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Series Preface

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

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

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

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

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

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

changes.

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

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

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

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

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

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

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

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

ical advances in environmental analytical chemistry.

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

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

life cycle analysis, environmental management, sustainable development, and

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

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

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

and engineering as applied to environmental sciences.

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

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

vii



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

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

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

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

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

spectrum of viewpoints and approaches.

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

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

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

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

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

Dami�a Barceló
Andrey G. Kostianoy

Series Editors
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Preface

This is the first of two volumes that together provide a comprehensive overview of

the current reliable, practical, and cost-efficient wastewater treatment technologies

applied in several developed and developing countries. The two volumes support

the sustainable development goals (SDGs) and green economy of the contributing

countries, concerning high-efficiency treatment of wastewater to ensure safe and

applicable solutions to increase the availability of water resources for various uses.

Therefore, we have included in the book the latest experiences from developed

countries such as the USA, China, and Denmark to raise the benefits of the book for

audiences and stakeholders. The book also gives valuable information to several

communities that lack financial and technical support/resources necessary for

attaining an environment-economic-health nexus.

This volume is divided into 5 main themes: Part I: Introduction; Part II: Concepts

and Knowledge of Natural-Based Wastewater Treatment; Part III: Natural Waste-

water Treatment Technologies; Part IV: Wastewater Management and Sustainabil-

ity; and Part V: Conclusions and Recommendations. It consists of 15 chapters

written by researchers, scientists, and experts from more than 10 countries, includ-

ing Slovak Republic, Italy, Denmark, India, China, Republic of Korea, South

Africa, Portugal, USA, and other countries from the Middle East/North Africa

(MENA) region, representing about 20 institutions worldwide. The book gives

essential information on the natural (non-mechanized) wastewater treatment tech-

nologies and demonstrates the current challenges in wastewater management and
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pathways toward sustainability, offering valuable guidelines to ensure sustainable

and innovative solutions for wastewater treatment in the light of climate change,

resource, demand, and funding challenges. The editors would like to thank all

contributors to this volume. Without their hard work during all stages of the

book, it was not possible for this volume to see the light. Great thanks to them for

their patience during various revision phases of the chapters. Also, thanks to all the

team of “The Handbook of Environmental Chemistry” for their help and support

during all stages from the moment of receiving the proposal until the book gets

published. It was a long journey during a difficult time of the COVID-19 pandemic.

Although the editors and the authors of the chapters did their best to produce a

unique and high-quality volume for the benefits of academia and stakeholders

worldwide, they are still willing to improve the volume contents based on con-

structive comments from audiences.

Last but not least, the editor Mahmoud Nasr acknowledges Nasr Academy for

Sustainable Environment (NASE). The editor Abdelazim M. Negm acknowledges

the support of the Science, Technology, and Innovation Authority (STIFA) of

Egypt in the framework of the grant no. 30771 for the project titled “A Novel

Standalone Solar-driven Agriculture Greenhouse – Desalination System: That

Grows its Energy and Irrigation Water” via the Newton-Mosharafa Funding

Scheme Call 4.

Alexandria, Egypt Mahmoud Nasr

Zagazig, Egypt Abdelazim M. Negm
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Abstract Recently, the exponential increase in population number, industrializa-
tion, urbanization, and agricultural practices has been accompanied by the genera-
tion of huge volumes of wastewater. This wastewater contains various organic and
inorganic pollutants that might cause severe human risks if disposed of in the
environment without proper treatment. Hence, appropriate wastewater treatment
technologies should be well defined, following strict and controlled national and
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international regulations. Wastewater treatment facilities could be designed,
implemented, and operated by either natural- or engineered-based processes. This
chapter highlights the basic concepts of the non-mechanical wastewater treatment
facilities contained in the book volume “Cost-efficient Wastewater Treatment Tech-
nologies: Natural Systems.” These approaches cover information on waste stabili-
zation ponds (WSPs), microalgae for phycoremediation, anaerobic treatment of
sewage, adsorption technology in wastewater treatment, green nanomaterial for
environmental remediation, deactivation of waterborne pathogens in natural
eco-systems, treated wastewater reuse for irrigation, and agricultural drainage
water (ADW) management. Some case studies supporting the concept of wastewater
treatment by natural systems are presented.

Keywords Ecological wastewater treatment, Environmental-friendly approach,
Non-mechanical units, Phytoremediation, Reuse in irrigation, Water quality
standards

1 Introduction

Recently, an exponential growth of population has been associated with a rapid
expansion of industrial and agricultural activities [1]. These practices generate large
quantities of wastewater that contain various contaminants such as organic com-
pounds, heavy metals, nitrogen and phosphorus, and persistent elements [2]. The
release of these substances into the environment leads to various human health risks
such as severe vomiting, nausea, liver toxicity, damage to the nervous system,
anemia, destruction of blood cells, and eventually death [3]. Hence, experts, scien-
tists, and researchers are exerting significant efforts to find appropriate wastewater
treatment technologies that could be cost-efficient, reliable, and practical.

The wastewater treatment plants (WWTPs) can be designed, implemented, and
operated using natural input attributes such as plant biomass, (micro)algae, atmo-
spheric oxygen, and algae/bacteria interactions [4]. These elements are included in
simple ecological treatment units such as constructed wetlands [5], stabilization
ponds [6], and infiltration land [7], where the biological pathways to remove
pollutants occur naturally (with no or low contribution from human operators)
[8]. Contaminants’ removal in the natural treatment systems is also ensured by
physical filtration, sedimentation, adsorption, and sunlight disinfection [8]. These
non-mechanized systems could also be used to recover resources via water reuse in
the agricultural and aquacultural sectors [9]. Because these ecological treatment
systems utilize minimum quantities of fossil fuel with achieving good performance,
they tend to overcome the high costs of the most conventional wastewater treatment
processes [10]. However, the decision of the best natural treatment system depends
on various criteria such as influent/effluent wastewater quality, land, and open space
availability, capital and operation costs, and seasonal variation [11]. Hence, more

4 M. Nasr and A. M. Negm



types of research are required to understand these natural/ecological systems and
address the emerging challenges associated with pollution control and resource
recovery.

To address the aforementioned idea, the next sections briefly present the main
technical elements of each chapter contained in the book volume titled “Cost-
efficient Wastewater Treatment Technologies: Natural Systems.” These topics are
related to the natural wastewater treatment systems such as simplified and
low-energy ecological treatment facilities, bioremediation and biotechnology for a
green future, environmental impact assessment of wastewater reuse, wastewater
management and sustainability for irrigation, high-performance and cost-effective
biosorbents for heavy metals removal, and eco-friendly nanomaterials for wastewa-
ter environmental management.

2 Waste Stabilization Ponds (WSPs)

Waste stabilization ponds (WSPs) represent low-cost natural systems that could
provide treatment performances (e.g., biochemical oxygen demand, BOD, and
pathogen removals) comparable to the conventional WWTPs [12]. With proper
design and operation, WSPs would be able to maintain a final effluent complying
with the reuse regulations and guidelines [13]. WSPs could work appropriately in
warm climates, giving a reliable and cost-effective wastewater treatment technology
in developing countries [8]. WSPs are notably flexible in terms of their designed
shape, influent loading rates, and applications to different wastewater types; thus,
gaining popularity worldwide [6]. In particular, most developing countries imple-
ment the WSP technology because it is inexpensive in terms of construction cost and
energy utilization [14].

This book volume gives an overview of various types of WSPs, highlighting the
related design criteria, function, and disinfection processes. Essential information on
the operation and maintenance of WSPs, with the strategies and methods used to
enhance the treatment performance, is revealed. The main points covered by this
topic include:

• The common three types of WSPs (i.e., anaerobic, facultative, and maturation),
connected in either series or parallel, experience different design criteria, organic
loading, and biological and chemical pathways.

• Although WSPs are recognized for their simple design and operation, and low
construction cost, the included microorganisms (e.g., algae and bacteria) should
be periodically monitored and assessed to avoid system failure.

• WSPs could reduce nutrients (nitrogen and phosphorus), giving a final effluent
applicable for reuse in agriculture and aquaculture.

• With the adequate design, construction, monitoring, and planning, WSPs could
remarkably remove various pathogenic microorganisms and organic and

Introduction to “Cost-efficient Wastewater Treatment Technologies:. . . 5



inorganic contaminants. In particular, the sunlight disinfection of the maturation
ponds is used to eliminate bacteria, viruses, protozoan, and helminth parasites.

• The economic benefits obtained from WSPs by-products (e.g., suitable quantities
of algal biomass) should be defined.

• More studies are required to investigate the applicability of WSPs to remove
heavy metals and micropollutants (e.g., microplastic) from wastewater.

3 Microalgae for Phycoremediation

Microalgae biomass is a source of biofuels and high value-added products,
maintaining various commercial and industrial applications [15]. The application
of synthetic aqueous solutions for microalgae cultivation might be expensive and
raise the biomass production cost. Alternatively, wastewater is used as a low-cost
growth medium, providing microalgae with suitable amounts of nutrients (N and P)
[16]. This approach is employed to maintain the dual benefit of pollution reduction
and energy generation, making the entire biomass production process economically
feasible [17].

In this context, this book volume displays an overview of microalgae production
integrated with wastewater treatment, highlighting essential case studies in Brazil as
one of the most biodiesel producing countries. The main points covered by this
theme include:

• Microalgae production is an important approach to fulfill the needs of energy,
food, and raw materials.

• Microalgae production requires no intensive fossil energy consumption or arable
land resources, and the derived high-value compounds have numerous
applications.

• Efforts have been exerted to reduce the costs of biomass cultivation and
harvesting because the production cost at a large scale is still expensive.

• Microalgal biomass is utilized as a biological resource for the dual benefit of
bioenergy production and pollution control.

• Wastewater treatment using microalgae-based systems is a promising strategy to
overcome the prices involved in microalgae cultivation.

• Detailed information on the main factors affecting microalgae cultivation and the
related operational conditions is given.

• Different wastewater types have been tested for elevating microalgae cultivation
performance, with the tangential benefit of promoting safe effluent disposal.

• Microalgae harvesting is performed by various methods, including flotation,
filtration, centrifugation, and sedimentation; hence, choosing the optimum
harvesting technique at a large scale is still a limiting step.

• The profitability of wastewater-derived algal biodiesel should include the costs of
the carbon market, wastewater treatment, cell disruption, and lipid extraction, as
well as an evaluation of the benefits to human health and eco-systems.

6 M. Nasr and A. M. Negm



• It is essential to investigate the applicability of reducing the dissolved inorganic
nutrient species (NO2

--N, NO3
--N, NH4

+-N, and PO4
3--P) during long-term

cultivation and operation.

4 Anaerobic Treatment of Sewage

The anaerobic-based systems of wastewater treatment are robust, economic, effi-
cient, and easy to operate [18, 19]. This book volume demonstrates the state-of-the-
art of main anaerobic reactors used in wastewater treatment by focusing on their
advantages, limitations, and challenges. The volume also gives information on the
design requirement and operational conditions of each anaerobic unit.

A case study of a full-scale wastewater treatment system was designed to serve
7,500 inhabitants and composed of an Imhoff tank, two trickling filters, and one
settling tank. This system was upgraded by transforming the Imhoff tank into an
anaerobic hybrid filter (AHF) reactor. The new project was robust, easy to operate,
and consuming a lower amount of energy, attempting to meet the standard and strict
legislation for discharge in water bodies. Moreover, the reactors’ performance in
treating municipal wastewater under different temperature conditions (i.e., 15, 20,
25, and 35) and hydraulic retention times (HRTs) ranging from 10 to 48 h was
investigated. The results of this system include:

• The anaerobic hybrid filter (AHF) system has potential benefits for the
pre-treatment/treatment of municipal wastewater under subtropical–temperature
conditions.

• The application of AHF with two-packing media could retain the active biomass
inside the interstices, develop a specific and stable biological community, and
perform solid/gas/liquid separation higher than the one-packing module [11].

• Overall treatment performance for COD and nitrogen removal efficiencies was
adequately maintained.

• Biogas generated under anaerobic degradation was methane-rich (about 80%)
with a small fraction of hydrogen sulfide.

• The upgraded system was feasible for treating municipal wastewater under
subtropical or Mediterranean temperature conditions.

• Imhoff tanks that are old and out of service could be upgraded and converted to
AHF systems.

5 Adsorption Technology in Wastewater Treatment

Recently, industrial development and population growth have increased the release
of pollution into the environment, encouraging researchers, scientists, and stake-
holders to find cost-effective wastewater treatment strategies [20]. One of the most
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common solutions to this objective is adsorption, which refers to the accumulation of
compounds on the adsorbent via physical adsorption and/or chemisorption [21]. The
adsorption process could be performed via two different methods, namely mixing
(batch) and fixed-bed column [22]. Mixing adsorption systems are rarely used for
large-scale industrial applications because they experience higher operational costs
and potential problems under real conditions than continuous fixed-bed processes.
Different mechanisms such as ion exchange, precipitation, complexation, pore-
filling, and oxidation-reduction are involved in the adsorption process [23].

Natural material such as agricultural residuals and food wastes could be utilized
to prepare a cost-effective adsorbent, making the entire adsorption project inexpen-
sive [24]. Hence, synthesizing low-cost adsorbents has recently attracted the atten-
tion of industries and researchers [25]. This book volume reviews the mechanisms,
effective factors, and operational conditions of adsorption processes for removing
various organic and inorganic pollutants from wastewater. In particular, the volume
evaluates the effects of process factors such as pH, contact time, initial concentration
of pollutant, adsorbent dosage, temperature, and particle size on the adsorption
process. It also provides essential information on scaling up the adsorption systems,
with a description of the process modeling and engineering techniques. The
reactivation, desorption, and regeneration methods in the adsorption-related studies
were summarized. Different types of low-cost adsorbents, such as natural/bio mate-
rials, agricultural wastes, and industrial by-products and the required pre-treatment
methods are reviewed and demonstrated.

The book volume illustrates several important points for the adsorption technol-
ogy in wastewater treatment as follows:

• Affordable wastes (e.g., agricultural residues) have been broadly utilized to
reduce the costs of the adsorption processes for wastewater treatment [26].

• Thermal, chemical, and biochemical pre-treatment transformations can enhance
the adsorbent performance by altering the surface characteristics/functional
groups.

• The application of several treatment cycles tends to reduce the adsorption capac-
ity of some material, requiring the replacement of new material and/or employing
specific regeneration methods [27].

• While natural-based adsorbents are environmentally friendly and cost-effective in
uptake wastewater pollutants, further research on their management beyond long-
term use is important.

6 Green Nanomaterial for Environmental Remediation

Nanotechnology has found broad applications in remediating and improving the
environment, viz., heavy metal and dye removals, detection of pesticide contamina-
tion, and degradation of complex pollutants. The integration of green chemistry and
nanotechnology further assists and enhances these environmental-related
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applications [28]. This green approach for nanoparticles’ preparation saves a huge
amount of energy utilization by reducing the manufacturing procedures.
Nanomaterial (e.g., iron nanoparticles) prepared from green material retain various
advantages such as novelty, cost-effectiveness, eco-friendliness, and broad applica-
bility [9]. Hence, the greener approaches involved in preparing iron nanoparticles
have attracted more attention worldwide because they are low-cost and environment-
friendly. The main points covered by this topic comprise:

• Green synthesized nanoparticles can be easily produced using simple technical
methods with cheap resource requirements, supporting their possible application
in large-scale industrial environments.

• Fabricating metal-based nanoparticles via green routes offers multiple positive
merits over the conventional (e.g., chemical) methods.

• Offering rapid, simple, and much easier synthesis methods of iron nanoparticles
at the atomic scale level could maintain supreme versatility for achieving the
desired catalytic properties.

• Practically, plant biomass is one of the best alternatives for establishing stable
metal nanoparticles. As such, selecting the suitable plant species for the synthesis
of iron nanoparticles is a greener approach that relies on the plant’s natural
composition and reducing agents.

• Due to their biocompatibility and lower toxicity, nanoparticles originated from
biomass enjoy biodegradation, and biomedical and biotechnology applications.

• This greener technique could be further used to reduce the toxic effects associated
with chemical utilization in inorganic nanoparticles’ preparation.

7 Deactivation of Waterborne Pathogens in Natural
Eco-Systems

Rising demand for water resources, due to the increase in population growth and
human activities, has recently resulted in the generation of large amounts of waste-
water [29]. Wastewater containing a wide range of organic and inorganic contam-
inants passes through the WWTPs before being discharged into the water bodies
[30]. Conventional WWTPs could partially eliminate the emerging contaminants of
concern (CEC), including specific classes of pharmaceutical drugs, antibiotic-
resistant bacteria, and pathogenic organisms. Recently, emerging technologies in
wastewater treatment, including the deactivation of pathogenic microorganisms,
have gained worldwide attention [31]. For example, plasma technology is one of
the common emerging applications used for inactivating waterborne pathogens,
especially those found in drinking water [32].

This book volume represents some of the advantages of the plasma emerging
technology for water treatment processes, while highlighting perspectives for its
future development. In particular, the thermal, non-thermal, and electrohydraulic
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plasma generation strategies, with the associated benefits and current challenges in
water research, were given. The main points covered by this theme include:

• Because specific groups of contaminants are ineffectively removed from waste-
water, emerging applications (e.g., plasma technologies) have gained great atten-
tion in environmental-related research.

• The application of plasma technology has observed a large extension in multiple
fields of science, such as agriculture, medicine, biomedical, and biotechnology.

• The different approaches used to generate this plasma method, especially the
non-thermal technology form, are represented.

• The benefits and current challenges associated with plasma applications in the
environmental-related studies (e.g., in microbial inactivation) are highlighted.

8 Treated Wastewater Reuse for Irrigation

Three fundamental resources (i.e., water, nutrients, and energy) could be obtained
from various wastewater treatment processes [33]. The theme of “Treated Waste-
water Reuse for Irrigation” represents the utilization of these resources in the
irrigation of agricultural land fields. The theme provides essential information on
the main stages of wastewater treatment, viz., primary or mechanical, secondary
(e.g., biological-based process), and tertiary or advanced stages [34]. The book
volume also highlights the use of algal biomass to remove the nitrogen and phos-
phorus species at the tertiary stage of wastewater treatment [35]. The generated
biodiesel, proteins, and dry biomass from the algal systems could be used in several
industrial and agricultural applications. Decisions regarding the irrigation scheme
with treated wastewater are based on specific features of the soil and crops [36],
which should comply with the national and international regulations [10]. The
current challenges and recommendations in wastewater remediation for the irrigation
application were discussed.

9 Agricultural Drainage Water (ADW) Management

Currently, the gap between water supply and demand is progressively widening
because of the exponential growth in the world population [37]. The
non-conventional practices of water conservation, sustainability, and management
are highly supported by the reuse of treated wastewater for agriculture [38]. Because
water scarcity is a critical environmental issue worldwide, it is considered the main
motivation for agricultural drainage reuse.

Hence, the main objective of agricultural drainage water (ADW) management is
to minimize the volume of freshwater applied for irrigation while maintaining
sufficient crop production [39]. This aim is supported by the recycling of ADW,
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which should be subjected to proper analysis, assessment, and evaluation to comply
with wastewater reuse standards for irrigation.

Accordingly, this book volume illustrates essential points as follows:

• ADW is characterized by high loads of organic matter (expressed by biological
oxygen demand, BOD) and nutrients (nitrogen and phosphorus).

• The application of treated ADW in improving the soil’s organic and nutrient
contents, cation exchange capacity, and moisture-holding properties greatly ben-
efits the farmers’ community.

• The management of high volumes of ADW is challenging because specific crops
could be cultivated in reclaimed water reuse condition. The selection of these
crops depends on several parameters, including irrigation method (furrow, sprin-
kler, or drip), growth stage (initial, developmental, and mid- and late- season
phases), and arrangement of soil layers (sand, clay, and sand-clay mixtures).

• Increasing the amounts of heavy metals and salinity in ADW is a challenging
issue that requires accurate treatment and reuse decisions.

• The successful application of practical ADW reuse strategies depends on the
wastewater reclamation techniques, irrigation water quality, crop selection, and
leaching of toxic elements through the soil to groundwater.

• It’s recommended to employ salt-tolerant crops in the final phase of the ADW
reuse system because the water quality becomes poorer after irrigating different
and successive fields.

10 Treated Wastewater Reuse for Irrigation: A Case Study
in Mediterranean Rim

Reclaimed water use in the agricultural sector is an essential strategy for sustainable
water resource management in the Mediterranean Rim. This book volume assigns
the main approaches to handle the common and significant obstacles that restrain the
broad application of reclaimed water in agriculture. First of all, technical, regulatory,
and social aspects, with the environmental risks, linked to the reclaimed water use in
agriculture (focusing on South-Italy and Nord-African) were analyzed. The volume
also demonstrates the design, installation, implementation, and operation, as well as
performance efficiencies, for the possibilities of nature-based solutions for reclaimed
water reuse. Case studies over the past two decades concerning the reclaimed water
use in agriculture in the Mediterranean regions were analyzed. Recommendations
for future application of nature-based techniques (e.g., phytoremediation by
constructed wetlands) to mitigate surface soil and water losses, supporting the
farming system and agricultural productivity are given. More studies are required
to solve the most significant barriers affecting the development of an integrated
reclaimed water use scheme in the Mediterranean region.
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11 Agricultural Drainage Water (ADW) Management:
A Danish Case Study

Edge-of-field technologies for the treatment of agricultural drainage water could
reduce nutrient concentrations and loads in surface water bodies [40]. Agriculture
runoff and drainage are major sources of the nutrient load to surface waters. A
substantial reduction in this load is essentially required for compliance with the
regulations of the European Water Framework Directive. Denmark is a European
country that depends on groundwater for drinking purposes, while other water
resources such as the reuse of drainage water could be used in irrigation. The book
volume represents some Danish case studies attempting to protect the aquatic
environment from a high nutrient load of drainage waters. In Denmark, a large
percentage of the tile-drained agricultural catchments contributes to the total losses
of both nitrogen (N) and phosphorus (P) [41]. Because these catchments exhibit
large variability in geology, soil class, climate, and agricultural practices, the
associated nutrient load should be assessed and evaluated. Different edge-of-field
technologies for treating agricultural drainage water are tested in Denmark, consid-
ering the large spatiotemporal variation in nutrient losses. These technologies
(installed in a tile-drained agricultural field) include constructed wetlands, woodchip
bioreactors, and filter systems. Depending on the technical design, these technolo-
gies are expected to offer high nutrient removal, promote biodiversity, and maintain
flood protection and control [42]. The results from a long-term monitoring campaign
and assessment of data related to the investigated edge-of-field technologies would
assist in determining the optimum drainage water management schemes.

12 Surface Water Quality: A Case Study of Hron River

Pollution concentration in the river system is partially reduced by the self-
purification phenomenon, with a high possibility of the hydrology aspects and the
river hydraulics, where the dilution, mixing, and dispersion processes are incorpo-
rated. To take into account the complexity of all these processes, a comprehensive
modeling approach with the use of advanced computational and numerical models is
recommended. Hence, the book volume provides numerical modeling methods used
to analyze the effects of discontinuous sources of contamination on the quality of
receiving water bodies. Moreover, it deals with the possibilities, challenges, and
limitations of numerical simulation model applications for stormwater management
in the urban catchments. The model MIKE11 was successfully used for numerical
simulations of water quality, providing various strategies and management practices
for water quality evaluation and improvement.

The modeled case study demonstrates the impacts of transport and discharge of
combined sewer overflows (CSOs) on the receiving water body (e.g., an example of
the Hron River, Slovakia). This objective was maintained by conducting the
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following steps: (1) create a model of the stormwater runoff from the Banská
Bystrica town by its sewer network, (2) develop a model of CSOs to the Hron
River (with the MOUSE model), (3) simulate the water quality in the Hron River
with the MIKE 11 model, (4) estimate and assess re-aeration, degradation of organic
substances, oxygen depletion, nitrification, and denitrification, and (5) lastly, eval-
uate the outflow of discharged wastewater from the CSOs structures in the Banská
Bystrica town and its impacts on the receiving water.

13 Conclusions

This book volume intends to improve and address the main topics related to
wastewater treatment by the natural and non-mechanical systems. As such, the
volume succeeded in reviewing the current low-cost, eco-friendly, and effective
ecological remediation technologies comprehensively. It offers a global perspective
of sustainable and innovative solutions for wastewater treatment in light of climate
change, resource, demand, and funding challenges. Moreover, it appeals to environ-
mental managers, scientists, and policymakers alike.
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Abstract The Mediterranean region is one of the most vulnerable areas to climate
change. This area is affected by severe water scarcity, which is expected to prevail by
the upcoming years. The use of reclaimed water (RW) in agriculture is a way to
reduce water scarcity, alleviate pressures on groundwater and other freshwater
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resources, and improve irrigated crop productivity and environmental sustainability.
RW is already being used, directly or indirectly, in many semi-arid areas of the world
(e.g. Africa, Central America, Southern Europe, and Southern Asia).

In the last decades, Nature-Based Solution (NBS) systems such as constructed
wetlands (CWs) or waste stabilization ponds (WSPs) have been proven to be a
convenient solution for the decentralized treatment of wastewater (WW) of various
origins and for their high landscape integration and low maintenance costs. In
particular, NBS systems have rapidly evolved through the use of various design
and operational modes or other adjustment (i.e. aeration in subsurface, recirculation
rates, etc.) so as to improve effluent water quality with respects to various pollutants
removal. Notwithstanding the numerous advantages, several barriers still limit the
agricultural RW use practices in both developed and developing countries around
the Mediterranean rim. From the technical viewpoint, the poor quality of RW can
dissuade farmers from reuse as it could allow only cultivating low revenue crops. A
low-cost natural treatment of municipal WW could alleviate restrictions for the
agricultural irrigation and save the use of organic and mineral fertilizers.

This chapter reports various aspects linked to the use of RW in agriculture in
Mediterranean countries, namely Southern Italy and Nord-African countries. Case
studies of the last two decades concerning the RW use in agriculture in South
Mediterranean regions were analysed to highlight technical, regulatory, and envi-
ronmental aspects. Also, use-related risks in agriculture of RW produced by NBS
systems in Mediterranean countries are discussed.

Keywords Constructed wetlands, Effluents, Reclaimed water, Volatilization

1 Introduction

The Mediterranean region is one of the most vulnerable areas to climate change
[1]. Water shortages are expected to continue [2] due to the increasing degradation of
water resources (overuse, pollution, salinization, etc.) and water demand in agricul-
ture, as also in the urban, industry, and energy sectors. As an effect of climate
change, the frequency and intensity of droughts and their environmental and eco-
nomic damages have drastically increased over the past 30 years. The droughts of the
summer of 2017 may illustrate the dimensions of economic loss; the Italian farming
sector alone was predicting losses of EUR 2 billion [3]. Agriculture is in fact the
largest water user. The 2017 World Development Report [4] evidenced a water
consumption in terms of crop irrigation reaching 70%, on average, of the world
water requirements.

When conventional water resources are insufficient, reclaimed water (RW) is one
of the most available, constantly produced and relatively unaffected water resource
by climatic conditions [5]. RW is already being used, directly or indirectly, in many
semi-arid areas of the world [6]. In particular, RW is becoming an increasingly
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important source of irrigation, since agriculture sector is often the most penalized
among others. In Southern Europe, agriculture is consuming more than 50% of the
total available water resources [7]. In North African countries, this figure is exceed-
ing 80% in a country like Tunisia. Tunisia is one of the most vulnerable countries to
water shortage in the region with a water share of than 450 m3/capita/year. In
Northern Africa, water shortage is one of the main issues faced by the agricultural
sector in this dry area with unevenly distributed water resources. Climatic conditions
are putting high pressure on freshwater resources in addition to population growth.
By 2020, half of the countries in the region are expected to be applying Best
Available Technologies (BAT) and Best Environmental Practices (BEP) in
non-conventional water projects. Besides, in order to increase the technological
awareness on water reuse in the North Africa, a regional programme has been
planned. Tunisia has made steps forward in integrating WW reuse in its water
management strategy since the early years 90s. Currently, secondary treated WW
is produced by 122 WWTP, out of them 112 are treating urban effluents.

In general, there is great potential of RW in irrigation of agricultural fields close to
urban centres, also providing a considerable input of required nutrients for plants and
reducing their net discharge on sensitive surface waters [8].

In the last decades, Nature-Based Solution (NBS) systems such as Constructed
Wetlands (CWs) or waste stabilization ponds (WSPs) have been proven to be a
convenient solution for the decentralized treatment of wastewater (WW) of various
origins and for their high landscape integration and low maintenance costs. In
particular, NBS systems have rapidly evolved through the use of various designs
and operational modes or other adjustment (i.e. aeration in subsurface CWs,
recirculation rates, etc.) so as to improve effluent water quality with respects to
various pollutants. CWs can effectively treat raw, primary, secondary or tertiary
treated sewage and many types of agricultural and industrial WW.

Notwithstanding all the numerous positive impacts, several barriers still limit the
spreading of the agricultural RW use practice in both developed and developing
countries around the Mediterranean rim. From the technical viewpoint, in some
cases the poor quality of RW has dissuaded farmers from its reuse as it could only be
reused for cultivating low revenue crops. A low-cost natural treatment of municipal
WW could alleviate restrictions for the agricultural irrigation and could save on the
use of organic and mineral fertilizers. Moreover, as reported by Salgot et al. [9],
among institutional and socioeconomic causes, a key drawback for diffusing agri-
cultural use of RW and its public acceptance is the absence of an adequate interna-
tional legislation. This fact leading in many cases to homogeneous quality standards
and fairness issue. On this regard, Tran et al. [8] mentioned how “the suitability of
reclaimed water for specific applications depends on its quality and usage require-
ments”. Generally, in irrigation practice the main quality factors to control possible
adverse effects on human, plant, and soils integrity, for eligible recycled water are
salinity, heavy metals, and pathogens.

In the attempt to develop their own recycling and reuse criteria, usually proceed-
ing by the most advanced ones (i.e. California and Australia), Southern Europe
states, like Italy, Greece, and Spain, enforced “semi-scientific” and too stringent

Nature-Based Treatment Systems for Reclaimed Water Use in Agriculture in. . . 21



regulations to be really applied [9]. At the light of that, EU (European Union)
recognized the need to implement a common water reuse regulatory instrument at
international level and is working towards both, minimum quality requirements and
health and environmental risk-based policies [10]. On 25th May 2020 the European
Parliament and of Council approved the “Regulation on minimum requirements for
water reuse” [11]. This Regulation lays down minimum requirements for water
quality and monitoring, as well as provisions for risk management, for the safe use
of reclaimed water in the context of integrated water management. The purpose of
this Regulation is to guarantee that reclaimed water is safe for agricultural irrigation,
thereby ensuring a high level of protection of human and animal health and the
environment, promoting the circular economy, and supporting adaptation to climate
change. Then this will contribute to the Directive 2000/60/EC targets by addressing
water scarcity and the resulting pressure on water resources, in a coordinated way
throughout the Union, thus also prompting the efficient functioning of the internal
market.

However, in the perspective to adopt the new EU guidelines for reclaimed water
use at national level, many constrains will probably remain for a long time, mostly
referring to physical and economic ones.

This chapter reports various aspects linked to the RW use in agriculture in South-
Italy and Nord-African countries. In particular, case studies of the last two decades
concerning the RW use in agriculture in South Mediterranean regions are resumed to
highlight technical, regulatory, and environmental aspects. Also, use-related risks in
agriculture of RW produced by NBS systems in Mediterranean countries are
discussed.

2 Reclaimed Water Use in Agriculture in Med Region

2.1 State of Play

The use of municipal RW in agricultural and other sectors has been proposed since
the 1970s as an opportunity to cover water shortage, save freshwater resources of
high quality and contribute to the protection of environment from pollution also in
the Mediterranean rim.

The use of RW for crop irrigation is an alternative to the scarcity of water quality
and quantity, suffered in many countries of the Mediterranean basin. RW can
provide an important saving of fertilizers (i.e. nitrogen and phosphorus) as well as
benefits for the environment, by avoiding the discharge of contaminants into water-
ways [12] and providing consistent available water throughout the year.

Possible uses of RW include irrigation of food or non-food crops, irrigation of
green or leisure zones (with or without direct contact), aquaculture, industry (water
for refrigeration, cleaning), municipal use and aquifer recharge, among others [13].

The use of RW for crop irrigation is a common practice for some years now. The
agricultural use has been tested on crops such as forage [14], alfalfa and radish [15],
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wheat and maize [16], trees [17], and vegetable crops [18]. Moreover, different
practices involving RW use, in terms of irrigation techniques (surface and subsurface
drip irrigation) [5], cultivation systems [19], and treatments technologies, [6, 20]
have been tested.

One of the most economically feasible agricultural uses of RW is the irrigation of
high-value horticultural crops, which typically has high returns per volume of water
invested in [21]. However, this practice has been approached with trepidation, owing
primarily to concerns about risks to human health via contamination of food with
pathogenic microorganisms [22].

The effects of treated WW by CWs on irrigated vegetable crops (i.e. tomato,
lettuce, zucchini, and eggplants) from physical, chemical, microbiological, and
production perspectives were investigated in Sicily for several years [5, 18, 23,
24]. Experiments were conducted in open fields near the CW system of San Michele
di Ganzaria (Eastern Sicily).

On the other side of the Mediterranean, in Tunisia, the use of RW in agricultural
irrigation was a very prosperous activity that started in the early years 1980s. Treated
effluents used for irrigation were mainly deriving from secondary biological treat-
ment process operating in intensive treatment plants. The latter is widely recognized
as a relatively efficient process based on the quality of the influents and the treatment
efficiency that relies on energy. Irrigated areas have been abandoned due to the low
quality of the effluents alongside the low acceptability of the end users, despite the
low pricing. Hence, from economic perspective, the reuse of reclaimed water cannot
be deemed as successful in the whole country; success stories are closely related to
local initiatives launched by skilled operators, i.e. farmers. Overall, cost recovery is
generally not achieved representing one of the main obstacles to improving the
quality of the effluents and to be solved throughout the adoption of low-cost
technologies.

2.2 Technical and Regulatory Aspects

WW treatment technologies are ever evolving with a wide range of processes. The
latter are encompassing from the simplest to the most complicated and from the
smallest size of decentralized, on-site, treatment systems dedicated to process
domestic effluents from a household to the largest centralized treatment plants to
treat (a mix of) hundred thousands of cubic metres of effluents collected from
various types of establishments and origins. This is regardless of the countless
combinations of various types of treatments to remedy to their respective shortcom-
ings. Regulations have to do so through update and review throughout the years,
generally on regular basis.

The relation between treatment technologies and regulation is not straightforward
even though they are closely connected: water regulators require proves and refer-
ences to set threshold limits for the quality parameters that fit with the capacities of
the treatment plants and their efficiencies. Regulations and guidelines are meant to
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protect the environment and human health therefore they have to take into consid-
eration not only the affordable technologies but they also foresee future improve-
ments and innovations. It was forecasted that by 2020, half of the countries in the
Mediterranean region are expected to be applying the Best Available Technologies
(BAT) and the Best Environmental Practices (BEP) to treat non-conventional water.
CWs dates back to the years 80’s. However, few countries in the Med Basin did
regulate its use for WW treatment.

In France, the majority of the CWs are Vertical Flow (VF) systems; Horizontal
Flow (HF) are rather part of hybrid systems [25]. HF was also reported to be used to
treat cheese dairy farm effluent [26].

In Italy, CW existed since the mid-1980s but it was not considered a treatment
technology by the Italian legal framework before 1999 [27]. In 1999, CW was
“officially” recognized as treatment technology by EC Directive 91/271 of the
municipal WW treatment and around 90 CWs were constructed in 3 years between
1999 and 2001 [27]. The D.Lgs. n.152 of 1999 law enforcement has largely
facilitated the spread of this technology across the country with very specific
instructions for its implementation based on the volume of effluent discharges by
the area. Urban centres discharging in freshwater bodies were the most targeted.

In Spain as well, CWs were introduced in the mid-1990s and prospered in the
2000s [28].

CWs are relatively simply technologies characterized by few mechanical and
electrical parts, so, main technical problems for the use of RW for irrigation can be
related to their effects on the irrigation system itself. In the following paragraphs,
effects of RW on technological system management highlighted in Sicily during last
decades will be described; moreover, some technical problems related to CWs
themselves were highlighted.

2.2.1 Technical Aspects

Compared to the northern Mediterranean side, especially in Sicily, CW is a relatively
new treatment process introduced for the treatment of municipal effluents. The very
first CW have seen the light in 2001. The CW was located in San Michele di
Ganzaria, a rural community of about 5,000 inhabitants, located 90 km southwest
of Catania [29]. The whole project, included a tertiary system with four HF reed beds
followed by three stabilization reservoirs, as detailed in Sect. 3.2.1. In this study site,
effects of irrigation with RW on technological system management were investi-
gated in Sicily during some experimental campaigns [23, 24]. In every experiment, a
plot irrigated with fresh water (FW, from an agricultural reservoir) was used. The
experimental plots were equipped with drip irrigation systems, consisting of surface
(DI) and subsurface (SDI) laterals, buried at a depth of 0.05 m.

During the experimental irrigation system used in Castorina et al. [24] irrigation
plots were covered by black/white plastic mulching. Mulch provides a better soil
environment, moderates soil temperature, reduces splash effects, and increases water
infiltration during intensive rains, and controls weeds [30]. Lettuce (Lactuca sativa
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L.) (cultivar Canasta), zucchini (Cucurbita pepo L.; cultivar President), and egg-
plant (Solanum melongena L.) (two cultivars Dalia – DA and Birga – BI) were
transplanted and cultivated.

The emission uniformity (EU, %) of DI and SDI laterals evaluated during the
study indicated reductions of 12% (from 90% to 78%) in RW and 18% (from 93% to
75%) in FW pipelines. Microbial biofilm growth within the pipelines and/or the
emitters may have caused these reductions, as confirmed by literature [31, 32]. In
particular, the presence of the microbial biofilm (i.e., a heterogeneous and functional
aggregation containing microbial community) was confirmed in the study (i.e.,
colonies of Streptococcus Faecalis and Serratia marcescens) by laboratory analyses.
No significant variation in the EU was observed between the two micro-irrigation
techniques (DI versus SDI).

In the experimental irrigation system used in Aiello et al. [23] subsurface light
pipe P1 Rootguard (P1 RTG) was used together with other pipe in order to test the
reduction of the microbial biofilm formation. In this case, EU was excellent or good
for all plots (according to the classification of [33]) throughout the tests. In particular,
mean EU data were in the order of 91% for P1 RTG.

In Tunisia, CW was never meant to be a treatment process to treat effluents
because WW collection has always been centralized in treatment plants to be
processed using intensive biological treatment. Up-to-date, WW treatments in Tuni-
sia encompass 122 treatment plants including nine treatment plants in rural area; the
rest are dedicated for the treatment of urban or industrial effluents. Consequently,
CW is recognized neither by the WW treatment utility nor by the water/environ-
mental regulators as an official treatment process. Unlike in Italy where CW have
been built since the mid-1980s [27] and 175 CW were built in <15 years with 75%
of the systems were located in central and northern Italy (provinces Veneto, Emilia-
Romagna and Toscana) with a majority of HF systems [34]. More than 1,000
systems are in operation and around 300 systems exist in the public sector.

The first functional constructed wetland in Tunisia was built in 2004. It was
meant to treat primarily WW of a community of 750 inhabitants. The design
consisted in two VF beds covering 121 m2) and HF bed covering 207 m2. Ponds
were planted with Phragmites australis and Typha latifolia in addition to mint
(Mentha sp.). The substrate was composed of gravels with various sizes.

The treatment system has produced an effluent that was complying with the
former standard of discharge 106.02 (1989) for the parameters BOD, COD, and
TSS; the latter were not supposed not to exceed 30, 90, and 30, respectively.
Nevertheless, the load of nitrogen as Kjeldahl total nitrogen and phosphorus were
not met which may represent a constraint [35].

2.2.2 Regulatory Aspects

On the international level, the two benchmark guidelines for RW use are the
California regulations (State of California 1978) and the World Health Organization
(WHO) guidelines [36]. The first one is very strict, following a “zero risk” approach
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that adopts the “best available technology” [37]. The “zero risk” approach is based
upon the fact that pathogenic micro-organism could survive for days, weeks, and at
times months in the soil and on crops, so, detection in any of these environments is
sufficient to indicate that a public health problem exists. Therefore, for example,
recycled water used for the surface irrigation of food crops, should be tertiary or at
least secondary disinfected if RW comes into contact the edible portion of the crop or
does not, respectively [38].

For many years, the California state regulations were the only legal valid refer-
ence for recycling and reuse [9]. WHO [36] recognized that the extremely strict
California standard for RW use, adopted by many countries, was not justified by the
available epidemiological evidence nor was it likely that many countries, especially
developing countries, could meet this strict standard. The WHO guideline was more
flexible and it was established in order to be applicable in developing countries with
lower economic possibilities [39]. The WHO guidelines followed a “calculated risk”
approach, based on existing epidemiological evidence and they considered irrigation
as an additional treatment stage. This approach proposes the “unrestricted irrigation”
scenario [40] and suggests a median design risk for rotavirus infection of 10�3 pppy
(per patient per year), considering feasible a 2–3 log unit reduction of E. coli in RW,
due to rotavirus die-off between last irrigation and consumption. The success of the
implementation of some post-treatment health protection measures for the reuse in
agriculture was already reported for case studies in Ghana, Senegal, Vietnam, and
India [41].

The differences between the two approaches and among the different guidelines
and regulations, may raise doubts about their capability to protect end users; in
particular, the countries that do not yet have guidelines or experience may decide not
to deal with RW use [42, 43]. Most comprehensive standards developed specifically
for RW use practices and issued by European States were, until today, either derived
from the California guidelines (e.g., Greece, Cyprus, and Italy) or from the
Australian guidelines and revised WHO criteria (e.g., France) [44] or from a
combination of the above (e.g. Spain and Portugal). Fawell et al. [45] stated that
the non-existence of the common standard is the biggest obstruction for the expan-
sion of the RW use sector.

Even if the main European standards include additional preventive measures
following the multiple-barrier approach, Italian standards are not aligned to those
preventive measures. Ventura et al. [46] discussed various normative, economic
physical barriers to the RW use practise spread in Italy. The actual Italian normative
(Italian Ministry Decree 185/2003) derived, in fact, from the most restrictive
approach. Thus, there is a lack of quality guidelines for diversified agricultural
reuse sectors and a microbiological risk assessment, as promoted by the WHO
[40]. Moreover, this normative presents a list of overabundant water quality param-
eters (e.g., chemical and microbiological compounds) to be analysed [47], with
consequent high monitoring costs, mainly for small treatment facilities. Addition-
ally, total costs for developing RW use in agriculture are not sustainable and user-
friendly when considering the construction, operation, and maintenance of “addi-
tional” processes for tertiary and disinfection treatments and RW distribution
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networks [46, 48]. Following the Sustainable Sanitation Alliance [49, 50], it is key to
implement sanitation systems which are sustainable. In order to be sustainable a
sanitation system has to be not only economically viable, socially acceptable, and
technically and institutionally appropriate, it should also protect the environment and
the natural resources.

For example, waste biological ponds are recommended by the WHO, because of
their effectiveness in removing nematodes eggs and helminths eggs, a pathogen
endemic within developing countries. Biological ponds have an advantage that they
are very efficient and inexpensive (both in terms of capital investment and O&M
costs) [51]. A recent overview on different studies on natural and conventional
disinfection technologies (among others chlorine-based disinfectants and UV radi-
ation) showed that even if the latter represent the most used treatments, natural
disinfection processes could represent valuable solutions, due in particular to the
absence of chemical reagents [52].

In Europe, a common strategy on RW use was issued on January 2020 and
approved on 25th May 2020. Based on the proposal of “Minimum quality require-
ments for water reuse in agricultural irrigation and aquifer recharge” [10], the
European Parliament and the Council approved the “Regulation on minimum
requirements for water reuse” [11].

The purpose of this legal instrument is to facilitate the uptake of water reuse
whenever it is appropriate and cost-efficient and differentiate its application, thereby
creating an enabling framework for those Member States who would continue or
introduce the practice of water reuse.

2.3 Social Aspects

Social and cultural acceptance are key factors to successful projects of reuse in
agriculture [53]. The quick development of the technologies associated with WW
treatment has tremendously facilitated the acceptance to use this resource instead of
fresh water. However, the lack of social acceptance has been considered as one of the
major obstacles to not only the adoption of the technologies but also to the reuse,
especially in agriculture. Social acceptance is rather related to the negative percep-
tion which may result in the reluctance to the reuse [54]. Hence, the acceptance of a
treatment process depends largely of how it integrates into the environment and how
its products are perceived by the end users. There is a strong need to gain trust
because the society that is likely to change its behaviour may also influence its
entourage [55].

