp8 0.00 0.06 −0.19 −0.41 −0.42 

tCp9 −0.05 −0.61 −0.23 −0.14 0.08 

tCp10 −0.03 −0.48 −0.18 −0.02 0.00 

tCp11 0.03 −0.09 −0.35 −0.46 −0.17 
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pre-selection of significant vibrations, and including several vibrations related to a 
specific peat compound may “artificially” produce a higher weight for that compound. 
In contrast, in tPCA the extraction is driven by covariation between samples (i.e., 
the whole spectrum is considered). Thus, tPCA better reflects the relative abundance 
of the OM compounds in peat. In addition, the spectrum-based interpretation of the 
tPCA has enabled the identification of a component reflecting microbial biomass and 
another component reflecting secondary variations in lignin, which are more difficult 
to assign in dPCA as they may appear as residual variance of specific vibrations and 
are interpretation-dependent. 

3.4 Correlation and Regression Between MIR Data, Peat OM 
Elemental Composition, and Peat Isotopic Composition 

The agreement between the results obtained with tPCA and dPCA lends support 
to the use of whole spectra in transposed matrices as an efficient way to explore 
changes in peat OM composition. An additional line of evidence can be provided by 
also determining if the extracted components are relevant for understanding other 
peat properties, i.e., if they are correlated or are of use to model their changes with 
depth/age; a practice we highly recommend. We approached this by correlating and 
regressing (by principal components linear regression, PCR) elemental composition 
(total C and N, C/N) and isotopic composition (δ13C and δ15N) of the peat using the 
loadings of the tPCA extracted components (Tables 4 and 6). 

Table 4 Correlation (Pearson correlation coefficients) between the depth records of extracted 
components in tPCA and depth records of the elemental (C, N, C/N), and isotopic composition 
(δ13C and  δ15N) of SM-S2008 peat 

C N C/N δ13C δ15N 

Cp1 −0.90 −0.71 0.53 0.59 −0.76 

Cp2 0.91 0.72 −0.55 −0.60 0.77 

Cp3 −0.23 0.19 0.02 0.12 0.15 

Cp4 −0.03 0.35 −0.49 −0.06 −0.04 

Cp5 0.00 0.03 0.02 0.09 0.09 

Cp6 0.05 0.05 0.04 0.11 0.06 

Cp7 0.13 −0.24 0.32 −0.02 0.00 

Cp8 0.04 −0.33 0.39 −0.01 0.04 

Cp9 0.06 0.10 −0.08 0.35 0.04 

Cp10 −0.04 −0.09 0.14 0.15 0.04 

Cp11 0.06 −0.35 0.53 −0.06 −0.01
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Cp1 and Cp2, interpreted previously as reflecting opposed changes in labile OM 
(i.e., polysaccharides) and recalcitrant OM (i.e., aliphatics, lignin) due to peat decom-
position, are highly correlated (positive or negative) to C, N, and δ15N, and moder-
ately correlated to C/N and δ13C (Table 4). This indicates that the main MIR signals 
(>97% of the MIR spectral variation in the samples), reflected by Cp1 and Cp2 
anti-covariation, are truly connected to C and N variability and isotopic changes in 
peat. Enrichment in lignin and aliphatics and depletion of polysaccharides result in 
increasing C, and N concentrations together with an enrichment in 15N in the peat. 
Different peat compounds (e.g., polysaccharides and lignin) have different suscepti-
bility to microbial decomposition and typically contain different amounts of C and 
N (e.g., Hodgkins et al. [9]. Peat decomposition also results in C/N decreases and 
13C enrichment, however, since the correlations are only moderate (Table 4), other 
processes than peat decomposition should be involved in changes in C/N and 13C. 
A moderate positive correlation was also found between Cp11, i.e., enrichment in 
alkynes and multiple double bond compounds, and C/N (r 0.53); as well as weak 
correlations between Cp4 (r 0.35 and −0.49), and N and C/N; Cp7 (r 0.32) and C/N; 
Cp8 with N (r −0.33) and C/N (r 0.39); Cp9 and δ13C (0.35); and Cp11 and N (r − 
0.35). Examples of the stratigraphical correlation between the records of the highly 
correlated tPCA loadings and the peat properties are shown in Fig. 6. 

Fig. 6 Stratigraphical correlation between the depth records of the peat properties (elemental and 
isotopic composition; grey lines) and the depth records of principal components (Cp2, Cp4, Cp7– 
Cp9, and Cp11; black lines) which are highly correlated to peat properties
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Fig. 7 Fitting between observed and expected values of the PCR models obtained using the loadings 
of the extracted principal components (tPCA) 

The PCR statistics showed that the regression models based on the tPCA loadings 
values accounted for 48 (for δ13C) to 92% (total C) of the variance of the variables 
selected to represent the elemental and isotopic composition of the peat (correlation 
coefficients between 0.69 and 0.96; Table 6). All components were significant in at 
least one model, except for Cp1, which is redundant with Cp2, and Cp10. Figure 7 
shows the fitting between observed and expected values. 

Total carbon concentration was associated to four components (Cp2–Cp4, and 
Cp7; R 0.96), of which Cp2 had the largest positive weight on C concentration, 
as indicated by the elevated standardized beta coefficient (b-coef 0.911; Table 6), 
which is three times larger than that of any other predictor. Cp7 had a moderate 
to low positive weight (b-coef 0.18) and Cp3 and Cp4 showed negative moderate 
to low weights (b-coef −0.316 and −0.09). Thus, the accumulation of recalcitrant 
OM compounds due to peat decomposition (Cp2) is the main mechanism controlling 
carbon content, followed by secondary enrichment in lignin (Cp7). 

The regression model for total N included 9 out of the 11 principal components (R 
0.90; Table 6), suggesting that more complex mechanisms are involved in nitrogen 
accumulation compared to C content. Again, Cp2 had the largest positive weight 
(b-coef 0.72). Cp3 and Cp4 showed moderate positive weights (b-coef 0.34, 0.30), 
and Cp6 had a low to moderate weight (b-coef 0.18). Negative, moderate to low 
weights were found for Cp7, Cp8, and Cp11 (b-coef −0.22, −0.22, −0.20). The 
weights of Cp5 and Cp9 were very low (b-coef 0.01, 0.08). Thus, nitrogen content in



Beyond the Obvious: Exploring Peat Vibrational Spectroscopy … 237

SM-S2008 peat is also driven by peat decomposition, with moderate influence from 
the accumulation of some nitrogenated compounds and microbial biomass. 

The regression model of C/N (R 0.88) also resulted in a large number of associated 
components (Table 6), possibly due to the complexity introduced by N distribution in 
the SM-S2008 peat sequence. The largest negative weight was that of Cp2 (b-coef − 
0.55), followed by Cp4 (b-coef −0.38), Cp3 (b-coef −0.21) and Cp9 (b-coef −0.14). 
Cp11 (b-coef 0.37), Cp8 (b-coef 0.12), and Cp7 (b-coef 0.14), had positive weights. 
Thus, larger values of components reflecting an increase in N-compounds (Cp2, 
peat decomposition; Cp4, microbial biomass, and Cp3, nitrogenated compounds) 
result in a decrease in C/N, while larger values of components related to carbon-
rich compounds (Cp7–Cp9) are related to higher C/N ratios. It is interesting to note 
that the fitting between observed and expected values for C/N suggests a non-linear 
relationship (Fig. 7). 

As for the peat isotopic composition, the regression models were quite simple, 
involving only two variables each, but also of lower fitting ability (Table 6). Nitrogen 
isotopic composition (R 0.78) was found to depend on the abundance of recalcitrant 
OM (Cp2 b-coef 0.766), and marginally on nitrogenated compounds (Cp3 b-coef 
0.14), the enrichment in 15N increasing with the weight of these two components. 
While C isotopic composition (R 0.69) was also controlled by peat decomposition 
(Cp2 b-coef −0.60) and by the anti-covariation between alkynes and aliphatics (Cp9 
0.36). These results indicate that 13C is depleted in peat as the accumulation of 
aliphatics increases. Nevertheless, for both δ13C and δ15N, other processes should be 
involved as the regression models failed to account for significant proportions of the 
variance (52 and 39% respectively). 

4 Conclusions 

Peat is a complex organic material formed under waterlogged conditions at centennial 
to millennial scales, resulting from the interaction of multiple factors such as succes-
sion, vegetation, hydrology, temperature, nutrients deposition, microbial commu-
nities, etc. In this study, we showcase how principal components analysis on the 
transposed MIR spectral matrix (tPCA) allows a good characterization of the molec-
ular composition of a peat sequence from a boreal peatland. Our results indicate that 
this approach is effective in extracting detailed molecular information from the MIR 
spectra of bulk peat samples and helps to untangle some of the complex processes 
driving peat OM change. In fact, single absorption bands can be associated with 
more than one chemical compound in peat, but the use of the whole MIR spec-
trum improves data interpretation, as tPCA decomposes the raw spectra into single 
spectra corresponding to specific compounds. The first two tPCA components (Cp1
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and Cp2), which reflect the labile and recalcitrant constituents of the peat, were asso-
ciated with peat formation and decomposition, whereas the higher order principal 
components, from Cp3 to Cp11, were associated to OM transformation products, 
microbial biomass, and peat mineral content. Most important, for each principal 
component, the tPCA results facilitate the visualization of vertical trends along the 
peat core. Cp1 and Cp2 accounted for whole-sequence trends, but the higher order 
components reflected more localized changes in the fen, the high peat accumulation 
event, and the bog sections. 