In most advanced countries, CW is deemed to have several features. For example,
Germany which is the cradle of HF CWs. Since the 1980’, guidelines were
established for that purpose which has largely facilitated the way CW is nowadays
well integrated into the landscape and the way WW is treated and reused.

In Tunisia, CW was tested in several studies for the treatment of domestic and
rural effluents. However, it is not fully adopted yet even for small communities; it is

Nature-Based Treatment Systems for Reclaimed Water Use in Agriculture in. . . 27



still practiced at pilot scale. The removal of chemical, physical, and biological
pollutants are still on the learning curve and the technology is not well mastered in
spite of the interesting results. The outcomes of the experiments carried out up to
now are certainly encouraging and highly promising. Meanwhile, they are scattered,
focusing on the technical parameters and do not yet bring to the society a prototype
that could be adopted at full scale while assuring the release of a securely treated
effluent that can be safely used for agricultural irrigation or else.

As a consequence, studies investigating the social acceptance of CW and social
impact are still lacking because up-to-date the CW was only applied at lab-scale as
pilot to treat a limited amount of water and for a short period of time. Therefore, the
sensitization of the society to the features and the advantages of CW are not seriously
considered by the scientists as part of the strategy of treatment and reuse. The
establishment of regulation for the use of CW and its application at large scale
requires that scientists capitalize on the available knowledge and success stories to
come up with a design that meets threshold values that can be applied at least for the
basic parameters, in a first stage.

2.4 Environmental Aspects

Environmental health problems may result from insufficient provision of sanitation
and WW disposal facilities. The application of CW for the treatment of WW for
agricultural irrigation has much potential, especially when incorporating the reuse of
nutrients like nitrogen and phosphorous, essential for plant production. Among the
current treatment technologies applied in urban wastewater reuse for irrigation,
wetlands were concluded to be the one of the most suitable ones in terms of pollutant
removal and have advantages due to both low maintenance costs and required
energy [56]. CW use plants that can cope with pollutants in water [57] and support
microbial community that biodegrade different types of contaminants. Besides,
contaminants can be eliminated through physical process, chemical transformations
of the compounds (reduction, oxidation, volatilization, and precipitation). The
ultimate process is uptake by plants [58].

CW are promoted as the most environmental and human friendly technology and
the less harmful because it complete harmony with the ecological system. However,
health and environmental risks may derive mainly from the low removal of nitrogen
and phosphorus that may end up with eutrophication in addition to the removal
efficiency of some other classes of pollutants, mainly microbiological parameters;
this may justify the recourse to disinfection step to guarantee the innocuousness of
the exposed products.

CW is effective in removing organics and suspended solids. The relatively low
removal of nitrogen could be improved by the combination of various types of
CW. The removal of phosphorus is also usually low, requiring media with high
sorption capacity. Meanwhile, pathogen removal is a challenge, requiring lagoons or
hybrid wetland systems or a final disinfection step.
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In general, organic and inorganic materials like nutrients, pathogenic microor-
ganisms, and suspended solids are the main components that are meant to be
removed from WW when applying CW. Biodegradable substances can be easily
degraded and removed through bacterial metabolism. However, inorganic sub-
stances including phosphorus needs to be removed through more sophisticated
processes like chemical co-precipitation with iron, aluminium, or calcium [59] in
order to preserve the quality of the environment.

The use of CW for the treatment of industrial effluents aims at removing harmful
components released from various types of factories. Minimum requirement need to
be met like pH (6.0–8.5) and temperature (around 30 �C). The application of CW for
industrial treatment is not very common in the Mediterranean countries. However,
CW can address a large variety of treatments to achieve several goals like pH
adjustment, BOD degradation, removal of nitrogen (ammonia), and removal of
heavy metals. An example of the role of plants in the uptake of industrial heavy
metals in treatment wetlands is phytoremediation. It was described also as the
solution to the removal of contaminated soils with hydrophilic contaminants.

2.5 Health Risks

Faecal coliforms are the best overall indicators of water faecal pollution [60]. CWs
are engineered systems, designed to remove nutrients, contaminants, and pathogens.
CW was reported to be efficient for the removal of pathogens and bacterial indica-
tors. Removal rates up to 99% were registered. Several factors contribute to the
variability parameter like the initial load, the season, the type of CW, and the
residence time. In general, HF are more efficient than VF because of the higher
residence time [61].

In Italy, the removal rate of coliforms in 4 CW (Moscheta, Gorgona,
Spannocchia, and Pentolina) using HF for tertiary treatment was comprised between
1 and 4 log10 units [62].

In Tunisia, duckweed-microalgae constructed wetland was not efficient in remov-
ing total and faecal coliforms with rates down to 68.5 and 47.16%, respectively.
Noemi et al. [63] reported higher removal for faecal coliform (95%) using a
duckweed based pond. Antibiotics [64] and heavy metals [65] may accumulate in
wetland plants.

2.5.1 Heavy Metals

The removal of heavy metals within constructed wetlands is performed generally by
rhizosphere and soil-based stabilization processes, adsorption onto sediments
through solubilization and reprecipitation (e.g. Fe, Cu, Zn, Mn, and Al), and partially
by plant uptake (Cr, Zn, Pb) [66]. The most common sorption models are Langmuir
and Freundlich isotherms. Several models describe the sorption process of the
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charged species into soil particles from the solution where wetland bottom sediments
attract the ionic forms of contaminants from WW.

2.5.2 Emerging Contaminant

New knowledge is required on the presence of contaminants of emerging concern in
treated WW because of their potential risks for the environment and humans when
treated WW is applied for irrigation purposes. More research on pharmaceuticals and
their uptake by crops irrigated with reclaimed water is recommended. These crops
are used for human consumption and/or animal forage and could potentially be
harmful. Compounds of emerging concern can also be stress factors for crops
irrigated with reclaimed water and should also be assessed together with conven-
tional water quality parameters such as organic strength, nutrients, and solids in the
future [56].

2.5.3 Microbial Parameters

With the aim to investigate the risks associated with the use of RW for the irrigation
of vegetable crops in Sicily by using the system mentioned on Sect. 2.2.1 and
detailed on Sect. 3.2.1, different experiments were carried out in Sicily during last
decades.

For example, in Castorina et al. [24] RW samples were collected along the
treatment line, at the inlet (RW0) and outlet (RW1) of one (H-SSF2) of the four
CWs-based system (located in S. Michele di Ganzaria and described in the Sect. 3.2)
and downstream to the stabilization reservoir and shallow tank, before (RW2) and
after (RW3) the sand filter and then analysed.

FW samples were collected at the agricultural reservoir. Main microbiological
parameters, Escherichia coli (E. coli) and Salmonella, in FW and RW were moni-
tored and measured (Standard Methods, [67]) during the irrigation season at intervals
of approximately 30 days. Results are reported in Table 1.

Table 1 Microbiological parameters in RW at the different sampling points. Mean value and
standard deviation (in brackets) (data source: [24])

Parameter

RW
sampling
point 0

RW
sampling
point 1

RW
sampling
point 2

RW
sampling
point 3 FW

Italian RW use
limits (MD 185/
2003)

E. coli
(CFU/100 mL)

2 � 105

(1 � 105)
8 � 103

(6 � 103)
7 � 103

(6 � 103)
5 � 103

(4 � 103)
0 50a

Salmonella
(CFU/100 mL)

Absent Absent Absent Absent Absent Absentb

RW Reclaimed WW, FW Fresh Water, E. coli Escherichia coli
aLimit value for 80% of samples; a maximum of 200 CFU/100 mL is allowed in 20% of samples
b100% of samples
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Soil contamination analysis assessed E. coli and Salmonella concentrations
within soil columns (from 0.1 to 0.3 m of depth beneath soil surface) near the
emitters. Laboratory processing for soil microbial and constituent analyses were
performed as outlined in APHA [67]. Soil samples (about 100 g) microbial levels
(CFU 100 mL�1), in 100 g soil samples, were enumerated using membrane filtration
techniques. Microbiological results of RW and FW used for irrigation of vegetable
crops in Castorina et al. [24] are summarized in Table 1.

Annual means and standard deviations (in brackets) were compared with Italian
recommended limits [68]. Water contamination by E. coli varied considerably
during the trials at the different sampling points from 103 to 105 CFU/100 mL.
None of the RW samples analysed in 2013 had E. coli concentrations below the
mandatory limit of 50 CFU/100 mL. For 92% of the samples, concentration values
were higher (up to 1.7 � 105 CFU/100 mL) than the permitted upper threshold
(200 CFU/100 mL). Salmonella was not detected in the RW samples. In 15% of
samples, E. coli contamination was above the value of 104 CFU/100 mL fixed by the
World Health Organization in 2006 for the “unrestricted irrigation” scenario, in
order to reach a median design risk for rotavirus infection of 10�3 pppy (per patient
per year), considering a 2–3 log unit reduction due to rotavirus die-off between last
irrigation and consumption. In particular, according to WHO Guidelines [40], WW
treated by the CW system could be used for vegetable crop irrigation by
implementing some post-treatment health protection control measures.

Analyses on soil sampled at different depths within the experimental field
revealed the presence of E. coli, with a maximum concentration of 2�101 CFU g�1

at 0.10 m beneath soil surface. In this study, and as confirmed in the literature [5, 69],
a certain microbial persistence was individuated along the investigated soil profile.
No Salmonella contamination was detected in soil samples. ANOVA analysis did
not reveal significant differences in contamination values along the soil profile
between what RW and FW. On vegetable products, ANOVA revealed a significant
microbial contamination, both in terms of E. coli and Total Coliform. In particular,
among the different vegetable crops irrigated by RW, lettuce revealed the worst
microbiological quality related to the low quality water supplied. Anyway, Salmo-
nella was not detected in all RW irrigated products.

Similar results were found by Aiello et al. [23], that based on a 6-year monitoring
programme, showed that municipal RW (coming from the same CW located in
S. Michele di Ganzaria) may be successfully used, under specific experimental
conditions, to irrigate and grow tomato crops. In particular, the risk assessment
analysis, carried out by applying the Quantitative Microbial Risk Analysis model
(QMRA) according to WHO [40] procedures, highlighted that by applying the post-
treatment health protection control measures (such as product washing, disinfection,
peeling and/or the natural pathogen die-off after last irrigation), the acceptable
rotavirus infection risk was generally preserved, although E. coli content of RW
was often over the limits set by the Italian law.

For further contribution to the argument on the “zero risk” and “calculated risk”
currently followed worldwide, Licciardello et al. [18] analysed removal efficiency
(physical-chemical and microbial) of two different tertiary treatment options for RW
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use in agriculture. The first option included in series horizontal subsurface
constructed wetland system, biological pond (i.e., lagooning), storage reservoir
(i.e., tank), sand and disk filters, while the second included in series horizontal
subsurface constructed wetland system, sand and disk filters, and ultraviolet
(UV) systems. Details of both tertiary treatment systems using RW coming from
the same CW reed bed are provided in the Sect. 3.2.1. RW were used to irrigate
Tomato (Solanum licopersycum L., CvMissouri) and eggplant (Solanum melongena
L.). The results of this study, showed that natural treatment system, recommended by
the WHO for using RW in agriculture, together with sand and disk filters, can
represent a reliable alternative to the high intensive disinfection treatment based
on UV.

3 Natural Based Treatment Systems in Med Countries

3.1 Design, Construction, and Operation

In general Med countries are in warm-climate areas. The climatic factor needs to be
taken into account in the design of treatment wetlands (TWs) in these regions. In
general, the working principles of the treatment system will be the same, but specific
characteristics need to be considered. Among the others, developing countries or
regions have generally limited resources for infrastructure implementation, opera-
tion, and maintenance. Several developing countries show high regional economic
contrasts, with technically developed areas coexisting with poor regions, but the
focus here remains only on those with limited financial resources. Again, there are
several aspects that should be taken into account in the planning, design, and
operation, and maintenance (O&M) of the treatment systems [70] in developing
countries.

The fact that in warm-climate regions, with higher WW temperatures, biochem-
ical reactions and some physical processes take place at a faster rate is still a debating
problem. Some studies reported that, for a given effluent quality and surface area
allocated for TW, removal efficiencies are expected to be higher at more elevated
temperatures and land requirements are likely to be smaller [71]. However, other
authors highlighted how it could be uneasy identifying clear temperature effects on
TW performance. In fact, Kadlec and Wallace [72] reported a certain variability for
temperature correction factor (θ) values when applying the P-k-C* model. For COD
and BOD removal in horizontal sub-superficial flow (HSSF) wetlands (#34) this
factor ranged from 0.891 to 1.140 (corresponding θ < 0 to worse efficiency with
increasing temperature, θ > 0 to better efficiency with increasing temperature, and
θ ¼ 1 to no temperature effects on removal) and highlighted some lacking debate in
literature. Nevertheless, evidence mostly suggests that “TW BOD removal is not
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improved at higher wetland temperature”. This consideration reinforced the previous
conclusion on the absence of temperature dependence on TW BOD data [73, 74].

Moreover, hydrological behaviour of TWs may be influenced by rainfall regime.
In arid areas, evapotranspiration is likely to play an important role, leading to water
losses and concentration of constituents in the effluent. Also, in arid areas, it is
common to have a wide amplitude of temperature variations between day and night
[71].

Most of the wetland literature emanates from developed countries under temper-
ate or cold climate, in which there is a considerable accumulated experience as a
result of thousands of units in operation. There should be a strong incentive to
develop regional design guidelines for treatment wetlands based on actual experi-
ence in low-income and warm areas, so that future designs are really well suited to
the local conditions [71].

In regions with limited financial resources, it is essential that construction costs
are small, so that the implementation of the treatment systems becomes viable.
Additionally, operation and maintenance (O&M) costs must also be low, in order
to guarantee the plant sustainability in the long run, and to contrast probable neglect
due to lack of funds. Frequently, in developing countries funding for the WW
treatment plant (WWTP) implementation comes from a state or international agency
(frequently with financing at low interest rates), but O&M costs are taken over by the
operator or service provider, and this may be affected by the tariff structure (if at all
existent), which must be sufficient to cover all costs related to the good functioning.
CWs are very competitive in terms of construction costs and are frequently very
advantageous in terms of O&M costs, compared with other treatment systems. Thus,
it is important to guarantee adequate routine O&M, since wetlands are systems
which are very robust for a long time until they fail completely, needing large
sums to recover the efficiency [71].

Moreover, in most applications in developing regions, lack of skilled manpower
for undertaking even basic operational duties is frequent, and this reinforces the
suitability of natural systems such as CWs. So, the level of mechanization should be
kept to a minimum. Anyway, the fact that CWs are very simple systems to operate
must not become an excuse to neglect the basic duties associated with the running of
the treatment plant. It is observed that there is a tendency in many developing
countries to abandon maintenance and operation rather than undertaking routine
basic low-cost maintenance and operation. It is important to note that every system
fails without proper O&M, and this is also the case with wetlands [71]. Main failures
in the performance of wetlands due to inadequate O&M are:

– Failure of the pre-treatment stage (e.g., septic tanks) due to lack of desludging,
which may cause overflow of sludge to the wetlands.

– Failure of the distribution system, especially in vertical flow wetlands, where
there is a need for a uniform distribution of the liquid over the whole surface of
the bed.
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3.2 Efficiencies

Most of domestic WW hybrid-CWs have been constructed and evaluated in cold
climate regions of central and northern Europe [75] and only a few examples of these
type of treatment systems in Mediterranean regions have been reported [76]. In sight
of the water scarcity scenario and stringent regulations, the enlargement of knowl-
edge on this matter may only enhance their acceptance and future implementation of
this eco-technology in small communities of warm regions.

In order to evaluate the treatment capacity of CWs in warm regions some
examples are reported below.

3.2.1 CW Located in San Michele di Ganzaria in Sicily

The whole plant included a tertiary system made of four HF reed beds followed by
three stabilization reservoirs [29]. The monitored reed bed is used for tertiary
treatment of about 1,100 p.e., with a design flow rate of 1.75 L/s. The bed is 78 m
long, 25 m wide, and the surface area is 1,950 m2 (about 1.7 m2/p.e.) corresponding
to a hydraulic loading rate of 0.077 m/d. The filtering bed (8–10 mm gravel with a
porosity of 0.38) is 0.6 m deep and the average water depth is 0.4 m. The wetland
was planted in January 2001 with Phragmites sp. at a density of four rhizomes/m2;
the complete plant cover was reached in October 2001. From March 2001 to
September 2005, samples of WWTP influent, CW influent, and effluent were
collected and physical–chemical and microbiological characteristics of WW were
analysed.

The average concentrations of TSS, BOD5, and COD detected in the rough WW
can be classified as medium to strong [77]. The chemical–physical and microbio-
logical parameters show a significant temporal variability (CV > 50%). During the
5-year monitoring period the HF has shown a satisfactory treatment performance
with medium to high levels of removal of TSS, BOD5, COD, TN, and TP with an
effluent average quality compatible with the limits imposed by the Italian regulation
for WW discharge in water bodies and for WW reuse. An average removal of 2–3
log units of FC and E. coli was achieved, with a maximum of 4–5 log units observed
in the 5th year of monitoring; however, only 15% of total samples matched E. coli
limits (<50 CFU/100 mL) for WW reuse fixed by Italian legislation in the case of
natural treatment systems’ effluents. The CW unit was very effective (E ¼ 100%) in
the removal of Salmonella and helminth eggs and it provided high buffer capacity
also during periods with lower WWTP efficiencies. The overall efficiency of CW is
significantly high, if we consider that the CW actual residence time, estimated by
tracer tests, was about 20 h.

The CW pilot plant, located close to the municipal WW treatment plant (WWTP),
is made of 2 parallel lines, each one consisting of 6 HF functioning in parallel [78].

In each line, five beds are planted with different macrophyte species, while one
bed is unvegetated. In particular, Cyperus papyrus, Vetiveria zizanioides,
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Miscanthus x giganteus, Arundo donax, Phragmites australis were used. Results
showed that vegetated beds have showed a better performance in the removal
process for all the investigated parameters than unvegetated beds, underlining the
active role of macrophytes in the WW treatment. The best removal performances
obtained in the beds planted with Phragmites australis, confirmed that this is the most
suitable plant species to be used in constructed wetlands for wastewater treatment.
About the capability to treat WW for reuse purposes, E. coli concentration in the CW
effluents was not always under the maximum limit for wastewater reuse fixed by
Italian legislation but ensured that health-based targets proposed by the WHO
guidelines [40] can easily achievable by combining CW systems with some post-
treatment health protection control measures. Finally, during the monitoring period,
Phragmites australis showed the highest evapotranspiration rates.

3.2.2 Hybrid-CW Located at the IKEA Store in Sicily

The hybrid-CW system of the IKEA store of Catania (Eastern Sicily, Italy) (Latitude
37� 26’ N, Longitude 15� 01’ E, altitude 11 m asl) is the newest component of the
WW treatment plant of the store, which also include a sequential batch reactor (SBR)
and a screening unit. The plant is located in a semi-arid climate area, characterized
by an average annual precipitation of about 500 mm, and values of air temperature in
summer reaching 40 �C. The SBR was designed for treating WW produced by toilets
and the food area of the store; SBR was designed for a maximum flow rate of 30 m3

day�1 (2 batch phases every 12 h) and Total Nitrogen (TN) load of 135 mg L�1.
The first bed (first stage) of the hybrid-CW is a HF, covering a surface area of

about 400 m2 (12 � 34 m) and filled with 10–15 mm volcanic gravel for a depth of
0.60 m. HF was planted with two different aquatic species; Phragmites australis
(i.e. highly tolerant specie to pollutant concentrations) occupies 2/3 of the HF surface
area, and Iris pseudacorus cover the remaining surface area, close to the HF outlet.
The second bed (second stage) of the hybrid-CW is a vertical subsurface flow
treatment wetland (VF1), designed to further remove the WW organic matter and
SS and to nitrify ammonia to nitrate. VF1 is 24 m long, 24 m wide, with a surface
area of about 580 m2; it is planted with Cyperus Papyrus var. Siculus and Canna
indica. The porous substrate of VF1 was realized for the first 0.45 m with volcanic
sand (5–15 mm), while the remaining 0.30 m till the bottom were filled with coarse
gravel (25–40 mm).

The third bed (third stage) of the hybrid-CW is a vertical subsurface beds (VF2),
which has the same design characteristic of VF1 (size, area, porous medium), but is
planted with Typha latifolia and Iris pseudacorus. Macrophytes were transplanted in
the month of July 2014, with a density of 3, 2, and 4 plants m�2 in HF, VF1, and
VF2, respectively. About the hybrid-CW operation, the HF is discontinuously fed. It
was designed to receive 30 m3 daily effluent from SBR (two discharges of 15 m3

each one) and 20 m3 effluent from the screening unit, that by pass SBR, when the
WW produced in the IKEA exceeds SBR design flow rate. The hydraulic loading
rate (HLR) of HF varies between 75 and 125 L m�2 d�1.
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The HF unit experiences frequent overloading peaks due to the extreme variabil-
ity in the number of visitors at the store, and after 2 years of operation it showed
signals of partial clogging at the inlet area. The hydraulics of the HF unit has been
monitored through measurements of hydraulic conductivity at saturation (Ks), tracer
tests, and geophysical (i.e. electrical resistivity tomography – ERT) measurements
carried out during the years 2016 and 2017 [79].

Tables 2 and 3 show the physical-chemical and bacteriological concentrations of
the hybrid-CW system for April–June 2016 and December–February 2017 (periods I
and II) and March–April 2017 AndMay–July 2017 (periods III and IV). Each period
has 6–9 WW samples. These tables also show the limits imposed by Italian regula-
tions for RW discharge into water bodies (LD 152/06) and for agricultural reuse
(MD 185/03). Table 4 shows the removal efficiency (RE) of the whole hybrid-CW.
The high variability of pollutant concentrations at the inlet of the hybrid-CW reflects
the large number of customers who visit the IKEA® store and produce WW, which
can be three-fold greater on weekends and holidays. In particular, on these busy
times, the hybrid-CW often receives WW directly from the screening unit, without
passing through the SBR, due to its frequent overload, and therefore has lower
quality.

The hybrid-CW units provided efficient reduction of TSS (up to 99.3% � 0.4),
COD (up to 92.7% � 6.8), and BOD5 (up to 96.6% � 3). The major parts of TSS,
COD, and BOD5 reduction took place in HF (first stage) (Tables 2 and 3) thus
reducing the clogging problem in the other stages. Vertical units contributed (data
not showed) to further decrease of organics and TSS, producing a final effluent
usually complied with the reuse and discharge standards. The hybrid-CW system
had a high rate of total nitrogen reduction (up to 69.5%� 17, Table 4), confirming its
efficient ammonification and denitrification. Ammonia was oxidized to nitrate at the
vertical stages (data not showed), thus quite high amount of nitrate was found at the
outlet, generally over the discharge limit. This could be reduced recirculating the
effluent to the primary treatment. These measurements of effluent suggest an inver-
sion in the HF unit. The removal efficiency of total phosphorous (TP) concentration
was low during periods I and II, but increased up to 54.4%� 1 during periods III and
IV (Table 3).

A considerable improvement in microbiological water quality was achieved at the
hybrid-CW. In fact, the influent E. coli concentration was reduced meanly of 2–3 log
unit in the HF and other 1–4 in the VF1 and VF2 (data not showed), obtaining an
overall E. coli reduction of 4–6 log unit, from CW influent to CW effluent. The
microbiological reduction rates were 1.7–4 log units (Table 4), and the E. coli
concentrations were generally acceptable, according to the stringent limits of Italian
legislation for RW agricultural use (MD 185/03). The RE values of the whole
hybrid-CW system provide evidence of the important role of the HF unit for
reduction of pollutants (Table 4). This high Removal Efficiency may be due to the
higher physical-chemical and microbiological concentrations of the influent entering
the system, as well as the performance of the HF unit.

So, the results of the study carried out by Marzo et al. [79] show that partial
clogging did not reduce the capacity for removal of organic matter and suspended
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solids of the HF system under study, in agreement with the results of Vymazal
[81]. The severity and extent of clogging depend on inflow loading, and when the
system is not overloaded, the clogging is slow and is restricted to the inflow zone.

4 Conclusions and Recommendations

Studies and experiences reported in this chapter showed the suitability and the great
potential of the agricultural RW use practice, reporting some approaches to solve the
most common barriers still limiting its diffusion in the Mediterranean rim.

The use of municipal RW in agricultural and other sectors has been proposed
since the 1970s as an opportunity to cover water shortage, save freshwater resources
of high quality, and contribute to the protection of environment from pollution.

Problems related to technical aspects of treatment technologies and reuse practice
have been progressively solved during last decades, especially in Mediterranean
countries that have longer experience with this practice, like Sicily and Tunisia.
However, in Tunisia, CW is still not considered an official treatment process.

Table 4 Mean removal efficiencies (RE, % for chemical parameters and as log10 reduction of
CFUs for E. coli) � standard deviations of the HF stage and the total hybrid-CW during the four
monitoring periods (from [79])

April–June 2016
(Period I)

December 2016–
January 2017
(Period II)

March–April 2017
(Period III)

May–July 2017
(Period IV)

HF
outlet

Hybrid-
CW outlet

HF
outlet

Hybrid-
CW outlet

HF
outlet

Hybrid-
CW outlet

HF
outlet

Hybrid-
CW
outlet

TSS 93.2 95.8 90.3 99.3 43.3 68.4 49.4 73.1

(�9 (�1.4) (�2) (�0.4) (�20) (�13) (�6) (�33)

BOD5 92.3 93.2 79.7 88.3 84 96.6 66.9 72.9

(�2) (�3.6) (�11) (�8) (�4) (�3) (�35) (�38)

COD 88.4 92.7 79.2 89 83.3 91.6 69.7 76.4

(�13) (�6.8) (�10) (�6) (�1) (�4) (�32) (�32)

TN 40.3 55.1 47.6 67.8 48 69.5 45.5 61.4

(�10) (�7.1) (�6) (�7) (�30) (�17) (�52) (�6)

N-
(NH4)

+
n.s.a 78.2 38.9 95.3 94.3 98.3 95.2 96.9

(�30.8) (�32) (�5) (�4) (�0.1) (�3) (�3)

N-
(NO3)

�
93.6 20.7 99.6 14.3 40.2 58.5 64.8 50.2

(�5) (�8.3) (�0.2) (�13) (�28) (�13) (�25) (�11)

TP n.s.a 26.7 n.s.a 5.1 76.4 54.4 37.9 46.3

(�11.2) (�14) (�20) (�1) (�10) (�9)

E. coli 1.4 4 1.6 2.9 1.2 2.9 1.6 1.7

(�1) (�0.7) (�1) (�1) (�0.1) (�0.3) (�2) (�2)
aNot significant
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Legislation is another aspect that still need to be fully addressed. The recently
approved “Regulation on minimum requirements for water reuse” [11] in Europe is
still not adopted. So, most of the existing regulations are based on semi-scientific
criteria and have little or no direct relationship to public health protection. Also, their
practicality is very limited. Indeed, some are very complicated and others (e.g.,
Italian and Hellenic) too stringent to be applied. On the other hand, Mediterranean
countries still did not regulate use of RW.

Moreover, social acceptance is still not adequately investigated probably because
the sensitization of the society to the features and the advantages of the use of RW in
agriculture are not seriously considered by the scientists as part of the strategy of
treatment and reuse.

On the other hand, as the experiences reported here highlighted, environmental
and health risks can be addressed by a comprehensive monitoring of the soil-plant
system when WW reuse is practiced in the agricultural context, ending with human
consumption of the produced crop.

Additionally, total costs for the developing of RW use in agriculture are not
sustainable and user-friendly when considering the construction, operation, mainte-
nance, and monitoring of “additional” processes for tertiary and disinfection treat-
ments and RW distribution networks.

Another aspect that needs to be addressed is related to costs. In particular, it is
necessary to set a clear rule for sharing the total costs of treatment between the users
of municipal service, who pay the part of the treatment required by discharge
standards, and the users in agriculture, who should support the supplementary
costs related to the treatment for achieving quality standards for reuse; this should
take into account that farmers, in relation to the low profitability of Mediterranean
agriculture, cannot pay the extra costs for treatment and monitoring by themselves,
otherwise they would be discouraged from using them.
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Abstract Nutrient losses from agricultural lands are responsible for degrading
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shortening the residence time and accelerating nutrient transport through the hydro-
logical system. Thus, they put the aquatic ecosystems at risk since they promote
rapid drainage water transport and reduce the possibility for natural nutrient removal.

Edge-of-field technologies have been developed and implemented in the last
decades to reduce diffuse pollution caused by nitrogen (N) and phosphorus
(P) losses. These technologies are primarily used in critical source areas, where
measures at farm-scale appear insufficient to meet the removal targets. They are
placed at the edge of agricultural fields and connected to the main drainage pipe.
Widely recognized technologies include constructed wetlands, woodchips bioreac-
tors, and filter systems. This chapter presents the results obtained in Denmark from
three different and currently investigated edge-of-field technologies treating agricul-
tural drainage water.

Keywords Agricultural drainage water, Constructed wetland, Edge-of-field
technologies, Filter system, Nutrient losses, Woodchip bioreactor

1 Introduction

1.1 Agriculture Challenges in Northwestern Europe

Increasing nutrient load to coastal waters has been documented in the last decades on
a global scale. More severe effects have been observed in regional seas having
certain hydrographic characteristics and surrounded by high densely populated
coasts. In Europe, the North and Baltic Seas are receiving increasing nutrient loads
due to anthropogenic inputs of nitrogen (N) and phosphorus (P) being responsible
for point source and diffuse pollution. The North Sea is a shelf see covering an area
of 570.000 km2 and extending from Great Britain to Denmark. The water residence
time ranges between 365 and 500 days [1]. The Baltic Sea in one of the largest
blackish-water basin in the world with an area of 377.000 km2. The semi-enclosed
shape is responsible for water residence time of about 30–40 years [2].

Regional seas receive nutrients loads from inland waters such as lakes, rivers, and
streams, resulting in adverse effects of structure and functionality for regional and
local ecosystems. The overly nutrient enrichment of water bodies is responsible for
eutrophication which causes biodiversity reduction by excessive blue-green algae
growth.

The protection of water bodies has been on the EU agenda since 1980. Several
directives were enacted and implemented over the last four decades to tackle the
problem of eutrophication. Among the most important there are the Water Frame-
work Directive 2000/60/EC, the Urban Wastewater Treatment Directive 91/271/
EEC, and the Nitrates Directive 91/676/EEC. This resulted in a substantial reduction
of point source pollution in the North and Baltic Sea area. However, diffuse
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pollution primarily caused by intensive agriculture remains a serious problem for
meeting the EU’s minimum target of good status (Fig. 1).

1.2 Tile Drainage Water

Subsurface tile drainage is extensively used in order to improve water conditions in
soils and thus soil cultivation and crop production. Artificial drainage is primarily
used in low-lying areas characterized by (1) a relatively high groundwater table,
(2) low permeable soil, and (3) wetlands with organic soils. Under these circum-
stances, artificial tile drainage effectively lowers the groundwater table, removes
excess water, and improves soil porosity and structure. Dry soils warm up faster than
wet soils, thus increasing soil temperatures in spring which favor earlier sowing and
germination of seeds. Tile drainage also improves soil trafficability and reduces the
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Fig. 1 Percentage of water bodies in Europe’s river basin districts that are not in good ecological
status/potential: second river basin management plan [3]

Treatment Systems for Agricultural Drainage Water and Farmyard Runoff in. . . 47



risk of soil compaction due to use of heavy machinery and tillage on wet soils. This
is particularly important for climatic regions characterized by limited growing
seasons. Additional positive effects include more water infiltration and less surface
runoff, which decreases soil and nutrient losses. Finally tile drainage reduces pick
flows and the water volumes lost from the watershed. The main drawbacks of this
practice is the great impact on the water and nutrient balance of a landscape. Tail
drains are direct pathways for the transport of nutrients, which are not filtered by
contact with soil particles. Additionally, this management practice changes the
hydrology of the landscape, reducing its overall water storage capacity.

Depending on soil/crop type and costs, drainage pipes are generally installed at a
depth of 0.6–1.2 m and spaced 10–100 apart [4]. Relatively high presence of tile
drains in agricultural areas is found in some Northwestern European countries,
including the UK (30%), the Netherlands (34%), in the Scandinavian countries
(40%) and Finland (91%) [5, 6]. In Denmark, tile drains cover 50% of the agricul-
tural area primarily constituted of glacially derived clayey soils and located in the
eastern part of the country [7]. Subsurface geology has proved to be a key factor
governing drain flow dynamics, with higher drainage in stream valleys and wetlands
and lower drainage in hilly catchment areas. Regarding soil type, heavy clay soils
show an initial slow drainage response followed by a rapid increase, while other soil
types have a more constant response. A statistically significant correlation was found
between the sand percentage in the subsurface geology and the drain flow volume
[8]. Moreover, results from a study on the clay till from the Norsminde catchment in
Denmark revealed that the geology below 3 m has a large impact on drain flow.
Deeper geology must thus be considered when modeling tile-drained agricultural
fields to be able of capturing the transient dynamics, unless an impermeable layer is
found at a shallow depth [9].

Tile drainage discharge is generally seasonally dependent and increases in
response to precipitation/snowmelt while it decreases during drought periods. A
study investigating the effect of tile drains on flow in a Danish Weichsel till area
showed a piezometer head variation up to nearly 3 m between summer and winter
[8]. The decrease in head occurred in spring–summer during 5–5.5 months, while a
rapid increase was documented when autumn water surplus started. A relatively high
average tile drain discharge contribution (83%) was measured in the Netherlands in
response to some major rainfall events characterizing the winter and spring seasons
[10]. Thus, a strong seasonal pattern can be identified for tile drainage with greater
discharges occurring during the winter and spring seasons and very small or absent
discharges across the summer season.

1.3 Nutrient Losses in Tile Drains

Natural flow routes for water and nutrient transport are partially dismissed by
subsurface tile drains. These artificial and direct conduits shorten the residence
time and cause a rapid nutrient transfer through the hydrologic system.
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Tile drains facilitate N transport primarily in soluble forms. Factors facilitating
the loss of N are local climate, soil and crop type, length of growing season, options
of winter cover crops and catch crops, tillage and soil management practices. Certain
factors are field specific and cannot be changed, while others may be adjusted to
reduce N losses [11]. A study in the UK investigated the risk of nutrient transfer
through tile drains for biosolids amended soils [12]. Significant concentration of
nitrate varying between 3 and 34 mg/L was found before amendment. An experi-
mental field study in the Netherlands estimated a 91% contribution from tile drains
of the total nitrate load [10].

The major factors influencing P and sediment transport from tile drains are soil
characteristics including preferential flow paths, P sorption capacity and redox
conditions, drainage depth and spacing of the drains, surface inlets, management
practices such as tillage, cropping systems, P application rate and timing, hydrology,
and climate [13]. Total P (TP), dissolved P, and particulate P (PP) are the most
commonly investigated P forms. In England, annual losses of TP and dissolved P
through field tile drains were estimated to be 0.37–2.64 and 0.037–0.74 kg/ha/yr,
respectively [14]. In the Netherlands, loads of TP from sandy soils to tile drains
accounted for 0.14–0.31 kg/ha/year. [15]. The concentration of the different P forms
in tile drains depends on the drain capacity and on the operating frequency, thus,
varying with flow and season. Export of P is often characterized by an early pulse
caused by preferential transport of surface water through macropores and tiles during
precipitation, irrigation, and/or snowmelt events [16]. In Sweden, a number of multi-
event, seasonal, and annual studies evaluated the TP load to tile drains to vary
between 0.02 and 4.63 kg/ha/year [17, 18]. Heckrath et al. [19] found a larger
fraction of dissolved P (66–68%) in UK tile drainage water in comparison to PP
(8–35%). However, PP may represent a large fraction of TP under high-flow
conditions. A six time greater P loss was measured in England during stormflow
in comparison with baseflow from a grassland catchment. Dissolved P accounted for
70% of the total losses during baseflow conditions, while predominantly PP loss
occurred during stormflow [20]. Dominant PP concentrations were also reported
from studies in Sweden and Finland [21, 22]. The non-growing season (from
December to March) was reported to account for 35–40% of annual P losses in
Denmark [21]. A series of field experiments investigating subsurface P transport in
Denmark reported a minimum and maximum TP concentration of 0.5 and 2 mg/L,
respectively, with temporary maximum of 4.8 mg/L [23].

2 State of the Art

Nutrient losses through drainage discharge can be mitigated at farm-scale. Measures
include better control in the application of mineral fertilizers and the use of agricul-
tural management practices. Among the most common practices there are cover/
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catch crops, controlled trafficking, subsoiling, vegetated buffer strips. Cover/catch
crops protect soils from erosion, reduce the amount of runoff, and ensure that
nutrients stay in the root zone. Controlled trafficking preserves soil structure and
reduces runoff and erosion by restricting compaction to specific traffic lines. Indirect
benefits of this measure include reduced waterlogging and enhanced soil biological
activity due to improved levels of organic matter. Vegetated buffer strips are strips of
land located between agricultural fields and watercourses, aiming at trapping sedi-
ments and immobilizing soluble nutrients through plant uptake or microbial degra-
dation. However, measures at farm-scale may be insufficient, especially in critical
source areas of nutrient losses.

Edge-of-field technologies are recognized as non-point and economically feasible
nutrient mitigation solutions. Despite the higher cost in comparison to farm-scale
measures, these technologies provide high nutrient removal, promote biodiversity,
and increase flood control. They are generally used for critical source areas and
installed at the edge of tile-drained agricultural fields. Constructed wetlands,
woodchips bioreactors, and filter systems are among the edge-of-field technologies
tested in Denmark to tackle nutrient losses from drainage discharge.

2.1 Constructed Wetlands

Constructed wetlands (CWs) are ecologically engineered systems ameliorating
water quality through natural processes involving wetland vegetation, soil, and
their associated microbial assemblages [24]. The primary treatments include sedi-
mentation, filtration, oxidation, reduction, adsorption, and precipitation. The grow-
ing popularity in the last decades is due to low operational costs and energy
consumption.

The classification of CWs generally depends on three main factors: water level in
the system, water flow movement, type of macrophytes (emergent, submerged,
floating-leaved, free-floating) [25, 26]. Surface flow (SF)/free water surface CWs
and subsurface flow (SSF)-CWs are considered the main two types. The former
(SF-CW) is similar in appearance to natural marshes and it is constituted of basins
naturally or artificially waterproofed. In this system, the water surface is kept above
the substrate at a depth which typically ranges between 0.3 and 1 m. Aerobic
conditions characterize the near-surface layer of water, while anaerobic conditions
are found in the deeper layers. Shallow areas favor emergent plant growth and
homogenize the water flow through the formation of small channels simulating a
plug-flow reactor behavior. Organic removal occurs via settling and filtration of
suspended particles and microbial degradation and settling of colloidal particles. An
artificially waterproofed basin entirely filled with inert material of appropriate
particle size characterizes the SSF-CWs. According to the water flow movement in
the system, SSF-CW can have a horizontal (HSSF-CW) or vertical (VSSF-CW) flow
configuration. Anoxic conditions are predominant for both configurations as the
water flow level is continuously kept below the inert material. However, continuous
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flow from the inlet is generally found in HSSF-CWs, whereas discontinuous flow
from the inlet occurs in VSSF-CWs, which resemble more batch reactors [27]. The
construction cost of SF-CWs is lower in comparison to SSF-CWs. Additionally, the
former offers greater flow control and more diverse wildlife habitat. However,
nutrient removal per unit of land is lower. Thus, larger agricultural areas are needed
to achieve comparable results. The SSF-CWs perform better under cold climate due
to the insulation effect of the unsaturated surface layer [28].

The removal of N in SF-CWs is highly variable and primarily controlled by the
inflow load and the ratio between the CW and the drained catchment (W/C) surface
area [29]. Results from agricultural wetlands in Finland, Sweden, and the USA
demonstrated that for W/C of at least 2%, a N removal of 20% can be obtained, while
for W/C> 7% a N removal of 50% can be reached [30]. Removal of N equal to 40%
was reported for a W/C ratio of 5% by Tanner et al. [31]. A more recent review [32]
on SF-CWs revealed that W/C > 1% does not result in any substantial increase of N
removal. However, the W/C ratio does not account for the system volume defined by
the water depth and may lead to inaccurate evaluation of the CW effectiveness.
Several studies indicated that SF-CWs work as P sinks. Nevertheless, other studies
demonstrated that these systems can release P when receiving event-driven drainage
discharge peaks. Retention of P occurs through (i) deposition of PP on the basin soil
surface, (ii) sorption of dissolved reactive P (DRP) onto the reactive soil sites, (iii)
DRP precipitation with Fe and Al oxides and Ca in the water column to the top
sediments, and (iv) biological uptake by plants, phytoplankton, and bacteria of
bioavailable forms [33]. The contribution by deposition generally constitutes the
main retention mechanism. The DRP retention by sorption sites is variable and
depends on geochemical characteristics, pH, redox conditions, and P concentrations
at the soil–water interface. Calcium is the major P sorbent for mineral alkaline soils,
while Fe and Al oxides are the most common sorbents for mineral acidic soils.
Retention by plant uptake increases during the growing season and it is
normally low.

2.2 Denitrifying Bioreactors

Carbon-based SSF-CWs are optimized engineered systems, targeting primarily N
losses via subsurface tile drainage. The failure or success of these systems largely
depends on the hydraulic retention time (HRT), temperature, and microbiology
[34]. The HRT is defined by the system design, the flow rate, and the filter media
porosity. Different design methods have been proposed in the last decades to cope
with variable flow rates. Denitrification processes are affected by temperature and
thus follow seasonal variations. Better performances are generally achieved at higher
temperature. The carbon (C) media represents the source supporting denitrification
under anaerobic conditions. The choice of the bioreactor carbon media depends upon
cost, porosity, C: N ratio, and longevity. The most commonly used media include
cobs, corn stalks, wheat and barley straw, pine and almond shells, and woodchips
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media [35]. All these media are characterized by dual porosity structure which
promotes diffuse mass exchange into immobile domains. However, woodchips
media are generally preferred due to the relatively low cost, hydraulic conductivity,
longevity, and high C:N ratio.

Bruun et al. [36] investigated the N removal efficiency in different hydraulic
designed woodchip-based SSF-CW. The aspect ratio (width-to-height ratio)
appeared to be an important parameter defining the cross sectional area and the
flow pathway length. Initial results showed that the horizontal flow design had better
N removal efficiency compared with vertical upward and downward flow designs.
However, a later tracer test and modeling investigation revealed that the vertical
downward design had the largest N removal rate (67% under low flow conditions),
which was primarily attributed to the longer residence time. In contrary, the vertical
upward design showed the most pronounced non-equilibrium and lowest N removal
[37]. Field studies reported N reductions varying from 2 to 22 g/m3/d in woodchips
bioreactor (WB) having a size of <1 to >1,000 m3 with lower rates often associated
with N limitations [34]. A practice-oriented review carried out by Christianson et al.
[35] showed that the removal rate for SSF-CWs varied between 12 and 76%. Chun
et al. [38] demonstrated the ability of these systems to effectively reduce N pulses at
high concentrations.

Studies on P retention by woodchip-based bioreactors treating agricultural drain-
age water are limited. However, comparable studies can be found in the literature.
Robertson et al. [39] investigated WB treating septic effluent and found a <30%
reduction of soluble P concentration. On the contrary, no significant change was
found by Schipper et al. [40] in P concentrations for dairy shed and treated domestic
effluent after treatment in large-scale (80–300 m3) WBs. Gottschall et al. [41]
demonstrated that WBs can also retain P (30%). Finally, Choudhury et al. [42]
investigated a treatment system for vegetable wash water constituted of a sedimen-
tation tank and woodchip filter installed in a subsurface trench. Results showed that
P removal was mostly associated with PP (91%), while DRP in the outflow was only
affected to a minor extent.

2.3 Filter Systems

Filter systems or simply removal structures have been widely tested in the last
decades to tackle primarily DRP losses to surface waters. Effective filters have a
sufficient size and hydraulic conductivity and an effective P sorption capacity. The
system is placed in hot spots and hydrologically active areas receiving DRP con-
centration preferably larger than 0.2 mg/L [43]. The unconsolidated P sorbing
material (PSM) is the core of the system. Besides, having a strong sorption capacity,
the PSM should be physically stable, operate under natural pH, and must not produce
pollution by releasing toxic contaminants. A natural, synthetic, or industrial
by-product PSM characterized by a strong P sorption capacity is generally used.
These materials can be grouped in iron (Fe)/aluminum (Al) based and calcium
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(Ca)/magnesium (Mg) based PSM [44]. The DRP retention occurs by chemisorption
or ligand exchange onto the sorption sites surface for the Fe/Al based PMs, while it
occurs through precipitation for Ca/Mg based PSM [45].

Results from laboratory experiments revealed that Fe-oxide based PSM presents
higher sorption capacity, reactivity, and stability in comparison to Ca-based PSM
[46]. High P removal efficiency (>95%) in solution up to 100 mg/L was also found
by Allred and Racharaks [47] who tested Fe-based PSM including zero-valent Fe,
porous Fe composite, sulfur modified Fe and Fe oxide/hydroxide. Further experi-
ments confirmed good P retention and hydraulic conductivity in treating agricultural
drainage waters with porous Fe composite [48]. Studies investigating P retention
from agricultural drainage discharge at field scale are limited. Performances are
expected to be lower due to hydrological factors, which are not taken into account at
laboratory scale. The P retention of two on-site filters located in southwestern
Finland was monitored in a long-term field-scale experiment [49]. The sand filters
were enhanced with a layer of Fosfilt-s, a side product of titanium dioxide produc-
tion. Results showed that the system was able to remove 37% of TP and 45% of
DRP. Small scale field filters containing iron coated sand were successfully installed
and tested by Vandermoere et al. [50]. During the 10 week field trials, the authors
reported a P removal efficiency between 70 and 90%.

3 Case Studies

In Denmark, a number of edge-of-field technologies have been developed and
investigated following the national regulation in order to reduce nutrient losses
from agricultural land to surface waters. Despite the positive results, a continuous
effort is put in place in order to find more suitable and cost-effective solutions
contributing to long-term and stable nutrient removal from drainage waters. Below
are presented three case studies and their corresponding results obtained during long-
term monitoring campaigns.

3.1 Surface-Flow Constructed Wetland: Fillerup

The SF-CW is located in Fillerup, within the Norsminde Fjord catchment –Denmark
(55�57034”N 10�0503000E) [50]. The system was constructed in 2010 and placed at
the outlet of the main discharge pipe receiving tile drainage water from a 45 ha sandy
clay loam morainic agricultural field. The system occupied a total surface area of
0.28 ha (0.6% of the drainage area). Three main components could be identified:
(1) a sedimentation basin, (2) deep zones, and (3) shallow zones (Fig. 2). The 1-m
deep sedimentation basin allowed removal of coarse particles and facilitated even
flow across the entire system. Deep zones (1-m deep) increased the HRT and
provided flow redistribution. Shallow zones (0.3-m deep) promoted vegetation
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growth and limited flow dispersion. Typha sp., Phragmites australis, Epilobium
sp. were the dominant emerging plants, while Characeae was the dominant sub-
merged species.

The monitoring program ran from January 2013 to May 2017 under the iDRAIN
project (https://idraen.dk/). Values of tile drainage discharge (Q) were measured by
an electromagnetic flow meter and continuously logged by a pulse data logger
having a 10 s resolution. Daily water samples were collected automatically at the
inlet and outlet of the system for the determination of the nutrient concentration.
Chemical analysis of the water samples was carried out either individually or as a
composite sample according to the Q hydrograph. In particular, individual analysis
was carried out during periods characterized by highly variable drainage discharge,
while composite samples were analyzed during periods with steady and low drain-
age discharge. Analysis for TN was carried out on unfiltered samples, which were
initially autoclaved for 30 min at 121 �C in an alkaline peroxydisulfate solution.
Subsequently, the digested samples were acidified and moved to an autoanalyzer for
measuring their adsorbance. Analysis for TP was carried out using a spectropho-
tometer at 890 nm with ascorbic acid (5%) after 30 min acid persulfate (5%)
digestion in autoclave at 121 �C [52, 53].

Values of Q across two entire hydrological years (from August to end of July)
were highly variable with distinct peaks caused by heavy precipitation events
(Fig. 3a). A number of two periods, corresponding to the autumn–winter season
characterized by highly variable Q values and peaks up to 24 L/s, can be identified.
On the contrary, lower Q values were generally recorded during the spring–summer
seasons. Daily TN inlet concentrations varied between 0.0 and 18.6 mg/L, while

Fig. 2 Schematic of the surface-flow constructed wetland (SF-CW) in Fillerup. The main system
components are also indicated (modified from [51])
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outlet concentrations ranged from 0.7 to 15.7 mg/L (Fig. 3b). Major differences
between inlet and outlet TN concentrations can be identified especially across
spring–summer seasons. The yearly TN removal efficiency of the system varied
between 37 and 42% (Table 1). Discharge-weighted TP inlet concentrations varied
between 0.01 and 1.42 mg/L, while outlet concentrations ranged from 0.0 to 1.0 mg/
L (Fig. 3c). In contrast to TN, differences between inlet and outlet TP concentrations
do not follow a clear seasonal trend. The yearly TP removal efficiency was higher in
comparison with TN and ranged between 43 and 73% (Table 1).

Fig. 3 Daily (a) drainage discharge (Q), (b) inlet and outlet concentration of total nitrogen (TN),
and (c) total phosphorus (TP) for the SF CW in Fillerup
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3.2 Surface-Flow Constructed Wetland Paired
with Woodchip Bioreactor: Ryaa

The SF-CW + WB was located in Ryaa, within the Limfjorden catchment – Den-
mark (57�13005.8”N, 9�44019.700E) [54]. This design concept pairs a SF-CW and a
WB in one system to ensure significant reduction of both P and N. Limited retention
of P was in fact documented in WBs, while a similar effect for N was reported in
CWs [41, 55]. The additional advantage is the smaller agricultural area needed for
construction (0.1% to 0.2% of the catchment area) compared with standalone and
currently used SF-CWs (~1%) [54]. The SF-CW + WB was established in 2011 and
received through a pumping system tile drainage water from 85 ha of freshwater peat
agricultural fields. The system occupied a total surface area of 0.19 ha (0.1% of the
drainage area). The main system components were (i) a sedimentation basin, (ii) the
WB, and (iii) a clarification basin, all being 1-m deep (Fig. 4). The sedimentation
basin promoted sedimentation of suspended particles and PP. Denitrification was
activated in the WB, which also allowed P immobilization and deposition. The
clarification basin finalized the process by oxygenating the anoxic effluent leaving
the system. Phragmites australis was the dominant emerging plants.

The monitoring program ran from August 2016 to June 2019 under the Future
Cropping project (https://futurecropping.dk/). The procedure for Q sampling and TN
and TP analysis is described in details for the previous field case.

During three entire hydrological years (from August to end of July), a number of
three high Q periods can be identified with peak flows >28 L/s (Fig. 5a). These
periods correspond to the autumn–winter season. On the contrary, lower Q values
were generally recorded during the spring–summer seasons. However, this trend in
2017/18 was less pronounced. Daily TN inlet concentrations varied between 1.3 and
17.5 mg/L, while outlet concentrations ranged from 0.6 to 14.1 mg/L (Fig. 5b). Inlet

Fig. 4 Orthophoto of the
surface-flow constructed
wetland (SF-CW) paired
with the woodchips
bioreactor (WB) in Ryaa.
The main system
components are also
indicated as sedimentation
basin (SB), WB and
clarification basin
(CB) together with inlet
(in) and outlet (out)
(modified from [54])
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and outlet TN concentration increased for increasing Q and their difference remained
stable across the entire monitored period. The yearly TN removal efficiency of the
system varied between 8 and 32% (Table 2). Discharge-weighted TP inlet concen-
trations varied between 0.0 and 0.4 mg/L, while outlet concentrations ranged from
0.0 to 0.2 mg/L (Fig. 5c). Differences between inlet and outlet TP concentrations did
not follow a clear seasonal trend. Data scattering was observed during the first
hydrological year with outlet TP concentrations bigger than inlet values. These
variations must be due to the release of sediment-bound P, which is caused by
biogeochemical factors affecting P cycling into the system [33]. The yearly TP
removal efficiency varied markedly and ranged from 0 to 67% (Table 2).

Fig. 5 Daily (a) drainage discharge (Q), (b) inlet and outlet concentration of total nitrogen (TN),
and (c) total phosphorus (TP) for the SF CW + WB in Ryaa
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3.3 Filter System: Rodstenseje

The filter system was located in Rodstenseje, within the Norsminde Fjord
catchment – Denmark (55�57022.0”N, 10�09034.300E). The system was constructed
in 2011 to treat a fraction of the tile drainage water collected from a 100 ha
agricultural fields with loamy, morainic soils [56]. Drainage water entered first a
sedimentation pond and was subsequently abstracted by a submerged siphon pipe.
The main components of the system filter were the following: (1) a distribution well,
(2) a well for discharge measurements, (3) a sediment well, (4) a monitoring well,
(5) a reactive P-filter, and (6) a monitoring well at the outlet of the system (Fig. 6).
Cylindrical concrete wells housed the different components which were connected
by 200 mm diameter PVC pipes. A hydraulic head of 0.45� 0.05 m existed between
the distribution well and the outlet led water through the system over a distance of
7.2 m.

The focus of the filter system study was to evaluate the capability of the reactive
filter to remove soluble P. The reactive P-filter was constituted of a purpose-build
metallic cage defined by two concentric cylinders having an inner and outer diameter
of 0.8 and 1.5 m, respectively, and a height of 1.8 m. This specific design was chosen
to provide a high cross sectional area, thereby ensuring longer contact between
flowing water and the sorption sites in the filter matrix. Commercially available
crushed seashells (2–5 mm) were chosen as a filter material based on previous lab
results evaluating its physicochemical properties [57]. Seashells were retained into
the filter cage by a polypropylene net having a mesh opening of 1.5 mm.

The monitoring program ran from May 2015 to May 2017 under the
SupremeTech project (https://supremetech.dk/). Values of Q entering the system
were automatically measured at the second well through an electromagnetic flow
meter and continuously logged every 15 min. Automatic water sample was collected
at the distribution well (ISCOin) and in the monitoring well after the reactive P-filter
(ISCOout). The majority of the water samples were analyzed individually and only
2% were analyzed as composite samples. Analysis for molybdate reactive P (MRP)

Fig. 6 Schematic of the filter system in Rodstenseje. The main system components are also
indicated [56]
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was performed according to the method of Murphy and Riley [52] after filtration
through a 0.45 μm cellulose-acetate membrane.

Higher Q characterized the first monitoring year with peaks of 8.9 L/s (May
2015–May 2016) (Fig. 7). Remarkable increase of Q during the second monitoring
year was only registered between January and March 2017. Inlet values of MRP
varied between 0.0 and 6.3 mg/L, while outlet values range from 0.0 to 1.3 mg/L.
The highest values were generally measured during the spring–summer season with
more pronounced differences between inlet and outlet during the second monitoring
year. More scattering was recorded during the first spring–summer season.

4 Conclusions

This chapter presents the results from long-term monitoring programs of three edge-
of-field technologies tackling nutrient losses from agricultural fields. The drainage
water (Q) entering these systems has relatively low nutrient concentration and highly
variable loads. Values of N and P removal performance varied between hydrological
years and systems. Results showed that the system performance depends on the
hydrological, hydrogeochemical, and biogeochemical factors.

The removal of N was generally lower than that of P for both Fillerup and Ryaa.
Results from the monitoring campaign showed a recurrent trend between HRT,
loading rate, seasonality, and removal rates. Higher removal efficiencies were in
fact obtained for higher HRT and lower loading rates which generally characterize
the spring–summer season. Removal of P was generally higher than removal of
N. This is most likely due to the high fraction of PP from the total P, which is
removed through sedimentation representing the primary and generally long-term
retention mechanisms in these systems. Results from the statistical analysis demon-
strated for Ryaa that the hydrological parameters (HRT and loading rates) have a
large effect on P removal efficiency.

Results from the filter system in Rodstenseje showed that during a 2-year
monitoring campaign a removal efficiency of dissolved reactive P equal to 62%

Fig. 7 Molydbate reactive phosphorus (MRP) for the filter system in Rodstenseje. Daily values of
tile drainage discharge (Q) are given on the secondary axis (modified from [56])
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was reached. This result was obtained by using a numerical model for simulating the
retention capacity of the filter material. In particular, the model showed high
frequency of Q values being responsible for the highest retention capacity. Under
optimal conditions Q peaks must be reduced.

5 Recommendations

Overall, the long-term monitoring carried out at the Department of Agroecology,
Aarhus University (DK) showed a large nutrient removal variability across different
edge-of-field technologies and hydrological years. The catchment characteristics and
the system design regulate the hydrological, hydrogeochemical, and biogeochemical
factors, which define the nutrient performance and its variability. Removal insuffi-
ciencies appeared primarily during autumn–winter seasons, which are generally
characterized by the highest loading rate, shortest HRT and lowest temperature.
Thus, there is a need to develop more effective technologies exhibiting a more stable
removal throughout the entire hydrological year. A potential solution may be
achieved by adding additional storage basins or reactive P-filters in parallel
(Rodstenseje) activated during the autumn–winter seasons. However, a detailed
cost-efficiency assessment must be carried out beforehand.

Numerical models represent valuable tools for cost-efficiency assessment of
already operating and potential optimal edge-of-field technologies. The numerical
simulation provides in fact insights of the systems and highlights their strengths and
weaknesses taking into account different hydrological, hydrogeochemical, and bio-
geochemical factors. Thus, numerical models must be used where possible to find
the optimal technology allowing to meet the nutrient removal targets.
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mechanisms, various factors affecting adsorption, important operating parameters,
desorption, and reactivation. The chapter provides a summary of adsorption models
and scale-up considerations and represents an extensive list of cost-effective adsor-
bents along with their application in wastewater treatment. Finally, it ends with a list
of recent researches of various modification methods applied to increasing the
efficiency of adsorption processes and enhancing the capacity of adsorbents.

Keywords Adsorbents, Adsorption, Desorption, Reactivation

1 Introduction

1.1 Adsorption Process

Due to a different number of pollutants characterized by high toxicity and carcino-
genicity, pollution of water resources has turned into a significant environmental
issue. Industrial, municipal, and agricultural pollutants are among the main water
pollutants. Different types of treatment methods employed for removing water
pollutants have been assessed [1–4], among which adsorption is drawing significant
attention due to its low cost and high effectiveness [5, 6]. The adsorption process, as
observed, refers to the accumulation of compounds on the surface and/or a common
phase between liquid–solid and/or gas/solid phases. In other words, transfer of one
or some materials from the gas/liquid phase into the solid phase takes place in this
process. Generally, the basic steps in the adsorption process include (1) transferring
pollutants from solution bulk into the external surface of the absorbent, (2) transfer-
ring the pollutant from the external surface of absorbent into the internal porous
surface, and (3) adsorption of pollutants in activated parts of absorbent pores [7].

By definition, the absorbed pollutant is known as adsorbate and the absorbing
phase is known as adsorbent [8]. The adsorption process is usually called biosorption
and the adsorptive is called biosorbent when using biological adsorbents [9]. All
adsorption processes are dependent on liquid/solid balance and mass transfer veloc-
ity. These processes may be discontinuous, semi-continuous, or continuous [7].

1.2 Types of Adsorption Processes

According to types of intermolecular attractive forces, the adsorption process is
divided into physical adsorption (Van Der Waals Adsorption) and chemisorption, to
be elaborated in the following sections.
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1.2.1 Physical Adsorption

Physical adsorption occurs in all solid/liquid or solid/gas systems. This adsorption is
the result of intermolecular forces of attraction between molecules of solid adsorbent
and adsorbate. Van der Waals forces of attraction in the physical adsorption process
attract adsorbates on solid adsorbents. One can rarely observe the destruction of the
electronic structure of an atom and/or a molecule in physical adsorption. Physical
adsorption is observed only in a low-temperature environment with appropriate
conditions. Commercial absorbents use physical adsorption for surface binding
[7, 10].

This process is easily reversible and this feature is employed for recovery and
reuse of absorbent, recovery of adsorbate, and/or fractionation of mixtures in the
industrial adsorption operations.

1.2.2 Chemical Adsorption

Chemisorption known as activated adsorption is usually an irreversible process that
results from the chemical interaction between solid adsorbent and adsorbate. In this
process, some new electronic bounds are created through strong interaction between
adsorbate and adsorbent (covalent, ionic) [7]. In the chemisorption process, adhesive
force and liberated heat are higher than physical adsorption. It is possible for the
adsorbed compounds through physical adsorption in low-temperature conditions to
be adsorbed chemically at high temperatures, even with both of the adsorption
processes simultaneously.

1.3 Adsorption Mechanisms

Due to the complexity of biological compounds, adsorption may be the result of
more than one mechanism.

The effective parameters controlling and characterizing the biological adsorption
mechanisms include (a) the specifications of biological absorbent such as its struc-
ture and nature, type of biding site (biological ligand) and their availability, (b) key
process parameters such as pH, absorbent dosage and adsorbate concentration, and
other competing metal ions, and (c) specifications of metal ions like chemical
specifications, molecular weight, ionic radius, and oxidation state of considered
species [10, 11]. Figure 1 shows different mechanisms involved in the removal of
metals using biological adsorbent.
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1.3.1 Physisorption

As already mentioned in Sect. 2.2.1, in this mechanism, the adsorption process
occurs between adsorbate and cell surface through weak bonds such as van der
Waals forces, hydrogen bonding, or hydrophobic interactions, and this mechanism is
not dependent on cell metabolism. Activation energy in physical adsorption pro-
cesses is lower than 1 Kcal/gmol [12]. The results of research conducted by Kahn
et al. suggested that biosorption of Ni(II) and Cu(II) in various agricultural wastes
depends on physical adsorption mechanism and is for affecting operational groups in
biomass and metal features are affected significantly by solutions pH [13].

1.3.2 Chemisorption

Chelation

In this process, a chelating agent binds to metal ion at more than one place at a time,
which forms a ring structure and a chelate complex [14]. Poly dissent ligands mainly
form stable structures by participating in this reaction and forming multiple bonds.
The stability of the complex increases upon increasing the bind sites of the ligands.

Fig. 1 Biosorption mechanisms of metals and metalloids
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Complexation

Adsorption of metal pollutants from the solutions may occur through formation of a
complex on the cell surface during interaction between metal ion and the groups
activated on cell surface. These complexes may be in the form of mononuclear
(monodentate) and/or polynuclear complexes (multidentate). Monodentate com-
plexes form between metal ion and ligands. Metal atom is placed in the central
state of this complex, while multinuclear complexes are formed through some metal
ions. Complexes may be neutral with a negative or positive charge, while metal ions
with ligands in these complexes may be electrostatic, covalent, or a combination of
both [15, 16].

1.3.3 Ion Exchange

Ion exchange is a reversible process including double metal ions in solution with
counter-ions on absorbent surface [17]. Functional groups of biomass like –OH,
sulfate, phosphate, –COOH, and NH2 may act as ion exchange sites [18].

1.3.4 Precipitation

This mechanism presents itself through interaction between metal ions in the solu-
tions and extracellular polymers or anions produced by microbes. Heavy metal ions
and functional groups on microbial cell surfaces form precipitates, which could
remain intact or penetrate into the microbial cell. The precipitants may result in the
formation of metal hydroxides, sulfides, carbonates, and phosphates. Besides, pre-
cipitants are usually insoluble solid particles (insoluble inorganic metal precipitates),
while organic precipitates form by most of the extracellular polymeric substances
excreted by the microbes. Furthermore, it is the most widely used mechanism for the
removal of heavy metal pollutants from aqueous solutions.

1.3.5 Oxidation–Reduction

In oxidation–reduction mechanisms, metal ions are reduced through interaction with
the functional groups like carboxyl, leading to the formation of crystals. The ion
metal is reduced once it attaches to the biosorbent at distinct places. In this process,
electron acceptors are the ions or molecules that act as oxidizing agents, and electron
donors are the ions or molecules that donate electrons and act as reducing
agents [19].
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1.4 Operating Conditions and Factors Affecting Adsorption

The widest used chemical and physical factors affecting adsorption processes
include pH, contact time, initial concentration of pollutant, adsorbent dosage, tem-
perature, and particle size, which are introduced in the next sections.

pH of solution affects surface binding sites, absorbent charge, ionization rate, and
adsorbate feature in the adsorption process. A review of previous studies shows that
the proper pH of the adsorption process varies from acidic to alkaline [20–24].

The rate of adsorption and removal of pollutants is very fast at the beginning of
the process due to the highly adsorptive characteristics of the absorbents. After a
short while, the adsorption process begins its second step, transition phase, in which
adsorption percentage gradually slows down because of decrease in the number of
active sites and, also, reduction in the concentration of adsorbate pollutant in the
solution. Finally, the process reaches equilibrium, after which no more adsorption
will occur due to the shortage of free activated sites, no more adsorption will happen.
Furthermore, contact time can significantly affect the economic efficiency of the
process as well as the adsorption kinetics.

In general, the adsorption percentage is enhanced with increasing the adsorbent
dosage, which promotes active exchangeable adsorption sites.

The effect of temperature depends on the thermodynamics of the process; it will
have a growing effect on the endothermic process, but descending effect on the
exothermic processes. Positive values of enthalpy change (DH0) illustrate that the
adsorption process remains endothermic. In addition, it is reported that the extent of
DH0 represents the type of adsorption such as physical adsorption (DH0 < 50 kJ/
mol) or chemical adsorption (DH0 > 50 kJ/mol). Negative values of Gibbs free
energy change (DG0) indicate that the adsorption process is spontaneous. Likewise,
the positive values of entropy change (DS0) correspond to increasing entropy
occurring due to the exchange of metal ions by more mobile ions in the adsorption
process [25].

Absorbents with smaller particle size and a larger outer-surface area are of higher
capacity in the adsorption process. On the other hand, excessive crushing of adsor-
bents faces some challenges. Large ions will not be able to diffuse in the whole
structure of initial pores of absorbents. In the batch adsorption process that coincides
with mixing during the process, excessive crushing of adsorbents makes the subse-
quent separation process more difficult. Meanwhile, in continuous processes (fixed
bed) packed with a very small particle size of adsorbents, the bed capacity will be
reduced, while the pressure drop accelerates.

1.5 Desorption and Reactivation of Adsorbents

Following a reduction in the capacity of adsorbents, they must be replaced with new
adsorbents or regenerated. When expensive adsorbents like engineered adsorbents,
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which are modified using different methods [26], are used and/or adsorption pro-
cesses are utilized for recovering valuable solutes, the possibility of recovery and its
costs are among the most important factors in the economic efficiency of the whole
adsorption process. Usually, cheap absorbents like wastes are not recovered after
loading and are buried or burnt. For example, powder-activated carbon is not
regenerated due to its small particle size and difficulty in separating its particles
from the associated suspended solids.

In general, the release of adsorbate from the surface of sorbents is called desorp-
tion, which is explained by the ratio of adsorbent (solid phase) to desorbing eluent
(liquid phase) (S/L ratio). Desorption not only decreases the costs of the adsorption
process due to the reuse of the sorbents, but also helps one understand the reusability
of the sorbents without any loss of effectiveness. This process goes in contrast to the
adsorption process; thus, all effective parameters for the reduction of adsorption
process could intensify the process of desorption. According to a phase in which the
absorbed materials are desorbed, this process could be done by steam, solvent, pH
variation, and extraction. Desorption is carried out by not only conventional solu-
tions such as acids, bases, chelating agents, and salts but also supercritical fluids like
CO2. The desorbing eluents are chosen based on some main factors such as desorp-
tion efficiency, non-hazardous effect on the adsorbent, and economic and
eco-friendly aspects. The regeneration involves rapid recycling or recovery of
saturated adsorbents using technically and economically feasible techniques,
which are classified into three main groups: biological, thermal, and chemical.
Selecting an effective method depends on the type and nature of adsorbent and
adsorbate along with the cost and processing conditions. In biological regeneration,
the adsorption capacity can be completely recovered by biodegradation of adsorbed
organic compounds on the adsorbents. The determinants of this process include the
nature and type of microorganism and adsorbents, adsorbent dosage, microbial
growth condition, and type of organic contaminants. In contrast, the biological
process is suitable for biodegradable contaminants due to the toxic effects of some
pollutants on microorganisms. In addition, in this process, fouling the pores of
adsorbents may occur through microbial activity. Thermal regeneration is widely
used on industrial scales. Heating time, temperature, and type of adsorbate and
adsorbent are among the most effective factors in the thermal process. However,
this process is subject to significant drawbacks such as not being cost effectiveness,
slow regeneration rate, high-temperature requirement, release of harmful gases,
weight and adsorption capacity losses, and incapable of being carried out in situ
and of complete regeneration. Of note, chemical regeneration is recognized as a cost-
effective method with a very short processing time. The process is affected by many
factors such as solvent concentration, adsorbate solubility, adsorbent properties, and
pH of the solution. The disadvantages of this method include its effect on the surface
properties of adsorbents, production of oxidized sludge, need for further purification
of the solvent, and incomplete recovery of adsorption capacity.
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2 Adsorption Models and Scale-up Considerations

2.1 An Introduction to Fixed-Bed Versus Batch Adsorption
Processes

Mixing adsorption is usually used on a laboratory scale and could provide some
information about kinetic, thermodynamic features, and isotherms of the process. In
contrast, the fixed-bed process provides information about saturation of adsorption
beds over time for scale-up purposes. The system requires two columns: one column
for the adsorption process and the other for regeneration. The process is batch and
yet, following the saturation of adsorption bed, the fluid enters into the second bed,
which has been regenerated. However, selection of the type of adsorption treatment
in practical applications is based on the complexity of design, the difficulty of
controlling the process, and the minimization of the adsorbent mass for achieving
certain separation.

2.2 Batch Processes

2.2.1 Equilibrium Models

Equilibrium in the adsorption process is usually investigated using isotherms, which
are plot of the equilibrium adsorption capacity (qe) versus equilibrium concentration
of adsorbate (Ce). There are several adsorption isotherm models such as Linear
Henry, Langmuir, Freundlich, Temkin, Dubinin–Radushkevich, Brunauer–Emmett–
Teller (BET), and Redlich–Peterson among which Langmuir (monolayer adsorp-
tion) and Freundlich (multilayer adsorption) are the most common ones.

Linear Henry Isotherm

Henry isotherm is useful in a relatively low adsorbent dosage, considering uniform
adsorption on the adsorbent surface. In this respect, there is a linear relationship
between concentration in active phase and equilibrium concentration (Ce) [27]:

qe ¼ KHCe ð1Þ

where the constant of this linear relationship (KH) is equal to adsorption equilibrium
constant and is referred to as Henry constant.
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Langmuir Isotherm

In this isotherm introduced in 1918 as a theory [28], surface bounds are caused by
physical forces. The forces imposed through the medium of the adsorbent on the
adsorbed molecules are not over a molecular diameter; thus, adsorption will be
monolayer [29]. The adsorbates are equal in terms of competition for attracting.
The most important assumption on Langmuir isotherm is that an adsorbate molecule
occupies just an activated site and the adsorbed molecules do not interact. Thus,
upon the saturation of adsorbent, no more adsorption takes place. This isotherm is
widely used for describing the equilibrium condition between liquid and solid
phases [30].

Fractional adsorption on the adsorbent surface depends on adsorbate concentra-
tion. Further, adsorbent and adsorbate are in dynamic equilibrium. In this isotherm,
the fractional adsorption, θ, is expressed as follows [31]:

θ ¼ Number of adsorption sites occupied
Number of adsorption sites available

ð2Þ

It can also be defined as the ratio of equilibrium adsorption capacity (qe) to
maximum adsorption capacity (qm):

θ ¼ qe
qm

ð3Þ

The physical simplicity of this isotherm derives from four assumptions: (1) the
adsorbent surface is considered uniform; (2) there is no chance to adsorb over
monolayer coverage; (3) adsorption sites are equal energetically; (4) adsorbing a
molecule in a site is independent of the occupation of neighboring areas [32]. This
isotherm is expressed through the following equation:

qe ¼
qmKLCe

1þ KLCe
ð4Þ

In Eq. (4), qe is the equilibrium mount of adsorbed ion (mg/g) and Ce is the ion
equilibrium concentration in the solution (mg/L). qm is the maximum capacity of
monolayer adsorption for adsorbent (mg/g) and KL is the Langmuir adsorption
constant (L/mg), used for estimating adsorption energy. Maximum adsorption
occurs when all monolayer sites are occupied. The nature of adsorption process
and its exothermic and endothermic reactions could be predicted through adsorption
energy. The linearized form of Eq. (4) is as follows:

Ce

qe
¼ Ce

qm
þ 1
KLqm

ð5Þ
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Another significant parameter, which is employed to assess the desirability of the
adsorption process, is the separation factor [33]. This parameter is illustrated through
the following equation:

RL ¼ 1
1þ KLC0

ð6Þ

For RL greater than one adsorption would be undesirable; furthermore, in case
0< RL < 1, then adsorption would be desirable. If RL ¼ 1, then adsorption would be
linear and if RL ¼ 0, adsorption would be reversible.

Freundlich Isotherm

In contrast to Langmuir model, this model does not identify maximum adsorption
capacity. Thus, it is used just in low or average concentrations. In this model, it is
assumed that the stronger sites are occupied first and bounding strength is reduced by
improving site occupation. Freundlich model is an empirical relationship in which it
is assumed that adsorption energy is not dependent on whether the adjacent sites
have been occupied or not [34]. This isotherm equation is written as follows:

qe ¼ KF Ce
1=nF ð7Þ

where qe is the mount of adsorbed ion in equilibrium (mg/g) and KF is the Freundlich
isotherm constant that indicates adsorption capacity (mg/g). nF is another Freundlich
isotherm constant which is called heterogeneity factor and shows the variety of
adsorption sites and intensity of adsorption. Ce denotes the equilibrium ion concen-
tration in the solution (mg/L) and 1=nF is the adsorption intensity. The nF is in the
range of 1 to 10, in which a higher value for nF indicates better adsorption [27, 29].

Temkin Isotherm

In this isotherm, the amount of adsorbed material is proportional to the logarithm of
adsorbate partial pressure or concentration. In addition, it is assumed that the heat
derived from the adsorption of all molecules in each layer is reduced linearly due to
the interaction between adsorbent and adsorbate. Temkin isotherm is only valid for
the intermediate range of ion concentrations [35, 36]. This isotherm is expressed
through the following equations:

qe ¼ β: ln KTCeð Þ ð8Þ

76 O. Alizadeh and D. Hamidi



β ¼ RT
b

ð9Þ

The linear form of this isotherm is expressed through Eq. (10):

qe ¼ βlnKT þ βlnCe ð10Þ

where β is a constant related to adsorption heat (j/mol) and KT is the equilibrium
binding constant (L/g) related to maximum binding energy. R is the universal gas
constant and T (K) is the solution absolute temperature. The values of β and KT are
obtained from the slope and intercept of plotting qe versus ln (Ce).

BET Isotherm

BET isotherm is used for multilayer adsorption when the first adsorbed layer is
converted to a surface for adsorbing more compounds. This isotherm was presented
by Brunauer et al. [37] and is given as follows:

qe ¼
qBETk1Ce

1� k2Ceð Þ 1� k2Ce þ k1Ceð Þ ð11Þ

where qBET is the monolayer adsorption capacity (mg/g). k1 and k2 are the BET
constants (L/mg).

2.2.2 Kinetic Models

Kinetic profile may provide information about adsorption rate, time of reaching
equilibrium, mass transfer mechanisms, and performance of adsorbents in the
adsorption process, which are essential for designing industrial-scale adsorption
systems. Different types of kinetic models are schematically shown in Fig. 2. Kinetic
models may be divided into diffusional mass transfer models and adsorption reaction
models, which are explained briefly below.

Diffusional Mass Transfer Models

Three stages of adsorption transfer kinetics include external diffusion, internal
diffusion/intra-particle diffusion, and adsorption on active sites (Fig. 3). Thus, in
the first phase, the driving force of the external diffusion causes adsorbate complexes
to be transferred on the adsorbent surface and mass transfer is controlled through
external mass transfer factor (kf). In the second phase, adsorbing components diffuse
in adsorbent pores. In fact, the intra-particle diffusion mechanism is dependent on
the adsorbate movement within adsorbent particle and may be controlled
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simultaneously or separately through two mechanisms of effective pore volume
diffusion and surface diffusion. The third phase is the adsorptionof the adsorbates
on the active sites.

Diffusional Mass Transfer Models

The external mass 
transfer model 

(EMTM)

The pore volume 
diffusion model 

(PVDM)

The surface 
diffusion model 

(SDM)

Adsorp�on Reac�on Models

Pseudo first order 
model

Pseudo second 
order model

Elovich model

Intra-par�cle 
diffusion model

Kine�c Models 

Fig. 2 Different types of kinetic models

Fig. 3 Adsorption mass transfer kinetic phases
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According to Pore Volume and Surface Diffusion Model (PVSDM), it is assumed
that mass transfer through convection in the particles is negligible. In this method,
the temperature is assumed to be constant, the intra-particle diffusion is immediate,
and the adsorption process occurs in a mixing adsorption system. This model is
expressed as follows [38]:

V
dCt

dt
¼ �mSkF Ct � Cs tð Þ

��
r¼R

� �

t ¼ 0,Ct ¼ C0 ð12Þ

εP
∂Cr

∂t
þ ρP

∂q
∂t

¼ 1
r2

∂
∂r

r2 DP
∂Cr

∂r
þ ρPDs

∂q
∂r

� �� �
:

t ¼ 0, 0 � r � R,Cr ¼ 0 ð13Þ
∂Cr

∂r

����
r¼0

¼ 0 ð14Þ

DP
∂Cr

∂r r¼R þ ρPDs
∂q
∂r

����

����
r¼R

¼ kF Ct � Cs tð Þ
��
r¼R

� �
ð15Þ

In the above equation, V is the solution volume, m is the adsorbent amount, εp is
the adsorbent volumetric fraction, ρP is the apparent adsorbent density, S is the
external surface area in adsorbent mass, C0 is the initial adsorbent dosage in the bulk
solution, and Cr is the adsorbent dosage that varies according to the situation and
time. Pore volume diffusion constant, DP, and surface diffusion constant, DS, are
considered constant and the particles are assumed spherical. Three models including
External Mass Transfer Model (EMTM), Pore Volume Diffusion Model (PVDM),
and Surface Diffusion Model (SDM) could be derived from PVSDM model.

In EMTM, it is assumed that intra-particle diffusion is immediate and there is no
concentration gradient within particles. In this model, external mass transfer is the
only reason for transferring the adsorbate toward the adsorbent. Thus, intra-particle
diffusional resistance may be ignored. PVDM is applied when intra-particle diffu-
sion is controlled only by effective pore diffusion. SDM can be employed when
intra-particle diffusion is controlled only through surface diffusion.

Adsorption Reaction Models

Pseudo-First-Order Model

This model was developed according to the capacity of adsorbents by Lagergren in
1898. It is usually used when adsorption rate is high and the system reaches
equilibrium in a short span of time (20–30 min) [39]. This model is defined through
Eq. (16).
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dqt
dt

¼ k1 qe � qtð Þ ð16Þ

where qe (mg/g) is the capacity of adsorption in equilibrium, qt (mg/g) is the capacity
of adsorption at a certain time, t (min), and k1 is the pseudo-first-order rate constant
of the kinetic model.

Pseudo-Second-Order Model

This model is used in adsorption system of metal ions, dyes, and organic matters of
aqueous solution [39] and is expressed as follows:

dqt
dt

¼ k2 qe � qtð Þ2 ð17Þ

where qe (mg/g) represents the capacity of adsorption in equilibrium, qt (mg/g) is the
capacity of adsorption at a certain time, t (min), and k2 is the pseudo-second-order
rate constant of the kinetic model.

Elovich Model

This model is used in gas chemisorption systems on the heterogeneous surface of
adsorbents and was developed by Zeldowitsch in 1934. It is obtained through the
following equation [40]:

dq
dt

¼ ae�βq ð18Þ

where q is the amount of adsorbed gas at time (t), a is the adsorption constant, and β
is the initial adsorption rate.

2.2.3 Adsorption Thermodynamics

In order to predict the effect of temperature on the adsorption process and determine
the whole mechanism and nature associated with it, it is crucial to find important
thermodynamic parameters including standard Gibs free energy change, standard
enthalpy change, and standard entropy change. These parameters include important
information about the possibility, spontaneity, and exothermic or endothermic nature
of the process.

Changes of Gibs free energy of adsorption (KJ/mol) are expressed through the
following Equation [41]:
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ΔG
�
ads ¼ �RTln Kcð Þ ð19Þ

In the above equation, R is the gas universal constant (J/mol/K), T is the absolute
temperature (K), and KC is the thermodynamic equilibrium constant, which can be
obtained from Eq. (20).

Kc ¼ vsqe
veCe

ð20Þ

In the above relation, υs is the activity coefficient of adsorbate through adsorbent
and υe is the activity coefficient of adsorbate in the solution in equilibrium. When the
concentration of adsorbate in the solution is reduced and tends to zero, the activity
factor tends to one and, thus, Eq. (20) will be simplified into Eq. (21).

lim q!0 ¼ qe
Ce

¼ Kc ð21Þ

The value of Kc is obtained by plotting ln qe
Ce

� �
versus qe and extrapolating qe

toward zero as the intercept. By substituting the value of Kc in Eq. (21), standard
Gibbs free energy change of adsorption is obtained. The relationship among changes
in standard Gibs free energy, standard enthalpy change, and standard entropy change
is expressed through Eq. (22) as follows [42]:

ΔG
�
ads ¼ ΔH

�
ads � TΔS

�
ads ð22Þ

Upon substituting (19) into (22), we will have:

ln Kcð Þ ¼ ΔS
�
ads

R
� ΔH�

ads

RT
ð23Þ

By plotting ln (Kc) versus 1
T

	 

, ΔS

�
ads and ΔH

�
ads could be measured using slope-

diagram, respectively.
It must be noted that negative ΔG� values indicate the spontaneity of the

adsorption process. ΔG� values in the range of 0 to �20 kJ/mol indicate physical
adsorption, while the values between �80 and �400 kJ/mol indicate chemical
adsorption. Exothermic or endothermic process is evaluated with standard enthalpy
change (ΔH

�
ads). Negativity and positivity of the adsorption standard enthalpy

change represent the exothermic and endothermic processes of the adsorption,
respectively. Exothermic or endothermic process of adsorption is defined in two
stages. In the first stage, the adsorbate must break the form of covered water, called
dehydration. Since breaking the bound needs head and energy, this stage is endo-
thermic. In the second stage, the adsorbate must diffuse in the holes and pores of the
absorbent and contact the absorbent. This contact process is exothermic. Negativity
ofΔH

�
ads points to the exothermic process and the possibility of physical adsorption.
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Positive ΔH
�
ads, in contrast, suggests the endothermic process and its

irreversibility [42].

2.2.4 Scale-up Considerations for Batch Adsorption

Mixing adsorption systems are rarely used in industrial processes due to higher
operational expenses than continuous fixed-bed processes. They face some chal-
lenges and problems such as corrosion and erosion of adsorbents and mixer impel-
lers. Therefore, this process is usually used on a laboratory scale, merely for
characterizing the adsorbent and adsorption process for use in industrial units as
fixed-bed processes.

2.3 Continuous Processes (Fixed Bed)

2.3.1 Characteristics of Continuous Adsorption

Many different parameters including bed density (ρB), bed porosity (εB), adsorbent
mass (mA), adsorbent volume (VA), and bed volume (VB) are considered for deter-
mining the characteristics of adsorption bed and their dominant conditions, which
will be explained in this section.

Bed Density (ρB)

This parameter is defined as the ratio of adsorbent mass to adsorber volume (sum of
adsorbents volume and the spaces filled by liquid) [43].

ρB ¼ mA

VB
¼ mA

VA þ VL
ð24Þ

Bed Porosity (εB)

This parameter is the ratio of the volume of spaces filled by liquid to adsorber
volume [43].

εB ¼ VL

VB
¼ VB � VA

VB
¼ 1� VA

VB
ð25Þ
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Bed Volume (VB)

Bed volume (adsorber volume) is estimated by multiplying cross-sectional area by
bed length [43].

VB ¼ ABl ð26Þ

Flow Velocity (vF)

The linear fluid velocity (vF) is the ratio of volumetric flow rate (V ) to the cross-
sectional area of bed (AB) [43].

vF ¼ V
AB

ð27Þ

Residence Time (tr)

The residence time may be estimated as the ratio of adsorber length to flow velocity.
It is defined as two forms of Empty Bed Contact Time (EBCT) for empty adsorber
and effective residence time (tr), where uF expresses effective flow velocity [43]:

EBCT ¼ l
vF

¼ lAB

V
¼ VB

V
ð28Þ

tr ¼ l
uF

¼ lABεB
V

¼ VBεB
V

¼ EBCTεB ð29Þ

2.3.2 Breakthrough Curve Models

Using empirical models for breakthrough curves, it is possible to estimate the
adsorber saturation time and breakthrough time and, also, the required length of
the mass transfer zone. These models are crucial in designing and analyzing fixed-
bed adsorption systems. Some of these models are discussed in this section.

Bohart–Adams Model

In this model, it is assumed that the equilibrium is not immediate and adsorption rate
is proportional to adsorbate concentration in the liquid phase. Furthermore, this
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model is usually appropriate for the systems with irreversible isotherm. This model
is defined as Eq. 30 [44]:

Ct

C0
¼ exp kABC0t � kABq0

z
vz

� �
ð30Þ

where C0 and Ct are input and output solute concentrations. kAB is the Bohart–
Adams kinetic constant, q0 is the stoichiometric capacity of the bed, and Z is the bed
length.

Thomas Model

This model considers adsorption bed as a plug flow. In this case, it is assumed that
there is no axial diffusion. Thomas model may be estimated by solving differential
mass balance for a system whose kinetics is defined by pseudo-second order model
and its adsorption isotherm is considered as Langmuir [44]:

Ct

C0
¼ 1

1þ exp kThq0m
Q � kThC0t

� � ð31Þ

where kTh is the Thomas kinetic constant, m is the mass of adsorbent, Q is the
operating flow rate, and q0 is the adsorbate mass per adsorbent unit mass.

Wolborska Model

This model is used in low concentrations of pollutants (adsorbates) and has been
obtained by solving the differential mass balance general equation in the low
concentration of solutes in the liquid phase [45]:

Ct

C0
¼ e

βC0
N0

t�βz
u ð32Þ

where u and β represent the transfer rate of adsorbate during adsorption and the
kinetic coefficient of external diffusion, respectively.

Yoon–Nelson Model

In this model, it is assumed that reducing adsorbates concentration in the solution is
proportional to the possibility of adsorption and its breakthrough on different
adsorbents [44]:
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Ct

C0
¼ 1þ exp τkYN � kYNtð Þ ð33Þ

where kYN is the Yoon–Nelson kinetic constant and τ is the prediction time for 50%
completion of the adsorption process.

2.3.3 Scale-Up Considerations for Continuous Adsorption

Mass Transfer Zone (MTZ) Model

MTZ is a zone in the adsorbent bed where adsorption occurs and is known as the
adsorption zone. This is a scale-up model based on mass transfer zone in the
adsorption bed. This model is applicable to ion exchange processes and single-
solute systems. In this model, MTZ length is distinct from the covered distance.
Thus, it follows the constant condition pattern and is based on some hypotheses
including isothermal adsorption, constant initial adsorbate concentration, negligible
adsorbate accumulation in the void fraction of the bed, formation of a constant
pattern of MTZ, and constant flow velocity. The following parameters are used for
assessment of BTC (Breakthrough Curve) [46, 47]:

• length of MTZ; zone length, lz;
• Velocity of MTZ movement along the adsorber; zone velocity, vz; and
• The time required for passing through a distance as length as MTZ; zone time, tz.

Equation (34) correlates these three parameters:

vz ¼ lz
tz

ð34Þ

Zone time, tz, is calculated through subtraction of the saturation time, ts, and
breakthrough time, tb.

tz ¼ ts � tb ð35Þ

The mentioned time could be measured directly using the experimental BTC.
Asymptotic BTC prevents calculation of exact breakthrough time and saturation
time. Thus, the times at C

C0
¼ 0:05 and C

C0
¼ 0:95 are considered as breakthrough and

saturation times, respectively. It is assumed that the ideal breakthrough time can be
estimated by stoichiometric time. Therefore, zone velocity, vz, could be measured
using stoichiometric time, tst, and the bed length, as well [43, 46].

vz ¼ l
tst

ð36Þ
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The following equation can be obtained through equalization of (34), (35),
and (36) used for determining MTZ length:

lz ¼ l
ts � tb
tst

¼ l
tz
tst

ð37Þ

The stoichiometric time in a symmetric BTC is the time at C
C0

¼ 0:5. When the

film and inter-particle diffusion contribute to the total mass transfer to the same
extent, BTC will be symmetric. Otherwise, the barycenter of BTC is detected in
higher concentrations (typical for rate-limiting intra-particle diffusion) and/or in
lower concentrations (typical for rate-limiting film diffusion). In this case, BTC
and graphical procedures must be used for estimating stoichiometric time. Figure 4
indicates A1 and A2 areas, which are used in Eq. (38) for calculating FS as a
symmetry factor.