Furthermore, the tPCA factors were shown to be significantly related to peat 
elemental composition (C, N, C/N), as well as isotopic composition (δ13C and δ15N). 
This fact supports the conclusion that the extracted tPCA components can be used to 
get detailed understanding of peat material, beyond its  ́ obvious organic character-
istics. We also compared the extracted components to those of isolated compounds 
(cellulose and Klason lignin), finding large similarities and corroborating the inter-
pretation of tPCA components. In future investigations, we will progress in this line 
of research by physically and chemically extracting peat components (plant remains 
and organic compounds), obtaining their MIR spectra, and using these spectra in the 
tPCA to improve the interpretation of the components, i.e., a kind of “supervised” 
tPCA extraction. 
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Table 5 Principal components (+, positive loading, −, negative loading), regions, vibrations, 
and corresponding compounds included in the principal components extracted with tPCA. Bold 
wavenumbers and compounds are those of vibrations showing large (positive >1, and negative < − 
1) scores values 

PCA Region Vibrations Compounds 

Cp1+ I 3320 p+s (primary and secondary) amides, 
polysaccharides, carboxylic acids 

VII 1157, 1107, 1072, 1057, 
1034, 1011, 989 

Polysaccharides 

Cp2+ II 2918, 2850 Alkanes, aldehydes 

IV 1734, 1710 Aldehydes, ketones, carboxylic acids 

V 1628, 1608, 1593, 1577, 
1552, 1508, 1466, 1452 

p+s amides, aromatics, aliphatics 

VI 1417, 1373 Lignin 

VII 1331, 1315, 1267, 1223, 
1124 

Lignin (G+S), amines, polyscacharides 

Cp3+ II 3040 Alkenes 

V 1655, 1540, 1485 Alkenes, p+s amides, aromatics 

VI 1400, 1315 Lignin 

Cp3− II 2918, 2850 Alkanes, aldehydes 

IV 1730 Aldehydes, ketones 

V 1608, 1452 Aromatics 

VII 1260, 1220, 1159, 1124, 
1105, 1034 

Lignin (G), polyscacharides 

VII 835, 719 Lignin, alkanes 

Cp4+ II 2918, 2850 Alkanes, aldehydes 

IV 1655 Alkenes 

V 1628, 1608, 1552, 1491, 
1466 

p+s amides, aromatics, aliphatics 

VII 1124, 1107, 1072, 1034, 
1011, 989 

Polysaccharides 

VIII 945, 922, 895 Polysaccharides, aromatics 

Cp4− I 3520-3420 Polysaccharides, p+s amides 

III 2162, 2027, 1967 Alkynes, nitriles, ketones 

IV 1766, 1734, 1709 Anhydrides, esters, ketones, carboxylic 
acids 

VI 1388 N-compounds (nitro) 

VII 1331, 1267, 1223, 1180 Lignin (G), polysaccharides 

Cp5+ IV 1655 Alkenes 

V 1593, 1510, 1452 Amides, lignin 

VI 1420 Alcohols, phenols 

VII 1340, 1226, 1169, 1122 Lignin, polysaccharides

(continued)
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Table 5 (continued)

PCA Region Vibrations Compounds

VIII 831 Lignin 

Cp5− II 2918, 2850 Alkanes, aldehydes 

IV 1714 Carboxylic acids, ketones 

VI 1392 N-compounds (nitro) 

VII 1296, 1190, 1060 Carboxylic acids, amines, 
polysaccharides 

VIII 945, 874 Polysaccharides, aliphatics 

Cp6+ I 3643 Clays 

II 2956, 2918, 2850 Alkanes, aldehydes 

IV 1655 Alkenes 

V 1628, 1610, 1593, 1535, 
1514 p+s amides (N-H), aromatics 

VIII 835, 719 Lignin, alkanes 

Cp6− IV 1705 Ketones, carboxylic acids 

V 1570, 1480 
p+s amides 

VI 1410 Lignin 

VII 1300, 1194, 1099, 1055, 
1030, 985 

Lignin, polysaccharides 

VIII 895, 874 Polysaccharides, aliphatics 

Cp7+ I 3624, 3602, 3332, 3128 Clays, alcohols, phenols, amines, amides, 
carboxylic acids 

II 2918, 2850 Alkanes, aldehydes 

V 1500, 1460 Lignin, aliphatics 

VI 1423 Alcohols, phenols 

VII 1280, 1255, 1194, 1161, 
1130, 1109 

Lignin, Polysaccharides 

VIII 960, 926, 885, 858 Polysaccharides, aromatics 

Cp7− I 3660, 3550–3425 Clays, p + s amides 

IV 1734-1655 Aldehydes, amides, alkenes 

V 1545 Lignin 

VI 1514 Lignin 

VII 1373, 1072, 1011 Lignin, polysaccharides 

VIII 835, 787, 754 Aromatics 

Cp8+ I 3600, 3100, 3040 Clays, alcohols, phenols, p+s amides, 
carboxylic acids

(continued)
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Table 5 (continued)

PCA Region Vibrations Compounds

II 2918, 2850 Alkanes, aldehydes 

IV 1766, 1750, 1710 Anhydrides, esters, carboxylic acids 

V 1620, 1605, 1570 p+s amides 

VII 1288, 1250, 1190, 1080, 
1040, 989 

lignin, polysaccharides 

Cp8− I 3280 p+s amides, polysaccharides, carboxylic 
acids 

II 2960, 2937, 2862 Alkanes, aldehydes 

III 2162, 2033–1967 Alkynes, nitriles, ketones 

IV 1655 Alkenes 

V 1525, 1504, 1452 Lignin 

VI1 417, 1373 Lignin 

VII 1120, 1093, 1011 Polysaccharides 

VIII 945, 874 Polysaccharides, aliphatics 

Cp9+ I 3683, 3402, 3332, 3280 Clays, p+s amides, polysacchaarides, 
carboxylic acids 

II 2916, 2848 Alkanes, aldehydes 

III 1900-1800 Alkynes, nitriles, ketones 

IV 1687 Amides 

V 1540, 1525, 1493, 1473 Lignin 

VI 1431, 1400, 1373 Lignin 

VII 1315, 1182, 1099, 1057, 
1034 

Lignin, polysaccharides 

VIII 874, 839, 791, 777, 714 Aromatics, minerals (quartz) 

Cp9− I 3500 Alcohols, phenols 

II 2974, 2940 Alkanes, aldehydes 

III 2183, 2162, 2148, 2027, 
2009, 1967 

Alkynes, nitriles, ketones 

IV 1734 Esters, aldehydes 

V 1610, 1599 p+s amides 

VII 1240, 1223, 1128, 1001, 
984, 966 

Lignin, Polysaccharides 

VIII 930 Polysaccharides 

Cp10+ IV 1743, 1720, 1700 Esters, ketones, carboxylic acids 

V 1593, 1514 p+s amides, lignin 

VI 1380 N-compounds (nitro)

(continued)
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Table 5 (continued)

PCA Region Vibrations Compounds

VII 1344, 1230, 1172, 1149, 
1130, 1011, 978 

Lignin, polysaccharides 

VIII 937, 910, 895, 835 Polysaccharides, aromatics 

I 3672, 3645, 3610, 3570, 
3370 

Clays, alcohols, phenols, p+s amides, 
carboxylic acids 

Cp10− II 2918, 2850 Alkanes, aldehydes 

III 2175, 2156, 2141, 2038, 
2029, 2017, 1975, 1961 

Alkynes, nitriles, ketones 

V 1628, 1552, 1530, 1466 p+s amides, lignin, aliphatics 

VI 1417 Lignin 

VII 1315, 1286, 1201, 1188, 
1107, 1072, 1057, 1034 

Lignin, polysaccharides 

Cp11+ I 3330, 3200-3100 p+s amides, polysaccharides, carboxylic 
acids 

II 2960, 2933 Alkanes, aldehydes 

III 1944-1800 Alkynes, nitriles, ketones 

IV 1734, 1710 Aldehydes, ketones, carboxylic acids 

V 1610, 1577 p+s ammides 

VI 1435 Lignin 

VII 1280, 1186, 1157, 1107, 
1057, 1034, 1011 

Lignin, polysaccharides 

VIII 814, 783, 771, 719 Aromatics, aliphatics 

Cp11− I 3500-3400 Alcohols, phenols, polysaccharides 

II 2918, 2885, 2850 Alkanes, aldehydes 

III 2161, 2027, 1967 Alkynes, nitriles, ketones 

IV 1760, 1655 Anhydrides, alkenes 

V 1537, 1510, 1469 Lignin 

VII 1331, 1253, 1223, 1124, 
989, 964 

Lignin, polysaccharides 

VIII 930, 895, 854, 835 Polysaccaharides, aromatics
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Fig. 8 Spectra of A) Cp1 (black lines) and holocellulose (gray line), B) Cp2 (black line) and Klason 
lignin (gray line), and C) Cp7 (black line) and Klason lignin (gray line). Spectra of holocellulose 
and Klason lignin obtained from [28]
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Application of Biochar in Agricultural 
Soil Green Remediation and Sustainable 
Development 

Limei Chen, Chaoran Sun, Yaoyu Zhou, Songlin Sun, and Yuchen Zhuo 

Abstract Sustainable agriculture, characterized by agriculture profitably while 
derogating destroy to the environment, is not easy to practice. For this purpose, 
biochar has attracted enormous attention because of its abilities to change soil prop-
erties, improve soil fertility, remove pollutants, and reduce greenhouse gas emissions, 
thereby enhancing agricultural sustainable development. This paper aims to discuss 
the influence of biochar on agricultural soil fertility and crop productivity. The agri-
cultural productivity can be increased by biochar play various beneficial roles as 
a fertilizer and soil amendment. Furthermore, biochar in the remediation of soil 
contamination were discussed. At the same time, application of biochar in agricul-
ture may have an important result on reducing global warming through the decrease 
of greenhouse gas (GHG) emissions and the sequestering of atmospheric carbon 
(C) into soil. Biochar is considered as one of the optimal management strategies 
to address agriculture challenges. However, the effects of a combination of factors 
should be considered carefully prior to application. 