FS ¼ A1

A1 þ A2
ð38Þ

If tst is assumed to be located in the barycenter of the curve, then the area ratio is
as follows:

Fig. 4 Parameter of the MTZ model
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Fs ¼ tst � tb
ts � tb

¼ tst � tb
tz

ð39Þ

According to Eq. (39), FS for a symmetric BTC is 0.5 and stoichiometric time is
calculated as follows:

tst ¼ tb þ FStz ð40Þ

Thus, the final equation for the zone length, lz, is as follows:

lz ¼ l
ts � tb

tb þ FStz
¼ l

tz
tb þ FStz

ð41Þ

1� FS ¼ ts � tst
tz

ð42Þ

By using the two latter equations, another equation is obtained for lz:

lz ¼ l
ts � tb

ts � 1� FSð Þtz ¼ l
tz

ts � 1� FSð Þtz ð43Þ

For characterization of the shape of the BTC, lz and FS parameters are used. The
impact of the mass transfer is reflected indirectly through these values. In order to
estimate the breakthrough time, saturation time, and breakthrough loadings for full-
scale adsorption processes, parameters lz and FS can be obtained through lab-scale
experiments. Equation (44) is employed for calculating the breakthrough time.

tb ¼ 1
vz

l� FSlzð Þ ¼ l
vz
� FStz ð44Þ

In addition, the saturation time is obtained from Eq. (45):

ts ¼ 1
vz

lþ 1� FSð Þlz½ � ¼ l
vz
þ 1� FSð Þtz ð45Þ

Equations (44) and (45) suggest the linear dependence of the breakthrough and
saturation times on bed length.

Given that MTZ model is only valid under constant pattern condition, the
adsorber length must be greater than zone length in this model (l > lz) to have a
constant pattern.

However, for a given adsorber length, the minimum breakthrough time required
to obtain a constant pattern can be derived from Eq. (44) under the condition l ¼ lz.

It should be noted that development of the MTZ model in the multi-component
adsorption process is only possible under restrictive conditions in which the adsorp-
tion zones of all components are wholly established and do not overlap. This
condition strongly limits the practical applicability of this model [43].
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Length of Unused Bed (LUB) Model

In this scale-up model, a parameter entitled the Length of the Unused Bed (LUB) is
applied for characterizing the breakthrough behavior. For systems with best-fit
isotherm model, the concentration profile develops a specific pattern in the mass
transfer zone which does not change along the length of the bed. Accordingly,
breakthrough curves in beds with different lengths give the same shape, though for
longer beds, a greater fraction of the bed is utilized and the mass transfer zone is a
smaller fraction of bed length. The breaking point is reached whenever the adsor-
bents between inlet of the bed and the beginning of the mass transfer zone are fully
saturated. The adsorbent in the mass transfer zone goes from partly saturated to
approximately no adsorbate. In other words, about half of the adsorbent in the mass
transfer zone is completely saturated and half unused. The principle of scaling up is
that the amount of unused adsorbent or length of unused bed does not change along
the bed length. The total adsorbate up to the break point is defined by integration for
calculating the length of unused bed from the breakthrough curve. As depicted in
Fig. 5, if the adsorption process stops at the breakthrough point, LUB will be
proportional to the distance between the location of the stoichiometric length (lst)
and the adsorber length (l ) [43, 48, 49]. Thus, the length of the unused bed is
obtained as follows:

LUB ¼ l� lst ð46Þ

Given that LUB corresponds to the adsorption rate, slower mass transfer leads to
longer LUB. Since the travel velocity of stoichiometric and real lengths is the same,
the travel velocity can be expressed in the following by using either real break-
through time or stoichiometric time.

vz ¼ lst
tb

¼ l
tst

ð47Þ

LUB could be estimated through a combination of Eqs. (46) and (47).

LUB ¼ vz tst � tbð Þ ¼ l
tst � tb
tst

ð48Þ

By using Eq. (48), LUB could be estimated experimentally based on the deter-
mined BTC. The required stoichiometric time, tst, could be estimated in the same
way as MTZ.

In order to perform the scale-up, first, breakthrough time must be determined. The
mentioned time is used at different lengths of the bed and is estimated using Eq. (49).
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tb ¼ 1
vz

l� LUBð Þ ð49Þ

Generally, the limitations of target LUB and MTZ models are similar. Effective
parameters associated with LUB model include concentration, particle diameter, and
flow velocity which must be similar on different scales. In addition, LUB depen-
dencies must be determined experimentally. Equation (50) suggests the relationship
between LUB and MTZ models.

LUB ¼ Fz lz ð50Þ

Fig. 5 Parameters of the
LUB model
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3 Low-Cost Adsorbents

Due to the rapid industrial development and the growing pollution of aquatic
environments around the world, accessing efficient, low-cost, and economically
cost-effective strategies for reducing and controlling pollutants is of great concern.
The adsorption process with Low-Cost Adsorbents (LCAs) is one of the existing
methods applicable to treating and reducing the pollution load of contaminated water
resources.

In order to reduce the costs of implementing the adsorption process, using
low-cost wastes to regenerate and/or reuse them is considered. Usually, the adsor-
bents are used without applying pretreatment processes like chemical and/or phys-
ical processes. However, one of the main usual challenges of using low-cost
adsorbents is their low adsorption capacity. For solving this problem, some efficient
and non-expensive modification methods could be used. In addition to producing
materials with a higher added value, the adsorption capacity of adsorbents and the
adsorption process efficiency increase. As shown in Fig. 6, low-cost adsorbents may
be classified into the adsorbents with natural resource, wastes and/or agricultural
by-products, and wastes and/or by-products of industrial processes.

3.1 Natural Materials

The most applicable natural adsorbent materials include wood, coal, chitin/chitosan,
clay, and natural zeolites, which are used for removing different contaminants from
aqueous solutions. These adsorbents are effective in adsorption of metal contami-
nants. Also, in processing marine materials, a large number of by-products are
produced which may be used as adsorbents. Table 1 lists some natural materials

stnebrosdA tsoC 
woL

Natural Materials Wood, Coal, Peat, Zeolites, 
Chi�n/chitosan, Clays, ...

Agricultural Wastes/By-
Products

Shells, Hulls, and Stones from 
fruits and nuts, Sawdust, 

Corncob waste, Sunflower 
stalks, Straw, ...

Industrial Wastes/By-
Products

Fly ash, Blast furnace slug and 
sludge, Bagasse, Bagasse pith, 
Bagasse fly ash, Palm oil ash, 

shale oil ash, Red mud, ...

Fig. 6 Classification of low-cost adsorbents
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along with their application for removing aqueous contaminants and their removal
capacity.

3.2 Agricultural Wastes/By-Products

Considered to be environment-friendly and low-cost materials, agricultural wastes
may be easily converted to valuable products. The main components of these wastes
include lipids, lignin, starch, cellulose, and hydrocarbons, which are used for
removing different contaminants from wastewater. Agricultural wastes may be
used directly after pretreatment processes or after modification processes. Table 1
introduces some agricultural wastes and by-products along with their application for
removing aqueous contaminants and their removal capacities

3.3 Industrial Wastes/By-Products

Industrial by-products and wastes are always considered to be useless wastes whose
management and removal are of great challenges in related industries. Table 1 lists
industrial wastes and by-products, which may be used as adsorbents.

4 Modification of Low-Cost Adsorbents

Modification methods could be effective in increasing the efficiency of the adsorp-
tion process through the alteration of the surface characteristics/groups by either
removing or masking the groups or exposure to more metal binding sites. As
demonstrated in Fig. 7, the modification methods can be classified into three groups:
chemical, physical, and biological treatment methods [50]. The physical treatment
methods include heating, boiling, freezing, thawing, drying, and lyophilization.
These methods increase BET surface area and pore volume when running into
some problems such as a reduction in the surface oxygen-containing functional
groups. Moreover, biological treatment methods prolong adsorbent life through
rapid oxidation of organics by bacteria before the material can occupy adsorption
sites. In contrast, formation of thick biofilm in biological treatment may impede the
diffusion of adsorbate species and reduce the adsorption efficiency by encapsulating
the adsorbents. Among the existing pretreatment methods, chemical treatment is
widely used due to its low-cost and ease of the procedure. In most cases, it is a
one-step pretreatment process and is used with the objective of enhancement of
active sites, improvement of surface heterogeneity, and transformation of surface
morphology, thus increasing the adsorption capacity of adsorbents. Acids, bases,
oxidizing agents, inorganic salts, and organic agents/detergents are among the most
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widely used reagents/solutions in one-step chemical pretreatment processes. A
number of studies [51–56] focused on the mentioned pretreatment methods for
increasing the removal efficiency of the adsorption process are given as examples
in Table 2.

Modification using acids is usually applied for pretreatment of adsorbent with
different acids such as HCl, HNO3, H2SO4, and H3PO4, which are widely used in
acid treatment method. The formation of free carboxyl groups, protonation, and
removal of metal traces are the widely reported results and the main effects, which
are responsible for the increase of the biosorption performance.

NaOH and NaHCO3 are the widely used bases in modification. In this activation
method, the composition of surface walls and formation of surface functional groups
could lead to the enhancement of adsorption capacities [57, 58].

Potassium permanganate is the most widely used oxidizing agent in pretreatment.
Oxidation of –OH links to –COOH and formation of surface functional groups are
the main reasons for the rise in the adsorption capacity of the modified
adsorbent [59].

Modification with metal salts like MgCl2, NaCl, and CaCl2 is another modifica-
tion method that can be used. In this method, H+ ions of active binding sites are
exchanged with Na+, Mg2+, or Ca2+ ions. Thus, adsorption of heavy metals with the
mentioned cations takes place easier and faster than the exchange of H+ ions
[60, 61].

Anionic surfactants, formaldehyde, and monosodium glutamate are the widely
used compounds in pretreatment with detergents/organic agents. Formation of new
functional groups due to putrefaction could improve the biosorption capability using
commercial laundry detergent as a pretreatment agent [62].

Exis�ng Modifica�on Techniques

Chemical Characteris�cs

Acid Treatment

Base Treatment

Treatent with Oxidizing Agent

Adding Metal Salts

Using Detergents/Organic Agents

Physical Characteris�cs

Hea�ng/Boiling

Freezing/Thawing

Drying

Lyophiliza�on

Biological Characteris�cs

Bioadsorp�on

Fig. 7 Modification techniques for low-cost adsorbents
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5 Conclusion

This chapter presents cost-effective adsorbents for the reduction of conventional and
emerging pollutants in various wastewaters Various adsorption processes and mech-
anisms, effective parameters, optimum operating conditions, desorption and
reactivation methods have been thoroughly discussed. Different types of adsorption
models and scale-up considerations have been explained in detail. Natural materials,
agricultural wastes/by-products, and industrial wastes/by-products are introduced as
sources of Low-Cost Adsorbents (LCAs). Several modification techniques
employed to increase the efficiency of the adsorption process are elaborately
discussed. Though these sorbents are eco-friendly and inexpensive in wastewater
pollutant sorption, further research is crucial to their management following their
long-term usage.

6 Recommendation

Many studies have focused on the removal efficiency of wastewater pollutants by the
adsorption technique. To reduce treatment costs, attempts are directed at finding
cost-effective alternative adsorbents from waste materials of industrial, domestic,
and agricultural activities. Nevertheless, it is required to explore and delve into the
practicality of these adsorbents on a commercial scale. Future studies are
recommended to consider enhancement of sorption capacity through modification,
assessment of sorbent under multi-component pollutants, mechanistic modeling to
correctly understand the sorption mechanisms, investigation of these materials with
real industrial effluents, recovery of metal ions, regeneration studies, and continuous
flow studies.

Acknowledgments The authors would like to acknowledge Islamic Azad University Rasht
branch, Iran, for their valuable guidance, encouragement, and tremendous support.
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Abstract According to released data from the United Nations (UN), about 60% of
the world’s populations could live in water-stressed situations by 2025. This could
negatively affect many aspects of modern life and may also cause food and energy
shortages leading to higher rates of illness. As world populations and their activities
increase, wastewater generation increases as well. Releasing the toxic pollutants into
water bodies has adverse consequences on human health, aquatic organisms, and
ecosystems due to changing water properties making it unsuitable for consumption
by humans, animals, and/or plants. In developing countries that suffer from acute
shortage in water supply, remediation of the generated wastewater is a major issue
since treated wastewater could be a valuable source of clean water. Treatment of
wastewater can be physically, chemically, and biologically performed; however, the
conventional methods have many disadvantages. Low-cost and environmental-
friendly wastewater treatments can alleviate this issue and provide safe reusing of
wastewater. Agricultural wastes can serve as natural adsorbents for pollutants from
wastewater. A vast variety of ease regular adsorbents can be used for remediating
sorts of toxins and pollutants from water and wastewater. Rice straw, cotton sticks,
sugarcane bagasse, coconut husk, shells, etc., are examples of using agricultural
wastes efficiently in wastewater treatment.

Keywords Aquaculture, Effluents, Horticulture, Industrialization, Wastewater
treatment

1 Introduction

Water is a wellspring of imperativeness and life. It is an essential component of the
daily activities of everyone. It also serves human needs such as drinking, cooking,
bathing, washing, agriculture, industries, etc. Since ancient civilizations, water is
utilized in waste disposal at all levels through the dilution technique. However, the
dilution capacity of water bodies has now been exceeded by a tremendous load of
pollutants as a result of the overgrowing population and increasing industrialization,
so much so that some rivers adjacent to urban areas have been throttled to death
whereas some others are on the edge of dying. Furthermore, over-extracting ground-
water, basically for agriculture, has caused geological contamination of the charging
area of groundwater in many parts of the world. Unfortunately, rivers and ground-
water are the only water sources for drinking. Worldwide a large number of people
are suffering from the absence of clean drinking water. Thus, the quality of drinking
water has globally become a major concern. Recently, the water demand for human
activities has expanded seven times because of the quadrupled global population.
Many concerns such as unplanned use and extraction of water, expanding industri-
alization, rising food security issues, improper waste discharges, in addition to lack
of appropriate and sufficient methods and mechanisms of treating wastewater have
left the upcoming water security concerns rising [1, 2]. In this context, it is worth
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mention that water scarcity defines as a gap between available freshwater supply and
demand in a specific domain, under prevalent institutional arrangements (such as
arrangements include resource “pricing” and retail charging) and infrastructural
conditions [3].

Drivers of the supposed water crisis are fully documented. The global water
demands have been grown twice more than the population increase rate in the
previous century. In the developing countries, the situation is more complicated
because of irregular distribution and pressure on water resources due to major
population changes and increasing demand. Indeed, there are many and interrelated
reasons for water scarcity; in most circumstances, it ascribed to demands grow
beyond available supplies. This has resulted in rising competition for water among
peoples to capture scarce resources. These driving forces of water scarcity are
represented in:

1. Population growth, especially in water-short regions (arid and semi-arid regions).
2. Major changes in migration and moving people from rural to the urban areas.
3. Increasing demands for food security and socio-economic well-being.
4. The increasing struggle between users and usages.
5. Increasing water pollution from many sources; municipal, agricultural, and

industrial sources [3].

Therefore, the need to increase water resources and find alternative sources, in
addition to economic and environmental concerns, is the key driving force for
developing water reuse in many regions such as the Mediterranean region, where
wastewater is used for irrigation for centuries. In addition to economic and environ-
mental concerns is the key driving force for developing water reuse in many regions
such as the Mediterranean region where it is used as an irrigation source for
centuries. This has many advantages in addition to providing a low-cost water source
such as:

1. The fertilizing properties of the wastewater that decline the demand for synthetic
fertilizers and reduce nutrients level in receiving lands and waters;

2. Reuse of wastewater increases the availability of agricultural water; and.
3. Probable eliminating of the need for high-cost tertiary treatment [4].

In addition to irrigation, it may be used for many purposes like an injection to
groundwater, construction, the formation of the recreation areas, desertification
control, prevention of salt-water intrusion through groundwater recharge operations,
etc. [4]. Thus, the treatment of wastewater is a renovation process before reusing or
discharging it. The goal of the treatment is to decrease or eliminate the pollutants in
wastewater, i.e. solids, organic matter, nutrients, the disease caused by organisms,
and other wastewater pollutants [5].

To date, only about 10% of the generated wastewater is remediated and the
remaining wastewater is released into water bodies or spread into groundwater.
Therefore, remediation of wastewater is of importance before its discharge into
water streams such as rivers and seas. Finding an effective method to remediate
organic and inorganic pollutants in wastewater gains growing interest. Adsorption is
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an effective way to remove pollutants; however, the high cost of adsorbents is the
main challenge for its wide usage. Nonetheless, this cost can be diminished if the
adsorbent would be prepared from some low-cost materials such as agricultural
waste [6].

2 Wastewater Sources and Estimations in Developing
Countries

Water demand is rising at a higher rate than population growth, while the availability
of water is declining as a result of increasing competing demand from many users, in
addition to climate change. For example, it is estimated that the world will face about
40% of the water deficit by 2030 that seriously affects the livelihood of 33% of the
world’s population. As well, the global demand for food is likely to increase by 40%
in 2030 whereas annual grain losses because of water scarcity are expected to be
30%. Subsequently, water security is counted to be one of the topmost five global
risks concerning development impact [7]. According to the World Water Council,
the number of individuals living in water scare will grow to approximately 3.9
billion by 2030, because of increasing urbanization, industries, and natural needs.
Therefore, searching for the arrangements permitting effective water cleaning is
important. In addition to increasing water demand, the enormous increase in popu-
lation, industrialization, and unprompted urbanization has led to serious water and
soil contamination. The primary reason for freshwater contamination can be attrib-
uted to the dumping of industrial wastewater, the release of untreated toxic industrial
wastes, and runoff from agricultural fields. In developing countries, 70–80% of all
problems and illnesses are heavily linked to water pollution [2]. Several poisonous
substances such as toxic metals, pesticides, pharmaceuticals, surfactants, dyes, and
others have polluted the water bodies and are ecologically dangerous for living
organisms. The released toxic pollutants in wastewaters can cause adverse impacts
on human health, aquatic organisms, and ecosystems [2, 8, 9]. Thus, accessibility
and availability of safe drinking water is a crucial necessity and should be a basic
public health priority. Although the availability of sanitation and clean water has
been concerned in developed countries, it is not the same in the majority of
developing countries. However, in developing countries, the scarcity of safe drink-
ing water is considered one of the major worries [10].

According to Corcoran et al. [11] and Parween and Ramanathan [1], wastewater
can be defined as one or more of the following:

1. Domestic effluent that consists of black-water (i.e., urine, excreta, and fecal
sludge), and greywater (i.e., kitchen and bath wastewater).

2. Discharge from schools and hospitals and commercial institutions.
3. Industrial effluents, stormwater, and another urban runoff.
4. Agricultural, horticultural, and aquaculture effluents (suspended or dissolved

matter).
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Wastewater can, hence, be classified as domestic (i.e., fecal and non-fecal),
industrial, commercial, or agricultural according to its sources and chemical com-
position that distinguish each type of them. Wastewater is approximately constituted
of 99% water and 1% dissolved, suspended, and colloidal solids that make it a
potential contender in participating in forthcoming world water security. Neverthe-
less, its threat to health and the environment makes it a key factor to be pertinent for
managing [1].

3 The Contamination and the Need for Reusing
Wastewater in Developing Countries

The management of wastewater in developing countries is increasingly becoming a
priority issue. However, accelerated urbanization, inadequate control, and the imple-
mentation of sophisticated highly centralized treatment technologies restrict the
expansion of such proper management of wastewater in these countries [12]. Inten-
sified utilization of available water resources throughout the extension of water
supply infrastructures, enhancing water productivity, and developing
non-conventional sources are among several current strategies for increasing water
supplies. However, efforts for improving wastewater management are mostly inad-
equate. Hence, about 75 to 90% of the supplied water is being discharged as
untreated wastewater. Conversely, wastewater is considered an inexpensive and
reliable alternative water supply in urban and countries for supporting their econ-
omy. Thus, reusing wastewater is of importance especially in semi-arid and arid
regions and developing countries [7, 10].

Generally, the increasing process of modern civilization, industrialization, and
excessive human utilization of available resources generate huge amounts of waste-
water. Thus, continuous disposal of the untreated discharges into the ambient
environments has led to significant environmental damages especially in developing
countries and has emerged many global environmental issues such as water pollu-
tion. As well, these anthropogenic impacts have disrupted the ecosystem’s balance
of which human beings have relied upon during history. Hence, there is a speedy
increase in organic pollutant discharge such as chlorinated products, antibiotics, and
crude oil, which are toxic and persistent. Likewise, runoff of agrochemical residues
such as pesticides and inorganic fertilizers decreases oxygen levels in the aquatic
ecosystems hurting the aquatic organisms [13–15]. Also, the overutilization of water
resources by humans, in their different activities, appears to be the most urgent
environmental obstacle globally. Also, several sectors, namely agriculture, industry
(e.g., chemical, mining, metal coatings, metallurgical, paints, batteries, textile dyes,
tanneries, etc.), construction, and shipping generate huge amounts of wastewater.
The different industries generally generate organics (e.g., benzene groups and dyes),
organometallics, and inorganic materials (i.e., heavy metals) such as copper (Cu),
zinc (Zn), mercury (Hg), cadmium (Cd), lead (Pb), tin (Sn), iron (Fe), manganese
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(Mn), silver (Ag), chromium (Cr), cobalt (Co), nickel (Ni), arsenic (As), aluminum
(Al), etc. Indeed, the existence of such heavy metals in wastewater makes it more
toxic for receiving environments such as rivers, vales, mothers, etc. It causes
imbalance to the vital circumstances of the aquatic flora and fauna; and thus,
negatively impacts human health in one or another way. This requires the reduction
and/or total removal of heavy metals before discharging into environments
according to the required standard appropriate for the preservation of surface water
quality [6, 16]. Accordingly, wastewater represents a major problem that threatens
living species because of its high content of harmful compounds, which cannot be
destroyed or degraded [6].

Certainly, the quality of water is an issue that sorely affects our food, health, and
environment. Rising pollution levels and over-consumption of our resources need
some serious solutions [17]. Indeed, exposure to high pollution levels causes adverse
consequences on the living creatures, food chains, and the natural environment. For
example, heavy metals pollution can cause several human health risks that impair the
brain, lungs, and kidneys. Moreover, bone mineral loss, intestine irritation, carcino-
genic infection, cardiovascular disease, and nervous system disturbance are other
health problems caused by the consumption of heavy metals-polluted food and/or
drink. Furthermore, pollution leads to several concerns about freshwater availability,
photosynthesis and respiration processes, and thus food/feed safety and security.
Additionally, when the soil receives a high level of these toxic elements, the
inhibition of crop growth and germination, reduction of the microbial activity, as
well as alteration of enzymatic functions occur. Also, pollutants may leak into
groundwater encouraging the transfer of undesirable microorganisms and pathogens.
As well, nutrients, solids, and organic pollutants that are discharged into water
bodies cause depletion of dissolved oxygen, eutrophication, and clogging of fish
gills. Consequently, proper and promising treatments should be developed for
protecting the soil, water, and other environmental systems [18]. Industrial waste-
waters like acid mine or electroplating wastewaters contain several toxic substances
such as oil, fat, grease, alkaline cleaning agents, cyanides, degreasing solvents,
nitrogen (N), phosphorus (P), and metals (such as Cu, Ni, Cr, Ag, and Zn), which
are harmful and threat the environment when discharging without treatment
[19, 20]. Al-Khafaji et al. [20] added that the industrial wastewater quality and
subsequent discharges depend on the applied chemicals, the process itself, the
season, and the fashion. Therefore, there is a need to monitor the water quality
within and surrounding the wetland environments receiving polluted water, to assess
the extent of pollutants. The accumulation of pollutants in the environment surely
leads to food and water contamination. Consequently, the World Health Organiza-
tion (WHO) strictly sets allowable limits of these toxicants in water [21].

Parween and Ramanathan [1] listed in some details of various pollutants as
components of wastewater as follows:

(a) Organic pollutants (such as carbohydrates, proteins fats, nucleic acid, etc.)
(b) Inorganic nutrients (N, P, K).
(c) Toxic metals (Cd, Cr, Pb, Hg, Cu, Ni, Zn, As, Se, etc.)
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(d) Pathogenic microorganisms (such as bacteria, viruses, protozoa, and helminths).
(e) Synthetic organic compounds (polyaromatic hydrocarbons, food additives, syn-

thetic pesticides, polychlorinated biphenyls, synthetic detergents, pharmaceuti-
cals, cosmetics, oils, paints, plastics, synthetic fibers, etc.)

(f) Radioactive and thermal pollutants (such as radioactive isotopes of Sr, U, I,
Co, etc.)

Toxicants and pollutants in wastewater
1. Organic toxicants

– Chlorophenols are a group of chemicals made by adding chlorine (Cl) to
phenol (C6H6O) including mono-chlorophenols, dichlorophenols,
trichlorophenols, tetra-chlorophenols, and pentachlorophenols. These sub-
stances are widely used as pesticides, herbicides, fungicides, antiseptics,
and preservatives for vegetable fibers, wood, paint, glue, and leather. They
are highly persistent in both terrestrial and aquatic environments and also
are harmful to humans because of their carcinogenicity. As a result, the US
Environmental Protection Agency (USEPA) listed them as priority pol-
lutants [22]. Karn et al. [23] reported that pentachlorophenols are a major
environmental concern as they are very toxic and dangerous. They are
toxic to all forms of life as they act as an inhibitor of oxidative phosphor-
ylation in plants.

– Halogenated hydrocarbons include aliphatic, aromatic, alicyclic,
polyaromatic, and heterocyclic hydrocarbons that have been commercially
used for many decades. Each group of halogenated hydrocarbons may
cause a widespread set of biological effects where their toxicity may vary
among the group members. Transcriptional activation of CYP genes is one
of the major toxicity mechanisms of polyaromatic halogenated hydrocar-
bons after their nuclear translocation by the cytosolic AH receptor
[24]. Among them, halogenated aliphatics are organic chemicals where a
halogen is replaced by one or more hydrogen atoms. Halogenated ali-
phatics are used as solvents, fumigants, insecticides, and chemical inter-
mediates in the industry; and they are found in the chemical,
pharmaceutical, textile, plastics, paint, varnish, rubber, dye-stuff, and
dry-cleaning industries. Many of these compounds, particularly the chlo-
rinated insecticides, as a result of their poor bioavailability, high toxicity,
or xenobiotic structure, are persistent and recalcitrant in the environment,
even though some of them can be broken down under certain
conditions [22].

– Long-chain fatty acids (LCFAs): fatty acids are chains of carbons with
attached, at one end, hydrogen (H) molecules, and an acid group at the
other one. LCFAs are fats that have several carbons in their chain and can
be saturated or unsaturated fatty acids. LCFAs are considered as important
fractions of the organic matter (OM) in oil/fat wastewater [22].
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2. Petrochemicals: Wastewater is generated in several ways from the petro-
chemical industry, containing cooling water, effluent from raw materials,
factory rainwater, and domestic sewage. The global petroleum production
has been reported to be 4.40 billion tons depending on related industrial
statistics. Petrochemical wastewater largely contains many inorganic and
organic toxic substances. Heavy metals, sulfides, fluorides, and others are
examples of inorganic substances; while benzenes, aldehydes, and phenols
are examples of organic. These petrochemical substances are a major concern
in many studies where organic substances are considered as the main problem
in petrochemical wastewater due to their high toxicity [25, 26].

3. Ammonia, nitrogen, and phosphorus
The wastewater has high ammonia (NH3) content; therefore, it would

inhibit the process of natural nitrification resulting in water hypoxia and
fish poisoning. Also, it reduces the capacity of water purification and ulti-
mately led to great harm to the aquatic environment. NH3 is a neutral
molecule that can diffuse through the epithelial membranes of aquatic organ-
isms more speedily than the charged NH4

+ ion. Additionally, it was stated
that NH3 could block oxygen transfer in the fish gills; and the poisoned fish
appears sluggish and arises to the water surface gasping for air [27].

Nitrogen and phosphorus are two fundamental elements needed for life on
Earth. In particular, phosphorus is a non-renewable resource and could be
consumed in a few decades. On the other hand, economic development and
rapid population growth have facilitated a huge demand for animal protein
leading to an immense production of wastewater with high levels of ammo-
nium and phosphate. Consequently, eutrophication, fish death, and oxygen
depletion occur as a result of the discharge of these wastes into the natural
water bodies. Hence, the remediation of wastewater is imperative for miti-
gating water pollution and improving resource sustainability [28].

4. Sulfide
Sulfide in waste streams is generated by several industries such as petro-

chemical plants, viscose rayon factories, tanneries, and coal gasification for
electricity production [22]. Sulfide in sewers is related to many problems,
e.g. sewer assets corrosion, malodors, and health impacts. Sulfide is formed in
submerged biofilms and this requires anaerobic conditions that are found in
all of the networks [29].

5. Heavy metals
Heavy metals (HMs) are elements that have atomic weights between 63.5

and 200.6 and a specific gravity higher than 5 [19]. The most frequent HMs
found are Cu, Cd, Cr, Co, Fe, Pb, Hg, Mo, Ni, and Zn. However, many HMs
are required for the functioning or activation of many coenzymes and
enzymes in anaerobic digestion. Furthermore, some HMs, such as Cu, Zn,
and Mo, are required at low levels in the cells. However, excessive amounts
of HMs can lead to toxicity [22]. The HMs are found commonly in waste-
water discharged from numerous industries, such as leather and battery
manufacturing, mining, and smelting. Dissimilar to organic pollutants, HMs
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are not biodegradable. They have long been known as very dangerous
environmental pollutants, as a result of their potential for bioaccumulation,
high toxicity, and carcinogenicity, even at very low levels. Thus, HMs are
considered a serious threat to the environment and human health. Addition-
ally, HMs can coexist with other ions and simply form complexes with
complexing agents such as ethylene diamine tetraacetic acid, which aggra-
vates their toxicity and declines environmental risks [15]. The main source of
HMs in wastewater is fertilizer industries, metal plating industry, tanneries,
chloralkali, textiles, batteries, mining operations, paper industry,
electroplating, petroleum refining, radiator manufacturing, metallurgy,
manufacturing of dyes and pesticide, smelting, alloy industries, etc. These
HMs are indirectly or directly discharged into the environment especially in
developing countries [19, 30, 31]. Toxic HMs of particular concern in the
treatment of industrial wastewater are Zn, Cu, Ni, Hg, Cd, Pb, and Cr because
of their serious toxicological concerns at higher concentrations than the
allowed [19, 32].

6. Nanomaterials
In the past decades, nanomaterials have been intensively used and suc-

cessfully applied in different fields such as medicine, catalysis, sensing, and
biology. Particularly, its application in water and wastewater treatments has
received wide attention. Because of their small sizes and their large specific
surface areas, they have high adsorption capacities and reactivity in addition
to their high mobility in the solution. Various kinds of nanomaterials have
been reported to successfully remove HMs, organic and inorganic pollutants,
and bacteria [33]. While the technological advantages of nanotechnology
start to move speedily from laboratories to large-scale industrial applications,
nanomaterials release into the environment is inevitable. The major environ-
mental receptors of wastewater treatment will be soil, sediment, and
biosolids [22].

4 Common Methods and Materials for Wastewater
Treatment

In developing countries, environmental pollution due to the uncontrolled discharges
of industrial and municipal wastewaters has forced a series of threats. The old-style
of aerobic and anaerobic reactors, which are usually operated for wastewater treat-
ment, is unaffordable there because of financial and technical skills and many other
limitations. Consequently, large quantities of municipal wastewater discharged into
the environment without any secondary treatments are very common [13]. There is a
need to clean and recycle polluted wastewater to secure alternative water sources and
to protect the food chains [34].
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Many physical (e.g., sedimentation and mechanical filtration), chemical (e.g., ion
exchange), and biological (e.g., biosorption and biofiltration) methods have been
effectively used to remove the pollutants (e.g., organic acids, phosphates, dyes,
nitrates, toxic heavy metals, etc.) from water and soil [5, 14, 18]. For instance,
various conventional methods and technologies are applied to HMs remediation of
polluted wastewater, and to maintain ecological sustainability and public safety. Ion
exchange, adsorption, chemical precipitation/co-precipitation, chelation/complexa-
tion, photocatalytic biodegradation, flotation, membrane filtration, electrochemical
treatment, and phytoremediation are examples of these methods. Nevertheless, these
methods are low efficiency, applicable at a small scale, costly, and time-consuming.
As well, these methods require a large use of reagents and cause secondary harmful
wastes such as volatile organic compounds and persistent organic pollutants. In
addition, there are other some drawbacks that have been stated to limit the wide use
of physicochemical approaches such as high reagent utilization like in the coagula-
tion/flocculation technique, incomplete removal of toxic materials, and exhausting
adsorbent disposal as in ion-exchange high-energy consumption as in ultrafiltration,
chemical regeneration phases, hazardous sludge formation, and frequent
backwashing. Thus, these methods presented increasing prices, accumulation, and
environmental risks. Subsequently, there is an urgent demand for environmentally
friendly and cost-effective methods for the effective removal of pollutants and also
for the sustainable development of human society [14, 15, 18, 28, 30, 32, 35–39].

4.1 Physical Methods of Removing Pollutants

Ling and Weimin [5] presented in detail these methods, and here we will summarize
some of them:

– Sedimentation is the process that can settle out the suspended solids that have a
greater density or specific gravity than water, and then be separated away from the
main flow. There are four sedimentation types depending on the particle’s
concentration and their interaction with each other that are discrete, flocculent,
or hindered, and compression settling. Settlement tanks can be used to separate
most of the suspended solid wastes.

– Mechanical Filtration is also used for removing suspended solids. It includes
several types such as sand filtration and screen filtration. This process requires a
large quantity of wash-water with filters of 70 um or larger, although, this great
removal of small suspended solids can be accomplished by either chemical or
biological oxidation.

– Aeration is widely used in most of the rural areas to provide oxygen to the effluent
to be treated, and also to reduce malodorous gases from sediment in the bottom.
Exchanging the surface water that has plenty of oxygen with the bottom water in
the pond allows decomposing some sediment rich in organic matter effectively.
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4.2 Chemical Methods of Removing Pollutants

Ling and Weimin [5] presented also some of the chemical methods to remove
pollutants from wastewater such as:

– Liming: Materials, e.g., agricultural limestone, quick lime, slaked lime, and liquid
lime, have been used to liming the ponds which have an immediate influence on
water quality. It raises pH, which kills most pests and disease agents, and causes
water to be clearer of suspended solids, to decline soluble phosphorus, and lower
free CO2.

– Chlorine dioxide (ClO2): The stable form of ClO2 is commonly considered the
most effective disinfector in the treatment of wastewater. It can eliminate bacteria,
viruses, pathogens, sporangium, fungus, and parasites without any side effects.
Temporarily, as an oxidant, ClO2 may destroy hydroxybenzene, sulfurated
hydrogen, cyanide, and other organic matters. It can improve the water quality
and raise the dissolved oxygen content for avoiding epidemic disease explosion
and infection in the cultivation process. However, high levels of ClO2 may be
unsafe for aquatic life in receiving streams.

– Ultraviolet Filter and Ozone (O3) Water: Treated wastewater is always passed
through an ultraviolet filter or treated with O3 to destroy any existed parasites,
pathogens, and diseases. However, pH value, temperature, and ammonia concen-
tration affect the sterilization speed. Chemical oxidation by O3 can be used to
reduce the organic load in conventional wastewater treatment. In a recirculating
system for fish culture, O3 is effective for degrading organic matter and for
sterilization.

– Flocculants: Chemicals are always added during the wastewater treatment to help
settle out or strip out P or N. Flocculants are materials that have at least one kind
of monomer or polymerization (Al salt and multi-prices carboxylic acid mixture).
They are particularly used for removing algae bloom in the aquatic system, which
can purify the water body totally without any harm to aquatic organisms.

4.3 Biological Methods

Ling and Weimin [5] presented some of the biological methods to remove pollutants
from wastewater such as:

– Effective Microbes, which generally include photosynthetic bacteria, nitration
bacteria, lactic acid bacteria, sporangium bacillus, are used for decomposing
and absorption of the sedimentary organic nitrogenous, nitrite nitrogen, and
ammonia in the wastewater or for converting them into beneficial substances.
The microorganisms have been suspended for several hours in the wastewater,
and then they are settled out as sludge. Some of this sludge is drove back to the
incoming wastewater as a “seed”microorganism, while the remainder is collected
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and sent to the process of sludge treatment. Through the sludge treatment, the
sludge is stabilized, the odors are reduced, some of the water is removed, some of
the organic matter is decomposed, disease-causing organisms are killed, and the
sludge is disinfected. Many methods can be used to remove more water from
sludge such as sand drying beds, and filters resulting in sludge with less water
which is called a sludge cake. Then, aerobic and anaerobic digestions are applied
to decompose organic matter for reducing volume. Caustic chemicals can be used
to kill disease-causing organisms. Then, the liquid and cake sludge is often spread
as fertilizer on fields.

– Biological Filtration: Fish produce nitrites and ammonia as metabolic toxic
products that are toxic and required to be converted into non-toxic nitrates that
cause no harm to the fish. For this purpose, biofilters (e.g., sand filters and rotating
biological contactors) are used to convert nitrites and ammonia to nitrates via
oxidation. They consist of a large surface area medium (such as rocks, sand,
gravel, plastic, pebbles, and cinder) upon which microorganisms (such as nitri-
fying bacteria) will colonize after a few weeks. Because nutrients and organic
matter are absorbed from the wastewater, the microorganisms’ film grows and
thickens. This biofiltration type is recommended; however, current technology
depends on expensive bacterial systems. Furthermore, the drawbacks of biofilters
are obvious such as unstable performance, excessive sludge production, and
nitrate accumulation [5].

5 Low-Cost and Eco-Friendly Agricultural Wastes-Derived
Absorbents

In developing countries, treatment and remediation of the generated wastewater are a
major concern especially by those who consider vital points such as reusability,
recyclability, cost, and sustainability. Since the population is growing rapidly, this
would lead to severe water scarcity [40]. Also, the high-cost structure of many
available techniques to control environmental pollution can burden society particu-
larly low-income families. Therefore, wastewater treatment, nowadays, is a major
issue because it requires a big cost in terms of types of equipment and chemicals
used. For example, a fixed bed reactor is one of the best widely applied methods for
the treatment of domestic greywater; however, the filters installed in this reactor are
polymer-fiber based filters that are relatively expensive. Consequently, taking into
consideration the need for domestic wastewater pre-treatment and the economic
burden to install modern technology, it is necessary to develop more cost-effective
wastewater treatment techniques [41]. As well, to minimize the problems related to
using previous conventional methods, a lot of research has been carried out to find
out low cost, easily available materials from agricultural wastes as sorbents [32].

Adsorption has become the most important waste treatment techniques. It has
been widely applied for the disposal of wastewater as a result of its low cost, high
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efficiency, and simple design [38]. Feng et al. [28] also stated that adsorption is an
effective technique because of its easy operation and high selectivity, particularly if
the adsorbent is not expensive and commonly available. However, the application of
conventional adsorbents such as diatomite and bauxite is impeded not only by their
quite poor adsorption capacities but also by their potential ecological risks.

Bello et al. [37] and Akhayere et al. [42] stated that adsorption has grown as a
front line of defense for pollutants removal; also, it has proven its potency over time.
However, the efficacy of an adsorption process relies on the adsorbent [42]. Physical
and chemical surface characterizations of adsorbents play an important role in
adsorbing by predicting the adsorption capacity of these adsorbents. Out of these
characteristics of adsorbent materials particle size, specific surface area, pore-
volume, pore-size distribution, point of zero charges, and presence of surface
functional groups that determine the adsorption efficiency and capability of adsor-
bents are very important. Moreover, the analysis of each characteristic may show the
effect of this property that related to the adsorbate type such as metals, dyes, phenols,
etc. [43].

Selective adsorption by activated carbons, mineral oxides, biological materials, or
polymer resins has generated increasing interest. Therefore, investigating a more
cost-effective adsorbent material is of huge interest in wastewater treatment
[37]. Elbehiry et al. [44] stated also that many cost-effective and amendments can
be used for the pollutants remediation such as Fe-oxides, biochar, and humic sub-
stances. Natural materials, which are widely available, or specific waste products
resulted from agricultural operations, may be potentially inexpensive
adsorbents [35].

As a global food production demand has resulted in increasing agricultural
activities, more agricultural wastes are generated. Agricultural wastes, mainly from
plant biomass such as husks, straw, peels, shells, etc., can either be disposed of after
harvest or be utilized as valuable precursors for the production of other materials
[42]. Currently, utilizing agricultural by-products, synthetic materials, and aquatic
organisms for adsorbent fabrication to remove pollutants have been reported
[37]. Afroze and Sen [43] emphasized that natural solid wastes from agricultural
by-products can be applied as inexpensive sorbents for the removal of organics and
inorganics contaminants from polluted water. Thus, the utilization of a large volume
of agricultural wastes as effective adsorbents also provides a sustainable cost-
effective solution for wastewater treatment.

Experimental adsorption characteristics of several biomass wastes such as wheat
bran, sunflower stalk, rice husk, rice milling by-products (hulls and brans), spent
grain, onion skin, almond husk, banana pith, modified barks, and soybean hulls have
been examined for their capacity to remove pollutants from wastewater [32]. Renang
et al. [41] stated that one of the ways to mitigate environmental pollution is using
agricultural wastes as bio-packing media to treat the domestic wastewater before
discharging it to water bodies. Agricultural wastes have no economic value and their
accumulation can further cause environmental pollution. Thus, utilizing agricultural
wastes as bio-packing media to treat domestic greywater is feasible not only because
it reduces the cost of wastewater treatment, but it can also avoid a huge accumulation
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of agricultural wastes. It is also stated that the utilization of agricultural wastes as
low-cost renewable materials for treating wastewater promotes minimizing wastes
and cleaner operation. Some agricultural wastes such as rice husk and coconut coir
are used as packing media and biofilm materials carriers for wastewater treatment via
the biofiltration method. This method uses the supported living organisms grown on
the packing media surface for degrading and hydrolyzing the pollutants since the
water filtered over the packing media. Hence, biofiltration is becoming an attractive
method for wastewater treatment because of its efficiency in removing biodegrad-
able organic matter in addition to its low maintaining costs [41].

Recently, sustainable sorbents derived from renewable biomass such as cellulose-
and/or lignocellulose-based materials, alginate, and chitosan have received growing
attention. Lignocellulose is a cheap and promising biosorbent. Additionally, com-
pared with other materials, it is naturally comprised of abundant free carboxyl and
hydroxyl groups, providing reactive sites for additional surface modification. In
addition to its green advantages and biocompatibility, it has a unique adsorption
advantage because of its natural porous structure and large specific surface area. For
example, wood as a porous and multi-hierarchical lignocellulosic material has
unique properties such as an intrinsic mesoporous structure, exceptional optical
and mechanical characteristics, and excellent capacity of water transportation; thus
it is a major promising candidate for wastewater treatment. However, the most
processing procedures of using wood as a sorbent is the use of strong acids; in
addition, it has high cost and energy waste, impeding sustainable development.
Thus, the current goal of the researchers is to use wood waste for treating the
contaminated water and finally achieve the value-added utilization of natural
resources by green and low-cost strategy [38].

5.1 Activated Carbon (AC) Derived from Agricultural Wastes

Currently, various agricultural wastes with high adsorptive capacity have been
examined for their removal efficiency of heavy metal from simulated wastewaters.
Activated carbon (AC) derived from agricultural wastes is an example of low-cost
materials used for ions removal from wastewater [45]. AC is an amorphous C with a
high porosity degree and very large surface area which allows heavy metals or toxic
molecules to be adsorbed on its surface [6]. Adsorption by AC is also effective and
widely employed in wastewater treatment. Unfortunately, commercial AC derived
from wood, peat, and coal is expensive; this leads to searching for easily available
and low-cost materials for AC production. Various types of carbons have been
prepared from agricultural wastes such as cotton stalks, rice husks, coconut shells,
sugar cane bagasse, paddy straw, and coir pith. Each sorbent has pros and cons. The
nature of the initial biomass to a large extent determines the final properties of the
sorbent carbon. The activation process of the initial material to an activated product
goes on via two steps: carbonization and activation [46]. The carbonization of the
carbonaceous raw material, usually N, is done at a temperature below 1,000 �C in an
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inert atmosphere [6]. In the carbonization step, the moisture and volatile matters such
as H2, CO, CH4, and other hydrocarbons derived off to produce a high C content
solid residue called char. This step also leads to an initial opening of the precursor C
structure, and the resulting carbonized product that has only a small adsorption
capacity. On the other hand, the activation process improves the adsorptive power of
the previous product got from the carbonization step. Carbonization can be carried
out in muffle furnace, tubular furnaces, reactors, and, more recently, in a glass
reactor put in a modified microwave oven. Usually, there are chemical and physical
methods for activation. In the chemical activation, the precursor material is saturated
with a dehydrating and stabilizing chemical reactant to enhance the porous structure
development upon heat treatment. The most widely applied activation agents are
zinc chloride, potassium sulfide, aluminum chloride, phosphoric acid, caustic soda,
and potash. In the physical activation, the carbonized product reacts with gases like
carbon dioxide, oxygen, steam, or air [46–48]. Thus, these gases work as oxidizing
agents in a temperature range between 600 and 900 �C resulting in the removal of the
more disorganized C and the forming of a well-developed micropore structure. The
chemical activation is characterized by the physical process by high yield, less
activation time, lower temperature of activation, and generally higher porous struc-
ture [6, 46].

A high price and limited reusability, some are corrosive, and additional washing
stages through the process are key problems hindering the extensive application of
AC [36, 46]. Some reports have appeared on the preparation of activated carbons
derived from rice husk, coconut shell carbon coconut tree sawdust carbon, and
several types of activated carbon from agricultural by-products. As coir pith carbon
was shown to remove heavy metals from synthetic solutions the aim of this study
was to investigate the feasibility of using coir pith carbon for the removal of heavy
metals from industrial effluents through varying parameters of pH and carbon
concentration [35]. The AC commonly is used as an adsorbent in heavy metal
treatment [36].

Noor et al. [45] stated that sugarcane bagasse is a plentiful agricultural residue
resulted from the processing of sugarcane in countries such as South Africa, Brazil,
and India. It has been converted into AC and used in several applications because of
its high surface acidity, high surface area, and microporous structure. Sugarcane
bagasse comprises three main components, i.e. cellulose, hemicellulose, and lignin.
Each of these components has a different value. Because it is rich in cellulose, it can
lead to producing higher microporous biochar. As well, sugarcane bagasse has
carboxylic and hydroxyl groups showing high efficiency for the metal’s removal
over a wide pH range. Lignin is also an ideal precursor for AC since it has a high C
content, and its molecular structure is similar to bituminous coal. Rice husk is a
by-product generated through rice milling in rice-producing countries such as Egypt.
Its accumulation results in problems related to solid waste management, which if not
treated properly, increases the risk of fire, attracts disease-carrying animals, or even
occupies large areas in landfills. In Egypt, rice husk is a promising biomass that
resulted in large and almost stable yield, (500,000 tons yr�1 of which 10–20% is rice
husk) and has low acquisition cost. Dry rice husk consists of 70–85% organic matter
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(i.e., lignin, cellulose, sugars, etc.) and the other part is silica, which is presented in
the cellular membrane [30, 49]. The AC and porous C derived from rice husk were
utilized to adsorb various dyes and organic pollutants such as humic acid, phenol,
malachite green, neutral red, Rhodamine B, dibenzothiophenes, municipal solid
waste landfill leachate, and in the biodiesel purification [49]. Hegazi [30] also
reported that attention has been paid to the use of modified or unmodified rice
husk as an adsorbent for the pollutant’s removal. He mentioned that some batch
studies used modified rice husk (by tartaric acid) as an adsorbent for the removal of
Pb and Cu by studying the effects of different parameters such as pH, temperature,
initial concentration of adsorbate, particle size, etc. These studies displayed the
potential use of modified rice husk for the removal of Cu and Pb from polluted
aqueous solutions. Benstoem et al. [50] reported that the AC can be applied to reduce
organic micropollutants (e.g., pharmaceuticals and substances resulted from per-
sonal care products) in wastewater. They reported that although producing ACs
conventionally is damaging the environment, using renewable raw materials can
reduce this damage.

5.2 Biosorbents from Agricultural Wastes

Due to the disadvantages of AC, a wide variety of agricultural waste has been
investigated to eliminate heavy metals [36]. Tatarchuk et al. [6] stated that
biosorption works on the uptake of heavy metals, dyes, and radionuclides from
aqueous environments using biological materials (e.g., agricultural waste, plant
leaves, root tissues, bacteria, algae, and fungi), which can be applied as biosorbents
to remediate pollutants in water purification. Thus, biosorption has developed as a
promising method with some advantages such as low cost, easy operation, highly
efficient even with low metal concentrations, no additional nutrient requirements,
potential metal recovery, and without environmental harmful effects. Agricultural
waste-based biosorbents may be different parts of the plant, i.e. stem, leaves, root,
bark, flower, fruit biomass, skin, husk, shell, hull, bran, and stone. Agricultural
waste-based biosorbents primarily are comprised of cellulose, hemicellulose, and
lignin which contain a high content of hydroxyl groups. Accordingly, they have a
good ability to attach to metals [36]. The functional groups in agricultural wastes are,
for example, carboxyl, carbonyl, phenolic, structural polysaccharides, alcoholic,
ester, acetamido, amino, amido, and sulphydryl, etc. These functional groups sub-
stitute H+ for metal ions in the solution or donate an electron pair to form complexes
with the ions in solutions. These groups have an affinity for removing ions by
forming metal chelates or complexes. Thus, heavy metal ions removal from waste-
water by agricultural wastes is based upon metals biosorption. The mechanisms of
biosorption include complexation, chemisorption, adsorption on the surface, diffu-
sion over pores as well as ion exchange, etc. [31, 36].

Soldatkina and Zavrichko [51] reported that the full introduction of adsorption
technology into the deep cleaning practice of dye wastewater is reduced by the high
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cost of ACs and by some problems with their regeneration. Recently, the
researcher’s attention has been focused on biosorbents from agricultural wastes as
low-cost adsorbents available abundantly in the agricultural countries. They men-
tioned also that agricultural waste is partially utilized as roughage and bedding for
cattle, as an energy source for home heating and power generation, or as a soil
amendment facilitating the humus formation. Unused agricultural wastes are burned
in the fields causing regional and global environmental problems such as destroying
and reducing microorganisms activity when burning in the top-soil increasing the
emissions of carbon dioxide, generating a lot of dust and smoke, and other harmful
gases leading to air pollution and appearing the risk of fires [43, 51, 52]. Agricultural
wastes such as Jerusalem artichoke stalks and barley straw are distinguished by their
unique chemical composition, contain natural polymers, and can be successfully
utilized as a cheap adsorbent and as an alternative to ACs [51, 52].

Sugarcane bagasse, coconut husk, rice husk, sawdust, neem bark, oil palm shell,
banana peel, orange peel, bamboo, peat, coconut, etc., have been investigated by
many researchers to eliminate heavy metals from wastewater [6, 30]. Generally, if
the adsorbent is abundant in nature, requires little processing, or is a by-product from
another industry, it can be termed as a low-cost adsorbent. Of course, enhanced
sorption capacity may recompense the cost of extra processing. Hence, there is an
urgent need to explore all likely sources of agro-based inexpensive materials and
their feasibility to remove pollutants in detail [30]. Recently, more attention has been
paid also for removing P and N in wastewater by agricultural waste, as they are cost-
effective, potential renewable, and eco-friendly; they also can be utilized as soil
fertilizers. Nevertheless, most of the raw materials usually have insufficient adsorp-
tion capacity for N or P and lack practical applications in the real wastewater. Feng
et al. [28] reported that in China, for example, a Chinese medicinal herbal residue,
resulting after the decoction or extraction process and produced with millions of tons
yearly, is rich in cellulose, hemicellulose, and lignin which contain many functional
groups such as O–H and –COOH, and have a porous and large surface, high
mechanical strength, and chemical stability. Then, they can become possible
biosorbents. However, there is a lack of information regarding their application in
N and P removal from wastewater [28]. Different sources, such as coconut leaf,
babassu coconut, papaya seeds, tamarind seed, jambul seed, soapnut, etc., were also
used to prepare low-cost AC for the removal of heavy metals and dyes from
wastewater [6].

Recommendation: Because of there is an urgent need to reuse wastewater spe-
cially in developing countries, eco-friendly and cost-effective alternative methods
should be adopted. In this context, the future research should focus on using
agricultural wastes as an environmental-friendly and cost-effective in treating waste-
water. As well, the future research should also focus on the using of agricultural
wastes on treating emerging contaminants from wastewater.
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6 Conclusion

Water is life. The global water demands grow more than twice the population
increase rate in the previous century; this will lead to water crises in many countries
especially developing countries. Increasing human activities generate many sources
of wastewater. Discharging wastewater into water resources leads to many environ-
mental problems including water contamination and human health problems if not
treated. Wastewater contains many organic and inorganic pollutants such as
chlorophenols, hydrocarbons, petrochemicals, heavy metals, etc. There are many
traditional methods to treat wastewater, however, these methods are time and
chemicals consuming, expensive, and have many disadvantages. Therefore, using
cost-effective and eco-friendly materials, such as agricultural wastes, is a good
alternative to conventional methods. Agricultural wastes can be effectively used in
many forms such as activated carbon and biosorbents for wastewater remediation,
especially in developing countries. These agricultural wastes are used for
remediating organic and inorganic pollutants in wastewater making it a valuable
source of clean water to solve even part of the water shortage problem.
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Abstract Current development in nanotechnology has provided us with novel
nanomaterials. This advancement in nanomaterial synthesis has resulted in their
manipulation at the atomic level to achieve desired catalytic properties. The green
routes used in synthesis of nanomaterials grab more attention as they are of low cost
and environmental friendly, thereby reducing the risk of harmful effects of toxic
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chemicals and derivative compounds. Iron nanoparticles have essential properties
which are due to their multivalent oxidation states, abundant polymorphism and are
also used as sensors, catalysts, medicinal uses, and remediation technology. Reduc-
ing the size increases the surface area of nanoparticles and hence the ratio of surface
to bulk iron atoms. Consequently, both the rate of reaction and the fraction of iron
atoms available for the reaction increase. As the iron nanoparticles are more reactive
for water pollutants, they are used in water remediation technology. Iron
nanoparticles are successfully used because of their exclusive properties, like very
small size, high surface-area-to-volume ratio, surface modifiability, better magnetic
properties, and great biocompatibility. This review describes the different applica-
tions of iron nanoparticles in environmental remediation. It also highlights the
advanced routes for their synthesis by green resources. This review article concludes
that green synthesized iron nanoparticles are highly efficient for the removal of
different pollutants.

Keywords Dye removal, Green chemistry, Heavy metals, Iron nanoparticles,
Pesticide

1 Introduction

Using different elements and methods for manipulating the matter for fabrication of
compounds with specific attributes which can be used for different applications [1].
In 1959, Richard Feynman has given a famous statement, i.e. “There is a plenty of
room at the bottom” which is the reason which enhanced the beginning of nano-
technology [2], a field that has since then greatly influenced science and engineering
disciplines in which the exclusive properties of materials that are harnessed in
applications impacting virtually every field of modern society, e.g. chemical syn-
thesis, production of energy, lighting, biotechnology, electronics as well as health
care. Out of the above-mentioned applications of nanotechnology, environmental
remediation is at the leading edge. It is because the increasing population results in
an increase of demand for clean water which is limited in supply, so more affordable
technologies for water treatment are required for cleaner and faster water supply
[3]. The present review compiles the recent green synthesis methods for fabrication
of iron NPs and their prospective applications for environmental remediation.

2 Green Chemistry

Green chemistry is a philosophy that puts forward sustainable concepts. Following
green chemistry routes decreases or perhaps eliminates the use as well as generating
toxic products in the manufacture, design, and application of chemical products’
while forming novel chemical processes [4].
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2.1 Principles of Green Chemistry

The promising field of green chemistry is the use of a group of principles (Fig. 1).
The execution of green chemistry principles for developing new nanomaterials and
their applications have significance in outlook of the fact that the technology is at the
beginning of its expansion and is likely to be broadly distributed and applied
throughout the world. Getting the structure–function relationships that relate partic-
ularly to nanomaterials and compilation of “key” data for life cycle assessment
(LCA) of such processes could lead to new “design rules” for production of high-
performance nanoscale substances that are benign and environmental friendly [5].

2.2 Merits of Green Chemistry

To deal with the demand of “going green” between the groups of scientists,
researchers are following the natures’ way of synthesizing nanomaterials
[6]. Using the plant-based reducing agents and stabilizing/capping agents could be
a better idea to reduce the bad effects along with amplification in the biological
compatibility of inorganic nanoparticles for a range of applications. Though, it is not
the entire story, prior to their applications in different fields these green products
should be assessed for in vivo, in vitro, and ecological toxicity. However,

Fig. 1 The green chemistry principles [4]
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enrichment, accessibility, efficiency in terms of time efficacy and circumvention of
the use of noxious reagents are only a few of the preferred particular aspects of this
approach [7, 8].

3 Green Synthesized Iron Nanoparticle

An engineered nanoparticle (NP) may be defined as any intentionally produced
particles that have a characteristic dimension from 1 to 100 nm and have properties
that are not shared by non-nanoscale particles with the same chemical composition
[9]. Oxides of iron subsist in different forms in nature, like hematite (α-Fe2O3),
magnetite (Fe3O4), and maghemite (γ-Fe2O3) are the most commonly known forms
[10, 11]. Specifically, the rapid and much easier synthesis methods, manipulating the
matter at the atomic scale level as well as controlling it, may offer supreme versatility
[12, 13]. In addition, NPs synthesized using metal iron with chemical inertness,
biocompatibility, and lower toxicity illustrate a great possibility in amalgamation
with biotechnology [14–16]. The plant-based synthesis of iron nanoparticles
(Fe NPs) is making place in the developing world [17]. Figure 2 is showing the
flow chart of green synthesis of iron nanoparticles, the black color appeared after
mixing up the plant extract as well as the iron salt solution in a particular ratio.

3.1 Properties of Iron Nanoparticles

As they have dimension in the nanoscale, high surface to volume association in
addition to superparamagnetism, the fusion as well as utilization of Fe NPs with new
properties and functions have been widely investigated in recent years [18–20]. NPs
vary distinctly in their extremely high surface area from colloids or bulk substances.

Stirring

Black colour confirms the formation of iron nanoparticles

Adding plant extract into metal salt solution

Plant extract Iron salt solution Iron nanoparicles

Characterization
Techinques
TEM,SEM,
XRD,
UV,
FT-IR,
Raman,
AFM

With continuous stirring solution turns into black colour

Fig. 2 A flow chart showing green synthesis of iron nanoparticles
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However, surface area makes FeNPs particularly fascinating for any surface-limited
heterogeneous chemistry, but the reactiveness of NPs does not completely depend
only on the surface area. NPs hold a large amount of energy as surface-free energy
and adding heat can involve increasing reactivity or altering magnetic characteristics
of FeNPs. NPs’ surface atoms differ greatly from the atoms in a bulk material and
also differ from atoms present in a thin-film material. Most catalytic activities are
known to be localized in defect crystal positions and NPs have an immense number
of defect locations owing to their severe curvature. This is a simple reason that
nanoscale catalysts have higher reactivity than their high surface areas alone are
liable for. Surface area and confinement effects that can be viewed as defective both
have an impression on the electronic structures of the NPs also. This leads to
interesting band gaps property in semiconductors, but in the case of iron, the effects
this has on another characteristic resulting from electronic interactions have been the
most important: magnetism. The few magnetic rotations in iron nanoparticles con-
tribute to a great difference in magnetic properties in bulk materials. As expected,
smaller nanoparticles have characteristics that represent wide differences from bulk
properties, but as we change in sizes of several times of NPs diameters these
characteristics are steadily returned to the bulk properties. But, the size-dependent
properties are not entirely surprising. For instance, the magnetic coercive nature of
Fe NPs does not just approach the bulk behavior monotonously. The coercive effect
of small particles, however, increases with increasing size and reaches the maximum
of ten nanometers, then decreases and approaches bulk coercivity [21–23]. Using the
ferromagnetic resources for fabrication of NPs, less than a particular size (generally
10–20 nm), could demonstrate an exclusive type of magnetism called
superparamagnetism. The significant phenomenon is only found in iron NPs [24].

3.2 Crystal Structure and Atomic Arrangement

The critical dimensions of the crystal are strongly related to the exponential increase
in atomic surface localization in the event of a decrease in volumes and formation of
smaller numbers of NPs (typically diameter < 20–30 nm). The small size of
nanoparticles results in their different characteristics and crystalline properties then
the bulk materials [25]. Crystalline particles have a long range of unit cells, which
are replicated. In various studies amorphous particles are reported to be more
reactive in cases than crystalline ones [26]. A crystalline transformation due to the
reduction in surface-free energy excess for NPs less than 20 nm can improve the
interfacial reactivity and alter its environmental reactivity.
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3.3 Methods of Synthesis

Fabricating metal NPs or other nanomaterials through green synthesis way have
many positive facets over the conventional as well as chemical ways, as it is much
safer to handle and environmental friendly [27]. The chemical methods utilize many
hazardous and aggressive reagents, while other produces pure and well-defined NPs
[28]. The important points for using greener ways of nanoparticle synthesis include:
the first may include the bio-components behaves reducing and capping agents, on
this basis small size metal NPs can be synthesized in the course of large-scale
manufacturing [29]. Second point consists of the role of the plants, their extract is
used for reduction process as they hold the presence of different reducing and
capping agents which reduce the metal ions in a less time and can be extensively
used [30]. Therefore, there is an obvious necessity to form economic and also
environmentally benign choices to these accessible methods. Selected solvent
should be environmentally attuned, non-toxic reducing agent and eco-friendly
capping agent for stabilization of NPs. These are the three bases for the process of
“green” synthesis of NPs [31].

3.3.1 Plant Extracts

As studied by Kalaiarasi et al. [32], fabrication of metallic NPs by diverse parts of
the plant like stem, leaf, roots, and seeds is the reproducible and simple way. Plants
indeed construct stable metal NPs and it has been accepted that they are the most
excellent apprentice for production at larger scale in comparison to others
[33]. Choosing the plants or their derivatives in NPs fabrication lies in the plants’
natural composition of diverse reducing agents. Metal NPs fabricated through plants
as reducing agents show stability still after a month and without any change in its
color and shape [34]. Studies on formation of photo catalytic hematite NPs (60 nm)
using Camellia sinensis extract prepared from leaf were performed by Ahmmad
et al. [35]. Similarly, Narayanan et al. [36] prepared IO NPs (~30 nm, super
paramagnetic) in combination with grape seed extract (at room temperature). A
single step production of mono dispersed IO NPs (4–8 nm) was reported by
Awwad and Salem [37], used carob-leaf with crystalline structure. Super paramag-
netic Fe3O4 (6–30 nm) were prepared by Phumying et al. [38] through aloe vera. In
another study of iron NPs synthesis, the plantain peel extract was used by
Venkateswarlu et al. [39] for fabrication of IO NPs (<50 nm). The NPs were
polydispersed with high saturation magnetization (15.8 emu g�1) and surface area
of 11.31m2 g�1. In parallel lines, extracts obtained from the stem of the Vitis vinifera
formed polycrystalline iron oxide NPs when added with a metal ion solution
(av. particle size <50 nm) with high saturation magnetization and core-shell struc-
ture [40]. As analyzed by SEM irregular spherical shaped with rough surface IO NPs
were synthesized by Balamurughan et al. [41] using an extract of Ocimum sanctum
in aggregated form. Organic acids like citric and oxalic acid function as capping and
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reducing agents. Extract from Passiflora tripartita var. mollissima fruit has been
analyzed by Kumar et al. [42] for the fabrication of magnetic and spherical IO NPs
with size 22 nm, with better catalytic potential for production of
2-arylbenzimidazoles with excellent yields.

3.3.2 Tea Extracts

Spherical shaped Fe NPs of size 40–50 nm were synthesized using Oolong tea
extract [43] and FeSO4 (0.1 mol/L) was mixed to the extract (ratio of 1:2). Fe NPs
formed were crystalline in nature as determined by X-ray diffraction (XRD). Fol-
lowing the last years, green tea extract-based Fe NPs were fabricated by Shahwan
et al. [44]. The green tea extract is rich in oxyhydroxide and IO, which behaves as a
Fenton-like catalyst for dye removal (methyl orange and methylene blue).

3.3.3 Biomolecules

Nadagouda and Varma [31] used ascorbic acid (vitamin C) for producing core-shell
Fe nanoparticles through extract prepared by water extract of ascorbic acid. The
vitamin is responsible for the reduction of transition metal salt into their respective
nanostructures. In another similar study, stabilized zerovalent iron NPs of round
shape were produced by Savasari et al. [45] using ascorbic acid (size range
20–75 nm). Highly stable NPs were formed by ascorbic acid. Sreeja et al. [46]
functionalized and coated the IO NPs (super paramagnetic) with ascorbic acid to
form a stable dispersion. The spherically shaped NPs were of size 5 nm. Likewise,
Siskova et al. [47] worked on amino acids like L-glutamic acid, L-arginine, L-cys-
teine in addition to L-glutamine to create zerovalent NPs or metal iron. D-glucose
and the oxidative product of glucose, i.e. gluconic acid were used for reduction and
stabilization of prepared poly crystalline Fe3O4 NPs, respectively. Fe3O4 NPs were
of roughly spherical shape (average size 12.5 nm) as revealed by transmission
electron microscopy.

3.3.4 Microorganisms

Fabrication of nanomaterials using microorganisms (MOs) is less monodispersed
and the slow rate of synthesis in comparison to plant-mediated synthesis [48]. The
fabrication methods for production of NPs are based on microorganisms such as
bacteria [49], algae and fungi [50]. Metallic NPs are fabricated in controlled sur-
rounding by adding up metallic ions in the culture medium (MOs) [51]. Bacterial
species which reduce metal iron are generally used for the iron NPs’ fabrication.
Under the aerobic environment Actinobacter sp. successfully produced spherical IO
NPs. To form magnetic NPs, iron reductase has reduced the Fe3+ into Fe2+. In the
case of fungi, magnetic NPs of different sizes were synthesized extracellularly using
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fungal species like Verticillium sp. and Fusarium oxysporumwith solution of ferrous
and ferric salts (at room temperature). The anionic complexes of iron species were
hydrolyzed by cationic proteins (by fungal secretion). As a result, crystalline mag-
netite NPs were formed which exhibits a ferromagnetic transition signature with less
amount of spontaneous magnetization at low temperature [52]. Mahdavi et al. [53]
biosynthesized IO NPs (Fe3O4) through the process of reduction of metal salt like
ferric chloride by adding extract of macro algae and brown seaweed (Sargassum
muticum). The presence of sulfate polysaccharides in the aqueous extract of brown
seaweed was the main reason for the metal salt reduction contained. A species of soil
micro algae called Chlorococcum sp. was employed for formation of iron NPs
(20–50 nm) by Subramaniyam et al. [54]. The presence of biomolecules in algal
cells like amines and carbonyl from glycoproteins and polysaccharides was the
reason for this production of nano iron as revealed by Fourier transform Infrared
spectroscopy.

3.4 Mechanism Behind the Green Synthesis of Iron
Nanoparticles

Enrichment of plants with various capping and reducing compounds has much
significance for their use in fabrication of different nanoparticles. It has been
discovered that many potential antioxidant compounds are present in constituents
of a variety of spices, herbs, and plants, for example, polyphenols, amino acids,
reducing sugars, and nitrogenous bases [55]. The compounds play the role of a
capping agent [56, 57] along with reducing agents [58] for NPs synthesis. There is
abundance of plant species richness in nature which can be used to control the size
and the morphology of the desired NPs by varying the source of the extract [59]. One
more fabrication method of Fe NPs was from Murraya koenigii (curry leaves) [60],
as the extract from leaves is having high concentration of water-soluble ingredients
like flavonoids, alkaloids, polyphenols, and carbazole [61]. Utilizing leaf extract of
Dodonaea viscosa, Daniel et al. [62] prepared the IO NPs (size range of ~27 nm).
Different phytochemicals like tannin, saponins, and flavonoids were present which
were responsible for the reduction of metal ions and the capping of NPs. In a
different study the seeds’ extract of the Syzygium cumini was prepared for
documenting the study of ferromagnetic IO NPs (spherical ~20 nm) by
Venkateswarlu et al. [63]. Seed extract contains an electrostatic stabilizing agent
called sodium acetate. Extracts of Rumex acetosa and Hordeum vulgare were
applied by Makarov et al. [64] for the fabrication of IO NPs, (30 nm, 10–40 nm
sized, respectively). Some examples of potential phytoreducing agents are shown in
Fig. 3.
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4 Applications of Iron Nanoparticles

Nanotechnology holds out the assurance of enormous improvements in manufactur-
ing technologies, telecommunications, electronics, health, and also environmental
remediation [65–67], magnetic separation, heavy metals, nanoadsorbent, high
adsorption, organic contaminant [68] (Fig. 4).

4.1 Wastewater Treatment

For all human activities clean water is necessary and precious. Increased population,
heavy farming, rapid development, and steady industrial growth have significantly
increased clean water demand. Industry operations need large amounts of water and
produce huge quantities of wastewater. Strong color, odor, and high concentrations
of dissolved organic colorants as well as inorganic contaminants (e.g. heavy metals,
metal salts, etc.) typically characterize this water. Such control approaches for these
wastewater treatments include methods for chemical separation including sludge
activation system, photo catalysis, adsorption, ozonation, and filtration. But

Fig. 3 Chemical structures of some potential reducing agents (a) tannins (b) alkaloids (c) flavonoids
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unfortunately, such generic methods are not successful in eliminating widespread for
removing reactive dyes that preserve odor and color, heavy metals, and thus handle
wastewater not so effectively. In addition, processes for chemical treatment lead to
complicated compounds, making the reuse of salts or colors unavailable. Membrane
and filtration systems are safer than chemical processes since harmful materials are
removed, but membrane and filter fouling are the major drawbacks of these
approaches. Microorganisms and other impurities accumulate in the substrate and
clamp membranes over time, resulting in costly purification and removal. The
chemical processes produce hazardous reactive compounds that are then incinerated
or condensed and used in ground filling operations. The above approaches are not
environmentally safe and damaging and trigger environmental disparities. So, new
methods and techniques need to be investigated and implemented to fulfill the
growing demand for water [69]. Nanotechnology is actively engaged in improving
the performance of existing treatments and developing new processes.
Nanomaterials have some exclusive properties such as surface adsorption, strong
(photo) catalytic action, anti-microbial properties (for disinfection and biofouling
regulation), particulate separation, super paramagnetic which make their use in
different applications in wastewater treatment. The optical and electronic properties
are also used to track water quality in new processes and sensors [70]. Magnetism is
a unique physical component which aims to purify water by independently altering
the physical characteristics of pollutants in water. Furthermore, in water treatment
and environmental purification, adsorption techniques together with magnet isola-
tion have been used widely [71, 72]. The industrial-scale of wastewater treatment
offers iron oxide NMs due to their low cost, good adsorption, quick isolation, and

Iron oxide 
Nanomaterials 

Magnetic 
separation

Environmental 
Remediation

Heavy metals

Organic 
contaminant

High 
adsorption

Nano 
adsorption

Fig. 4 The overview of
iron-based nanoparticle
application [68]
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increased stability [73–75]. In laboratory and field tests, the capacity of iron oxide
NMs to extract pollutant has been demonstrated [76, 77]. Iron oxide NM can absorb
strong visible light and is a successful photocatalyst. TiO2 have band-gap of 3.2 eV,
while Fe2O3 is with band-gap of 2.2 eV [78]. Numerous electron-hollow pairs can be
obtained through the narrow band-length illumination of the photocatalytic perfor-
mance of iron oxide NMs than TiO2 [79]. Some Fe (III) oxide species are suggested
for the degradation and reduction of organic pollutants and reduce their toxicity due
to increased photocatalysis effects, e.g. γ-Fe2O3, α-Fe2O3, α-FeOOH, β-FeOOH also
γ-FeOOH oxides [80].

4.1.1 Dye Removal

Caffeine and polyphenols enriched extract of oolong tea was used by [34] for the
production of Fe-based NPs (40–50 nm) (iron hydroxides, maghemite (γ-Fe2O3),
zerovalent iron, magnetite (Fe3O4), were analyzed for their potential for degradation
of dye malachite green, and 61.9% where its removal efficiency using Fe NPs was
observed to be at 10 min and reached equilibrium at 75.5% within 60 min with a rate
of 0.045/min. Degradation of Malachite Green was achieved by breaking the ═C═N─
and ─C═C─ bonds [81, 82]. With efficiency rate of 81% removal of dye,
Beheshtkhoo et al. [83] formed IO NPs in size range of 6.5–14.9 nm, primed with
the extract prepared by leaves of Daphne mezereum. For easy and fast single step
fabrication the ethanol extract was prepared with the fruit of Ficus carica by
Tharunya et al. [84] to synthesize IO NPs (superparamagnetic) for dyes removal
using metal salt of ferrous sulfate. The fast removal of 2 azo dyes was accomplished
under irradiation of UV light (Table 1).

4.1.2 Heavy Metal Removal

Synthesis method of polycrystalline, ferromagnetic IO NPs was reported by
Venkateswarlu et al. [94] by adding the rind extract of Punica granatum with
metal salt. High saturation magnetization was achieved by forming IO NPs with
their surface covered by polyphenolics. The metal NPs were utilized for lead
removal from wastewater. For arsenic removal crystal structured Fe3O4 (magnetite)
of cuboid�/pyramid-shaped in size range of 5–25 nm primed by tea residue and
FeCl3�6H2O were produced. NPs performed exceptionally well for As (III) with As
(V) (arsenic ions) removal from water [95]. Additionally, IO NPs prepared from
extracts of tea waste instead of tea residue were also analyzed for removal of two
forms of arsenic, i.e. As (V) and As (III) at room temperature by Lunge et al.
[96]. The adsorption achieved its maximum value at neutral pH. In another study,
an orange peel treated with ethanol was utilized by López-Téllez et al. [97] for
formation of IO NPs. Rod-shaped metal NPs formed were used to remediate the
chromium ions from wastewater. The content of orange peel was enriched with
cellulose which reduced the metal ions and capped the metal nanoparticles to
provide them the stability [98]. In parallel line study of cadmium removal from
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wastewater, IO NPs were fabricated by preparing the solution of extract of
Excoecaria cochinchinensis leaves with metal ion solution modified by
low-temperature calcination [99] (Table 2).

Table 1 Dye removal ability of green synthesized iron nanoparticles

Plants
Part
used

Size and
morphology Dye removed References

Camellia sinensis Leaf 5–15 nm spherical
crystalline

Bromothymol blue degra-
dation (organic
contamination)

[85]

Green tea Leaf 40–60 nm
amorphous

Degradation of aqueous
cationic and anionic dyes

[86]

Eucalyptus
tereticornis

Leaf 40–60 nm cubic Adsorption of azo dyes [87]

Grapes Leaf 15–100 nm quasi-
spherical shape
amorphous

Azo dyes such as acid
orange

[88]

Sorghum Bran 40–50 nm spherical
amorphous

Degradation of
bromothymol blue

[89]

Oolong tea Leaf 40–50 nm spherical Degradation of malachite
green

[90]

Green tea Leaf 70–80 nm spherical
amorphous

Degradation of malachite
green

[91]

Green tea Leaf 20–120 nm Degradation of
monochlorobenzene

[92]

Melaleuca nesophila
and Rosemarinus
officinalis

Leaf 50–80 nm spherical Decolorization of azo
dyes

[93]

Table 2 Heavy metal removal ability of iron nanoparticles

Plant Part used
Size and
morphology

Environmental
application References

Eucalyptus globules Leaf 50–80 nm
spherical

Adsorption of
hexavalent chromium

[100]

Green tea Leaf 5–10 nm
spherical

Removal of
hexavalent chromium

[101]

S. jambos, oolong tea,
A. moluccana (L.)

Leaf – Removal of
chromium

[45]

Green tea and eucalyptus Leaf 20–80 nm quasi-
spherical

Nitrates removal [102]

Nano zerovalent iron
nanoparticles

Ascorbic
acid

20–75 nm spher-
ical in chain

Cadmium
(Cd) removal

[103]
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4.2 Degradation of Pollutants

Undesirable substances present in air, water, and soil adversely affect the environ-
ment. NOx (nitrogen oxides), carbon monoxide, SOx (sulfur oxides), particulate
matter, ground-level ozone, and lead are counted as the major pollutants of air.
Different types of water pollutant may include pathogens, inorganic compounds,
organic material and macroscopic pollutants. Pollutants causing soil contamination
are herbicides, pesticides, petroleum hydrocarbons, ammonia, mercury, etc. Pesti-
cides are the substances which are used to kill the pests. They can be classified
according to the pests they kill, e.g. insecticides (killing insects), herbicides (plants),
fungicides (killing fungi), and the rodenticides (killing rats and mice). A pesticide
can be considered persistent and biodegradable. Chemically, they may be grouped
into three categories: organophosphate, organochlorines, and the carbamates.

Since the 1940 insecticide like DDT [1, 1, 1-trichloro-2, 2-bis (p-chlorophenyl)
ethane], an organo-chlorine is being used worldwide for controlling disease vectors
like mosquitoes (malaria) and agricultural [104]. DDT is potentially toxic for
animals as well as humans as it persists, bioaccumulates, and biomagnifies in the
food chains [105]. During 1970s most of the Western nations banned its making and
also usage. Also, various developing nations banned it as an insecticide [106]. As it
persists in the environment, a half-life of 4 and 30 years is being estimated
[107]. Due to its persisting nature detection of its residues is surely possible in the
ecosystem even after three decades of its ban [108]. Many remediation techniques of
DDT are there which include biodegradation treatments [109], using surfactants for
soil washing [110] and advanced oxidation technologies like photochemical reac-
tions [111] and also the reactions catalyzed by metals [112]. The above-mentioned
techniques are much effective but expensive. Zerovalent iron NPs, a powerful,
economical and eco-friendly is a better idea for degradation of DDT in soil and
water [113–115]. Temsah and Joner [116] studied the nano-sized zerovalent iron for
remediating polluted soil. A total of 50% degradation rate of DDT was achieved in
spiked soil, while the degradation of DDT was less in aged DDT-polluted soil
(24%). Considerable bad effects of DDT have been seen on soil organisms.

4.3 Detection of Pesticide Contamination

Developing new techniques or materials for pesticides removal from soil and water
has much importance, it will be appreciable to know that these compounds have
developed into much significant analytes for ultra-low concentration sensing. Using
pesticides at larger scale or their extensive use has contaminated many water sources,
so a fast, sensitive, and selective detection method should be formed for such toxic
compounds [117, 118]. Many methods practiced like biosensors, mass spectrometry,
and chromatography offer selectivity and high sensitivity. In the process of removal,
more surface area is a prerequisite for the adsorption phenomenon, but in the
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detection of a contaminant, a change in the surface with adsorbate interaction and a
consequent manifestation of reliable spectroscopic signatures are needed. Selection
of molecular detection is a significant measurement for detecting a contaminant that
can be ensured through the use of suitable NPs and the choice of a suitable ligand
immobilization on the surface of NPs [119].

5 Critical Approach to Green Synthesized Iron
Nanoparticle

Nanotechnology techniques have the potential to improve the treatment methods and
efficiency with fewer changes to the existing infrastructure, which results in enabling
the exploitation of non-conventional water sources like wastewater for different
reuse scenarios. Nanotechnology provided techniques and methods are the need of
time but it comes with both the pros and cons. Nanomaterials synthesized through
green synthesis pathways may also affect the environment and human health. There
is a need to evaluate the effects of nanomaterials on the ecosystem. Being aware of
the pathways and toxicities of iron nanoparticles in terrestrial as well as aquatic
systems is crucial. Particles in the nano range have been produced in bulk for many
applications and will definitely enter the environment through above-mentioned
pathways which results in exposure to humans through drinking water and having
food grown in contaminated soil. But it is time to envisage the applications of these
nanomaterials in degradation of various pollutants in water as well soil. The green
synthesized nanoparticles are eco-friendly and non-toxic. Iron nanoparticles are
efficient as a series of phytochemicals, enzymes, biomolecules have been explored
for synthesizing them for the removal of contaminants like organic components
(such dye), heavy metals and a detail study is needed about their toxicity. The
combination of green chemistry and nanotechnology further assists or improves
the reduction processes (the physical, chemical, and biological).

6 Conclusion

A green approach is an advantage over chemical or conventional processes. Utili-
zation of less energy consumption techniques with reduced processing conditions is
the better idea in this hogging world of technology. Also, it provides stability by
products. The green chemistry methods may help in easy fabrication of the products
using bio-renewable materials. Application of the principles based on green chem-
istry for developing novel nanomaterials and their applications in needed fields is all
the more considerable at this beginning of nanotechnology advancement and could
proceed to design novel rules that are benign in the perspective of shielding the
human race in addition to the environment. This review has attempted to cover the
broad and fast-changing subject of iron nanoparticles.
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7 Future Prospects

The greener pathway is the safest, economical, eco-friendly route and usage of easy
biodegradable materials makes the field more sustainable for future prospects.
Conversely, a detailed study is needed to enhance the utility with the least adverse
outcome. Although there is positive repercussion for iron nanoparticles in different
fields of its application, the risk associated should be assessed to maintain the long-
term environmental remediation sustainability. The focal point should be the various
applications of iron nanoparticles possess in environmental remediation such as
heavy metal and dye removal from contaminated areas. Potential of iron
nanoparticles should be analyzed for the many possibilities of using them for
sustainable production, consequently we can endow with a safe environment in
near future. More research is required to steer ahead in diverse applications with
minimal eco-toxicological impacts.
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Abstract Wastewater treatment facilities have high operational costs and are sig-
nificant users of energy, due to which <38% percent of municipal as well as
industrial wastewater generated by developing countries undergoes treatment of
any kind. Waste stabilization ponds (WSPs) are man-made earthen basins used for
the treatment of wastewater using individual and/or combination of physicochemical
and biological agents with the aim of reducing various contents like nutrients, micro-
and macro-pollutants and also removing pathogens from wastewater. Though used
worldwide, WSPs are especially suitable for developing countries that have warm
climates as they are cost-effective, highly efficient, entirely natural, and highly
sustainable. Depending on the required final effluent quality, the ponds can be
used individually or connected in a series of anaerobic, facultative, and maturation
ponds. This, in turn, is based on what is to be done with the effluent. Whether it is to
be used for restricted or unrestricted irrigation or aquaculture or discharged into
surface water or groundwater. This chapter gives an overview of various types of
WSPs, their design, function, and disinfection processes along with strategies and
methods that can be adopted to improve their performance in developing countries.

Keywords Developing countries, Improvement strategies, Low-cost technique,
Waste stabilization ponds, Wastewater treatment

1 Introduction

Water crisis possesses a global threat which is further compounded by the population
growth and shifting global climate [1, 2]. As the overall demand for water grows, the
quantity of wastewater produced also grows, since most human activities that use
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water produce wastewater. According to the United Nations World Water Develop-
ment Report 2017, over 80% of the world’s wastewater is released into the environ-
ment without treatment [3]. Developed nations treat about 70% of their municipal
and industrial wastewater. The percentage falls in the range of 38–28% in middle-
income developing countries, while in low-income developing countries, only 8%
undergoes treatment of any kind. Consequently, water contaminated by pathogens,
micro- and macro-pollutants is released into local water bodies, ultimately ending up
in the oceans, negatively impacting public health as well as the ecosystem [4–6]. The
mainstream technologies for wastewater treatment (WWT) are not an ideal option
for solving the wastewater problems in developing regions, because of their high
setting-up and maintenance cost [5]. Alternate to this, a low-cost, natural, and energy
savingWWT technologies are best suited for these countries. Among the techniques,
waste stabilization ponds (WSPs) treatment technique is more appropriate and
suitable to use.

WSPs are ponds built to treat wastewater by entirely natural processes involving
both algae and bacteria [7]. The wastewater is let into the pond and retained for
several days during which the organic matter present in the water is acted upon by
the microorganisms until it is rendered stable and safe for reuse or discharge into
water bodies. Microorganisms utilize the organic matter (including toxic/hazardous
chemicals) as a carbon and energy source for their growth and reproduction, wherein
the organic matter is converted into carbon dioxide (CO2) and water. This naturally
occurring process is known as “stabilization” of organic matter and hence the name.
Several organisms are found in such ponds, most important of which are bacteria and
algae. Bacteria break down the complex organic matter into simple compounds and
CO2, which are taken up by the algae for their growth. Algae, in turn, through the
process of photosynthesis, produce the oxygen necessary for the survival of aerobic
bacteria [8]. UNEP in 1999 declared WSPs as the cheapest WWT technology which
is highly efficient in the removal of organic matter and pathogens [9]. These
treatment systems have been in use for a longer period. The first recorded construc-
tion dates back in 1901 [10]. According to Mara [7] and US EPA [11], WSPs
presently constitute over 50% of WWT plants in the USA, 20% in Brazil, and
30% in Germany. Because of low-cost of construction, simple operation, high
efficiency of pathogen removal and BOD reduction, WSPs are especially appropriate
for developing countries as these countries cannot meet the expenses involved in
capital and energy-intensive mainstreamWWT techniques [12–16]. Moreover, most
developing countries have warm or temperate climates along with ample land
availability which is most favorable for the operation of WSPs [12]. The National
River Conservation Directorate (NRCD), under the jurisdiction of Government of
India, stated in 2003 that “only WSPs will be mainly supported to treat wastewater
hereafter.” The reason being, WSPs are not only low-cost, but also the most efficient
option to reduce pathogens (>99%), nematodes, and helminth eggs, thus rendering
the effluent suitable for safe re-use in agriculture or aquaculture or discharge into
water bodies [17]. Therefore, WSPs are widely used for wastewater treatment in
many developing countries such as Colombia, El Salvador, Ghana, Guatemala,
Honduras, India, Israel, Jordan, Morocco, Nicaragua, Tunisia, Tanzania, Uganda,
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and many more [18–21]. However, these pond systems are ideal for rural commu-
nities with relatively small population having large, open, and unused lands, away
from public spaces, but not so much for large urban communities with large
population where the cost of land is high [15]. This chapter discusses the commonly
used WSPs, their construction, operation, disinfection mechanisms, and application
in developing countries.

2 Types of Waste Stabilization Ponds (WSPs)

WSPs are remarkably flexible in terms of their design, influent loading rates,
applications, etc., and have thus gained popularity all over the world since their
initial use. In the past few decades, many different types of WSPs have been
designed having varied applications. However, there are three main types of
WSPs, namely anaerobic, facultative, and maturation (aerobic) ponds, used individ-
ually or connected in series. They differ from each other in design, organic loading,
and the biochemical processes they carry. All the other pond types are modifications
of these three systems designed either for better performance or specialized appli-
cations. The wastewater first enters anaerobic or facultative pond as these are
predominantly designed for BOD removal, and then their effluent is treated in
maturation ponds which mainly deal with pathogen removal [13]. The main config-
urations of pond systems are – Facultative pond only; Anaerobic pond followed by
facultative pond; Facultative pond followed by maturation ponds; Anaerobic pond
followed by facultative pond followed by maturation ponds in series as shown in
Fig. 1. The Dandora WSP in Nairobi, Kenya, Al Samra WSP in Amman, Jordan, and
Ucubamba WSP in Ecuador are examples of multi-pond WSP systems serving about
one million, 2.6 million, and 400,000 people, respectively [13, 22]. Table 1 provides
a brief overview of the different WSP pond systems discussed in the chapter.

2.1 Anaerobic Ponds

The first type of pond performing primary treatment is the anaerobic pond. These are
the deepest ponds in the series (depth reduces the possibility of the oxygen penetra-
tion) and, consequently, require relatively less land area. They operate under heavy
organic loading and therefore contain little to none dissolved oxygen and algae
[23]. Their principal function is pretreatment and BOD removal which is brought
about by the sedimentation of suspended solids into the sludge and their subsequent
anaerobic digestion. However, the effluent BOD is still high (Table 1) and requires
post-treatment, which is generally carried out in facultative ponds. This being the
case, anaerobic ponds can be replaced by facultative ponds. But, the removal of
BOD in the anaerobic pond contributes significantly in reducing the total land
requirement. In other words, the total land required for anaerobic + facultative
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ponds is equivalent to only 45–70% of the land required for a primary facultative
pond receiving equivalent load of raw wastewater. Therefore, the use of anaerobic
ponds as pre-treatment ponds is recommended in a WSP system [15].