Keywords Biochar · Sustainable agriculture · Crop productivity · Soil 
remediation 

1 Introduction 

Soils provide the necessary spaces for plant growth, and they also form the material 
basis for plant nutrient sources; thus, they play crucial roles in the nutrient cycle. 
The accumulation of soil nutrients determines the status of soil fertility. Similarly, as 
fundamental nutrients are required for crop growth, the soil nutrient supply capacity
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has differing levels of impact on the physicochemical and biological nature of the soil 
nutrient content, soil moisture, enzyme activity, and microbial community structure. 
Nevertheless, soil degradation is a major problem that severely threatens soil health 
and food security worldwide. Additionally, many human activities have not only 
damaged soil environmental quality but also contaminated soils with organic pollu-
tants, inorganic pollutants, and heavy metals [5, 12]. Both degraded and polluted 
soils have been reported to inhibit and prevent crop growth [121]. China has one 
of the largest agricultural economies in the world, and edatopes have changed due 
excessive fertilizer application, which influences crop growth. Accordingly, a note-
worthy research trend involves the adoption management measures that retain the 
health of cropland soils, ameliorate the growth environment of crops, and promote 
sustainable agricultural development. For this purpose, biochar has been proven to 
be more suitable than other organic soil amendments due to its unique characteristics 
that confer many advantages [81]. 

As a soil amendment, biochar has received worldwide attention for promoting 
green and sustainable agricultural development through improving soil structure, 
decreasing soil nutrient leaching, regulating soil pH, immobilizing heavy metals, 
and enhancing agricultural productivity while sequestering C and thereby alleviating 
global climate changes [83]. Biochar is a stabilized organic C compound that is 
produced at a temperature of 300–1000 °C from biomass under low oxygen or anoxia 
conditions [13, 21]. The special properties of biochar, such as its porous structure 
and high adsorption capacity, have important effects on its ability to improve the 
sustainable development of agricultural soils [104–105, 107]. However, the amount 
of biochar added hinges on the raw materials used to produce it and on production 
factors [62], which result in diversities in their properties and amendment values 
[52]. Biochar has been increasingly used for soil amendment because it can stabilize 
organic matter and improve soil properties for crop growth. The application of biochar 
to a soil may decrease CH4 and CO2 emissions, sequester increasing amounts of 
organic C [66, 67], change the properties of the soil, improve soil productivity, and 
promote crop yields. 

Biochar has recently attracted increasing amounts of attention because of its signif-
icant agricultural benefits. Biochar is a C-based solid that is generally derived from C-
rich wastes, particularly agricultural residues. Its elemental composition comprises 
C, nitrogen (N), hydrogen (H), potassium (K), and magnesium, all of which are 
primary nutrients for crop growth. Biochar can improve soil quality and structure 
and change soil physicochemical and biological properties, thereby altering agri-
cultural soil environments. Therefore, the main objectives of this chapter are to (i) 
provide the characteristics of biochar, (ii) review the impact of biochar application 
as a soil ameliorant in agriculture, (iii) introduce biochar application for the reme-
diation of contaminated soils, and (iv) propose possible issues and challenges for 
future research.
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2 Biochar Characteristics 

Numerous classes of biomass are widely utilized in the preparation of biochar, 
including crop biomass, animal and human wastes, sewage sludge, forestry biomass, 
and kitchen wastes [36]. The main thermochemical technologies for biochar prepara-
tion involve slow and fast pyrolysis, torrefaction, hydrothermal carbonization (HTC), 
and gasification. The reaction conditions and related product contents of several 
pyrolysis procedures are generalized in Table 1 [81]. The different production tech-
nologies influence the physical and chemical characteristics of biochar, e.g., output, 
ash, pore structure, stamp, pH, and cation exchange capacity (CEC). 

Biochar is a C-rich matter derived from the pyrolysis of various organic waste 
feedstocks. Biochar composed of stabilized or fixed C, unstable C and other volatile 
compounds, moisture, and ash [81]. The physicochemical characteristics of biochar 
(e.g., particle density, surface area, porosity, pH, total C, CEC, etc.) usually rely on 
the applied pyrolysis conditions and on the characteristics biochar feedstock and 
thus are broad [27, 77, 131]. In addition, biochar contains major elements (such as 
N, phosphorus (P) and K) and trace elements. 

2.1 Biochar Microstructure 

The microstructure of biochar depends on the original feedstock, and the surface of 
biochar is usually porous. The microporous structure of biochar plays a significant 
role in the enhancement of its specific surface area and pore structure. Macropores 
can improve the permeability and water content of soils and provide space for the 
growth and reproduction of microorganisms, while the adsorption capacity of biochar 
is increased by small pores. Biochar can also introduce hazardous and harmful matter 
into soils via its pores. In addition, the mobility of water in soils will be affected by the

Table 1 The reaction conditions and product distribution of several patterns of pyrolysis [81, 115, 
130] 

Process Temperature (°C) Residence time Yield (%) 

Biochar Bio-oil Syngas 

Slow pyrolysis 300–700 Hours–days 35 30 35 

Fast pyrolysis 500–1000 <2 s 12 75 13 

Gasification 750–900 10–20 s 10 5 85 

Hydrothermal 
carbonization (HTC) 

180–300 1–16 h 50–80 5–20 2–5 

Torrefaction ~290 10–60 min 80 0 20 

Microwave pyrolysis 550–700 5–20 min 34 / / 

Flash carbonization 300–600 ~30 min 37–50 / / 
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pore structure of the biochar applied, thus affecting the retention of soil nutrients [98]. 
However, some microporous structures on the surface of biochar may decompose 
when the temperature exceeds 700 °C, and the biochar C structure changes when the 
temperature exceed 800 °C [21]. 

2.2 Elemental Content 

Biochar normally comprises C, hydrogen (H), oxygen (O), N, sulfur (S), P, K, calcium 
(Ca), magnesium (Mg), sodium (Na), silicon (Si), and other elements. Among the 
biochar, the high C content in biochar (Table 2) and the C content of wood biochar 
and bamboo biochar are 56% higher than those of other biomasses [44, 98, 123]. 
The C in the biochar is primarily present as stable aromatic C in irregular aromatic 
chain stacks. In addition to C, the H and O contents are relatively high in biochar. 
The mineral elements are mainly retained in the ash. N mainly exists on the surface 
of biochar, with a C–N heterocyclic composition, and the available N content in 
biochar is less than 3% [55]. The total P content is low in biochar. The available P of 
different biochar varies greatly and is negatively related to the pyrolysis temperature. 
This phenomenon may be affected by the high pH value of biochar and by phosphates 
containing Ca and Mg [20]. The contents of K, Ca, Mg and Na in different biochar 
are different, among which their contents in livestock manure biochar are the highest, 
followed by those in wood biochar. Low-valence metal ions (e.g., K and Na) are more 
easily found in biochar than high-valence metal ions (e.g., Al, Ca, and Mg). In general, 
the elemental content of biochar is affected by materials, pyrolysis conditions, pH 
value and other factors [89].

2.3 Physical and Chemical Properties 

Biochar physical properties are characterized by its yield and surface characteristics, 
while its central chemical properties involve pH, total C and total N, total P, CEC, 
nutrients, and microelement contaminants [4]. Biochar is mostly alkaline, which is 
chiefly associated with the feedstock material (Table 2); inorganic substances are 
present (e.g., carbonates and phosphates) with the ash formed during carbonization 
[98]. Besides this, the carbonization temperature also affects the pH value of biochar, 
which increases with temperature (Table 2). Moreover, increasing the residence time 
can improve the pH value, while the heating rate appears to have little effect on the 
pH value [10]. 

The porosity of biochar changes with the volatilization of gas during pyrolysis, 
so the total surface area of biochar also changes. The specific surface area of biochar 
is usually in the range of 1.5–500 m2 g−1 [57, 58]. Its specific surface area increases 
with increasing temperature, within limits [109]. The surface area of biochar can
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Table 2 Characteristics of biochar produced from different feedstocks 

Feedstock Pyro. 
tem. (°C) 

pH Elemental analysis (%) References 

C N P K 

Maize 
straw 

400 9.6 68.5 1.34 0.15 1.34 [63] 

Peanut 
shell 

550 ± 50 10.1 67.4 1.3 / / [113] 

Corn 
straw 

500 10 58 2.3 / / [114] 

Wheat 
straw 

450 9.92 45.7 0.89 / / [122] 

Maize 
cobs 

360 / 65.7 0.91 0.08 1.6 [39] 

Rice 
straw 

400–500 9.02 63.27 1.28 0.73 1.46 [23] 

Wheat 
straw 

350–550 9.9 46.72 0.59 1.44 1.15 [1] 

Maize 
straw 

300–600 9.84–11.37 48.9–62.9 1.21–1.25 0.06 3.34–6.61 [91] 

Rice 
straw 

400–450 9.6 88.82 0.25 0.08 1.17 [125, 129] 

Cotton 
straw 

800 8.6 68.7 0.325 0.12 1.6 [87] 

Tobacco 
straw 

550 11.2 22.74 1.31 / / [110] 

Canola 
straw 

400–500 9.49 49 2.3 0.55 / [132] 

Corn 
straw 

450 7.94 71.5 1.54 0.78 1.68 [64] 

Peanut 
shell 

500 9.16 64.7 1.522 / / [68] 

Wheat 
straw 

400 9.2 48.65 0.75 0.17 4.92 [112] 

Corn 
straw 

400–450 8.56 50.6 1.4 0.46 1.78 [29] 

Maize 
straw 

500 9.2 66 1.27 0.887 / [104] 

Rice/ 
canola 
straw 

350/550 9.94–11.11 42.01–60.32 / 0.16–0.31 2.53–4.06 [117] 

Wheat 
straw 

550 9.94 68.26 1.39 0.14 1.56 [66, 67] 

Notes “/” not measured
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reach 800 m2 g−1 at approximately 700 °C [75]. Additionally, an increase in resi-
dence time can lead to a further increase in surface area, but compared with an 
increase in temperature, even a very long residence time (several hours) has less 
of an influence on the increase in surface area [108]. If the pyrolysis temperature 
is low, the tar and other products generated during the decomposition of biomass 
will remain in the internal pores of the biochar, thus reducing the specific surface 
area. When the temperature is increased, the volatile substances in the biomass are 
decomposed to form an increased number of denser pore structures, thus yielding a 
larger specific surface area. For some substances, a surface area of hundreds of m2 

g−1 can be achieved under suboptimal production conditions. For sewage sludge, 
the surface area remains below 100 m2 g−1, regardless of the pyrolysis conditions 
[109]. However, when the pyrolysis temperature reaches its peak value, the specific 
surface area of biochar also reaches its peak value. Due to the destruction of the 
biomass cell structure and the enlargement of micropores, when the peak value is 
exceeded, the specific surface area of biochar decreases with increasing temperature. 
The pore structure in biochar can be divided into macropores (with a pore diameter 
of 1000–0.05 μm), mesopores (0.05–0.002 μm), and micropores (0.05–0.0001 μm) 
[18]. The porosity of biochar generally increases with increasing temperature. The 
microporous structure of biochar contains large pores, and the microporous area 
constitutes 80% or more of the surface area. In contrast, the number of micropores 
in noncarbonized crop straw is smaller. 

In general, as the temperature is increased, the degree of aromatization and 
hydrophobicity of biochar increase, while the number of O- and N-containing func-
tional groups and the water-holding capacity of biochar decrease. The hydrophobicity 
of biochar increases with the increase of temperature because the polar functional 
groups in the biomass decrease [8, 28]. Studies have illustrated that straw biochar 
carbonization at 300 °C yield a water-holding capacity of 13× 10−4 ml m−2; however, 
it is reduced to 4.1 × 10−4 ml m−2 when the carbonization temperature is increased 
to 700 °C [21]. Hydrophobicity is influence by surface functional groups, while the 
porosity and pore connectivity of biochar determine its water holding capacity. The 
hydrophobic surfaces within the pores of biochar can prevent water from entering 
the porous C structure [33]. Therefore, studies have confirmed that biochar produced 
at high temperatures contains more water in its porous structure [33, 124]. Biochar 
with a porous structure may also be produced under low temperature conditions, but 
the pore sizes are small, the level of interconnection is low, and the byproduct tar 
produced during the preparation process blocks the pores, so it is difficult to obtain 
porous structured biochar under low temperature conditions [55]. 

The CEC of biochar affects the CEC of the soil to which it is applied, thus changing 
the physical and chemical properties of the soil (Table 3). Biochar CEC is related 
to biomass type and pyrolysis temperature [93]. When biochar is added to a soil, 
the soil CEC will increase with the oxidation of functional groups on the biochar 
surface. To an extent, biochar CEC decreases with increasing temperature [49], the 
O-containing functional groups are destroyed, the passive charges on the surfaces 
of biochar decreases, and the O/C ratio decreases [94]. In addition, the increase in
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temperature also leads to an increase in alkali metals (such as K, Ca, and Mg) in 
biochar, which may cause an increase in CEC [49].

3 Biochar Application for Agricultural Soil Improvement 

The inherent architecture and physicochemical natures of biochar can affect the soil 
structure, porosity, CEC, and nutrient cycle and influence the soil microecological 
environment directly or indirectly [125, 129]. Biochar, as a carbon-rich biomass, 
increases soil organic C via its C content. Moreover, the soil water holding capacity 
significantly improves with high porosity biochar [31]. As a soil conditioner, biochar 
is more suitable for making improvements to acidic soils by increasing the nutrient 
content of the soil [86]. Therefore, biochar can change the limiting factors in soils, 
reduce the absorption of harmful pollutants by crops, and promote high-quality 
growth in crops [51]. Biochar can be used as a carrier of slow-release fertilizer because 
of its ability to delay the release of nutrients while improving the retention capacity 
and nutrient utilization efficiency of soil nutrients. Therefore, many researchers have 
studied biochar-based fertilizers that are suitable for different crops. 

Soil fertility mirrors the generative ability of soils for plant growth, which can be 
enhanced by the addition of biochar. The effect of biochar on soil can be analyzed 
from the aspects of nutrient cycling, crop productivity, soil pH, CEC, N, P, microbial 
community, water conservation and carbon sequestration (Table 3). The application 
of biochar as a soil amendment helps enhance the characteristics of nutrient-depleted 
and degraded soils. Previous studies have shown that the application of biochar to 
low-fertility soil is conducive to a reduction in soil bulk density, increase in soil total 
porosity, improvements to water holding capacity, neutralization of acidic soils, and 
improvements to soil nutrients, particularly in poor and degraded soils. 

3.1 Physicochemical Properties of Soils 

Biochar modification can reduce soil bulk density and particle density [121]. The 
high porosity of biochar (70–90%) leads to an increase in soil porosity, which is also 
leads to a decrease in soil bulk density, an increase in soil aggregation and interactions 
with mineral soil particles [17]. Improvements to the water, heat and gas content 
of soils can be achieved through decreases in soil bulk density and boosts in soil 
porosity. Studies have shown an increase in the resistance of clay agglomerates due to 
enhanced internal cohesion by combined mineral C particles, and biochar macropores 
and mesopores in clay can effectively improve soil water retention [65]. In addition, 
biochar addition enhances soil structure and soil aggregation [17]. Biochar can reduce 
soil tensile strength and increase the soil water holding capacity. Studies have shown 
that biochar-added soils are more brittle and less compact than soils without biochar. 
Most studies show that soil organic C accumulation is central to the improvement
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Table 3 Changes in soil properties with biochar application 

Biochar 
source 

Soil type Treatment Impact on soil properties References 

Maize straw Loamy 
sand 

0, 3.2, 16, 32 t ha−1 

BC + 7.8 t ha−1 

corn straw 

Increase the SOC 
concentration by 31–298% 

[63] 

Wheat straw Silty clay 
loam 

0.028, 0.084, 
0.28 kg pot−1 

The SOC was increased by 
13.2–155.1% on average. 
Addition of 0.028 and 
0.084 kg pot−1 BC increased 
MBC content but decreased 
DOC content 

[46] 

Rice straw Sand loam CK, urea, 
(NH4)2SO4, 2%  
BC, 2% BC + urea, 
2% BC + 
(NH4)2SO4 

The application of only N 
fertilizer and N fertilizer + BC 
significantly increased the 
abundance of 
ammonia-oxidizing bacteria. 
The effect of combined 
application was optimal 

[14] 

Rice straw Silt loam 0/2.25 t ha−1 BC + 
120/180 kg ha−1 N 
fertilizer + 37.5/ 
67.5 P fertilizer 

BC application increased in 
the soil pH but decreased in 
CEC. The interactive effect of 
N fertilizer, P fertilizer and BC 
was significant for soil TN 

[88] 

Maize straw Sand loam 0, 10, 20, 40, 
60 t ha−1BC 

Addition of BC reduced the 
bulk density and increased the 
porosity of soil. Increase in soil 
pH, AN, AP, AK, and SOC 

[57, 58] 

Rice straw Silt loam 8 t ha−1 BC + 8 t  
ha−1 steel slag 

The SOC concentrations, 
carbon pool index was 28.7% 
and 42.2, 22.4 and 40.1% 
higher in the early and late 
crops 

[101, 106] 

Wheat straw Silt loam 0, 5, 20, 40 t ha−1 

BC + N fertilizer (0, 
60, 90, 120 kg ha−1) 