2.2 Facultative Ponds

Facultative ponds (Fig. 2) are the most commonly used pond type all through the
world. These ponds are less deep than anaerobic ponds, but require relatively more
land area as their operation is sunlight dependent [15]. These ponds have both
aerobic and anaerobic zones. The soluble organic matter is aerobically stabilized
in the top aerobic zone due to the presence of dissolved oxygen produced by algae,
while the suspended BOD settles into the sludge and is degraded anaerobically in the
bottom anaerobic zone. These ponds are generally operated in series with anaerobic
ponds and receive effluent from anaerobic ponds for treatment. But when operated

Facultative Pond
a

b

c

d

Anaerobic Pond Facultative Pond

Maturation Ponds (In Series)

Maturation Ponds (In Series)

Facultative Pond

Anaerobic Pond Facultative Pond

Fig. 1 Main configurations of waste stabilization pond system. (a) Facultative pond only, (b)
Anaerobic pond followed by facultative pond, (c) Facultative pond followed by maturation ponds,
and (d) Anaerobic pond followed by facultative pond followed by maturation ponds in series
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individually, they can be used for the treatment of domestic sewage, wastewater
from slaughterhouses, dairy milking sheds, piggeries, beverage industries, and other
such industries [24]. Recently, Almasi et al. [16] studied the removal of phenol and
carbon from wastewater generated by an oil refinery in facultative ponds and
concluded that facultative ponds could be considered as a low-cost option for the
treatment of oil industry wastewater in developing countries.

2.3 Maturation Ponds

These are shallow ponds with large surface area, placed last in the WSP system and
are principally designed for the removal of pathogens. Since most of the BOD is
removed in the previous ponds, maturation ponds serve largely to eliminate patho-
genic organisms. They are also used with other WWT techniques as they are
low-cost alternatives for efficient pathogen removal when designed and operated
properly [12]. Goyal and Mohan [25] evaluated the performance of a 10-year-old

Table 1 Characteristics of main WSP systems

Pond type Anaerobic ponds Facultative ponds
Maturation
ponds

Pond
parameters

Depth (m) 3.0–5.0 1.5–2.0 0.8–1.2

Length/
breadth
ratio

1 to 3 2 to 4 1–10 in case of
single pond; 1–5
when connected
in a series

Retention
time
(days)

5–50 15–50 in warm cli-
mates and 90–
180 days in colder
climates

Determined on
the basis of
required effluent
quality

Organic loading rate >300 kg BOD5 h�1

d�1
100–300 kg BOD5
h�1 d�1

<100 kg BOD5
h�1 d�1

BOD removal [%] 50–85 80–95 60–80

TSS removal [%] 20–60 70–80 NA

Major functions Pretreatment and BOD
reduction

BOD reduction, disin-
fection, and nutrient
removal

Pathogen and
nutrient removal

Applications Treatment of domestic
sewage and organic
industrial wastewater.
Pretreatment in munici-
pal WWT systems

Treatment of raw
municipal wastewater.
Treatment of effluent
from other ponds or
processes

Post-treatment
ponds receiving
effluents from
other ponds for
disinfection

By-products formed Methane, carbon diox-
ide, hydrogen sulfide

Suspended solids in
the form of algal and
bacterial cells, carbon
dioxide

None

Source: [8, 15, 23]
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WSP system in Jodhpur, India, and reported that after treatment, pH, BOD, TSS, and
total nutrients were found within the permissible limit, but the concentration of
pathogenic organisms was higher than the permitted WHO limit [26]. This was
attributed to the absence of maturation ponds in the WSP system, and they con-
cluded that construction of maturation ponds would provide better removal of
pathogens. Maturation ponds also enhance nutrient removal in WSPs [12, 24,
27]. The disinfection and nutrient removal mechanisms of maturation ponds are
discussed in Sect. 4 of this chapter.

2.4 Other Pond Types

Over the decades, WSPs have been altered in various ways for enhanced perfor-
mance and diverse applications giving rise to different types of pond systems. Some
examples are facultative aerated lagoons, which are similar in construction and
function to facultative ponds except for mechanized oxygen supply that enables
faster decomposition. The mechanization reduces land requirements but increases
energy requirements. Fermentation pits are ponds that have semi-enclosed anaerobic
pit built within a facultative pond. This design is reported to have lower retention
time, less odor, and reduce relatively more BOD than conventional anaerobic ponds
[28]. Hi-rate algal ponds [29] have a paddlewheel that drives the water around the
pond resulting in significantly higher oxygen production than typical facultative
pond designs. A detailed outline of many more pond types like Advanced pond

Influent
(Wastewater)

Aerobic

Algae
Aerobic
Bacteria

Facultative

Sludge (Anaerobic)

•  Pathogens
•  Organic Matter (High BOD)
•  Suspended Solids (SS)
•  Nitrogen
•  Phosphorus

•  Reduced Pathogens
•  Lower BOD
•  Lower SS
•  Lower Nitrogen
•  Lower Phosphorus

Effluent

CO2

O2

Fig. 2 Process Mechanism in a Facultative Pond
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systems, the PETRO process, Integrated ponds and wetland systems, Aquaculture
ponds, Storage ponds, Cold climate ponds, Agricultural wastewater ponds, and
stormwater ponds are presented by Shilton [24].

3 Design, Operation, and Maintenance

3.1 Pond Location, Construction, and Design

Although WSPs are renowned for their simple design and low-cost of construction,
they can be a failure when designed and constructed without adequate care and
planning. Firstly, the selection of pond location must be carried out keeping in mind
certain important aspects. The site selected must have free wind access enabling
smooth mixing in the pond; it must be at least 400 m away from the nearest
dwellings (given the odor problem) and at least 20 m away from the nearest drinking
water source [30]. The site location, in relation to the site of wastewater generation
(influent) as well as the location of the receiving body, must be evaluated as less
distance corresponds to lower transportation costs. The topography and shape of the
area should also be considered such that they favor excavation. Besides these, cost of
the land, its availability, susceptibility to floods, and access conditions are some of
the other aspects related to pond location.

Secondly, during pond construction, utmost importance must be given to the
geotechnical aspects and physical factors, such as the length-to-width ratio of the
pond followed by inlet and outlet arrangements, such that maximum efficiency can
be achieved [24, 31]. Other important considerations for construction of WSPs are
embankments, pond sealing, and baffling. Erosion due to winds and rains causes
major problems in WSPs, which necessitates the construction of embankments
(dikes, riprap, etc.) around the ponds. This is also necessary to protect the pond
from infestation of rodents and other burrowing animals. In order to prevent seepage
resulting in groundwater pollution, pond bottom must be sealed. Bentonite, asphalt,
soil cement liners, and thin membrane liners are commonly used for pond sealing.
Pattullo et al. [32] proposed pond-sealing by algae as an economical alternative to
the above pond liners, which, although encouraging, is yet to be studied further.
Baffles greatly improve the hydraulic and treatment efficiency of WSPs and are
highly recommended [24, 33–38]. Although these provisions will increase the cost
of construction, they will significantly decrease the operation and maintenance
expenses.

Lastly, to get the desired effluent quality, it is imperative to have designed the
WSP system properly. There are several guidelines for WSPs designs but most are
outdated [12, 39–42]. Basically, there are four approaches to WSP design: loading
rates or rules of thumb, regression equations, first-order models, and mechanistic
models. A complete and detailed review and comparison of the above four
approaches, and their chronological evolution over the past 60 years from simple
rules of thumb to complex mathematical models is given by Ho et al.
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[22]. Furthermore, they tested the applicability of all design models via a case study
and concluded that rules of thumb is no longer an appropriate approach for pond
designs and advise WSP designers to shift from the conventional approaches to more
innovative mechanistic models.

3.2 Operation and Maintenance of WSPs

WSPs are a popular choice for WWT in developing countries because of their
low-cost of construction, simple operation, and high efficiency. However, this
holds true only if they are designed, maintained, and operated correctly. For
instance, the actual efficiency of WSPs was found to be far less than the anticipated
efficiency due to poor maintenance in India, Tanzania, Nigeria, and presumably
elsewhere [43–45]. Even though the operation and maintenance of WSPs is fairly
simple, its importance cannot be emphasized enough. Routine maintenance, such as
removal of floating vegetation and scum from pond surface, removal of settled solids
from the inlets and outlets, cleaning of screening and grit channels, cutting the grass
on the embankments, and repairing damages, if any, to the embankments and fences,
must be carried out regularly to avoid odor and mosquito problems. Depending on
the organic load and size of the pond, desludging must be carried out once in
2–10 years. Less skilled and less number of operators is required for WSP operation
in comparison to conventional WWT systems [13]. As per Pescod & Mara [46] two
full-time operators will suffice for 8–20 ha pond system, serving a population of
50,000. Besides maintenance, routine monitoring of effluent quality and evaluation
of pond performance are extremely important as this provides information on
whether or not the effluent conforms to established quality standards. USEPA
[47], Kerri [48] and Spellman [49] provide guidelines and detailed information on
operation and maintenance of WSPs.

4 Effluent Disinfection and Nutrient Removal

4.1 Pathogen Removal

WSPs are remarkably efficient in removing various pathogenic microorganisms
(bacterial, viral, protozoan, and helminthic pathogens) making them all the more
suitable for use in the developing countries [50]. Pathogen inactivation in WSPs has
been well investigated [41, 51–54] and reported to be more efficient than in
conventional WWT processes. WSPs studies world-wide have shown removal up
to 7 log units of bacteria, 5 log units of viruses, and over 99.99% removal of
protozoan and helminth parasites [20, 55–58], whereas in case of activated sludge
and primary treatment, reductions of 1–2 log units for bacteria, 57 and 70–99% for
protozoan and helminth eggs have been observed [54, 59]. Moreover, the
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disinfection techniques employed in conventional WWTs (chlorination, UV irradi-
ation, etc.) generally target pathogenic bacteria and viruses, while helminth eggs and
protozoan cysts being resistant to the above methods are not targeted [60–62]. The
evaluation results of pathogen removal efficiency in WSPs of some developing
countries are summarized in Table 2.

Liu et al. [58] reviewed the various disinfection processes and mechanisms that
occur in WSPs, and have also listed the factors that affect pathogen removal
efficiency in these pond systems. Intense sunlight, high pH, adequate hydraulic
retention time, increased levels of dissolved oxygen and temperatures are a few
factors that favor disinfection in WSPs [52]. These factors alone or in combination
aid in efficient reduction of pathogenic bacteria and viruses in maturation ponds,
which are predominantly designed for the removal of pathogens. In anaerobic and
facultative ponds, bacterial and viral reduction is also brought about by algal
exudates (toxic to certain bacteria), biological disinfection, and sedimentation
along with the action of the above-mentioned physical factors [52, 79, 80]. Biological
disinfection refers to the ingestion of bacterial and viral pathogens by higher pro-
tozoans and flagellates. Protozoan cysts and helminth eggs are eliminated in WSP by
sedimentation into the sludge which is primarily dependent on hydraulic retention
time. Ayres et al. [81], based on studies of WSP in Brazil, India, and Kenya,
concluded that there was no significant variation between egg and cysts removal
between the three pond types.

Although pathogen removal in WSPs is usually very high, in some cases the
disinfection is poor due to short-circuiting. This problem is often addressed by
positioning baffles between the pond inlet and outlet design [82, 83]. Another factor
to consider is cyanobacteria and their toxins, such as microcystins. These are not
affected by the pond’s natural disinfection mechanisms. Barrington et al. [84]
suggested the use of hydrogen peroxide to remove cyanobacteria and microcystins
from WSPs.

4.2 Nitrogen and Phosphorus Removal

Wastewater containing excess amounts of nutrients, mainly nitrogen and phospho-
rus, if discharged into water bodies can lead to eutrophication in the receiving
waters. This, in turn, can lead to decreased levels of dissolved oxygen, death of
fish and mollusks, increased turbidity, and depletion of desirable flora and fauna
[8]. Nutrient removal in WSPs has been well investigated [52, 85–96]. Some
common removal mechanisms of nitrogen and phosphorous in WSPs are listed in
Table 3.

The effluent from WSPs in developing countries is mainly used for irrigation or
discharged into water bodies. Effluent containing 20–85 mg/L total nitrogen is not
only safe, but also beneficial for agricultural reuse as it adds nitrogen to the soil
[17]. But when discharged into water bodies, maximum N-removal is desired.
Nitrogen removal efficiency in WSPs is highly variable, ranging from 9% to 95%
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Table 2 Efficiency of pathogen removal in WSPs of some developing countries

Country Efficiency of pathogen removal

Retention
time
(in days) Reference

Bolivia >99.9% removal of culturable enteroviruses,
norovirus, and rotavirus

25–26 [63]

Burkina
Faso

>99.99% removal of the following protozoans – Ent-
amoeba coli, Entamoeba histolytica, And Giardia
lamblia.
>99.99 removal of the following helminthes – Ascaris
lumbricoides, Ancylostoma sp., Trichuris trichiura,
and Trichostrongylus sp.

18 [64]

Chile 1.5–1.9 LU fecal coliforms 5–7 [65]

Colombia 3.1–3.5 LU fecal coliforms
3–4.4 LU E. coli
3–3.9 LU fecal streptococci and 93–99.99% removal of
somatic phages

53 [66]

4 LU fecal coliforms and 1.7 LU fecal streptococci 12 [67]

Egypt 6 LU total coliforms
4.6 LU fecal coliforms
3.8 LU fecal streptococci
4.9 LU fecal streptococci
3.9 LU Salmonellae and 2.1 LU Listeria as well as
79.98% removal of Coliphages and 99.66% removal of
infectious rotaviruses

NA [68]

Ghana 5.6 LU thermotolerant coliforms 10 [69]

2.5 LU E. coli
1.6 LU thermotolerant coliforms
3.3 LU fecal streptococci and 99.92% removal of
somatic coliphages

NA [70]

Honduras 2.97 LU E. coli
2.93 LU fecal coliforms

7–35 [71]

India 2.30 LU total coliforms
2.30 LU fecal coliforms
2.40 LU fecal streptococci

11 [20]

Mexico 3.7 LU fecal coliforms 945 [72]

Morocco 100% removal of Giardia cysts and Ascaris eggs 16 [73]

100% removal of protozoans like Entamoeba coli,
Entamoeba histolytica, and Giardia sp as well as 100%
removal of eggs of Ascaris, Trichuris, Hymenolepis,
Taenia, and Enterobius

16 [74]

100% removal of helminth eggs 57–59 [75]

Nicaragua 0.54–4 LU fecal coliforms 16 [76]

Palestine 3.3–3.6 LU fecal coliforms 28 [77]

Tunisia 1.4–2.2 LU E. coli
1.5–2.6 LU fecal enterococci

7–8 [78]

Logarithmic units (LU) indicate the pathogen removal efficiency. 1 LU corresponds to an efficiency
of 90%, while 2 LU ¼ 99%, 3 LU ¼ 99.9%, 4 LU ¼ 99.99%, 5 LU ¼ 99.999%, and so on
LU Logarithmic unit, NA Data not available
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depending on the pond conditions. However, in general, it is reported to be <70%
and thus not very efficient [39, 97–100]. Recent studies report algal uptake of
nitrogen and subsequent sedimentation as the key nitrogen removal mechanism in
WSPs [88, 101–103] contrary to the earlier belief that ammonia volatilization is the
chief mechanism [100, 104–106]. Therefore, nitrogen removal can be enhanced in
WSPs by the addition of maturation ponds, as these ponds facilitate increased
assimilation into algal biomass [107]. Since algal uptake, as well as nitrification/
denitrification requires algal and nitrifier biomass, the problem of inadequate nitro-
gen removal in WSPs is attributed to the low nitrifier biomass present in the pond. To
overcome this problem, several studies suggest the employment of biofilm attach-
ment surfaces in the ponds [108–111]. For instance, using baffles as attachment
surfaces enhanced nitrogen removal in WSPs [36, 37, 112].

Phosphorus removal efficiency of WSPs is lower than that of nitrogen removal
and is rather poor, typically ranging between 15 and 50% [68, 98, 113–115]. Since
the removal is inconsistent and inadequate, a number of strategies are suggested to
improve the phosphorus removal efficiency in WSPs. Mara [27] recommended
increasing the number of maturation ponds as the elevated pH in these ponds
promotes phosphate precipitation with cations. Other studies show incorporation
of limestone rock filters and blast furnace slag filters resulted in 77.8 and 75 to 99.8%
removal of phosphorus, respectively [114, 116]. Besides the use of maturation ponds
and filters, two other upgrade options, proven to be effective, are chemical dosing
with coagulants (alum or ferric salts) and enhanced biological phosphorus removal
using microbes that accumulate phosphorus as polyphosphates [117, 118]. However,
while these strategies increase phosphorus removal, they also increase the cost and
complexity of operation and, therefore, are not an ideal choice for developing
nations. Few recent studies recommend the use of industrial by-products (fly ash,

Table 3 Common nutrient removal mechanisms in WSPs

Nutrient

The form in
which the
nutrient is
found

Common removal
mechanisms Percentage removal

Nitrogen Ammonia Bacterial nitrification 0.15–0.34%

Volatilization 1.2–3.1%

Nitrites and
nitrates

Bacterial denitrification 0.15–0.34%

Particulate
organic
nitrogen

Sedimentation 23.5–45.6%

All forms Algal uptake 13.1–27.8%

Phosphorus Soluble
phosphorus

Microbial uptake (lux-
ury uptake) and chemi-
cal precipitation

Highly variable depending on pond
pH, temperature, type, concentration
of phosphates and cations

Particulate
phosphorus

Sedimentation

Source: [24, 94]
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furnace slag, granular bentonite, and alum sludge) as a low-cost solution for
improved phosphorus removal through adsorption in WSPs [119–122]. For exam-
ple, Garfí and Puigagut [122] showed addition of 5% w/w adsorbent increased
phosphorus removal efficiency up to 90% in microcosm WSP. However, there are
no reports on the performance of these adsorbents in full-scale WSPs. Hence, there is
a need to further develop and evaluate low-cost alternatives for effective phosphorus
removal in WSPs.

4.3 Heavy Metal and Micropollutant Removal

Wastewater, especially industrial and urban run-off, contains elevated levels of
heavy metals [9]. These high concentrations, when discharged into the environment,
are not only toxic to microorganisms, higher organisms, and plants but also lead to
bioaccumulation and biomagnification in marine organisms [123]. Removal of
heavy metals in WSPs occurs through various mechanisms. Most predominant is
sedimentation, where heavy metals associated with particulate matter settle into the
sludge [124, 125]. Other mechanisms include adsorption and accumulation of heavy
metals onto and into bacterial and algal cells [126, 127]. The efficiency of removal,
however, varies depending on the type of heavy metal and the number of ponds.
Increased number of ponds provide more efficient removal of heavy metals
[107]. For example, two WSPs in Morocco were evaluated for their heavy metal
removal efficiency [128, 129]. WSP comprising of only a single anaerobic pond
showed 21, 11, and 28% removal of Cu, Pb, and Zn, respectively [128], whereas
another WSP comprising of a system of one anaerobic pond followed by three
facultative ponds and two maturation ponds in series showed 92, 71, and 91%
removal of Cu, Pb, and Zn, respectively [129]. However, very few studies have
been conducted on the effectiveness of WSPs in removing heavy metals [130], and
as in cases mentioned above, the results are not uniform. Studies on heavy metal
removal efficiency of WSPs in Birjand, Iran [131], and Egypt [130] showed that the
effluent is suitable for agricultural reuse. In contrast, studies on WSPs in Nigeria
[132] and Yazd, Iran [133] showed that the effluent heavy metal concentration
exceeded the standards and is unfit for discharge or reuse in agriculture.

Several organic micropollutants, such as various medicines, antibiotics, steroid
hormones, personal care products, and their derivatives have been reported in
untreated as well as treated wastewater [5, 134–136]. Most studies on
micropollutants in wastewater have focused on conventional WWT techniques
such as activated sludge treatment, reverse osmosis, and advanced oxidation pro-
cesses [137–140]. Very few studies have been conducted to evaluate micropollutant
removal in WSPs and, only a fraction (40 out of hundreds) of the identified organic
micropollutants has been studied [141]. Garcia-Rodríguez et al. [142] and Gruchlik
et al. [141] have reviewed the effectiveness of WSPs in removing organic
micropollutants and reported that, for the organic micropollutants that have been
studied in WSPs; the removal efficiency is same or better than that of conventional
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WWT techniques. However, the removal efficiency was highly variable and depen-
dent on the type of micropollutant. The compounds that are recalcitrant and poorly
removed in conventional WWTs (e.g., Carbamazepine, gemfibrozil) are also poorly
removed inWSPs (<30%), whereas those compounds that are adequately eliminated
in conventional WWTs (e.g., Ibuprofen, paracetamol) are also well removed
(>95%) in WSPs. The chief mechanisms for the removal of micropollutants in
WSPs are photodegradation, biodegradation, absorption, and adsorption into/onto
organic matter. Biodegradation and absorption are mainly brought about by the
action of algae found in WSPs [143]. A detailed overview of the removal of organic
micropollutants (non-steroidal drugs, quinolone drugs, and steroidal hormones) by
algae is presented by Mulla et al. [144].

5 Advantages and Disadvantages of WSPs

When compared to the conventional WWT systems WSPs have certain advantages
and disadvantages. The major advantages are:

• Low-cost of construction, operation, and maintenance. This is a pre-requisite for
selecting a WWT system in developing countries.

• Low energy consumption and chemical usage and fewer mechanical problems.
WSPs being a biological WWT system require remarkably low energy and
chemicals in contrast to the conventional biomechanical systems.

• Simplicity of operation – WSPs operators are often members of the local com-
munity and require very little or no special training. In other words, less skilled
labor is required than other WWT technologies.

• Robustness – Owing to their long hydraulic retention times; WSPs are more
resilient to both organic and hydraulic surge loadings than other WWT processes.

• Flexible – WSPs can be used for small communities of up to 2000 inhabitants as
well as for large populations of up to one million [145].

The major disadvantages are:

• Large land requirements – WSPs require more land than other WWT processes.
However, between WSPs and other electromechanical systems it comes down to
a choice between spending on land, which can be considered an investment and
spending on electricity.

• Possible groundwater contamination from leakage. This can be prevented by
using pond liners as discussed in Sect. 3. Design, Operation, and Maintenance.

• Treatment is affected by climatic conditions. Since WSP operation is sunlight
dependent, these systems are not ideal for places with frequent and heavy rainfall.
However, currently with the aid of innovative computational models WSPs are
designed to operate in cold climate countries and places with large temperature
variations [146].
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• Odor – anaerobic ponds can generate odorous compounds such as hydrogen
sulfide and mercaptans giving rise to foul odor. A common practice to reduce
odor is to recirculate water from a downstream facultative or aerated pond such
that an aerobic layer is formed at the surface of the anaerobic pond, preventing
odors from escaping out. Alternatively, a cover may also be used to contain odors.

• Mosquitoes generally present a problem in WSPs as these are open pond systems.
Gambusia, commonly called mosquito fish, can be introduced to eliminate
mosquito problems in the ponds [111, 147, 148]. Biochemical controls, such as
the larvicides Bacillus thuringiensis israelensis (Bti), have also been effective
when applied directly to the area containing mosquito larvae [11].

There are many more advantages of WSPs apart from those listed that find
application in developing countries. The use of treated wastewater is not only limited
to irrigation, but is also used very commonly for rearing of fish. The slightly elevated
nutrient content in the treated water favors both agriculture (farmers save fertilizer
cost) and aquaculture [13]. The economic benefits from by-products of WSPs are
numerous. The algal biomass produced by WSPs can be used as high-protein feed
for aquaculture and poultry; it can be used for energy generation (via methane or
alcohol), for the production of oils, pigments, pharmaceutical products, and also as a
selective adsorption material for heavy metals [149, 150]. WSPs have better eco-
logical sustainability as these systems besides wastewater treatment bring about
significant carbon sequestration, thereby contributing towards mitigating global
warming [151]. WSPs can also be used for recreational and educational purposes
such that developing countries can derive benefits from it in monetary terms. This
concept, however, is still in its infancy. Ghermandi & Fichtman [152] have given a
complete review and assessment of the recreational and educational benefits of
WSPs including the monetary valuation.

6 Conclusions

Waste stabilization ponds exemplify low-cost natural systems which, when designed
well and operated correctly, provide treatment equivalent to conventional WWT
systems in terms of both BOD and pathogen removal. The low-cost and effective-
ness of WSPs make it possible to bring sewage treatment within the scope of
developing countries, reduce the pollution of rivers and streams, and provide treated
water for irrigation. However, this holds true only if they are designed, maintained,
and operated correctly. Flaws in design and improper operation and maintenance can
endanger the functioning of WSPs. The drawbacks of these systems are high land
requirements and problems associated with odor and mosquitoes when constructed
near human settlements. Extensive research has been conducted on pond design and
geometry and numerous hydrodynamic computational models have been proposed
over the years to overcome the drawbacks and improve the performance of WSPs,
but there exists a big gap between the testing of these models in modeled
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environments and their application in actual WSP setup. It is recommended to focus
on the application of cost-effective and performance enhancing models in develop-
ing countries besides focusing only on the development of such models. However,
more research is required to understand the mechanisms and enhance the efficiency
of heavy metal and micropollutant removal in WSPs. Furthermore, there is a need to
develop and evaluate low-cost alternatives for effective nutrient removal in WSPs.
Also suggested are further studies exploring diverse facets of WSPs such as its high
carbon sequestration potential, economic benefits from WSP by-products, and
monetary gains from recreational and educational use of WSPs.
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the water safe and clean for human use is a requirement. Because of the shortcom-
ings of current treatment technologies for the inactivation of pathogenic contami-
nants, new and emerging technologies are at the forefront as novel antimicrobial
inactivation methods to meet the increasing demand for treatment of contaminated
raw water. New and advanced technologies such as membrane filters, reverse
osmosis, and ozonation have been explored for water treatment; however, most are
cost-inefficient with robust treatment techniques. Therefore, this chapter aims at
reviewing the application and mechanisms of using plasma technology as one of the
cost-effective and sustainable technologies for the inactivation of waterborne path-
ogens and contaminated environmental samples. Besides, this review further
focussed on some of the methods by which the different plasma discharges are
generated and some of the optimum process parameters for the inactivation of
microbial pathogens in water. In conclusion, some benefits and drawbacks of
using plasma technology were identified, and further investigation of their applica-
tion in the water sector was recommended.

Keywords Contaminant, Inactivation, Pathogenic, Plasma discharge, Wastewater

1 Introduction

Until now, the addition of chemicals to control the feed pH and inactivate or destroy
microorganisms in water during treatment has been the norm and practice. Based on
environmental and safety regulations, there is an increased pressure on natural
resources, which has led to more new sustainable processes that reduce the chemical
used during water treatment. Some of the emerging methods are for water to be
exposed to plasma to adjust the pH and remove contaminants, thereby creating
chemical-free treatment methods with a range of additional benefits. In recent
times, the unique and distinct properties of plasma have made it an exciting area
of study, not only for environmental applications but also for biomedical and
agricultural practices. There has been extensive research on plasma applications
ranging from its use in biomedical devices and materials, surface modification of
textile, plasma-enhanced chemical vapour deposition, and water treatment to treat
wounds and food sterilization [1–3].

In the last two decades, there is an increasing interest in the use of plasma
discharge as an alternative option to conventional water treatment techniques
[4]. For instance, the ability of plasma to dissociate molecular bonds, enhance
oxidation, and stimulate chemical reactions through the production of free radicals
made it a useful technology for the treatment of either water or wastewater [5, 6]. The
term plasma is not a new word as it was first used in 1926 by Irving Langmuir [7, 8];
although, Sir William Crookes made a description of the phenomenon in 1879.
Plasma is commonly referred to as “the fourth state of matter”, given its collective
behaviour towards the presence of electric and magnetic fields. Hence, authors such
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as Korachi and Aslan [9] have commented on its capability to form filaments under
magnetic fields. “Plasmas are created by supplying energy to a volume containing a
neutral gas, so that a certain fraction of free electrons and ions are generated from
the neutral constituents. In technical plasma devices, the plasma is generally
generated in electrical discharges and the input energy is supplied in the form of
electrical energy” [10]. Plasma is usually described as a fully or partially ionized gas
consisting of light electrons and heavy ions. It is constituted by particles in perma-
nent interaction; the particles include atoms, electrons, photons, negative and pos-
itive ions, free radicals, and excited or non-excited molecules [10, 11]. These make
plasma to occur in a wide range of temperatures and pressures. Aurora borealis and
fluorescent lamps are among the examples of plasma generated under a
low-pressure. In contrast, the sun, as an example of high-temperature plasma
alongside those generated in nuclear fusion reactors, is considered 99% plasma [12].

During water treatment using plasma technology, the high-energy electrons and
the neutral radicals collide together to form an active substance that causes physical
phenomena and chemical reactions [11, 13]. The chemistry of plasma driven in the
gas phase during water treatment reduces large quantities of reactive oxygen species
or gases within the system. When plasma interacts with the liquid water directly, it
generates reactive species at the interface [14–16]. These reactive oxygen species
produced during water–plasma interaction include the nitrate radical, ozone, OH
radical, and hydrogen peroxide derived from water vapour, singlet oxygen, and
superoxide (O2

�). Hence, the plasma electrons and excited species provide the
energy needed to break molecules’ covalent bonds into reactive species [15]. The
diffusion and Henry’s law coefficients; p¼ KH. C govern the radical gases produced
when plasma enters the liquid water; where p is the partial pressure above the liquid,
KH is the Henry’s law constant, and c is the concentration in the liquid.

Applying the plasma technology for water treatment brings many value-added
benefits than conventional reverse osmosis or other common advanced oxidation
processes: (a) it does not require any consumables because plasmas can be generated
in the liquid or regular air, (b) this makes the plasma technology an applicable point-
of-use method for water treatment, especially for the underprivileged groups or
regions, since there is no infrastructure or consumable costs, (c) the fast rate of
degradation of the primary contaminants during water treatment has also been
demonstrated to be superior to chemical methods due to the vast array of advanced
oxidation processes, and (d) the application of plasma is inherently modular and can
be used as a finishing stage in conventional water treatment systems, not unlike a
conventional UV stage for disinfection [15]. Traditional sterilization methods
through the use of chemical and heat treatments cannot be considered perfect
disinfectant techniques because of their potential to cause secondary environmental
pollution, i.e. disinfectant by-products. Therefore, a novel antimicrobial treatment
technique, such as plasma treatment, is highly needed for water treatment because it
is efficient, safer, and cost-effective [17]. Plasmas are classified into either “thermal
(or hot) plasmas” (TP) or “non-thermal (or cold) plasmas” (NTP) (Fig. 1) based on
the method of generation, heavy species of the plasma, temperature produced within
the system, and relative energetic levels or regimes of electrons [18].
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2 Thermal Plasma

Thermal plasmas are obtained at high pressure (�105 Pa) and need substantial power
(up to 50 MW) to be observed [19]. This type of plasma is collision-determined. In
the thermal plasma condition, there is a high collision frequency of the electrons and
heavy ions at pressures above the atmospheric condition [11]. With a high rate of
collisions or generation of plasma in a closed system, the heavy particles’ temper-
ature and the electrons become balance; hence, the plasma can be described by a
single temperature. At this stage, when plasma is achieved, the plasma can be said to
be a thermal plasma or exist in a state of local thermodynamic equilibrium. The gas
temperature produced by thermal plasma can be as high as 5 to 20 � 103 K, with all
the components having nearly the same temperature with a high electron density
between 1021 and 1026 m�3 [10]. An example of thermal plasma is a welding torch, a
lightning bolt, and the surface of the sun [20]. The high ion temperature makes a
thermal plasma undesirable for water treatment applications, and the plasma is
produced at high pressure using more power. For more application and review of
this plasma for water treatment, see Shim [21].

3 Non-thermal Plasma

In contrast to the thermal plasma, a non-thermal or cold plasma can exist in a state of
quasi-equilibrium or partial local thermodynamic equilibrium, as well as in
non-equilibrium. As shown in Fig. 1, the electron temperature (10,000 K to more

Fig. 1 Diagram to illustrate thermal and non-thermal (cold) plasmas generated using electric
discharges at different pressures
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than 100,000 K) for non-thermal plasma is much higher than the temperature of the
ions and neutrals, which are roughly the same and range from room temperature
(300 K) to about 2,500 K [10]. This occurs when the heavy species’ temperature is
much lower than the electron temperature with a surrounding gas temperature at
ambient temperature. Non-thermal plasmas are obtained at lower pressure gases
using less power in comparison to the thermal plasma. Although the third plasmas
categories have been proposed, it is not clearly defined; therefore, they are included
in the non-thermal plasmas category. This is because this group of plasmas such as
corona and the gliding arc discharges are formed near atmospheric pressure and
ambient temperature; thus, they do not need extreme conditions [11]. In the last two
decades, the low temperature of the non-thermal plasma, which sometimes makes it
interact with the human skin without causing burns, has extended its application into
a wide variety of fields in the sciences [4]. Hence, it is increasingly being explored as
an alternative method in water purification and tertiary wastewater treatment [1, 22].

4 Generation Methods of Different Non-thermal Plasma

Generally, cold plasma discharges can be generated with stationary, pulsed (direct
current, DC), and alternating (AC) electrical fields. As shown in Fig. 1, some
common cold plasma discharges are DC glow discharge, radio frequency discharge,
microwave plasma, dielectric barrier discharge (DBD), atmospheric pressure dis-
charge plasma or atmospheric pressure plasma jet, corona discharges, and pulsed arc
discharge.

4.1 Direct Current Glow Discharge

A Direct current (DC) glow plasma process is used as a source of light for material
processing, ion deposition, and etching, as well as a physical method of surface
modification [23]. This type of discharge is usually generated when gas passes
between a high voltage powered electrode and a ground electrode. The configuration
of the electrodes could be plane-to-plate, plane-to-plane, and plate-to-plate. The
application of a DC electric field across the anode and cathode plate results in
electrons being accelerated by the presence of an electric field. The resultant
collision of the gas atoms and the electrons leads to excitation and ionization,
creating new electrons and ions. However, continuous flow of current through the
ionized gases generates a direct current (DC) glow discharge.
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4.2 Radio Frequency Discharge

Radiofrequency (RF) discharge is usually generated using an alternating current
(AC) power supply at 13.56 MHz or a typical radiofrequency generator. Capaci-
tively coupled discharge (CCD) and inductively coupled discharge (ICD) are two
types of discharges associated with the radio frequency range 20 kHz to 300 MHz,
depending on the coupling mechanism employed. According to Ruma et al. [23],
radio frequencies lead to the generation of plasma discharges with dissimilar behav-
iours of electrons and ions as a result of unlike masses, i.e., ions having a higher
mass, lower mobility, lighter electrons, and strong influence due to AC electric field
produced by the voltage from the radiofrequency generator. The radiofrequency
plasma discharges are generated at low-pressure conditions and very useful in
low-temperature plasma processes. Both the CCD and ICD have been found appro-
priate for a wide range of applications, especially in the semiconductor industries
involving etching and deposition in semiconductor wafer processing, fabrication of
optical fibres, the fields of microelectronics and aerospace [24].

4.3 Microwave Plasma

Microwave discharges are generated in the gas at high frequency (GHz range) and
are widely reported for nanomaterials’ synthesis, especially the growth of diamond
films [25, 26]. Microwave discharge patterns are able to generate both thermal and
non-thermal plasmas. According to Fridman [27], the frequency range of these
sources is limited by system size, ionization frequency, and ion transfer. The most
commonly used frequencies range from 300 MHz to 2,450 MHz. As mentioned by
Bárdos and Baránková [28], high-frequency fields have a stabilizing effect on the
plasma and generation of streamers in molecular gases. There are studies by several
authors [11, 29, 30] on non-thermal plasma sterilization and decontamination using
microwave sources, especially for water treatment [31–33].

4.4 Dielectric Barrier Discharge

Dielectric barrier discharge (DBD) is a specific type of AC discharge, which pro-
vides strong thermodynamic, non-equilibrium plasma at atmospheric pressure. This
discharge can be generated through a high voltage powered electrode (cathode)
positioned centrally inside a dielectric tube with a piece of metal forming the outer
grounded electrode (anode). The discharge produced via different electrode config-
urations could result in either a volume dielectric barrier discharges (VDBDs) or a
surface dielectric barrier discharges (SDBDs). The volume and surface dielectric
barrier discharge can be used for similar applications. However, Ni and co-workers
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[34] reported surface dielectric barrier discharge as a preferred choice for microbial
decontamination applications due to its ease of implementation and its ability to
generate high concentrations of reactive oxygen and nitrogen species (RONs). Based
on literature sources [23, 34], this method has shown high removal efficiency of
pollutants such as microbial decontamination from air and liquids. The dielectric
barrier discharge has a wide range of technological applications, with one of the
most industrially known being ozone generation. The DBD is being used in steril-
ization, pollution control, surface activation, chemical vapour deposition, water
treatment, and bio-treatment of microorganisms, amongst many other applications
[23, 35–38].

4.5 Atmospheric Pressure Plasma Jet

The atmospheric pressure plasma jet (APPJ) is a discharge characterized by the gas
flow through a nozzle at a specific flow rate, and interestingly a non-thermal.
Regardless of the atmospheric composition, the device for APPJ produces plasma
in the open air (i.e. at atmospheric pressure). Thus, the exiting gas pressure and flow
velocity influence its length, shape, and characteristics outside the quartz tube;
therefore, ionization is limited by the volume where the gas flows. The APPJ is
usually driven by a radio frequency power or alternating current power supply.
Production of APPJ is much cheaper, convenient, and safer to use since the produc-
tion only requires open air at atmospheric pressure and does not need a vacuum
environment. Worldwide, this type of discharge has caught much attention for
different applications in various fields such as surface modification of polymers,
material processing, inactivation of microorganisms, thin film deposition, chemical
vapour deposition, and biomedical application [39–42].

4.6 Corona Discharge

A corona discharge can be classified as a non-thermal plasma generated using
different configurations. The use of sharp points and thin wires that can radiate
outwards when an electric field is generated at a high voltage has been reported. The
electron’s strength in a corona discharge is not as strong as those in a direct current
arc discharge or glow discharge. Depending on the electrodes’ polarity, corona
discharges can either be positive or negative [43]. A limiting factor, according to
Fridman et al. [44], corona discharge can sometimes transit into a spark discharge if a
breakdown in the electric field occurs as a result of a continuous increase in the
voltage. Corona discharges have been used in different applications, i.e. the most
common is for generating ozone like in the dielectric barrier discharge
[45, 46]. There are works in the literature that have supported the capability of the
negative coronas to generate up to ten times more ozone than that from a positive
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corona [47, 48]. The type of discharge produced in a reactor depends on the pin
curvature, applied voltage, voltage polarity, and interelectrode distance [49, 50]. For
the application of water treatment, both negative and positive DC, as well as
monopolar pulsed voltage have been reported [51–53].

4.7 Pulsed Arc Discharge

The use of pulse generators or pulsed power supply to generate plasma has become
very popular in the last decade. This has been attributed to the observed high
removal efficiency towards contaminants or pollutants, small volume, low energy
cost for many militaries, and industrial and environmental applications. Apart from
organic degradation, pulsed arc electrohydraulic discharge has also gained more
recent attention for the inactivation of biological contaminants, including water
treatment. Researchers like Ruma and co-workers [23] have reported that the reactor
geometry, gap between the electrodes, the operating frequency, and applied voltage
can define the characteristics of the type of discharge generated when a pulse
generator is used. Besides, the different configurations of the electrodes could also
impact on the kind of discharge generated. For example, a wire with a small
diameter, or a needle with a sharp edge of different diameter connected to a high
voltage, and a flat plate used as the ground electrode. In the last decade, there are
literatures on the difference between the dielectric barrier discharge and the pulsed
arc discharge, especially its capability to attain a higher electron temperature at a
lower operating frequency and its use of electric arc for joule heating on the electrons
instead of a built-up electric charge [45, 54, 55].

5 Electrohydraulic Plasma Generation

The use of plasma for the treatment of water or tertiary wastewater can be done either
by generating the plasma discharges above the liquid medium (water) or inside the
liquid. When the discharge is generated in a submerged state, it is often referred to as
an electrohydraulic discharge. This type of discharges is categorized into high
voltage submerged coronas, partial electrical discharges, and spark or high current
submerged arcs discharges. The classification, in this case, is based on the flow of
current from one electrode to the other (spark or arc discharges), or a partial electrical
discharge when the discharge current flows from one electrode but does not reach the
other electrode [56, 57]. However, the length of the needle electrode protruding from
the surface of the insulating material determines the electric current and discharge
pattern across the electrode gap in water [22]. Hence, proper insulation of the
electrode edge or the interface between the metal and the insulator are fundamental
requirements for the generation of high-intensity electric field in liquid water
because electric charges concentrate on the edge of the electrode. Therefore, the

184 A. M. Folami et al.



shorter the length of the needle electrode protruding from the insulator surface, the
better the generation of electric discharge in water than larger protrusion values. This
is because water is known for its conductivity than air; hence, proper insulation of
the electrode needle is very important. There are reports on the use of a point-to-
plane electrode system for underwater pulsed discharge experiments. All concluded
that a high-intensity electric field at the tip of the electrode is essential for the
production of pulsed discharge in water [58–61]. A point electrode tip with appro-
priate insulation makes it possible to form a concentrated electric field. Thus, only
corona and pulsed arc discharges have been mentioned to be viable in a solution to
produce electrohydraulic state discharges [22] (Fig. 2).

Fig. 2 Types of electrohydraulic discharge reactors: (a) pin-to-plate, (b) pulsed arc with vibrating
electrode, (c) pin-to-pin, (d) multi-pin-to-plate, (e) brush-to-plate, (f) plate-to-plate with porous
ceramic coating, (g) coaxial wire-to-cylinder with ceramic coating on wire, (h) coaxial rod-to-
cylinder with ceramic coating on rod, (i) capillary discharge, (j) contact glow discharge electrolysis,
(k) RF-discharge in cavitation bubble on electrode, (l) coaxial diaphragm discharge reactor from
Šunka et al. [59] with perforations in tubular electrode covered by polyethylene layer
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5.1 Pulsed Corona Electrohydraulic Discharge (PCED)

Pulsed corona, arc, and spark discharges can be generated when high voltage is
applied to the gas phase above the liquid surface during water treatment [57]. With
high power pulsed corona, energy is deposited in a gas or in a liquid at a high
concentration based on the physical conditions [61]. It has been established in the
review carried out by Locke et al. [57] that a high electric field in the order of 107–
109 V/m is required to generate discharge of this nature if submerged in water. The
use of water as the medium makes a PCED different from a pulsed corona discharge
generated in air or oxygen gas. The use of water as the working medium in the PCED
caused the formation of ozone, hydrogen peroxide, monatomic hydrogen, and other
radicals instead of oxygen ions when air was used as a working fluid [16, 62,
63]. These reactive species have been shown to rapidly and efficiently degrade
many organic compounds and biological contaminants like pathogens in water
[63–69].

5.2 Pulsed Arc Electrohydraulic Discharge (PAED)

On the other hand, the pulsed arc electrohydraulic discharge (PAED) allows for the
direct flow of current, transferred by electrons, from one electrode to the other. It
allows for high current to pass through a plasma bubble containing ionized water
vapour. Unlike pulsed corona or corona-like system that uses �1 J/pulse energy,
PAED uses different electrohydraulic discharge systems of �1 kJ/pulse and above.
This has been used as an alternative technology to remove chemical and microbial
contaminants from water [70, 71]. The generation of this type of electrohydraulic
discharge is technically challenging. This is because the current tends to form ions,
which are partially discharged through the water. Some other differences between
PAED and PCED systems are shown in Table 1. For more details and discussion on
the features of PCED and PAED, see [10, 22, 57–61, 72, 73].

Table 1 Characteristics of different electrohydraulic dischargesa

Value parameter Pulsed arc Pulsed corona

UV generation Strong Weak to moderate

Pressure wave generation Strong Weak to moderate

Current (peak) 103–104 A 10–102 A

Operating frequency 10�2
–10�3 Hz 102–103 Hz

Voltage (peak) 103–104 V 104–106 V

Voltage rise 10�5
–10�6 s 10�7

–10�9 s
aData obtained from [70] as mentioned in [57]
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6 Benefits and Current Challenges of Plasma
in Environmental Applications

As an antimicrobial strategy, atmospheric cold plasma has many benefits, which
include simple design, relatively low capital and operational cost, the capability to
operate at ambient temperature, use of non-toxic gases, short treatment times, and
the absence of harmful residues. Plasmas created in the ambient air are low cost,
consumable free, and have numerous decontamination applications. For example,
the plasma generated by an electrical discharge (e.g. fluorescent light tubes) has
~80% conversion rate from electricity to plasma [9]. The major advantages of the
DBD include the ease of the discharge ignition, manifold adaptability due to the
different electrode geometries, and treatment of objects inside sealed packaging
material, whereby the DBD is especially interesting for industrial applications
[74]. Most importantly, “these plasmas produce large quantities of microbicidal
active agents that have charged particles, electromagnetic fields, UV radiation, and
chemically reactive species. The diversity and the small size of these active agents
are believed to target multiple cellular components and metabolic processes in
microorganisms and therefore make the emergence of resistance mechanisms less
likely to occur” [75].