High dose of BC (20 and 40 t 
ha−1) combined with N 
fertilizer can significantly 
increase soil pH and AP in the 
first year; however, the 
effectiveness on these metrics 
weakened over time 

[48] 

Maize straw / 5 g kg−1BC + 
0.5 mg kg−1 oxalic 
acid 

Increase in soil urease, 
polyphenol oxidase and 
dehydrogenase enzymes. Soil 
microbial biomass and the 
abundances of genera were 
significantly enhanced 

[59]

(continued)
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Table 3 (continued)

Biochar
source

Soil type Treatment Impact on soil properties References

Wheat straw Sand loam 2% BC + NPK 
fertilizer 

BC amendment significantly 
increased the concentrations of 
NH+ 

4 -N, TN, AP, and AK in 
soil 

[69] 

Rice/wheat 
straw 

Sand loam Inorganic fertilizer, 
straw, BC 

Enhance in SOC, TN, and 
aggregation in 0–20 and 
20–40 cm soil. Straw return 
increased fungal community 
richness and diversity, while 
BC decreased 

[11] 

Peanut shell / 4.5 t ha−1 BC + 9 t  
ha−1 chicken 
manure 

Increasing in soil pH by 0.02 
units. Increasing SOC, AP, 
AK, and MBC by 21.76, 174, 
13.92, and 198.19%, 
respectively. Decreasing soil 
AN 

[68] 

Maize straw Clay loam CK, 6 t ha−1 straw, 
2.4 t ha−1 manure, 
0.6 t ha−1 BC 

Original straw return only 
decreased soil bulk density, 
while manure and BC return 
increased soil pH, SOC, TN, 
and AK significantly 

[82] 

Cottonseed 
husk and rice 
husk 

/ 50 t ha−1BC + 
mineral fertilizer or 
+ 0.9 t ha−1 organic 
fertilizer 

Soil MBC was significantly 
increased with the application 
of BC plus organic fertilizer, 
but not affect the amount of 
MBN 

[97] 

Rice/canola 
straw 

Ultisol 21, 15.5, 17, 14.5 g 
pot−1 

BC increased the total 
porosity, total pore volume, 
average pore diameter and the 
pores in soils. Soil pore 
structure changes induced by 
BC affect microbial diversity 
and community structure 

[117] 

Notes Control (CK); soil organic carbon (SOC); microbial biomass carbon (MBC); dissolved organic 
carbon (DOC); cation exchange capacity (CEC); total nitrogen (TN); available phosphorus (AP); 
available potassium (AK); available nitrogen (AN); microbial biomass nitrogen (MBN). The same 
below

of soil quality and that low-fertility soils benefit more from the addition of biochar 
than fertile or high-yielding soils [17]. 

Biochar application has been indicated to significantly increase the chemical prop-
erties of poor soils. Excessive applications of chemical fertilizers can lead to soil acid-
ification, while the application of alkaline biochar can improve acidic soils. These 
results are attributed to the alkalinity of biochar, the influence of functional groups 
and the silicon (Si) effect [121]. The enhancement in the pH value of acidic soils is
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closely related to the alkalinity of biochar. Mineral elements (such as Ca, K, Mg, Na, 
and Si) in the biomass form carbonates or oxides during pyrolysis, which counteract 
the H+ and monomeric Al species in acidic soils by decreasing exchangeable acidity 
and improving pH [25]. Additionally, the biochar functional groups –COO− and 
–O− also benefit greatly from biochar alkalinity when biomass is pyrolyzed at 300– 
500 °C [123]. The enhancement in CEC upon the addition of biochar contributes to an 
enhanced H buffering capacity. The cations released by biochar are the main factors 
that cause an increase in pH, e.g., K, Ca, Mg and Na. In addition, the reaction of 
soluble silicon with the protons in biochar also leads to an increase in pH. Compared 
with other materials used to neutralize soil pH, biochar can exist in soils for long 
periods of time, thereby keeping the soil pH at desired levels. At present, there is little 
research on the application of biochar to alkaline soils. However, biochar produces 
acids that lower the pH of soils. Carbonization temperature is the main factor that 
affects the production of acidic substances in biochar. Similarly, the application of 
acidic biochar to alkaline soils, such as salt-affected soils, improves soil pH [45]. 

The use of biochar can promote the maintenance of soil EC by 2–85% [76]. 
Additionally, biochar that has added ash that contains soluble salts can lead to mild 
EC enhancements [100]. Most of the research indicates that EC percentages change 
with biochar addition. The raw substrates, carbonization requirements, production 
methods, and addition ratios are the controlling factors that influence the EC of soils. 

Soil CEC can be modified substantially by biochar application, and this depends 
on feedstock type and the pyrolysis temperature. For instance, the addition of biochar 
that is generated at low temperatures results in a comparatively high CEC its latent 
role in soil quality enhancement [43, 93]. However, biochar produced from poplar 
and Douglas fir bark at high temperature is not suitable for low CEC soils. In contrast, 
many studies have shown that the impact of biochar on soil CEC is essentially positive 
[93]. The oxidation of aromatic C and the generation of carboxyl groups in biochar 
may be the basis for biochar application to improve soil CEC [76]. In addition, over 
time, the aging of biochar in soils may lead to an increase in its surface area and 
the generation of higher CEC [92]. Accordingly, the addition of biochar has been 
proposed for low-fertility soils to boost crop productivity and nutrient preservation. 

Biochar has the capacity to markedly reduce soil erosion [60]. Soil erosion 
decreased by 50 and 64% in highly weathered soils when biochar was applied at 
33.75 and 67.5 t ha−1, respectively [47]. Likewise, biochar is able to decrease addi-
tive run-off, run-off rates, and nutrient losses in sloping highlands [60]. Biochar 
promotes the formation of soil microaggregates, which is a possible mechanism for 
reducing soil loss [84]. Studies have shown that biochar reduces the occurrence of 
soil erosion due to an increase in soil water-stable aggregates. Moreover, biochar 
addition results in an approximately 55% reduction in the run-off time at a rainfall 
rate of 50 mm h−1 [84]. These findings suggest that biochar’s beneficial effects on 
soil runoff and erosion can be ascribed to biochar’s water holding capacity and other 
soil-related physical properties that prevent encrustation and high levels of infiltra-
tion. These beneficial effects also demonstrate that the addition of biochar in sloping 
uplands may be a valid way to reduce crop damage due to soil erosion, specifically 
during the rainy season.
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3.2 Biological Properties of Soils 

Biochar improves soil microbial activity and provides suitable habitats [72, 121]. The 
high surface area and hydrophobicity of biochar mainly contribute to its enhanced 
microbial activity and diversity [133, 134]. The addition of biochar to soil positively 
affects arbuscular mycorrhizal fungi. Because the pore structure of biochar provides 
a habitat for fungi and other filamentous microorganisms to infiltrate, the yeast- and 
sugar-rich biochar stimulates the growth of soil fungi and gram-negative bacteria. 
Compared with gram-negative bacteria, the growth of gram-positive bacteria benefits 
from the background C content of biochar; biochar lacks carbohydrates, amino acids, 
and small proteins that are essential for the growth of gram-negative bacteria [9]. 
However, other research has shown that alkaline biochar may promote the growth of 
both gram-positive and gram-negative bacteria. At the same time, the pH value of 
biochar decreases after aging, which also promotes the survival of fungi within the 
pores of biochar. 

Bacteria and fungi can use their extracellular enzymes to decompose biomass 
(including biochar derived C) into smaller molecules, and cells can absorb small 
molecules more easily to meet the energy needs of their metabolic activities [24]. 
Microbial biomass C is an effective indicator for measuring changes in soil organic 
carbon decomposition. Therefore, any process that changes the soil C content will 
affect the microbial community structure. 

3.3 Nutrient Cycling 

Nutrient cycling in soil systems consists of many complex components that depend 
on a variety of external factors (such as rainfall patterns, climatic leaching, and type 
of fertilization) and internal factors (such as vegetation species, plant root character-
istics, and soil structure). The addition of biochar could lead to significant changes 
in soil ecosystems, improving degraded agricultural soils to achieve higher crop 
yields. The effect of biochar on soil nutrient cycling has been studied under different 
environmental conditions, and it has been found that the factors that affect nutrient 
cycling in biochar-improved soils include soil type, raw material properties and 
biochar pyrolysis conditions [9]. 

The nutrient content of biochar varies greatly due to factors such as the biomass 
raw materials used and production technology. When biochar is added to a soil, the 
nutrient content of biochar is responsible for regulating the interactions between 
biochar and plant roots, affecting root growth and the overall performance of plants 
by directly serving as the source of nutrients and changing the availability of soil 
nutrients [80]. The soil nutrient content is determined by the amendment quantity, 
elemental components, and biodegradability of biochar [43]. Biochar amendment 
influences soil pH, nutrient content, and microbial architecture, thus changing soil 
C-cycling, N-cycling, and P-cycling [35]. For soil C-cycling, most studies have given
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attention to the alterations in total C, organic C, and inorganic C in the soil. Although 
most studies show that the C in biochar is relatively stable, biochar-C can promote 
long-term C-cycling by regulating soil C mineralization, CO2 release and soil organic 
C accumulation. C is a meaningful element in soil ecosystems. C storage has become 
extremely prominent topic due to climate change. Biochar applications facilitate the 
sequestration of atmospheric C dioxide in soils. Corncob-derived biochar reduced 
soil respiration in a seven-year study. These results illustrate that biochar has the 
potential to sequester C in temperate farmland soils [37]. Release of NH3 and denitri-
fication are immediately affected by the adsorption of gaseous N composites and the 
ionic characteristics of N in biochar. The addition of biochar and compost markedly 
decreased the leaching of nutrients (such as NO− 

3 -N and P) from a soil while boosting 
maize crop growth [2]. Moreover, the addition of rice straw-derived biochar at 13.5 
and 67.5 t ha−1 improved nitrification and decreased N2O emissions [37]. In addi-
tion, the application of willow biochar improved the contents of NH+ 

4 and NO
− 
3 

in corn-cultivation soils. The application of willow biochar slightly increased soil 
NH+ 

4 and NO
− 
3 , while mixed biochar and compost showed a significant increase in 

inorganic nitrogen content [3]. The combined application of biochar and compost 
was suitable for achieving improvements to soil NH+ 

4 and NO
− 
3 . However, another 

study showed that the addition of wheat straw biochar increased the emissions of 
NH3 (32.4–68.2%) and N2O (9.4–35.2%) [38]. The study showed that the significant 
increase in soil pH caused by biochar resulted in NH3 loss. Compared with NH3, the  
emissions of N2O were lower due to the low availability of N in the soil due to the 
physical adsorption or microbial fixation induced by biochar. The addition of biochar 
promotes soil nutrient storage, improves soil structure, decreases GHG emissions, 
alters the geochemical cycle of C, N, and P, and boosts the effectiveness of C, N, and 
P in soils, thus increasing crop yield. 

4 Impact on Crop Productivity 

Biochar ameliorant can significantly increase soil fertility and crop productivity. The 
application quantity and soil type to which biochar is applied have strong impacts 
on crop yield, especially when biochar is applied to low fertility or degraded soils 
[27] (Table 4). A meta-analysis showed that biochar-based fertilizers applied at very 
low application rates (average 0.9 t ha−1) promoted crop productivity by 10 and 
186%, respectively, relative to fertilized and unfertilized controls. This means that 
when biochar is used as a soil conditioner, the enhancement in crop productivity is 
considerable (i.e., 15–30 t ha−1 increases crop productivity by 10%). This increase in 
crop yield recommends that the use of biomass-based char-based fertilizers increases 
fertilizer utilization efficiency to a greater extent than the use of chemical fertilizers 
alone. A study reported that biochar-based fertilizers had the potential to enhance 
crop productivity by 15% when the addition of conventional fertilizers did not signif-
icantly alter the soil. Furthermore, biochar-based fertilizers produced at pyrolysis
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temperatures >400 °C increased crop productivity by 12%, while charring temper-
atures ≤400 °C showed no significant change. Biochar-based fertilizers with a C 
content >30% increased crop yield by 17%, while fertilizers with a C content of 
≤30% had no effect [71]. Another study showed that the application of biochar 
remarkably improved crop yield compared with a control by 34 and 30% in culture 
and field trial studies, respectively, but not in laboratory studies. The increase in crop 
yield in indoor and field studies was similar. With respect to the type of feedstock, 
the study found that biochar made from lignocellulosic waste (35%) and herbaceous 
(53%) materials significantly increased crop yield, while wood biochar (17%) had 
little effect on yield. Besides, biochar application significantly increased crop yield 
in a fine soil (40%) and coarse textured soil (57%) but not in a medium textured soil 
(9%). However, the authors of the present study, came to the opposite conclusion: 
compared with a control, biochar prepared at low pyrolysis temperatures increased 
crop yield by 43%, not at high pyrolysis temperatures. Besides this, most studies show 
that crop yields increase significantly at low (30%) and moderate (40%) application 
rates, while at high application rates, there is a yield reduction effect [90].

5 The Interactions of Biochar with Soil Contaminants 

Biochar can be a suitable choice for improving the soil fertility of croplands. More 
and more evidence suggest that biochar ameliorant improve problematic soils and 
promote crop growth, although some negative effects have been reported. As a soil 
amendment, biochar can reduce the toxicity of soil contaminants to soil microor-
ganisms [54]. Willow biochar can increase the number of microorganisms present, 
promote reproduction of Folsomia candida in soils polluted by heavy metals and 
organic pollutants, and reduce the toxicity of leachate in Vibrio Fischer. The main 
reason for the decrease in the toxicity of soil pollutants to microorganisms and the 
increase in microbial biomass may be that soil pollutants (including heavy metals, 
such as Al, Cd, Co, Cr, Mn and Ni, and organic pollutants, such as PAHs) can 
be fixed in the pores of biochar, thus reducing their bioavailability [85, 137]. The 
organic-complexed fractions of heavy metals (Cd, Cu, Pb and Zn) can be increased 
by 68% with an application rate of 5% rice straw biochar [70]. When heavy metals 
have adverse effects on N-fixing bacteria, they can further promote N storage during 
plant growth [85]. The enhancement in microbial activity by biochar addition can be 
attributed both to decrease in the toxicity of pollutants to soil microorganisms and to 
the fate of soil pollutants (containing their immobilization and degradation) because 
of interactions between biochar and soil pollutions.
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Table 4 Summaries of responses of crops to different sources of biochar applications 

Biochar source Crop Treatment Response References 

Maize straw Wheat 0, 3.2, 16, 32 t ha−1 

BC + 7.8 t ha−1 

corn straw 

Biochar increased 
grain mass per plant 
of the wheat by 
27.7% 

[63] 

Wheat straw Maize 24 t ha−1 BC + 
NPK fertilizer 

BC amendment 
increased the maize 
biomass and the N 
use efficiency in the 
red soil 

[135] 

Maize cobs Wheat–maize 4.5, 9 Mg ha−1 

year−1 BC; 15 Mg 
ha−1 year−1 straw 

No significant 
differences in the 
grain yields of 
wheat, maize and 
the annually total 
productivity (wheat 
+ maize) were 
observed between 
treatments 

[39] 

Wheat straw Maize 0, 20, 40 t ha−1 BC Increase maize 
yield and partial 
nutrient 
productivity 

[126] 

Corn straw Tobacco 1, 5, 10, 20 Mg 
ha−1 BC 

The application of 
BC decreased the 
total sugar and 
reducing sugar 
contents and 
increased the leaf K 
content, thus 
greatly improving 
the leaf quality 

[127] 

Rice straw Lettuce 0, 10, 20, 30, 
40 Mg ha−1 + 
1010 kg N fertilizer 

A significant 
17–29% increase in 
vegetable yield was 
induced by BC, 
which due to 
improvements in 
SOC and the CEC 

[56] 

Corn straw Soybean 0, 2.5, 5, 10% BC Single application 
of BC positively 
and significantly 
improved soybean 
productivity and 
quality attributes 

[64]

(continued)
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Table 4 (continued)

Biochar source Crop Treatment Response References

Rice straw Rice 0.12 t ha−1 N 
fertilizer + 30% 
urea + 2.8 t ha−1 

BC 

Increase rice grain 
yield, effective 
panicles, total 
biomass 
accumulation, the 
greenness of the 
leaves, and 
recovery efficiency 
of applied N 

[119] 

Corn straw Corn 0, 15, 30, 45 t ha−1 

BC 
Application of 30 t 
ha−1 BC 
significantly 
increased corn 
yields 

[118] 

Wheat straw Rice–wheat 0.25 t ha−1 N 
fertilizer + 20/40 t 
ha−1 BC 

Increase crop (rice 
and wheat) root (by 
3–19%), straw (by 
10–19%) and grain 
(by 10–16%) 
biomasses, as well 
as grain NUE (by 
20–53%) and PUE 
(by 38–230%) 

[128] 

Wheat straw Wheat–maize 8 or 16 t ha−1 BC 
+ fertilizer 

Increase in plant 
height, 
aboveground 
biomass, grains per 
spike, and 
1000-grain weight 
for both crops. The 
four-year average 
crop yields 
increased by 
65.4–81.7% 

[42] 

Enteromorpha 
prolifera/rich corn 
straw 

Cherry tomato 1% BC The cherry tomato 
seedlings with BC 
addition were much 
stronger and taller, 
and exhibited more 
leaves and a taller 
and stronger shoot 

[96]

(continued)



264 L. Chen et al.

Table 4 (continued)

Biochar source Crop Treatment Response References

Maize straw Beans and maize 0, 2.1, 4.2, 
8.3 g kg−1 

Application of BC 
increased all plant 
growth parameters 
(height, stem 
diameter, leaf 
number, and fresh 
and dry weight) for 
both beans and 
maize 

[50] 

Empty fruit bunch Cotton-sugar beet 0, 10, 50, 100 t 
ha−1 in 2018; 0, 10, 
25, 50, 100 t ha−1 

in 2019; and 0, 10, 
25, 30 t ha−1 in 
2020 

The yield of cotton 
and sugar beet first 
increased and then 
decreased with 
increasing amount 
of BC 

[105] 

Corn straw Maize 0, 10, 20, 40 t ha−1 Application of BC 
increased maize 
yield in different  
degrees. 
Application of 20 t 
ha−1 BC tended to 
delay maize leaf 
senescence 

[116] 