Studies have shown that atmospheric pressure non-thermal plasma is efficient for
a variety of potential bioapplications, including disinfection of contaminated sur-
faces in food-processing and clinical settings [11, 76], inactivation of viruses [77],
and eradication of Pseudomonas aeruginosa biofilms using plasma jet, as shown in
Fig. 3 [78–80]. A similar device was reported to completely eradicate biofilm
containing ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter
spp.) within 360 s [80–84]. The inactivation of methicillin-resistant Staphylococcus
aureus (MRSA), P. aeruginosa, and Candida albicans by cold plasma by inducing
cell surface damages has also been reported [85]. These pathogens inactivated by
plasma are the leading group of causative organisms in most of the nosocomial
infections and some of them are multidrug or antibiotic resistant pathogens. Hence,
this is of great benefits to mitigate the negative socioeconomic, health, and environ-
mental impacts that the pathogens might cause to humans.

Other interesting environmental applications of low-temperature plasmas
include; gas water cleaning and effective technique for water and air treatment
[61] and the decontamination of biological contaminants such as Legionella
pneumophila in water [86–88]. The PAED has been applied as a direct plasma
technique for various water treatment purposes, such as the decontamination of
urban stormwater [72], lake water [70], river, and wastewater [62, 71]. A novel
submerged arc reactor design for contaminations removal from liquid was recently
patented [89]. Studies on the application of PCED have also been employed to
remove pharmaceutical residues from hospital wastewater treatment
[5, 90]. According to Shen and co-workers [91], the treatment of water using a
direct current (DC) gas-liquid phase atmospheric-pressure argon (Ar) plasma for the
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inactivation of Staphylococcus aureus suspended in the liquid induces chemical
effects such as the production of hydrogen peroxide and hydroxyl as well as the
reduction of pH value is possible. The authors observed that plasma-treated water
samples were not only pathogen-free, but also could retain the inactivation ability for
a long time due to germicidal effects from residual H2O2 and acidic pH [91].

However, the main disadvantage of using non-thermal plasma, for example, in
wastewater treatment, is its inability to remove physical contaminants. While the use
of plasma in wastewater treatment could be more effective in the tertiary stage, its
implementation at the secondary stage of wastewater treatment will require coupling
with a secondary course filter to remove sediments. Nonetheless, this water treat-
ment characteristic of not being able to remove physical contaminants present with
various other chemical disinfection processes is a major disadvantage. Other key
challenges in the commercialization of the plasma system for water treatment
include; scale-up and inadequate understanding of the antimicrobial effect of differ-
ent types of discharges in water treatment [15] as well as the unstable self-sustained
diffuse plasmas at high pressure due to their susceptibility to filamentation and the
transition to an arc [92, 93]. Indeed, plasma is still at a relatively early stage of
technology development with different design issues that are yet to be perfected,
making the complete understanding of the processes difficult; thus, limits the
practical utility of non-thermal plasma.

Fig. 3 Schematic diagram of (a) plasma jet used for the disinfection of biofilm and (b) photograph
of the plasma jet interacting with a biofilm sample as cited by Alkawaeek et al. [78] under the
Creative Commons Attribution (CC BY) license
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7 Mechanism of Atmospheric Cold Plasma for Bactericidal
Activities

In recent years, the use of atmospheric cold plasma (ACP) has gained increasing
attention as an alternative method for the inactivation of waterborne pathogens
[94, 95]. There is still inadequate information on the bactericidal mechanism of
ACP. However, several factors and processes are considered by many researchers to
be responsible for the microbiocidal action of pulsed discharges in water, depending
on the plasma system used [62, 91, 96, 97]. Hence, the treatment mechanisms
generated by plasma technologies that could be used as antimicrobial agents include;
thermal reactions, pressure waves, electronic and ionic reactions, irradiation, elec-
tromagnetic pulses (EMP), and high electric fields [62, 95]. In general, both electron
and ion densities are proportional to the electrohydraulic discharge technologies and
have the potential to be more efficient than either indirect or remote plasma tech-
nologies. Figure 4 shows the treatment mechanisms initiated by PAED [98], having
the potential to inactivate or kill harmful pathogens by combining several physical
processes [56]. Physical processes such as (1) sonication by shock waves produced
by the discharge in the water, (2) radiation, especially the use of UV radiation,
(3) bombardment by energetic particles, (4) damage from chemical species
(e.g. radicals) produced by the discharge introduced into the water such as ozone,
hydrogen peroxide, etc., (5) vaporization of pathogens directly within the discharge,
(6) heating of the fluid adjacent to the plasma bubble, and (7) interaction with
nanoparticles produced by the discharge [96].

It is noteworthy that one of the targets of the atmospheric cold plasma as an
advanced oxidation technology is to extend its application to various microbial
pathogens, namely bacteria, protozoa, and viruses in water through the development
and optimization of process parameters. This is because plasma discharge of high
voltage intensity coupled with the release of a noble gas or gases could increase the
microbial inactivation of waterborne pathogens, as shown in Shen and co-workers
[91]. Many other studies have revealed that the generation of reactive oxygen species
(ROS) such as atomic oxygen, ozone, hydrogen peroxide, and hydroxyl radicals aid
in bacteria inactivation due to its high bactericidal potency [95, 99]. Korachi and
Aslan [9] argued that these factors make atmospheric cold plasma processes a novel
and exciting emerging antimicrobial method. On the mechanistic studies, researchers
[100–102] pointed out that the formation of ROS is the product that resulted from the
presence of oxygen in the air used as the carrier gas.

On the other hand, the nitrogen present in the air is responsible for forming
reactive nitrogen species (RNS) [103–105], which has been linked to the formation
of peroxynitrite, nitric oxide, and nitrite. These reactive species are responsible for
the inactivation of microorganisms in water. This is also supported by Ziuzina [106],
reporting that oxidizing agents such as hydroxyl radicals, ozone, and hydrogen
peroxide ions are involved in indirect plasma treatment. However, Ehlbeck and
co-workers [107] pointed out in their study that operating parameters such as gas
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pressure, composition, and plasma excitation properties play an essential role in the
generation of these species. This argument is also supported by Misra et al. [108].

With reference to recent studies [98, 109, 110], treatment time and post-treatment
storage time significantly influenced the plasma inactivation efficacy. Indeed, some
researchers have investigated the efficiency of plasma inactivation in a post-
treatment storage study [91]. These studies are based on the assumption that the
diffusion and action of the residual reactive species can continue to affect inactiva-
tion in liquids, even after the plasma is off. Moreover, Ziuzina and co-workers [74]
reported that “only long-lived radicals affected the biological sample”. Another
important aspect of using ACP that is of interest is the ability to act as a catalyst,
i.e., to effectively improve a process, without affecting the material. This could be
attributed to it being a weakly-ionized plasma. In the last decade, there have been
significant technological and design improvements to make cost-effective plasma
systems, with the ability to selectively generate a cold plasma at atmospheric
pressure and ambient temperature showing great progress in plasma processing
science. Thus, it opens up lots of possibilities of using non-thermal plasma for
disinfection and sterilization of heat-sensitive materials and varied materials, includ-
ing environmental samples, i.e. the opportunity that is not feasible with thermal
plasma.

8 Conclusion

The inactivation of pathogens in the natural environment is a major concern world-
wide because lots of pathogens are becoming resistant to the existing disinfectant,
while some current chemical disinfectants are becoming a significant source of
pollution by producing by-products during treatment. This chapter reviewed plasma
technology as a novel and emerging approach for the decontamination of environ-
mental samples. This review has shown that plasma technology in its non-thermal or
cold atmospheric form holds excellent potential for the disinfection of water and
food technology, even biomedical devices as a whole. Antimicrobial efficacy of the
plasma generated could be influenced by the power source, the type of plasma gas,
the flow rate of the gas, and the working pressure, amongst other factors such as the
reactor geometry and electrode configurations. So, if the technology is employed in
the tertiary stage of wastewater treatment, then the disadvantage of being unable to
deal with physical substances will be eliminated. Nonetheless, there are research
gaps that still need to be explored for this technology to be able to address some
critical issues in the United Nations Sustainable Development Goals, such as access
to clean water and sanitation. There are still research gaps for further investigation to
better understand the difference in the treatment mechanisms between the direct
plasma treatment and the indirect plasma treatment as well as the best reactor system
or mechanism for decontamination of water.
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9 Future Perspectives in the Study

Plasma technology, especially in the non-thermal form, offers a potential future for
dealing with persistent organic pollutants and the inactivation of pathogens, which
currently pose a significant health danger to the environment. Indeed, plasma
reactors could be retrofitted to the tertiary stage in wastewater treatment plants.
One of the current challenges for plasma technology in tertiary wastewater treatment
to become competitive with some of the established tertiary treatment technologies
has to do with scale-up from an industrial perspective. More research has to be done
to understand further the mechanism involved in the inactivation of pathogenic
organisms through non-thermal plasma. Energy cost studies will have to be com-
pared with the existing and established treatment technologies. Further work on the
removal of inorganic compounds from water should be explored.
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It includes widespread laboratory work using AHF with one- and two-packing
media operated at 35�C, 25�C, 20�C, and 15�C, and hydraulic retention times (HRT)
ranging from 10 to 48 h. High removal efficiencies of chemical oxygen demand
(COD) (78–90%) and total suspended solids (TSS) (77–85%) were achieved at HRT
under 12 h and 15�C. The fixed media acted like a semi-permeable membrane,
ensuring a stable specialized biologic sludge in the upper medium and bottom of the
reactors.

It also presents a full-scale case study on sewage treatment of 7,500 inhabitants,
using AHF combined with trickling filters (TF). The AHF started-up easily without
special seeding, performed with stability, even in adverse flowrate and temperature
conditions. Minimum COD removal efficiency (58%) was recorded at 15�C. Overall
treatment performance was 82–88% of COD and 27–35% nitrogen removal. Pollut-
ant concentrations meet lax environmental limits and could fulfill strict legislation.

Electricity consumption (30 kWh/day) corresponds to 12.5% of COD aerobic
oxidation. Biogas produced by anaerobic degradation is methane rich (80–90%)
with low hydrogen sulfide content. These results demonstrate that AHF systems
have potential in the pre-treatment/treatment of municipal wastewater under
subtropical–temperature conditions. This technology is robust, economic, efficient,
and easy to operate.

Keywords Aggregated biomass, AHF reactor, Anaerobic hybrid filter, Biogas
production, Low temperature, Methane, Municipal wastewater, Trickling filter,
UASB reactor

Abbreviations

AD Anaerobic digestion
AF Anaerobic filter
AHF Anaerobic hybrid filter
APHA American Public Health Association
AS Activated sludge
BOD Biological oxygen demand
BOD5 Biological oxygen demand (measured for 5-days)
BS Bottom sludge (anaerobic reactor)
CH4 Methane
CO2 Carbon dioxide
COD Chemical oxygen demand
CODr Chemical oxygen demand (removal)
CODs Chemical oxygen demand (soluble)
CSTR Continuous stirred-tank reactor
EGSB Expanded granular sludge bed digestion
EUR Euro
FA Fatty acids
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H2 Hydrogen
H2O Water
H2S Hydrogen sulfide
HRT Hydraulic retention time
HS� Bisulfide
IC Internal circulation reactor
LCFA Long-chain fatty acids
LNEG National Laboratory of Energy and Geology (Portugal)
NH4

+ Ammonium
NTP Normal temperature and pressure
OL Organic Load
pH Potential of hydrogen
PMS Packing media (anaerobic reactor)
PO4

3� Phosphate
PVC Polyvinyl chloride
SRT Solids retention time
SSAD Solid-state anaerobic digester
TDS Total dissolved solids
TF Trickling filters
TOC Total organic carbon
TOD Total oxygen demand
TS Total solids
TSS Total suspended solids
UASB Up-flow anaerobic sludge blanket
USB Up-flow sludge blanket
VFA Volatile fatty acids
VS Volatile solids
VSS Volatile suspended solids
WWTP Wastewater treatment plant

1 Introduction

1.1 Anaerobic Sewage Treatment Evolution

The increasing worldwide population and the corresponding need for healthy con-
ditions demands safe water supply and proper sewage treatment. In high population
growing countries with poor economy, sewage represents the largest source of
pollution.

Sewage contains appreciable quantities of organic compounds such as fats, carbo-
hydroxides, and proteins, causing high concentrations of chemical oxygen demand
(COD) and biological oxygen demand (BOD). It also contains suspended solids,
nutrients, pathogens, detergents, and sanitizing agents. The biodegradability of the
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sewage is good, its temperature relatively high (depending on the climate), and pH is
neutral. Such characteristics make these wastewaters suitable for biological anaero-
bic treatment processes.

According to McCarty [1], anaerobic digestion (AD) was discovered in the
beginning of modern sanitation (late eighteenth century) and played initially an
important role in protecting the environment. The innovation, published in 1881 in
the French journal “Cosmos,” patented by the engineer Louis Mouras, was a tank
retaining the sewage isolated from the air which settles the suspended particulates,
forming a sludge bed. The sewage flows into the sludge bed, where anaerobic
microorganisms perform hydrolysis and anaerobic degradation, making the effluent
cleaner and odorless. This discovery triggered other similar systems as described by
Jewell [2]. Septic tanks for domestic wastewater treatment become popular since
1886. Even today, this technology is widely applied in small communities, generally
with <500 inhabitants. The efficiency of AD did not fulfill the environmental
regulations, and the system had scarce dissemination.

The first world energy crisis in the 1970s increased the fossil fuel prices and
awareness on renewable energy, encouraging low energy demanding systems. The
anaerobic filter (AF) proposed by Young and McCarty [3] in 1969, and the UASB
reactor suggested by Lettinga [4] in 1970, represented new friendly technologies for
the treatment of sewage.

The treatment of domestic sewage has strong economic and social impacts. The
current aerobic technologies (activated sludge or percolating beds) efficiently reduce
organic and nutrient concentrations but entail high investment, operation, and
maintenance costs, with production of big volumes of sludge for disposal. For this
reason, it is widespread in countries with greatest economic power.

Since 1980, the new anaerobic technology started to replace the aerobic (despite
technical hitches in some full-scale reactors) and rapidly proved its competitiveness
for treatment of sewage in tropical country and hot industrial wastewaters. The
UASB reactors became a cost-effective technology, providing a high degree of
pollutant removal, low-level of capital investment, and few exploration and mainte-
nance needs [5].

Hulshoff Pol et al. [6] summarize the state of the art and diffusion of anaerobic
digestion, providing a wide perspective on a full-scale application in various coun-
tries around the world. In the developed countries, AD essentially degraded indus-
trial hot effluents. In Latin American and other developing countries, AD’s major
application is the domestic sector. The records excluded the agriculture/livestock
facilities, centralized waste facilities, and any other waste treatment systems. It also
disregarded the hundreds of thousands small-scale domestic sewage plants existing
in China, India, and Colombia.

The UASB systems were the most used technology in 1998, especially for
domestic sewage, representing about 65% of all existing applications.

The main limitation of anaerobic systems lies in the inability to achieve the limits
imposed by environmental regulations on wastewater discharges. For this reason, the
anaerobic processes need a final stage of depuration, which can be aerobic.
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The anaerobic process can biodegrade toxic compounds contained in sewage,
such as halogenated aliphatic compounds, which are converted to chlorides, carbon
dioxide (CO2), water (H2O), and some methane (CH4) [7]. A process defined
“reductive dehalogenation,” consisting of the removal of a halogen molecule and
its replacement with a hydrogen atom [1], can gradually transform complex haloge-
nated compounds. Anaerobic digestion may, therefore, play a significant role in the
detoxification of effluents. The advantages of anaerobic processes, according to
Lettinga [5], are the following:

• The treatment system may have a low-capital cost.
• Saves 80% energy costs compared to activated sludge (AS) process.
• Low-hydraulic loss; therefore, it may avoid pumping and electricity.
• Is applicable anywhere and to a wide scale range, up to 100,000 inhabitants.
• Accepts high organic loads even in low temperature conditions and with moder-

ate load of suspended material, which results in small systems.
• Biological sludge production is about 12–15% of AS process.
• The sludge is already stabilized and well concentrated (>7–8% TS).
• Anaerobic microorganisms remain alive in the reactor for over a year, without

seriously affecting their activity.
• The technology combines with any other treatment system or recovery scheme

(ammonia, phosphate, and sulfur).
• Ability to remove halogenated compounds.

1.2 Anaerobic vs. Aerobic Processes

In aerobic biological treatment methods, the microorganisms grow in an oxygen-rich
environment. The strong oxidant available for converting organic matter to CO2,
H2O, and synthetizing cellular material (biological sludge), releases high amount of
energy as heat. This energy promotes the microorganism’s growth and favors the
kinetics of the reactions, providing high removal rate over relatively short periods
and high biomass production.

Systems of aerobic treatment include the activated sludge process, the rotating
biological contactors, the trickling filters, etc. The system mostly used for sewage
and industrial effluents is the activated sludge process, frequently operated at low
organic load (extended aeration) in small-scale systems [8].

Aerobic treatment methods have the advantage to fulfill the very low COD
concentrations fixed by environmental legislation, and a great potential to combine
with various types of biological schemes (anoxic and anaerobic), achieving high
removal of nutrients [9]. These technologies are compact and reliable, but involve
high operational costs relative to aeration and biological sludge production, treat-
ment, and disposal. Oxygen transfer kinetics limits the organic load of aerobic
systems to about 2–3 kg�COD�g�1 L�1 day�1, requiring dilution (recirculation)
when operating with concentrated effluents [8].
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Anaerobic digestion is a biological process performed by an active microbial
consortium, in the absence of exogenous electron acceptors (oxygen), converting
organic matter (carbohydrates, proteins, and lipids) into biogas (a mixture of meth-
ane (CH4) and carbon dioxide (CO2)) and biomass.

In methanogenic anaerobic degradation, the absence of a strong oxidant (oxygen)
produces methane, a small organic compound with high calorific value. The release
of this gaseous compound decreases the available energy in the culture medium of
methanogens to about 0.21 kcal per kg of oxidized COD, making the reactions
slower, compared to aerobic processes and other steps of the degradation process.
Oxygen is toxic to methanogenic bacteria, requiring anaerobic reactors to be covered
and tight, to prevent any entrapment of air. This also prevents the release of odors.

Several groups of microorganisms perform the methanogenic fermentative pro-
cess. Methanogens, microorganisms that produce methane as a metabolic byproduct
in hypoxic conditions, are prokaryotic and belong to the Archaea domain.

Each group in the consortium has minimum food requirements (Smin), the lower
threshold concentration, below which the reaction speed is insufficient to supply the
organism with enough energy for net growth, and no steady-state activity exists [9]
Using the Monod equation combined with the growth equation, McCarty [9] and
Rittman and Baskin [10] calculated that for steady growth of methanogenic bacteria,
the minimum substrate concentration (Smin) is 48 mg/L and 78 mg/L acetate at 25�C
and 35�C, respectively. The sum of minimum concentration of each trophic group of
symbiotic microorganisms in a digester gives rise to a concentration of COD that
generally exceeds the discharge limits set by law. Consequently, the AD process
needs post-treatment systems. Another contributor to the high COD in the effluent is
the dissolved methane.

High organic strength COD and warm temperature effluents are proper for
anaerobic digestion (AD) [11], allowing high removal yield of organic matter and
being a potential cost-efficient first treatment step, capable for acceptance in munic-
ipal sewer at a lower cost.

AD does not significantly remove nitrogen or phosphorus; essentially, it changes
their oxidation level in reduced chemical condition (NH4

+, HS�, and PO4
3+),

suitable for fertilization of agricultural fields or for algae growth systems. Organic
forms of nitrogen are transformed into ammonium nitrogen and other
macronutrients.

Energy saving, small area footprint, the production of renewable energy from
waste streams, and the fertilizing potential are major incentives for applying AD
technology. Unpleasant odors are generally absent when the system is operated
efficiently. Figure 1 compares the COD biodegradation in aerobic and anaerobic
environment.

During aerobic wastewater treatment, around 40% of COD in the input is
converted into biomass synthetized by the process (excess sludge), and about 50%
is released as heat. On the contrary, anaerobic sludge yield is quite small and just
5–15% of inlet COD undergoes conversion to biomass. This corresponds to about
15–30% of excess aerobic biological sludge.
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The COD removal obtained by the anaerobic process is generally high (70–95%)
but lower than obtained in aerobic system (98–99%). The anaerobic technology can
generate about 280 l of methane (at NTP) for each kg of COD degraded.

AD reactors work efficiently at organic loads averaging 6–8 kg�COD�m�3 day�1

and can accept values up to 12–16 kg�COD�m�3 day�1, much higher compared to
the classic activated sludge processes (1.5 kg�COD�m�3 day�1).

Consequently, a number of studies in open literature suggest the sequence of
anaerobic methods as pre-treatment upstream of the aerobic process [12]. Depending
on the wastewater compounds and the level of purification required, anaerobic
technology can reduce, on average, up to 75% the energy consumption of the aerobic
treatment, thanks to the ability to scale down the aeration system.

Table 1 presents a comparison between anaerobic and aerobic treatment.
Anaerobic digestion produces gas consisting of a mixture of CH4 and CO2 with

high calorific value. In the case of aerobic processes, the heat developed by the

Fig. 1 COD degradation – aerobic vs. anaerobic treatment

Table 1 Comparison between anaerobic vs. aerobic treatment

Parameter Anaerobic Aerobic

Energy consumption Low High

Degradation rate (kg�COD�m�3 day�1) 0.5–20 0.1–1.8

Hydraulic retention time (HRT) (days) 0.3–20 0.1–5

Treatment COD removal Moderate
(60–90%)

High
(95%)

Sludge production Low High

Process stability against charge loads and toxic Moderate Moderate

Degradation of recalcitrant compounds(phenolic, aromatics) Average Average

Startup time 2–4 months 2–4 weeks

Need of nutrients Low High

Odors Potential problem Low

Alkalinity Average/high Low

Biogas production High No
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process has no practical use. Comparing the energy balance between the activated
sludge system and anaerobic digestion, AD provides 0.35 L of methane (about
3,000 kcal) per kg of oxidized COD, while aeration of aerobic process consumes
about 1,000 kcal per kg of oxidized COD. Energy difference is of 4,000 kcal per kg
of COD removed.

1.3 Complementary Low-Cost Treatment Systems

Anaerobic wastewater treatment is ineffective in achieving acceptable levels for
surface discharge, due to its content of organic matter, suspended solids, ammonia
nitrogen, phosphates, and sulfur [11, 13, 14].

Chernicharo et al. [15] summarize the state of the art of post-treatment technology
in Brazil. Most applications for removing organic matter and nutrients are aerobic/
anoxic post-treatment, oxidation ponds, land application, physical operations, or a
combination of those systems [16]. Removal of phosphate can be achieved by
chemical methods [17].

Lagoons, in their various forms, and the “land treatments” are suitable options
when proper land is available. In water-poor areas, the treated wastewater is useful
for crop and/or landscape irrigation, reusing both water and nutrients, becoming one
of the best ways to capture the full resource potential of wastewaters. Other viable
alternatives for the treatment of anaerobic effluent are photosynthetic ponds, based
on algae growth, for irrigation and/or fish farming [18]. Harvested algae is a primary
matter suitable to produce chemicals and biochemical products, used in cosmetics,
food industries, etc.

Constructed wetland systems can meet high quality effluent standards for dis-
charge in watercourse. Therefore, there are many possible ways to increase and
complete the degree of treatment after the anaerobic system, as shown in Fig. 2.

1.4 Anaerobic Technologies for Sewage Treatment
in Temperate Climates

The most common configurations for treating sewage and food-processing waste-
waters are UASB and anaerobic filters reactors. Figure 3 presents a cross-sectional
schematic view of a UASB reactor, an anaerobic filter (AF), and an anaerobic hybrid
filter (AHF).
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1.4.1 UASB Reactor

Up-flow anaerobic sludge blanket (UASB) reactor, developed in the Netherlands by
Lettinga [4] in 1970, has the capacity to treat various types of high to low-strength
industrial wastewaters, from food industry, fermentation industry, dairy processing

Fig. 2 Anaerobic sewage post-treatment alternatives

Fig. 3 Schematic cross-sectional view of UASB, AF, and AHF
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effluents [11, 12], and other industries [19–21]. Presently, it is the most used
anaerobic technology for the treatment of industrial wastewaters [22, 23]. It has
also successfully performed the treatment of domestic sewage at psychrophilic and
mesophilic temperatures in Latin America [24].

The success of the UASB process lies in the capability to retain a high concen-
tration of immobilized active biomass due to the phenomenon of granulation/floc-
culation of microorganisms [25, 26].

UASB reactor consists of a fermentation zone accumulating a blanket of
suspended granular/flocculent sludge and an upper sedimentation compartment,
which performs gas/liquid/solid separation. This configuration creates a quite active
microbial consortium and stimulates the selection and growth of granular biological
consortium. The granules, with about 3–4 mm in diameter, have a high settling rate
[27]. They produce gas and float with effluent to the gas/liquid/solid separator which
expels the gas, settling and returning the granules to the lower compartment, creating
a sludge blanket.

The granulation mechanism is the key to the success of the UASB digester, which
achieves a removal efficiency of 70–90%, even when receiving organic loads
>15 kg�COD.

The major limitation of this technology is the time necessary for granule forma-
tion and development [28], when the key operating parameters are not adequately
controlled. The system startup may need appropriate sludge for inoculation, feed and
sludge loss control, proper ascending speed, mixing conditions, and avoidance of pH
and toxic substances shock [25, 28].

The suspended solids in the effluent may inhibit granulation [29], (accumulating
inside the reactor and deteriorating the granules by friction) impairing the reactor.
The particulate matter present in domestic wastewater must be dissolved by hydro-
lysis, to be bioavailable to microorganisms. De Baere and Verstraete [30] calculated
that, in UASB-type reactors, the VSS/COD ratio should not be>0.1. If it is greater, a
primary decantation is necessary.

Lipids cause inhibition to several microbial strains (hydrogen-producing bacteria
responsible for β-oxidation, acetoclastic bacteria converting acetate to methane, and
hydrogenotrophic methanogens which produce methane from hydrogen). Due to its
slow hydrolysis, they are released in the bulk of long-chain fatty acids (LCFA) [31–
33]. This phase lasts several days, reducing the rate of methane production.

Another mechanism for the inhibition is the high hydrophobicity of unsaturated
lipids which are absorbed into the biomass (limiting access and mass transfer with
other substrates), interfering with bio assimilability by anaerobic digestion
[34, 35]. The inhibited methanogens can recover their activity after conversion to
methane of the LCFA, by pausing the feed for some time and applying batch feed
regime. Studies on the intermittent operation of UASB reactors treating dairy
wastewater showed good results at laboratory-scale [36]. The yield of methane
produced from lipids is much higher than from carbohydrates or proteins.
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1.4.2 Anaerobic Biofilm Reactors-Attached Growth

Biofilms are microbial communities attached to support materials that have the
ability for effective removal of organics and methane production. Anaerobic biofilm
reactors have high loading capacities, concentrated biomass, resistance to hydraulic
or organic overloads, and no requirement of mechanical mixing [37].

Compared to the conventional digester systems, they are attractive since biofilm
reactors could significantly reduce startup time and increase organic loading rates.
Various types of biofilm reactors performed successfully for the treatment of high-
strength effluents. The anaerobic filter and the anaerobic hybrid filter have been
proposed for sewage treatment [2].

1.4.3 Anaerobic Filter Reactor

Young and McCarty [3] proposed, for the first time in 1968, the fixed-bed digester or
anaerobic filter (AF) reactor for the treatment of industrial effluent. It promised a
number of favorable potential advantages: good COD removal at relatively short
HRT, no recirculation, low sludge production, high biological activity, and good
performance, even at low temperatures.

The “classic anaerobic filter” is a reactor filled with a bed of random or structured
packed medium and up-flow flux of the transient wastewater, which enters at the
bottom. The packing medium promotes the adhesion in its surface of a bacterial
consortium (biofilm) by extracellular polysaccharides and allows its retention in the
interstitial space, providing close contact with the effluent. When the biofilm thick-
ness is in excess, it is pushed by the gas, and either goes out with the effluent or
settles in the bottom of the reactor. This system develops flocculent type biomass and
does not create granular agglomerates.

The fixed-bed high-rate reactors have fast and easy startup and achieve efficient
removal of organic matter without using specialized sludge, inspiring numerous
applications in a full-scale industrial wastewater treatment, including dairies, from
the late 1970s until 1992, [6, 38, 39] revealing an efficiency equal or greater than
obtained at laboratory scale.

In the anaerobic filter, recirculation is optional, used with effluents with high
organic load (> 10 g�COD�l�1) [40], to improve homogenization and/or control the
thickness and structure of the film.

The anaerobic filters require low HRT contact time for biodegradation, from a
minimum of 3 h (obtaining 50–60% efficiency), up to more than 100 h (obtaining
efficiency of 95%). Usually HRT varies from 0.5 to 3 days, according to the
characteristics of the substrate. Due to the immobilization of biomass, organic load
varies from 0.1 to 80 kg�COD�m�3 day�1, according to the substrate. The operation
is stable and restarting after a long stop is quick, which makes them adapted to
seasonal effluents.
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According to Young, the drawback of anaerobic filter is the hydrodynamics (due
to the media) which hinders the horizontal mixing and accumulates suspended
solids. Especially in the bottom of reactor, the input high organic load promotes
high microbial growth, generating fouling dead zones and preferential paths. When
the horizontal distribution of the feed is non-uniform, the reactor clogs when fully
loaded. The mixing generated from gas flotation is low, giving rise to low mass
transfer coefficient and biofilm activity. The insurgence of these problems in first-
installed plants hindered its popularity and by the 1990s AF technology was almost
abandoned in favor of UASB and AHF reactors, which dominated the anaerobic
treatment market for the last 30 years.

1.4.4 Anaerobic Hybrid Filter (AHF)

By reducing the packing medium height until near the top of the AF reactor, the
reactor configuration is called “hybrid,” as it combines the advantages of AF and
UASB [39], while minimizing their limitations.

In this reactor, the microbial sludge can grow, granulate, or flocculate (similarly
to UASB), therein eliminating the major weakness of AF. In the top of the reactor, a
layer of packing media replaces the gas/liquid/solid separator used in UASB reac-
tors. It degasifies and retains the biological flocs inside the media.

Consequently, AHF is a simple and efficient configuration suitable for many
wastewater treatments, according to the media used. Its main potential is that
different microbial groups can develop under favorable conditions, enhancing the
capability of hydrolysis, acidogenesis, and methanogenesis. This reactor allows long
biomass retention time, as well as resistance to organic and hydraulic shocks.

The idea is attributed to Maxham and Wakamia [41] in 1980, which proposed an
anaerobic hybrid filter (AHF) with a packing medium occupying a variable volume,
from 10 to 50%, of the laboratory reactor.

The performance depends on contact time of the wastewater with the flocs grown
in the sludge layer and in the attached biofilm media matrix. The biological bed in
the bottom and the flocs moving inside the reactor perform the majority of the
biological activity. The packing media in the top retains bacteria, suspended solids,
and floatable pollutants (lipids), providing additional degradation [42].

The system has the capacity of self-developing active flocculent biomass, making
the startup easy and averting inoculation with specialized granular sludge.

Support material may have a diverse arrangement, either ordered or random
[39, 43]. The random medium may enhance the retention of organics and colloids,
enabling additional hydrolysis and degradation. This configuration may washout the
microbial biomass and any other suspended solid accumulated in the media, pulled
by the biogas buoyancy forces, when high organic loads are applied. Therefore, this
reactor is suitable when is applies to diluted streams with moderate gas production as
it is the case of sewage. This technology reduces the cost for the support material,
compared to the AF [44, 45].
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This problem is less relevant with oriented packing medium, which offers a better
solid/gas separation, performing better than the randomly distributed medium [39]
(Fig. 4).

1.5 Temperature Effect

Temperature strongly influences the hydrolysis-processing rate, being the rate-
limiting step of the sewage degradation process. At low temperatures, the insuffi-
cient hydrolysis rate does not dissolve organic matter and causes the deterioration of
the overall anaerobic reactor performance [46]. But when working with dilute

Fig. 4 Representation of random vs. structured packed bed medium
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solutions, anaerobic bacteria can adapt to low temperatures and can work efficiently
at psychrophilic conditions [47, 48].

In the case of UASB reactors, several authors [49–52] observed moderate COD
removal of about 65% at 20�C, and of 55–65% at 13–17�C. A big decrease (78%) in
the effluent CODr occurred, along with a decline in the gas production rate [19],
when the temperature dropped from 27 to 10�C. The lower gas production coincided
with a 25% lower CODr at 10�C, indicating suspended solids accumulation in the
reactor.

The high concentration of particulate matter present in sewage may recommend a
good initial hydrolysis step, according to the temperature, to efficiently run an UASB
reactor. Lew et al. [53] compared the performance of a classical UASB and hybrid
UASB-filter reactor at low temperatures. The COD removal rates for the UASB
reactor were better (70% and 48%, respectively) than the hybrid reactor (60% and
38%).

Elmitwalli et al. [46] compared the performances of a hybrid UASB-filter and a
classical UASB reactor at 13�C. The hybrid UASB-filter reactor reached 64% COD
removal, a 4% better removal than the classical UASB. The attached biomass on the
filter provided a better colloidal fraction removal.

Anaerobic technology performance is limited in temperate and cold climates for
sewage treatment unless anaerobic bacteria can adapt to low temperatures.

Lettinga et al. [54] proposed AD application to temperate or even frigid
(T < 10�C) countries. Some known systems operate at full scale with varying
retention times between 4 and 12 h, ensuring removals of 49–78% COD and
65–80% BOD5 [55]. High-rate anaerobic treatment seems possible at psychrophilic
conditions [47, 48]. Further studies need to examine the possibility of increasing the
efficiency of the reactor in mild regions (average temperature of municipal waste-
water ranging from 15 to 30�C).

2 Laboratory Experiences

2.1 Experimental Work

The basic idea of this research was to create a simple, robust, and reliable technology
for sewage treatment in temperate climate countries, with favorable efficiency,
operation stability, low cost, and easy operation and maintenance.

The characteristics of urban sewage creates serious difficulties for the operation
of anaerobic treatment systems, due to variable flowrate and temperature, excessive
dilution in rain period, presence of industrial streams, high suspended particulate
matter, oil & grease. The methane production is small and insufficient to heat the
reactor to more favorable mesophilic temperatures.

High-rate reactors based on highly selected biomass, such as UASB, are very fast
to degrade hydrolyzed organic matter. They may need pre-treatment for suspended
solids removal and careful startup operational procedures, seeming less well adjusted
to a small-scale sewage treatment in temperate climate.
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On the contrary, the AHF reactor is less sensitive to suspended solids concentra-
tion, appearing as a promissory technology for domestic wastewater treatment
[56, 57].

This laboratory study evaluated the effect of media height and temperature on
AHF reactor’s performance, with the goal to understand the behavior of its effec-
tiveness under varying conditions of OL, HRT, and temperature. Laboratory exper-
iments with semi-continuous feeding and characterization studies of the interior of
the reactor in terms of biomass concentration, biological activity, and physiology of
the bacterial aggregates. Understanding the function of the biological bed at the top
of the reactor and the underlying mechanisms was another of the main concerns of
this study.

Laboratory tests took place over a period of about 4 years, covering various
situations of organic loads, hydraulic regime, and operating temperature (15�C,
20�C, 25�C, and 35�C). In the final phase, the program carried out a simulation
study of startup at 20�C temperature, without using any external inoculum.

2.2 Effluent Characterization

During the experimental period, 96 samples of domestic sewage fed the laboratory
reactors. The physicochemical composition was quite variable, due to industrial
wastewaters and to rainwater infiltrations in the municipal sewer grid. The average
values and range of variation are presented in Table 2. The collected values indicate
a “strong” effluent according to Metcalf and Eddy (1991) classification.

In general, the analyzed wastewater was quite concentrated with biodegradable
organic material, which serves as food source for bacteria and other microorganisms,
causing immediate and high BOD and COD. It also contains suspended solids,
nitrogen, and oil and grease.

Table 2 Sewage composition Characteristic Average value Range of value

Temperature (�C) 19 14–23

pH (units) 7.39 6.57–8.09

VSS (mg/L) 254 115–610

TSS (mg/L) 326 135–795

VS (mg/L) 426 132–769

TS (mg/L) 928 573–1,463

COD (mg/L) 788 187–2,740

CODS (mg/L) 335 140–787

BOD (mg/L) 301 75–780

N (Kjeldhal) (mg/L) 67 24–104

P (Total) (mg/L) 48 20–76

Acetic acid (mg/L) 73 0–587

Propionic acid (mg/L) 15 4–32

Application of Anaerobic Hybrid Filters for Sewage Treatment 213



The average suspended solid concentration is 300 mg/L and, although it is not
globally very high, corresponds to a 0.25 VSS/COD ratio.

2.2.1 Materials and Methods

The chosen AHF reactors were provided with packing mediums placed on the top.
Two laboratory AHF were used for the experiments, manufactured with transparent
PVC pipes (110 mm outer diameter (OD) and 1,200 mm height). Their total volume
of 10 L was partially filled with one and two packed medium layers. The packing
medium was constituted by randomly placed small PVC pieces (50 mm OD and
50 mm length), forming a packed-bed height of 200 mm (Fig. 5). The basic idea was
to use low-cost medium, obtainable from recycled pipes. The layers had a 100 mm
spacing, to facilitate mass transfer, redistribute the flow, and economize media. They
retain active biomass inside the interstices and perform solid/gas/liquid separation.

Four pipes placed laterally and equipped with a valve allowed to take samples at
different points of the column. The first one was located near the bottom and the
other were equally spaced at 200 mm interval.

Recirculation of heated water in an external jacket controlled the temperature of
the reactor. A peristaltic pump fed the reactor, regulated according to the
desired HRT.

The gas production was measured by a wet gas meter and its composition
controlled by gas chromatography. The filters operated at a temperatures variable
in the range from 15 to 35�C. All physical–chemical analysis followed the APHA
Standard Methods (2005) [58].

2.2.2 Startup of Reactors and Reactor Operation

The anaerobic filter (AHF) with two layers of packed medium containing a dense
flocculent Methanothrix sp biomass, previously used to treat dairy effluents,

Fig. 5 Laboratory experimental setup
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performed the initial laboratory experiments. The biological community revealed to
be versatile and adapted to sewage composition without any problem. The acclima-
tization was immediate.

This reactor clogged after about 400 days of operation, making it impracticable to
feed it regularly. The procedures used to unclog it, such as injection of pressurized
sewage, backwashing, and draining the liquid through the side outlets, did not solve
the problem. A compact non-removable sediment formed between the two
packing modules. The reactor required disassembling and removal of the lower
packing medium. Subsequently, it was cleaned and restarted with just one module
of packing medium. The sludge removed from the bottom and between the two
layers was used for inoculation. Although the sludge was kept on air for a few hours,
the restart ran without observing any significant disturbance to the reactor perfor-
mance. The biologic consortium removed all the oxygen absorbed and maintained
the methanogens stable.

At the end of experimental period, a startup simulation with a new one-module
reactor, without previous inoculation, at a temperature of 20�C, was tested. The
objective was to assess if the reactor could startup spontaneously without seeding
and to evaluate how long it would take.

2.3 Results

2.3.1 Startup Behavior

Figure 6 shows the evolution of biogas production during startup without seeding.
At the beginning (fifth and sixth days), the system received overloading, due to
failure of timer regulation, showing a peak of biogas production. Then the feed
became regular and OL increased progressively, maintaining VFA buildup under

Fig. 6 Biogas volume production and organic load
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control. After a lag phase of 50 days, the reactor increased biogas production,
proportionally to the organic load, producing 0.6 L/day at OL of 1.24 g�COD�L�1.

A specialized, stable, and efficient bacterial population was established. HRT
lowered from 60 h to<12 h. The packing medium retained the natural bacteria in the
sewage and allowed the development of a specific biological community. Biogas
was quite rich in CH4 (70–90%).

In the experiments, done at different temperatures with seeded reactors, the
systems adapted quickly to the change of feedstock, performing regularly without
appreciable transition when temperature decreased in steps (from 35 to 25�C; from
25 to 20�C; from 20 to 15�C).

2.3.2 COD and Suspended Solids Removal

Once acclimated, the reactors removed high concentrations of organic matter and
suspended solids (TSS). Figure 7 shows the average efficiency of COD
removal vs. OL during the studied period. The filter worked at HRT ranging from
60 h to about 10 h, with variable substrate concentrations and OL, ranging from 0.35
to 2.1 g�COD�L�1�day�1.

At 35�C and 25�C, the two-module reactor’s efficiency was almost constant in all
the range of organic load (>82%). At the lower temperature, a significant decrease of
efficiency over the organic load occurred. At OL of 2 g�COD�L�1�day�1 and 15�C,
the filter’s efficiency dropped to 73%, a significant reduction.

At 15�C, 20�C, and 25�C, COD removal efficiency of the one-module reactor
depended on temperature and applied COD load.

The Fig. 8 shows the effect of temperature over the averaged efficiency of
removal of COD, CODs, and TSS. Efficiency of the soluble COD refers to filtered
samples of the effluent. The difference of this parameter to the COD shows the loss
of efficiency due to suspended materials. The reactor with the higher temperatures

Fig. 7 COD removal efficiency vs. organic load
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(35�C) performed better, followed by the reactor with the two-packing media (25�C-
2), which has 4% more efficiency than the filter with one-packing media at 25�C.

The averaged efficiency of organic removal in all the ranges was quite high,
varying between 76 and 81.6%. The efficiency referred to the soluble COD varied
between 82 and 88%. The removal of suspended material contributed to increase the
system’s efficiency more than 6%, making the effluent suitable to fulfill the dis-
charge limits.

The total suspended solids (TSS) removal varied between 82 and 92% (Fig. 9).
Once again, the best result occurred with the two-packing media reactor. The worst
result occurred at higher temperatures (35�C), where the gas production is higher and
capable to exacerbate flotation of suspended solids. In contrast, a good suspended
solids removal occurred at lower temperature (15�C). In any case, the suspended
solids removal in all reactors is very high (81–92%), proving the positive role of the

Fig. 8 Efficiency removal (COD, CODs, and TSS)

Fig. 9 Effluent concentration (COD, CODs, TSS)
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filter. The TSS determination includes colloidal particles. The capability of the filter
media to retain such particles seems quite good.

The behavior of the reactor with one-packing media layer shows a small differ-
ence (8%) in performance of TSS removal in relation to the system with two
modules.

2.3.3 COD and Suspended Solids Concentrations

According to Fig. 9, the effluent has characteristics that comply with the values
established for discharge into surface water, in terms of organic matter and
suspended solids. The averaged effluent COD concentrations varied from 103 to
210 mg�COD�L�1, depending on the temperature of the reactor. The suspended
solids play a significant role in this context. The concentration of soluble COD
(CODs) varied in a smaller range (between 83 and 127 mg�COD�L�1). Those values
were close to the minimum food concentration necessary to sustain the biological
consortium [10].

Most of the soluble COD was below 125 mg/L, confirming that an additional
treatment for suspended solids removal can be sufficient to guarantee the strict limits
imposed by legislation. This result suggests the possibility of using coagulation/
decantation or flotation in combination with the anaerobic filter to complete the
treatment, without additional biological process.

The suspended solid losses found in the effluent varied between 35 and 59 mg/L,
which confirms that the media has a good capacity to retain the colloids. The loss of
suspended solids is higher at 35�C, in line with the gas production.

Comparing the performance of the reactors working at 25�C, the low efficiency of
the two-layer reactor may be due to lower free space, which limited buoyancy forces
mixing and energy from gas flotation. The double layer media reduced the loss of
suspended material, as shown when comparing the TSS value in the reactor effluent
at 25�C, but was responsible for the blockage of the reactor.

TSS concentration confirms the increased escape of solids related with tempera-
ture and gas production.