Notes Control (CK); nitrogen use efficiency (NUE); phosphorus use efficiency (PUE)

5.1 Heavy Metal Contamination in Soils 

The removal of heavy metals from soils by biochar chiefly includes two pathways: 
(1) porous-structured biochar adsorbs heavy metals in its pores, thereby reducing the 
residual amount in the soil and (2) certain components of biochar interact with the 
heavy metals. The ions undergo ion exchange or redox reactions to reduce toxicity 
by the formation of heavy metal precipitates or by their conversion to low valence 
heavy metal ions [120]. Biochar removal mechanisms for different types of heavy 
metals are different. Possible mechanisms involve a combination of interactions, 
such as electrostatic attraction, ion exchange, physical adsorption, surface complex-
ation, and precipitation. As a remediation agent, biochar has a large surface area and 
abundant micropores, and abundant functional groups are considered to be excellent 
adsorbents for the effective removal of various heavy metals from polluted soils [7, 
73, 78]. Of course, the fixation of heavy metals in biochar may be determined by the 
electrostatic interactions and adsorption deposition behavior between biochar func-
tional groups and heavy metals. Therefore, compared with the specific surface area, 
the adsorption capacity of heavy metals depends more on surface functional groups. 
In addition, ion exchange, metal ligand complexation, cation bonding and surface 
coprecipitation are conducive to the preservation of metals in biochar [26]. Taking
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Pb2+ as an example, its adsorption to biochar includes the exchange of heavy metals 
with Ca2+ and Mg2+ in biochar and the interaction of heavy metals with different 
functional groups on the surface of biochar. The adsorption of Cd on biochar was 
also discovered to be principally controlled by ion exchange [61]. Generally, biochar 
obtained by carbonization at low and medium temperatures has strong adsorption 
potential for metal cations [111]. For other inorganic contaminants, such as F−, 
ClO4−, PO3− 

4 , Cr(III), and Cr(VI), their adsorption capacity can be enhanced by 
biochar pyrolyzed at higher temperatures. In addition, alkaline biochar may reduce 
the leaching and bioavailability of heavy metals in soils through some physical and 
chemical reactions [101, 106]. The study also found that the addition of biochar 
increased the soil pH value, which led to heavy metal precipitation. 

5.2 Soils Polluted Organic Compounds 

In recent years, biochar has been widely utilized to remove various organic pollutants 
from soils. These organic pollutants include agricultural chemicals (such as pesti-
cides, herbicides, and fungicides), antibiotics/drugs (such as penicillin, oxacillin, 
cephalexin, and cefadroxil), industrial chemicals (phenol, acetone, toluene, etc.), 
volatile organic compounds (such as chlorobenzene, methanol, and styrene) [74]. 
Biochar is considered a suitable material for removing various pollutants from 
soils due to its large specific surface area and high affinity for the active groups 
in pollutants. The adsorption mechanisms for organic pollutants by biochar can be 
summarized as the accumulation and concentration of organic pollutants on biochar. 
The removal mechanisms for organic pollutants mainly include chemisorption (elec-
trophilic interactions) and physical adsorption, such as hydrophobicity, electrostatic 
attraction by π-π electron donor-acceptors, pore diffusion, interparticle diffusion, 
carboxylic acids, hydrogen bonds on diols, and alcohol functional groups [6, 74, 99]. 

The use of pesticides, fungicides and herbicides in agriculture can contaminate 
soils. The stress and toxicity of pollutants on plant roots can significantly affect plant 
growth. The results of several studies suggest that biochar diminishes the bioavail-
ability of contaminants in the soil [15, 34]. This usually hinges on the sorption level of 
the pollutants and the characteristics of the soil and biochar utilized for remediation. 
The porosity of biochar strongly affects the retention time of contaminants [136]. 
The utilization of biochar in agricultural soils increases the adsorption of organic 
pesticides, which is beneficial on the one hand because it reduces the hazards asso-
ciated with pesticide residues, but on the other hand, it also reduces the efficacy of 
herbicides, so the application rates must be evaluated in different agricultural soils 
[22, 86]. It is also worth noting that unstable components in biochar may reduce the 
adsorption of pesticides. For example, one study reported that labile organic carbon 
components in biochar block biochar pores and thus reduce atrazine adsorption [86]. 
Another study also verified that biochar could decrease the efficacy of herbicides 
by sorption mechanisms [22]. The carbonization temperature of biochar also affects 
adsorption efficiency. Generally, the adsorption efficiency of biochar increases with
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increasing pyrolysis temperature. This can be explained by the electrostatic attraction 
between ionic organic pollutants and the charged surfaces of biochar [5, 32]. There-
fore, the properties of biochar should be carefully considered to improve their adsorp-
tion capacity before use. In particular, biochar with low adsorption properties may be 
more effective when preemergence herbicides are agronomically desired, whereas 
high adsorption properties are required to reduce the bioavailability of polluting 
organic compounds. 

5.3 Potential Risks Associated with Biochar 

Biochar could have positive impact on one crop and may have a negative impact on 
another crop. Biochar could contain other organic compounds, including biooil, toxic 
elements, pesticides, PAHs, volatile organic compounds (VOCs), and dioxins. These 
contaminants could either be naturally present in the materials used for biochar 
production or could be generated during pyrolysis [40]. Pollutant availability and 
content depend mainly on the feedstock and pyrolysis conditions of biochar [30, 
79]. Interestingly, the contents of potentially toxic elements, such as Cr, Ni, Cu 
and Zn, increases with increasing pyrolysis temperature [19]. The application of 
biochar containing potentially toxic compounds is an important issue related to soil 
contamination and grain security. 

Although biochar has substantial advantages for improving soils, the long-term 
effect of these pollutants in biochar on soils is still unclear. Biochar can reduce the 
bioavailability of pollutants and thus be used for the remediation of contaminated 
soils, but biochar may have a negative influence on soil functions due to the presence 
of toxic compounds [16, 53, 102]. As discussed previously, although the applica-
tion of biochar can immobilize pollutants, the immobilization effect of biochar is 
generally effective for 2–3 years and decreases over time [102]. In addition, biochar 
produced from crop straw may contain heavy metals, which could be released when 
applied to soils. Over time, biochar undergoes physical, chemical, and biological 
degradation, thus altering the microbial community in soils. However, due to long-
term interactions between these compounds in biochar and the soil, the major mech-
anisms of microbial transformation still need to be elucidated. Therefore, to make 
better use of biochar and decrease its possible risks, proper measures must be taken 
before biochar can be used in agricultural soils. 

6 Climate Change Mitigation 

The process of converting C into a stable form to prevent C emissions is called C 
storage. During the Earth’s C cycle, plants use photosynthesis to absorb C dioxide 
and store it in their own cells. When plants die and are decomposed, some unstable C 
eventually returns to the atmosphere in the form of C dioxide. If plants are converted
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into biochar, they can be stored in the soil in a more stable form. Due to biochar’s 
large microporous structure, it can immobilize C for long periods of time. Returning 
biochar to the field reduces greenhouse gas emissions such as CH4, N2O and CO2. 
Biochar-improved soils reduce CO2 emissions due to C sequestration. In one study, 
the use of biochar in paddy fields increased the overall C input while reducing N2O 
emissions [95]. The addition of biochar to paddy fields increased CO2 sequestration 
by 47–55% compared to control. Under realistic conditions, biochar application has 
been shown to improve ecosystem quality by 18%, mitigate climate change by 15%, 
and improve resource utilization by 13% [41]. 

In general, estimates of emitted CO2, N2O, and CH4 rely on the physical and 
chemical characteristics of biochar, the soil type, soil microorganisms, and water and 
fertilizer regimes [81]. The strong adsorption capacity of biochar is the main reason 
for the reduction in greenhouse gas emissions. For example, increased adsorption 
of NO− 

3 via biochar reduces N2O emissions and affects N conversion and soil N-
cycling patterns, thereby reducing N2O emissions. In addition, studies have shown 
that biochar addition to soils can inhibit the mineralization of native soil organic C, 
thereby reducing CO2 emissions. However, this phenomenon usually occurs over 
the short term, that is, within the first few months after biochar addition. From the 
perspective of climate change mitigation, the stability of biochar helps extend the 
timeline for its positive agronomic effects. The long-term stability of biochar in soils 
is a prominent factor that reduces greenhouse gas emissions. 

7 Strategies for Biochar Application to Soils 

It is very important to determine the best application strategy for biochar to eliminate 
the potentially adverse effects of biochar and reduce the cost of biochar. Biomass 
raw materials and pyrolysis conditions determine the properties of biochar, and 
these properties determine the potential of biochar to improve soil fertility. Appro-
priate applications of biochar can improve soil fertility and quality and boost crop 
yields. Before biochar is applied, we should determine the elemental composition 
and surface properties of the target biochar to select appropriate raw materials. Then, 
the pyrolysis conditions must be optimized to obtain selective high-quality biochar. 
Figure 1 illustrates the modification process for biochar to obtain different target 
products.

Generally, the higher the pyrolysis temperature is, the fewer the nutrients in the 
biochar, the greater the pH value and the greater the surface area. As a soil condi-
tioner, biochar has strong adsorption properties and C fixation potential [27]. Biochar 
produced by pyrolysis at high temperatures may be more suitable for improving acidic 
soils and increasing biomass. However, increases in the pyrolysis temperature can 
lead to losses in easily decomposed components and to the disappearance of acidic 
functional groups, which is not conducive to the fixation of some organic pollutants. 

Therefore, biochar can be mixed or applied with other substances, such as straw 
when it is returned to fields after composting, and applied with fertilizers, beneficial
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Fig. 1 Improvement in biochar surface properties by different modification methods [27]

bacteria, or other organic materials, including clay minerals [103]. The application of 
biochar to soils as a mixed additive containing other beneficial substances has recently 
been recognized as an effective method for enhancing soil nutrient preservation, 
improving the fertility of low-fertility soils, remediating polluted soils, and improving 
the growth of crops in poor soils. In addition, combining biochar with nanotechnology 
can produce hybrid nanomaterial biochar composites, which are environmentally 
friendly and have the latent capacity to promote soil fertility and remediate various 
pollutants. 

8 Conclusions and Future Perspectives 

Healthy and fertile soils are the basis for stabilizing crop productivity. However, 
due to various phenomena induced by human activities such as soil acidification, 
salinization, nutrient loss, heavy metals contaminations, and organic pollutant pollu-
tion caused by the excessive application of chemical fertilizers and pesticides, large 
portions of farmland show poor potential for food productivity. Biochar has been 
proven to be an effective method to resolve soil-related issues. However, the current 
challenges involve the selection of appropriate raw materials and preparation proce-
dures to achieve specific uses for biochar. Biomass can be transformed or industrial-
ized to improve targeting, and its application costs should be considered to meet the 
needs of specific soils.
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At present, there are many studies on the application of biochar for soil improve-
ment, but few soil management plans include the selection of suitable customized 
biochar at optimal dosages to satisfy management objectives and soil characteristics. 
Future research should consider soil type and crop growth characteristics for the 
selection of biochar, should better elucidate the properties of biochar, and should 
seek new methods to remedy the current shortcomings to fully utilize the proper-
ties of specific biochar in different soils. At the same time, long-term field experi-
ments should be carried out to explore the combined application of biochar and other 
materials (such as compost, zeolite, controlled release fertilizer, organic fertilizer, 
or beneficial bacteria), to comprehensively consider the various factors that affect 
crop growth, to analyze the adverse effects of biochar aging, and to maximize the 
potential of biochar as a soil conditioner to improve soil properties and increase crop 
productivity more effectively. 
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Frontier Studies in Soil Science: 
A Conclusions Chapter 

Avelino Núñez-Delgado 

Abstract This chapter shows an overall view of the contents of the book, also 
including some comments about the future of soil and environmental sciences. The 
editor and the authors of the different chapters of the book have a positive view on 
the effects derived from the research to be performed within the broad field of soil 
and environmental sciences in the coming years, which would help to solve crucial 
issues affecting our planet. 

Keywords Environmental research · Research trends · Soil research · Soil and 
environmental pollution and treatment 

1 Contents in This Book, and Future Trends 

The book includes chapters by corresponding authors from a variety of countries 
(Spain, Italy, China, Lithuania, …), and from various other countries considering the 
different coauthors of each chapter (Fig. 1).

Specifically, after a Preface and an Introduction chapter, the contents deal with a 
variety of soil and environmental sciences-related themes: “Antibiotics as emerging 
pollutants of soil ecosystems”, “Rare Earths in Soils”, “Impact of agricultural wastes 
on environment and possible management strategies”, “Organic carbon management 
and the relations with climate change”, “Agricultural soil management impacts on 
soil microbial communities”, “Antibiotics, other emerging pollutants, and pathogenic 
microorganisms in raw and treated sewage sludge reaching soils”, “Remediation 
of PTEs contaminated soils by washing treatment with biodegradable reagents”, 
“Natural barriers to antibiotic entry into the trophic chain: some examples of the 
role of soils and by-products”, “Salt-Affected Soils”, “Beyond the obvious: exploring 
peat vibrational spectroscopy (FTIR-ATR) data using principal component analysis 
on transposed data matrix (tPCA), Store Mosse bog (Sweden)”, “Application of
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Fig. 1 Some soil profiles from Navarra (Spain), and mechanical machinery used to excavate and 
expose them, as example of starting point for field studies in soil science

biochar in agricultural soil green remediation and sustainable development”, and 
finally this Conclusions chapter. 

The above-mentioned scientific works constitute just some of the many aspects 
needing research within this field of knowledge. In fact, there are plenty of potential 
new and/or complementary frontier studies in soil (and environmental) science. We 
have previously commented on this (for instance, [3]), and have published recent 
papers on potential hot new lines of research dealing with soil and environmental 
sciences (as examples, [1, 4–7]). 

Personally, looking back to my thoughts when I was starting my PhD thesis, and, 
also remembering the lyrics of a popular song, I could say that I still haven’t found 
what I’m looking for. In this regard, I would like to see in the coming future new 
experiments and apparatus to go ahead in soil and environmental research. With 
a rather “naïf” view, one of my expectations would be having access to devices 
allowing to achieve some results directly in the field, providing details (at the scale 
of around one cubic meter) on the complete porous distribution of the soil (for near 1 
m3, as said above), with immediate calculation of the potential flows (also including 
convective and diffusive) and retentions, as well as giving information on the reactive 
surfaces corresponding to all these porous, from the biggest to the smallest. Maybe 
potent computers linked to portable X-ray devices (even of the kind of Computer
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Axial Tomography), and/or Nuclear Magnetic Resonance devices, as well as others, 
would allow any kind of determination in that soil environment, as needed, which 
together could provide images, quantifications, calculations, and modeling, working 
in the field with undisturbed soils, at a tridimensional level. So, in situ, for undis-
turbed soils, and at a tridimensional level, we could have immediate estimations of 
flows, retentions, interactions, which would affect to nutrients and pollutants. These 
physical, physicochemical, and chemical results, for rather static interfaces, but also 
for dynamic-flow situations (during vertical, and also lateral flow events), could 
provide an integrated knowledge that would sound “symphonic” to me. In addition, 
all that eventually added to also in situ determinations as regards biological activi-
ties (macro and microbiological), enzymatic activities, carbon storage dynamics in a 
limited time scale, summed to complement the above-mentioned direct results from 
tridimensional undisturbed soils with rapid calculations and modeling, for changing/ 
dynamic situations, would be great (I would call it the greatest hits). 

In fact, this was just a dream (in the REM phase of sleeping, as well as in some 
pop song). But, with a justified aim? 

Many thousands of years back, primate and hominid were on Earth, evolving, 
reaching a point when they made artistic/magical representations, some of them 
remaining in caves. Current researchers indicate that these precursors or precedents 
started to explore/investigate their environment for survival but also with an incipient 
use of knowledge derived from repeated trial/error assays (a kind of starting empirical 
scientific procedure). Closer to now, in historic times, part of the world was rather 
theocentric, while, more recently, it was the time of higher prevalence of a more 
anthropocentric world (mainly in western geographic areas/countries). I believe that 
currently, and for the future, it should be the time for the Earth, the terra-centric era. 

However, since some decades ago, some people could see our world as “science-
centric”. In this regard, we could ask: Science is the tool or is the objective? 

I think that science could be somehow “pure”, and achieving the best science is a 
desirable aim, but it is not enough. Specifically, in the current situation of the planet 
Earth, we will deeply try to work in scientific domains that could help to make more 
sustainable our world. 

A sustainable environment could be seen as one of the first and fundamental needs 
as starting point to achieve a kind of social justice for humans, and environmental 
equity for as many living beings as possible. 

I mean that I agree in the fact that new research is needed, frontier research is 
needed, but just science is not enough for reaching a sustainable planet. Scientific 
results giving scientific and technically appropriate procedures should be imple-
mented, and this actual implementation, to be real and have effect, should be carried 
out by politicians (or anyone having the real power to act effectively) and the whole 
society [2]. Science is not enough to do that. Science and scientist are just another 
brick in the  wall. 

Due to that, I would suggest the implementation of the so-called Armorican Eco-
ethical Principles:
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1. You should not investigate, nor promote, anything that would give a negative 
outcome for the whole Earth. 

2. You should not investigate, nor promote, anything that would give a negative 
outcome for the whole living beings in the Earth. 

3. You should not investigate, nor promote, anything that would give a negative 
outcome for the whole human beings. 

4. You should not investigate, nor promote, anything that would give a negative 
outcome for any of the other living species as a whole, on Earth. 

These Principles should be respected in a hierarchical order, being the most 
important the first one, followed by the second, then the third one, and finally the 
fourth. 

Each of the points would need further development, providing specific details/ 
rules within each of them. 

Any case, examples of the use could be the following. First example: A microbial 
species (considered in point 4) representing evident hazards for humans and/or other 
animal or vegetal species could be eco-ethically drastically faced (although prefer-
ably not till extinction) due to its deleterious effects on aspects of higher rank (at 
least, rank 3). Another theoretical example could be a situation where humans (rank 
3) could suppose a real hazard for rank 2 or rank 1 aspects; in this case, it could not 
be realistic thinking that researchers would investigate/promote to face the whole 
human species, but if further rules/details were developed within each of the points, 
it could result in considering eco-ethically allowable to fight those limited human 
individuals that would suppose a real danger for the whole living beings (rank 2) or 
the whole planet (rank 1). 
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