Figure 10 shows the influence of OL (between 0.35 and 2.1 g�COD�L�1�day�1)
on COD concentration of the treated effluent in terms of COD. In all the studied
temperature situations, the effluent output COD increased with the OL.

Hydraulic flows and biogas production were disturbing elements for the biolog-
ical consortium in the filter, causing loss of cellular material and degrading the
quality of the effluent. Based on the available elements, it is worth to highlight that
the HRT, ranging from 48 h to about 10 h, did not noticeably influence the
concentrations (no correlation was found) of the treated effluent in terms of COD,
BOD5; CODS, and TSS.

Efficiency depended on the suspended solids washout, caused by the gas pro-
duction, which is a more significant parameter than HRT.
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2.3.4 Removal of Nutrients

In terms of nutrients, the anaerobic process has a negligible total nitrogen removal.
The degradation of proteins and amino acids causes a decrease in organic nitrogen
(12–28%) and an increase in ammonia nitrogen (17–34%). In terms of phosphates,
measured sporadically, no significant removal was recorded.

Figure 11 shows the averaged reduction of organic nitrogen and the corresponding
increase of ammonia. The degradation of proteins proceeded reasonably.

Fig. 10 Effects of organic load on COD

Fig. 11 Degradation of organic nitrogen and increase of ammonia
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2.3.5 System Stability

During the whole period of the experiment, the pH of the reactor effluent remained
stable and was always higher than that of the influent. It always showed values
slightly above neutrality, optimal for anaerobic digestion, with the average value
equal to 7.68. The alkalinity of the sewage increased, due to ammonia release and
CO2 escape into the gas phase, indicating complete biodegradation of organic acids
and balanced coexistence within acidogenic and methanogenic populations in the
digester. No acidification of the medium and accumulation of volatile fatty acids
(VFA) occurred. VFA values in the effluent were always extremely low or null. Most
samples detected only acetic acid at low values (always <80 mg/L), which is
favorable for the development of Methanothrix archaea.

2.3.6 Biogas Production and Characteristics

The production of biogas, which in certain situations reached 1.6 L/day, was quite
variable according to the feed concentration and the organic load.

Temperature played an important role in the reactor’s performance, affecting the
hydrolysis of suspended compounds, biological degradation activity, and biogas
production. At 35�C, the hydrolysis and AD degradation were maximum, providing
higher biogas production. The organic suspended solids in the bottom and inside the
media, which accumulated in the colder period, were degraded at 35�C, limiting
accumulation of excess biological sludge and adding more biogas production, which
increased the colloidal solids floated by the gas. These features negatively influenced
the COD value, resulting in an average removal efficiency at 35�C lower than at
other temperatures.

The methane production rate decreased with the temperature: from
0.18 l�g�1�CODr, at 35�C, up to 0.03 l�g�1�CODr at 15�C (Fig. 12). The stoichio-
metric theoretical value of the rate of production of CH4 is 0.35 l�g�1�CODr (at NTP,
T ¼ 0�C, P ¼ 1 atm).

The low methane yield found in the experiments is due to the following:

• Loss of methane dissolved in the effluent, which depends on temperature and
flowrate.

The solubility of methane in water at low temperature increases from
0.0185 mg�CH4�l�1 at 35�C to 0.0275 mg�CH4�l�1 at 15�C. At HRT 12 h and
15�C, the loss of gases with the effluent corresponds to 0.55 mg�CH4�l�1.

Taking into account an effluent with COD 800 mg/L and 80% degradation
rate, the methane available is 2.368 l�CH4�g�1�CODr. Practically 32% CH4 is
going out dissolved with the effluent at 15�C.

• COD consumption by the metabolism and growth of the population existing
inside the reactor (8–15%).

• Accumulation of COD at low temperatures and successive hydrolysis contributes
to the difference in CH4 yield between 15�C and 35�C.
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Thus, this yield depends on the temperature, HRT, and the concentration of
organic matter in the sewage. Methane yields increase linearly with the temperature
(Fig. 12).

Table 3 shows the effect of organic load (OL) on methane yield.
Biogas had a remarkably high methane content (80–97%), due to displacement

and absorption of CO2 in the liquid phase for buffering the pH increase of the liquid.
The loss of CO2 dissolved in the effluent also contributes to reduce the CO2 in the
gas phase, since it is very soluble in water. The increase in pH during anaerobic
digestion is due to the consumption of organic acids and to the release of ammonia
nitrogen, from degraded amino acids. The organic load did not significantly influ-
ence the percentage of methane in the biogas, which is very high (always >80% in
the different temperature ranges).

During the whole experiment, the concentration of H2S in the biogas produced
was below the detection limit of the chromatograph (>0.03%), indicating a low
content of sulfates in the sewage. The presence of Hydrogen (H2) in the biological
gas was undetectable, confirming a continuous balance between the methanogenic
and the acetogenic populations. The maintenance of a negative redox potential,
inside the reactor (�290 mV) confirms the good performance of the biological
communities.

Fig. 12 Effect of temperature on methane yield

Table 3 Effect of organic
load on methane yield

Organic load
(g�COD�day�1)

Methane yield
(L�CH4�g�1�CODr)

0.16 0.07

0.4 0.08

0.61 0.11

0.7 0.14

1.2 0.21
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2.3.7 Effect of the Packing Medium

The packed media ensures several important functions:

• Degassing of bacterial clusters by the contact of bacterial flocs with the medium.
• Flocculation of the settling floc when colliding with those that rise.
• Bacteria retention inside the medium, contributing to the treatment.
• Retention of colloids inside the medium, giving time to perform hydrolysis.
• Automatic purge from the reactor of excessive TSS dragged by the biogas.
• Self-control of clogging during 4 years of activity.
• No removal of excess sludge from the bottom during 4 years of activity.

The biological population in the media is rich in hydrolytic bacteria, enzymes,
and hydrogenotrophic archaea, receiving low organic load metabolized in the bottom
of the reactor.

For this reason, the packed medium works as a second active stage in the
treatment of effluent with distinct microbial populations, and this mechanism may
be the main advantage of this reactor, when applied in the treatment of relatively
diluted effluents and with a significant content of suspended matter. The media
retains suspended solids, provides opportunities for its hydrolysis, and prevents the
accumulation of inert materials inside, washing them out when in excess. The AHF
controls the concentration of suspended solids inside, as long as the medium is
suitable for this purpose, and the gas flow is within certain limits.

However, in the case of effluents concentrated in organic matter, this mechanism
may bring problems, since the high production of biogas can cause the complete
washout of the reactor and consequent loss of active biological material.

In summary, there is a strong influence of packed media height, the number of
modules, the reactor’s geometric configuration, and gas production, on the behavior
and performance of the reactor for a specific effluent.

Experiments have shown that AHF with one-packing module applied to sewage
treatment with low packing medium height of 200 mm (20% of reactor volume) at
25�C, performed slightly lower (4%) than the system with two-packing modules.
However, the one-packing module avoided reactor clogging. Increasing the packing
medium height from 200 mm to 300 mm (30% of reactor volume) reduces the
performance difference from the two-module reactor, without creating clogging
problems. The use of two-packing modules, separated by 100 mm, proved to be
an unfavorable option.

2.4 Reactor Characterization

Samples from the lateral outlet pipes for analytical determinations were taken
regularly during the different steps of temperature. The parameters measured
(COD, TSS, VSS, Nitrogen, VFA, and pH) indicated that the reactors were very
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stable. Most of the degradation work was carried out by the layer of sludge in the
bottom of the reactor, having a height of about 200–300 mm, according to the reactor
configuration. The highest percentage of acids disappeared before reaching the first
side outlet (N1) of the reactor. The acetic acid, with the exception of a single sample,
was always very low (< 100 mg/L). Only in one sample isobutyrate was detected
with an extreme low content. The pH determinations along the column were
alkaline, ranging from 7.1 to 7.8.

The profile of total COD shows that most of the reduction in organic matter
(70–80%) occurs until the first lateral exit. The values determined in the remaining
side outlets indicate the existence of small additional reduction of organic matter
along the height of the filter COD. The community inside the filter media degrades the
remaining (10–20%) COD. Consequently, the majority of acetoclastic activity occurs
in the bottom. The CODs in the first lateral outlet was always below 300 mg/L.

The profiles of VSS show a thick layer of biomass at the bottom of the digester,
which expands to the first outlet (N1) due to gas expansion. The concentrations of
solids detected at N1 increase with OL and the period of operation of the filter. No
high concentrations of suspended solids were detected in any other side outlets. This
proves that bed expansion took place in the first part of the reactor. When clogging
occurred at 25�C in outlet N3, a very high quantity of suspended solids was detected
(67 g�TSS�L�1).

The total organic nitrogen in the bottom varied between 1,100 and
1,500 mg�N�L�1. This parameter is linked to proteins and provides information
about biomass accumulation. It is presumed that the concentration of active micro-
bial consortium may be around 7–10 g/L, in the sludge layer at the bottom of the
reactor.

During the entire experimental period, the layer of biological sludge maintained a
concentration variable between 20 and 80 g�TSS�L�1, with a peak about 12%
TS. The large variation is due to OL and the phase of expansion of the sludge bed.
The active biomass varies between 12 and 30% of the total VSS at bottom.

Its degree of mineralization was low, since the organic matter content in relation
to the total is large (60–70%). Over time the content of volatile solids in suspension
has decreased in relation to TSS, which may be a sign of some accumulation of
mineral materials (that has not evolved). During the 4 years of experiments, the
concentration of TSS remained approximately constant, with the exception of the
filter-clogging period. There is a very high increase in the COD of the sludge
over time.

The percentage of VSS over TSS decreased with the time of operation, which
suggests that there is a lower amount of bacterial biomass, but more specialized
and/or an increase in the dissolution of organic suspended solids of the sewage, due
to greater enzymatic activity. Estimating the value of bacterial biomass from organic
nitrogen, it was confirmed that both, the total bacterial biomass and the relationship
between cell biomass and suspended solids, increased in the final stage of the
experiment, confirming the greater specialization of bacterial pools and increased
enzymatic and hydrolysis activity of the suspended solids.
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2.5 Methanogenic Activity

In order to understand the activity of the reactor samples of microbial sludge, from
the bottom of the reactor (BS) and from inside the packing media (PMS) were
collected. Acetotrophic Methanogenic activity tests were performed in all the sam-
ples, using the Mariotte methodology [59] with variable acetate concentrations and
flasks with 130 mL capacity. Hydrogenotrophic methanogenic activity of PMS and
BS was measured using the pressure transducer methods according to Colleran [58].

Tables 4 and 5 report the obtained values.
The bottom sludge (BS) shows good activity and varies with temperature. The

flocs retained in the packed media performed greater activity (more 80%). According
to VFA determinations, the acetate disappeared almost completely in the bottom of
the reactor and no acetate from the feedstock is available in the packing media. The
great acetotrophic activity can be attributed to the hydrolysis of suspended solids in
the media and lipids, which slowly release LCFA in the bulk [58, 60], providing
acetate to this microbial group.

The hydrogenotrophic methanogens activity obtained from the bottom sludge and
from the packed media bed, revealed much higher values than the acetotrophic
activity, in particular the PMS.

2.6 Bacterial Physiologies

Regular observations under the microscope of the various existing bacterial groups
made it possible to verify the bacteria predominance of the genusMethanothrix sp in
the reactor (Fig. 13), which, under conditions of low concentrations of acetic acid in
the reactor, predominated overMethanosarcina sp, due to the greater affinity for the

Table 4 Hydrogenotrophic methanogenic activity

Methodology Sludge Temperature
Hydrogenotrophic methanogenic activity
(g�COD�CH4�g�1�VSS�day�1)

Pressure transducer BS 35�C 0.578

Pressure transducer PMS 35�C 0.618

Table 5 Acetotrophic methanogenic activity

Methodology Sludge Temperature
Acetotrophic methanogenic activity
(g�COD�CH4�g�1�VSS�day�1)

Mariotte flasks PMS 35�C 0.201

Mariotte flasks BS 35�C 0.160

Mariotte flasks BS 25�C 0.129

Mariotte flasks BS 15�C 0.072
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substrate. In fluorescence photography, other methanogenic bacteria such as “coc-
cus” or “methanogenium” are also noted (Fig. 14).

2.7 Conclusion

The AHF with random medium layer is a suitable solution for the treatment of
sewage, at temperatures ranging from 15 to 35�C, performing high degree of COD
removal and obtaining values close to the lax limit for discharge in water body. It just
needs a final polishing step for methane and suspended solids removal.

Two configurations of reactor have been tested. The reactor with two-module
medium performed better (more 6% COD removal) than the one-module reactor, but
clogged after 400 days of operation.

Fig. 13 Photograph of
Methanothrix (optical
�1000)

Fig. 14 Photograph of
Archaea community
(fluorescence 1,000�)
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There is no significant influence of HRT on the concentrations of the treated
effluent in terms of COD, BOD5; CODS, and TSS, within the studied range (from
48 to 12 h).

The height of the packing media (200 mm), corresponding to 20% of reactor
volume, is not the best option, in terms of efficiency of removal. This media should
be increased to 300 mm, in order to increase performance by 5–6%.

The media layer performs as a secondary biological stage. In the bottom grows
active acetotrophic bacteria, removing 85% of the organic load in the first part of the
reactor. In the top (inside the media), the filter bed retains colloidal solids, oil &
grease and performs hydrolysis and hydrogenotrophic biodegradation.

The gas avoided clogging, removing the suspended solids accumulated and not
degraded in the bed. The bed acts as a semipermeable membrane.

The filter can be suitable for all bacterial groups. The lipolysis activity (-
β-oxidation) of the fatty long-chain organic acids is promoted by the hydrogen-
producing bacteria, which are placed over the hydrogen-consuming bacteria in
biofilm communities. A syntrophic association between those groups exists.

Additional advantages of hybrid reactor are that the biofilm exerts a favorable
effect, avoiding the enzyme washout from the cellular wall, promoting fixed adher-
ent bacteria that remain deposited over the TSS, which bond to cellulose favoring
hydrolysis. For this reason, there is low accumulation degree.

The startup of the AHF for the treatment of sewage does not require addition of
any inoculum. The media retention capability creates active flocculent biomass from
the natural growing bacteria.

Due to all these specific characteristics, the AHF technology is suitable to treat
small average size suspended solids and fats containing industrial effluents and
sewage, where the capacity and care of operation are scarce.

The observed performance suggests that the AHF self-adjusts the concentration
of suspended solids inside, as long as the medium is suitable for this purpose and the
gas flow is within certain limits, a characteristic that is missing from the UASB.

The filter media can be optimized in terms of membrane performance, allowing
adaptation and optimization of this technology to very specific effluent applications.

3 Case Study: WWTP Experimental AHF Treatment
of Community Sewage

3.1 Plant Description

The opportunity to test a full-scale anaerobic treatment of sewage in subtropical
climate emerged when a wastewater treatment plant (WWTP) of a community with a
population of 7,500 inhabitants needed to recover its depuration system.

The original plant (constituted by an Imhoff tank, two trickling filters, and one
settling tank) was severely damaged and out of operation, needing serious repairs.
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This was an opportunity to make a full-scale experience using a combination of
anaerobic hybrid filter followed by trickling filters.

The idea was to convert the original Imhoff tank, no longer in operation, into an
AHF and build a second similar unit. The trickling filters, provided with stone bed,
remained in operation. A second settling tank unit, built ex novo, was coupled to the
existing unit to improve the performance. This way the capacity of the restored tanks
plus the new units was adequate to hold on the actual sewage flowrate, achieve
sludge stabilization, and fulfill parameters for discharge of the treated effluent on
water bodies.

The new pre-treatment was inserted upstream the trickling filters. The following
processes and operations constituted the WWTP:

1. Rainwater emergency discharge.
2. Coarse bar screening.
3. Sand and fat combined removal.
4. Anaerobic treatment with two AHF.
5. Trickling filter.
6. Clarifier/precipitation.
7. Effluent recirculation.
8. Secondary sludge pumping.
9. Sludge drying bed.

10. Maturation pond (second phase).

In the secondary settling tank, chemical products for phosphorus and suspended
solids removal by chemical precipitation can be added when necessary. The final
maturation lagoon serves to improve the treatment and reduce nutrients. The addi-
tion of this unit will be made in a second stage, after verifying the real performance
of the new system. Figure 15 presents the flow diagram of this WWTP.

Due to its attractive characteristics, the anaerobic hybrid fixed-bed reactor (AHF)
was selected for upgrading and performing the anaerobic treatment.

The new sewage pipeline (500 mm internal diameter) has a great capacity of
transportation and the flowrate transported to the treatment plant is exceptionally
variable in rainwater time. Table 6 summarizes the measured flowrate.

A very high hourly peak flowrate exists during the rain period and a big weir was
placed at the inlet of the WWTP, to remove excessive flow rate, limiting the
maximum flow to 155 m3/h. The treatment sequence starts with a preliminary
treatment, the screening of the coarser solids, dragged during the rains, which may
harm the WWTP’s structures.

The effluent from the screening goes to a “Parshall” type channel of critical
regime, equipped with continuous measurement and recording instruments of the
flowrate.

Then a combined grid chamber and oil & grease removal tank serves to prevent
the entry of sand transported by rainy water that may clog the anaerobic filter. It also
removes a great quantity of fats, discharged directly and periodically by homemade
cheese producers. The fats can accumulate at the top of the AHF tank, affecting the
performance of the biological community.
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Following the aforementioned preliminary operations, the sewage is directed to
the anaerobic pre-treatment, which is carried out by two AHF working in parallel:
the Imhoff tank, opportunely modified, and the anaerobic tank built ex novo with
similar dimensions. The expected modifications for the existing Imhoff tank concern
the change of the inlet, placed at the bottom of the digestion compartment of this
tank, to create the up-flow movement and operate similarly to a AHF system.

The filling material was made of plastic material, placed randomly on the upper
part of the tanks. On top of the cover of these tanks, plastic membranes collect the
produced biogas, eventually usable in a small electrical energy motor generator for
lighting the WWTP, according to the amount produced.

The effluent from the anaerobic pre-treatment goes to the secondary treatment.
The two existing percolating beds, with 16 m diameter, work in parallel, providing
aerobic degradation. The existing stone beds were the filling medium. The bed of

Table 6 Flowrates

Flowrate Minimum Average Maximum

Average flowrate in raining time (m3/day) 379 898 1,541

Average flowrate in dry time (m3/day) 539 632 815

Peak flowrate (8 h) in rainy time (m3/h) --- 50.95 154.4

Peak flowrate (8 h) in dry time (m3/h) --- 29.6 127.8

Sludge Return

Sludge Return

Trickling Filter

Trickling Filter

Direct Recirculation

clarifier

clarifier

Effluent

Effluent

Anaerobic
Hybrid Filter

Influent

Anaerobic
Hybrid Filter

Fig. 15 Flow diagram of wastewater treatment plant

228 S. E. Di Berardino and M. A. Di Berardino



stones is not as effective as the plastic material but reduces the capital cost invest-
ment. In this case, having an anaerobic pre-treatment that performs a good reduction
of organic matter, the efficiency achievable by the stone bed was considered
sufficient. The percolating filters were provided with a recirculation system to
control the degree of purification.

The effluent from the trickling filters was directed to two sedimentation tanks: one
obtained by cleaning and adapting the existing unit, and the second, working in
parallel with the first one, built ex novo.

The system has a sludge return line, which pumps the secondary sludge into the
anaerobic pre-treatment in order to be digested.

Finally, eight new conventional drying beds proceed to dry the excess digested
sludge from the AHF.

3.2 Objectives

The main objective for the anaerobic pre-treatment was to reduce at least 60% of the
organic load. This improves the effluent quality and reduce the recirculation rate of
the tricking filters. It was presumed that the trickling filters, by receiving a lower
organic load could also perform some nitrification/denitrification. Additional objec-
tives for the project were the reduction of electricity consumption, minimization of
capital investment, and reduction of operation and maintenance costs for wastewater
and sludge treatment/disposal.

The final project goals were to setup a robust, easy to operate, low energy
consumption plant that generated an effluent capable to fulfill at least the lax
standard for discharge in water body. Table 7 lists the parameters for discharge,
fixed by the legislation, for population between 10,000 and 100,000 inhabitants. In
this case, being the population less than the minimum, the observation of the strict
legislation may be not mandatory.

The reactors operate in the psychrophilic temperature range of 14–16�C in winter
(December to March) and 22–24�C in summer (May to July).

This section reports the results of the full-scale operational experience of the
hybrid anaerobic hybrid filter technology over a period of 2 years.

Table 7 Legal discharge
parameters limit parameters
for the WWTP

Parameter Lax legislation Strict legislation

COD 150 125

BOD5 40 25

TSS 60 35

Nt – 15

Pt – 2
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3.3 Full-Scale Performance of the AHF System

3.3.1 Technical Description

After the laboratory experience, two up-flow full-scale anaerobic hybrid fixed-film
reactors (495 m3 capacity and 10 m diameter) were built in a small municipality for
demonstration purposes.

The anaerobic reactors have a cylindrical shape and conical bottom. In the center,
a concentric central chamber receives and distributes the industrial effluent in the
bottom of the reactor. Several pipes placed radially in the bottom provide a good
distribution of the effluent, and promote upward spiral flow. In the tank, the packing
medium is placed in the top and occupies a height of 1.4 m (¼ of the reactor’s
volume). It is constituted by randomly distributed plastic pieces similar to PP
Aquatec trickling filter media FPM-500 (187 mm diameter and 51 mm long).

This media has quite a high specific surface area, high void fraction, large clear
passage diameter, and good resistance to plugging or clogging. It has low-cost per
surface area, offers good mechanical strength, is lightweight, and easy to keep.

The tanks were fabricated in reinforced concrete and formally designed for 24-h
average HRT in dry season, 10-h HRT in wet season, and 6-h HRT in peak
occurrence. The organic load varied between 0.8 and 5.3 kg�COD�m�3 day�1. The
tanks have the following geometric characteristics: 10 m diameter, 4.65 m liquid
height, and a 2 m conical bottom height.

The details of the tank shape are presented in Fig. 16.
The photographs in Figs. 17, 18, and 19 were taken from the final AHF reactor

facilities.

3.3.2 Startup of the System

Startup conditions for the full-scale reactor are quite different than those observed in
laboratory, regarding the operational parameters control. At full scale, uncontrollable
variations of temperature and flowrate determined changes in the reactors’
performance.

Fig. 16 Anaerobic hybrid
filter (AHF) schematic
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At the end of June, the system started-up without using inoculum to take
advantage of the favorable temperature (24�C). Initially, the reactors were
completely filled with sewage and received a progressively higher rate, starting
from 100 m3/day, until the entire flowrate. During the starting period, the reactors

Fig. 17 Photograph of reactor view

Fig. 18 Photograph of tickling filter view
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received a daily variable flowrate from 500 to 1800 m3/day, due to rainwater
infiltration.

The sewage conveyed periodically enormous quantity of oil and grease that
clogged the skimmer, obliging to stop the feed and to manually remove oil and
grease. This problem was frequent until the separator was modified to be able to
laterally slice the grease. After such modification, it was possible to run the plant
continuously.

During the startup period, the physical–chemical parameters were controlled
twice: one at the first month after startup and another at the seventh month, end of
the startup. In the first period (3 months) the recirculation system was not in
operation.

Figures 20 and 21 show the concentrations of COD and TSS of the sewage, at the
exit of the AHF and at the exit of the treatment plant (in the beginning and the end of
the startup). The values are close to the limits defined by the lax legislation.
Figures 22 and 23 show the efficiency of COD and TSS removal.

These values suggest the following:

• The startup was very fast. At the end of the first month the AHF was already in
good operation. The major removal occurred in the AHF (CODr ¼ 52%).

• The trickling filter, without recirculation, obtained low removal rate
(CODr ¼ 23.4%).

• The recirculation system (100% of flowrate) significantly improved the efficiency
of the trickling filter (up to 38.9%).

Fig. 19 Photograph of filling medium
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Fig. 20 Case study AHF
results – COD concentration

Fig. 21 Case study AHF
results – TSS concentration

Fig. 22 Case study AHF
results – COD removal
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• The biodegradability of the effluent after the anaerobic pre-treatment was poor for
the trickling filter, creating biofilm in short time.

• The global COD rate reach 78.1%, an interesting value, but not very high.

The natural bacterial population of the sewage acclimated to the environment of
the tank. The biologic flocs settled and thickened in the bottom and became
anaerobic. After 1 month, a microbial population like Methanothrix sp. grew in
the bottom of the digester. The non-obligate anaerobic bacteria initially present in
the sewage created the necessary environmental conditions for the predominance of
the anaerobes.

The trickling filter shows a low growth rate of the aerobic biofilm. The stones bed
was not covered with the biofilm after 6 months, indicating poor availability of
degradable organics.

3.4 WWTP Performance: Results and Discussion

The gas meters were not assembled on time and no data on gas production were
recorded. After the startup period, the plant was monitored monthly, according to the
environmental legislation. The data available cover a period of 2 years and report the
concentration of the main parameters.

Figure 24 shows the value of COD in the inlet and outlet streams of the
wastewater treatment plant. Due to the rainwater infiltration and cheese making
wastewater, there is a large COD variability of at the inlet. At the outlet, the COD
(excluding some days) shows value that are close or lower than the limits fixed by
legislation.

Fig. 23 Case study AHF
results – TSS removal
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Figure 25 shows the average yearly concentrations of the relevant parameters.
The BOD, COD, and TSS concentrations fulfill the lax legislation. The nutrient
(Nt and Pt) and oil and grease are quite high and need further treatment.

Figure 26 shows the average efficiency of removal of several parameters. The
COD removal rate in the second year was more than 83%, indicating improvements

Fig. 24 WWTP COD concentration on inlet and outlet

Fig. 25 WWTP average concentration of several parameters

Fig. 26 WWTP average efficiency removal of several parameters
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in the performance. The BOD and oil and grease are also high. The removal of
phosphorus is low and insufficient to reach the environmental limits.

The removal of nitrogen reveals an interesting value, possibly due to nitrification/
denitrification, as well as ammonia stripping in the trickling filters. Unfortunately,
these removal rates are not sufficient to satisfy the strict standard.

pH control: During the startup and the monitoring period, the pH of effluent
varied between 7.1 and 8.3, a favorable range of values.

Bacterial acclimatization: The performance of the system reveals very good
bacterial acclimation and formation of flocculent type bacterial population, able to
self-control the internal pH.

Volatile Fatty Acids (VFA): The organic acid in the effluent digester, after the
commissioning period, decreased continuously reaching values lower than 50 mg/L,
which are compatible with the development of Methanothrix sp., the desired bacte-
rial population.

Biogas production: The full-scale reactors produced biogas containing 89%
methane (similar to obtained in the laboratory tests) and 206 ppm of hydrogen
sulfide (H2S).

3.5 Economic Performance

The anaerobic reactor is simple, does not have complex mechanical equipment, and
did not add significant additional operation and maintenance costs in the wastewater
treatment system, performed by the existing staff.

The electricity consumption of the process concerns the recirculation pumping
(1.0 kW) and the pumping of the secondary sludge to the AHF (1.2 kW). The
electricity expenditure in these operations is 30 kWh/day, corresponding to
11,000 kWh/year.

The removal of organic matter using an activated sludge process would require at
least 240 kWh/day for aeration and recirculation, corresponding to about 87,600
kWh/year.

The anaerobic process allowed electricity savings of about 76,600 kWh/year,
corresponding to 114,900 EUR/year, by reducing the energy requirements in com-
parison with an AS system. Based on the above data, the expected payback of the
plant is about 8 years.

3.6 Discussion and Conclusions

The anaerobic hybrid filter proved to be an effective and robust technology, capable
to startup easily, and performing stably even in adverse flowrate conditions at
variable temperatures. The experience confirmed the feasibility of reactor startup
without using any inoculum, avoiding transportation of external sludge.
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The AHF self-adapted to variable concentrations and flow regimes, ensuring high
organic removal efficiency (estimated >58%). It enabled stable operational condi-
tions in the subsequent trickling filter, which worked with very low organic loads.

Full-scale performance of the AHF was lower than the predicted by laboratory
experiments due to the variable temperature and flowrate.

The tricking filter allowed increasing overall efficiency to more than 85%,
fulfilling the parameters established in the lax legislation. The trickling filter
removed about 35–40% of COD, a value lower than expected. The filter does not
receive the easily biodegradable compounds, already degraded in the AHF, not
facilitating the growth of active biofilms.

Otherwise, the trickling filter performed 27–35% of nitrogen removal, an encour-
aging result. The nitrification/denitrification process in the trickling filter can per-
form better by adjusting the recirculation rate. Another possible solution to increase
the efficiency of the trickling filters is to put them working in series instead of
parallel. This improves the performance and removes more nutrients. This layout
changes require some adaptation work but is feasible (Fig. 27).

In conclusion, the obtained performance of the AHF and trickling filter allowed
concentrations of the pollutants (TSS, BOD, COD) from the entire WWTP that meet
the lax environmental limits, and with a small improvement, can reach the strict
legislation. In terms of nutrients, chemical precipitation can remove and recover the
phosphorus. In terms of nitrogen, the trickling filter can be optimized in order to
improve nitrification/denitrification.

The electric energy spent is very low (about 30 kWh/day), corresponding to the
amount necessary to oxidize aerobically the COD unremoved by the anaerobic step.

Sludge Return
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Trickling Filter

Trickling Filter

Direct Recirculation

clarifier
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Fig. 27 Layout of the plan with trickling filters working in series
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Abstract This chapter analyses the impacts of discontinuous pollution sources on
the water quality of receiving water bodies and offers the possibility to solve such
type of water management problem by numerical modelling way. Typical examples
of such pollution sources are the combined sewer overflows (CSOs), but generally
also different types of storm water management in urban areas. There were designed
and performed numerical simulations for four feasible alternatives of storm sewer
management (different mixing ratio, different size of storm tanks) in the town
Banská Bystrica at the Hron River (Slovak republic). The model MIKE11 was
used for numerical simulations of water quality. Results of each modelled
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alternatives were analysed. Simulation was performed in two alternatives – for Qa

and Q355, whereas Qa is the yearly average discharge and Q355 is a discharge, which
exceeded 355 days in a year. Results of the study show practical implications and
impacts on the receiving water body quality depending on the type of the storm water
management.

Keywords Denitrification, Deoxygenation, Deterministic, Nitrification, Quality
simulation, Stochastic

1 Introduction

Water is considered one of the most precious natural resources. Its availability and
quality determine the conditions of the existence of life on the Earth. It is a
component of each living organism and one of the major factors influencing the
biological diversity on the entire planet. The relationship between human and this
natural resource, the ways of using it, methods of water resources management and
the extent of understanding the negative impacts on the environment characterize the
complete approach of mankind in regard to the environment [1].

For this reason, the European Commission (EC), European Parliament (EP) and
the Council of Ministers agreed in 1995 on the necessity of a fundamental reform of
the European water policy [2]. At the beginning of this process, in 1996, a water
policy report of the commission was issued. EC since the beginning has been careful
to ensure that this policy has evolved and formed in an open process involving all
stakeholders. Consequently, during the years 1997 and 1998, a Water Framework
Directive proposal was created, which went through an approval process in the years
1999–2000. It has been adopted as an official document entitled Directive 2000/60/
EC of the European Parliament and the Council of 23 October 2000 establishing a
framework for Community action in the field of water policy [3], later amended by
the EWQSD [4].

In contrast with the previous legislation protecting individual categories of water,
this Directive regulates all the categories of water in Europe. The accepted Directive
formulates the goal to accomplish and maintain a good status of water bodies during
a defined period of time. The criteria defining the good status of groundwater include
requirements related to quantity and quality, whereas the status of the surface water
will be assessed mainly by the ecological quality. A systematic monitoring of the
quantity and quality of water is required as a tool for planning and monitoring the
success of the taken measures [5].

The Directive advocates a combined approach to reduce water pollution by
introducing emission standards, simultaneously sets the immission goals and in
individual cases, it is required to adhere to more rigorous concept. The pollutant
concentrations are defined by subsidiary directives. It is assumed that the hazardous
substances will be eliminated from water using special mechanisms. As before,
water will be protected particularly for drinking purposes.
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The protection of water bodies against their pollution by wastewater has an
extraordinary significance in Slovak Republic (SR). Currently, in this context,
some aspects of the historical evolution of wastewater disposal and liquidation are
causing serious environmental problems. For the design of sewerage networks, large
river basins and generous prognosis for development and population growth were
generally used. Combined sewer overflow structures (CSOs) and storm water tanks
served as simple measures to reduce the runoff especially in cases of overloaded
parts of the sewer network. CSOs located on combined sewer systems were usually
designed to fulfil the mixing ratio criterion, without considering the pollution
concentration. In other words, the traditional approach dwells on the principle to
protect the human from nature. Increased sensitivity to the protection of nature and
dissemination of ecological approaches contributed to different views at the natural
streams and to the introduction of new concepts of draining the cities. Today, new
and opposite opinions and requirements on environmental protection of the nature
from humans prevail.

For this reason, this study is dedicated to the protection of natural streams from
the pollution entering the streams via combined sewer systems. The study investi-
gates the impact of the sewer systems and their structures on the natural streams by
using simulation model of runoff from qualitative and quantitative points of view.

2 Mathematical and Numerical Models

Practically every quantitative and qualitative analysis of a problem can be called a
model. In general, it is the same in the case of hydrologic and hydrodynamic models
simulating, for instance, rainfall-runoff process or changes of water quality in a
catchment.

Generally, models used in hydrology or hydrodynamics are divided into:

• Physical,
• Mathematical.

Both types of models make efforts to simulate the reality by achieving higher or
lower levels of complexity. Physical models emulate the reality while maintaining
the physical principles of modelling similarities such as scale and hydraulic similar-
ity. Instead of that, mathematical models describe the reality – the modelled
phenomenon – through the system of mathematical equations striving to give a
true picture of the phenomenon core by identifying the causes and consequences.
These models are more economic than the physical models and lend themselves to a
widespread utilization in scientific and technical fields. This study is oriented toward
the work with mathematical (numerical and simulation) models.

Mathematical model is a system of equations approximating the reality by
including description of relationships among the individual components of the
modelled phenomenon.
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Numerical model is a numerical representation of the mathematical model, i.e.,
mathematical model solution by the application of numerical methods. Physical
characteristics have the numerical values. Numerical model comprises also algo-
rithms necessary for numerical solution of mathematical relationships defined in
mathematical model.

Simulation model is an application of numerical model in the computer (software
tool). The requirement of simulation model accuracy is always satisfactory only to a
certain extent, i.e., only with a certain error, because the simulation of the phenom-
enon is usually realized by a pre-selected approximation of the reality with respect to
the numerical model and the physical nature of the modelled problem.

From the current point of view, hydrologic and hydrodynamic models should
represent a complex of quantitative and qualitative processes, such as intensity and
the amount of precipitation, rainfall-runoff process in an urban area, flow rates and
water quality as well as complete hydrological and quantitative forecasts, which all
are represented by certain mathematical relations applied in the computer [6].

According to the base of mathematical apparatus, models can be split into:

• linear–nonlinear,
• stochastic–deterministic,
• static–dynamic.

Linear models use linear differential equations. Similarly, nonlinear models use
equations describing reality through nonlinear differential equations.

Stochastic models are based on statistical analysis of a long-term time series of
monitored parameters. They focus on the consequence instead of on the cause of the
phenomenon. Their application is therefore suitable for modelling and generating
long-term prediction, especially in case of phenomenon which is not quite known or
is very complicated. Their drawback is certain limitation of their validity, occasion-
ally complete uselessness, in case of any change in the catchment or modelled
system.

Deterministic model defines and determines the impacts of exact causes (changes
expected in the future; for example, changes of parameters in the catchment). The
majority of existing rainfall–runoff models are deterministic models. Their advan-
tage is the ability to simulate impacts of the changes in the catchment (for example,
land use and land development).

At present time, increasing rate attention is paid to the combined stochastic–
deterministic models.

Static models presume steady state of a phenomenon, i.e., input data and param-
eters do not change with time (usually do not contain members like ∂/∂t, i.e., time
derivatives of parameters). Whereas dynamic models assume unsteady condition,
i.e., the model inputs and outputs vary over time.

Modelled area of hydrologic and hydrodynamic model is a time–space part of
environment area where the simulation of quantity and quality of water is performed.
There are several types of simulations from time point of view:
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• simulation of runoff and quality during short-term events (isolated events such as
strong storms and acute toxic spill emergencies while transporting chemicals),

• simulation of runoff and quality during a long-term period (long-term continuous
simulation; for example, long-term runoff, transport and storage of strongly
contaminated pollutants such as heavy metals and eutrophication),

• simulation of isolated events, extracted from the long-term period (isolated events
selected from the long-term time series observations using certain characteristics,
such as floods, ecological emergencies and low flow conditions).

At the concept level it is necessary to specify the problem as well as to define the
goals, time range of the model and on that basis choose the model, necessary input
data and the means.

From the spatial point of view, the selection of modelling area is a similar task,
since the range of the area of interest should be clear at the conceptual stage. It needs
to be emphasized that the following has to be taken into account while selecting the
modelled area:

• select an area where the initial boundary conditions can be clearly defined
(inflow, outflow, lateral influent streams, amount and quality).

• select an area covered by sufficient geometric data (cross-section profiles, stream
alignment and pathway).

• take into account the flow direction and condition, pollution transport to the
outside, but also into the modelled area.

• select an area where modelled processes will show fully in the spatial and time
scale of the model (e.g., oxygen insufficiency or eutrophication).

• consider whether we have sufficient information about the flow condition in the
stream parts (roughness coefficients), respectively, about kinetics of physical,
chemical and biological processes in the stream (coefficients of dispersion,
reaeration and deoxygenation).

To satisfy the complexity of modelling as well as practical purposes, the model
area is often chosen as an integral part of the catchment.

2.1 Modelling of Quantity and Water Quality of Surface
Streams

Over the last decades, models of water quantity and quality in watercourses have
become an important tool in water management [7]. These models can be used to
solve a lot of water related problems, such as prediction of discharges in streams,
regulation of water resources as well as water quality predictions in open channels
and reservoirs. The advantage of the mathematical simulation modelling dwells in
relatively economic and non-demanding technology in contrast with physical
models. The fact that this kind of simulation models find their place also in cases
where detailed or long-term observations do not exist is a great advantage as well.
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Currently, complex models are being more frequently used for emphasizing a
necessity of an integrated approach in solving tasks associated with water manage-
ment in sub-catchments and basins as a whole.

A wide array of models is offered, but each one is fitting different modelling and
application conditions. So, it is necessary to be careful while selecting the best suited
model as each product has own limitations of application. Simultaneously, another
problem emerges – calibration and data acquisition. Once the model has been
selected appropriately and calibration has been completed, such a tool becomes
irreplaceable for regulating or assessing various specific situations in the catchments
and open channels, rivers and streams.

Hydrodynamic modelling of flow discharges in rivers or a river network is an
essential condition for water quality modelling in them. It is based on the same
principles as the flow modelling in the sewer network. However, there are differ-
ences between the flow modelling in the sewer network and in the river, network
resulting from the different nature of the basin and the hydraulic system of the
riverbeds or sewers. The catchments differ usually in size and hydrologic character-
istics, time of response and dynamics of runoff. River or open channel flow and flow
through sewer network have different hydraulic characteristics. Rivers are usually
described with naturally irregular (non-prismatic) shape of cross-section profiles,
free surface flow conditions (under atmospheric pressure), with the structures placed
in the streams regulating flow and consequently, impacting the hydraulic perfor-
mance of the stream and runoff from catchment.

The goal of water quality modelling is to produce a distribution of water quality
parameters over time and space. They lend themselves to a wide application of water
quality studies and assessments of changes in the stream. Various approaches can be
used for modelling the quality of water in a stream. In case of modelling long-term
predictions, it is advisable to use a stochastic model based on statistical analyses of
long-term observation of time series of monitored water quality indicators. This type
of model is suitable for long-term evaluation of trends in water quality changes, as
well as determination of the probability of occurrence of certain concentrations or
concentration dependence on various parameters (e.g., precipitation, temperature
and flow rate) [8]. Deterministic models instead are being used in cases of modelling
the changes in the catchment (the changes should be well defined) or in cases of
analysing existing conditions. Hydrodynamic approach is useful for prediction of
impact of watercourse flow condition changes. In this case it is necessary to take into
account just hydrodynamic parameters of the watercourse and impact of different
singularities influencing its flow conditions (e.g., weirs, inflows and their type of
inlet, various barriers, etc.).

Nowadays, several complex models of hydrological, hydrodynamic and chemical
processes in surface waters or throughout the basin are available. These complex
models very often contain a hydrological rainfall–runoff sub-model followed by a
water quality model.

They treat a wide array of phenomena influencing the water quality and include
parameters controlling kinetics of the processes. Popular models of this type are
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simulation models QUAL2, MIKE 11 and MIKE 21. These models have the
capacity to model all crucial phenomena occurring in the streams as:

• degradation of organic matter,
• photosynthesis,
• respiration,
• nitrification,
• denitrification,
• oxygen atmosphere exchange,
• sedimentation and resuspension of sediments,
• presence of underwater vegetation,
• circulation of nutrients,
• sorption and desorption of metals.

These models can be used for modelling water quality alterations as a result of
pollutant inflow from point sources and non-point sources as well.

2.2 Methods Used for Evaluating the Effect of Wastewater on
the Receiving Water

The Slovak Republic Legislation currently uses to check and permit the CSO
discharges the emission principle (method), which is based on the so-called mixing
ratio. Alternatively, for large sewer networks, the limited number of CSO events is
allowed [9]. Some methods being in practice abroad are based on a given amount of
CSO volume, eventually a given mass of pollutants as a function of the drainage area
(for example, the amount of CSO total volume in m3 from 1 ha of drainage area per
year, kg of BOD5 for 1 ha per year). One of them is, for example, ATV A 128 [10].

Advantage of the emission method for appraisal and permission of CSO dis-
charge is its simplicity and clarity. Conversely, this approach disregards the recipient
and water quality (neither in the recipient nor in the discharged water).

The second method is the immission method. This method is known from the
foreign literature and also legislation and takes into account CSO discharge and its
impacts on the recipient. Complex British manual UPM [11], German regulations
BWK ([12, 13] or Austrian regulation Regelblatt 19 ÖWAV [14] illustrates exam-
ples of the aforementioned method. The principle of these regulations is complex
monitoring of water quality and documentation of the impacts of wastewater dis-
charge, as well as extensive modelling studies for justified cases.

Fundamental approach while assessing the impact of wastewater requires to
maintain the desiderative water quality in the recipient as a function of its usage
(drinking water, irrigation water, fish protection and recreation purposes) [15]. It is
required that the qualitative indicators of surface water are preserved. This is
expressed through the water status (ecological, chemical). Assessment of chemical
water status is based on monitoring of chemical indicators of surface waters, such as
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oxygen concentration and concentration of ammoniacal pollution (NH3-N). These
parameters may have a significant impact on the general ecological status of the
surface water as they can remarkably impact the biological indicators of the water
quality (for example, occurrence of fish and invertebrate). For that reason, the
so-called IDF (intensity–duration–frequency) curves are often used as ancillary
criteria expressing the surface water pollutant load at the considered concentration
and exposure time for the selected frequency. These IDF curves are then compared
to LCn curves, where n is the degree of organism mortality at a given lethal
concentration (LC). Typical example is comparison of ammoniacal concentration
(NH3-N) dependence on pH and water temperature in the recipient for the values of
LC50 (50% mortality of fish at a given concentration and exposition of pollution).

This approach of assessing the impact of CSO discharge on the recipient assumes
the implementation of the most advanced techniques. It includes an estimate of
impact on the recipient using rainfall–runoff models and models of water quality in
open channels, eventually modelling of processes at a wastewater treatment plant
(WWTP).

This kind of complex approach is often unrealistic, considering the amount of
input data (the data either do not exist or they are unavailable), models prices,
insufficient experience with handling the software and modelling processes and
problems related to the calibration and verification of the model (verification even
of the most trivial model requires a vast amount of field work).

Nevertheless, it is obvious that the demonstration of meeting or not meeting the
required criteria or limits is possible only via direct and continuous field measure-
ment or mathematical modelling. Despite of all difficulties and problems mentioned
above, the immission method of assessment of CSO discharges is applicable.
Question is how to apply it under conditions where mathematical models already
exist, but the necessary data (database) is missing.

3 Case Study Banská Bystrica: Hron River

3.1 Overall Goals of the Study

A case study for the Banská Bystrica town (BB) was prepared to solve the problems
concerning the protection of recipients from an instant release of large quantities of
CSO discharges. The main objective of this study was analysis of the impact of CSO
discharges on the recipient – the Hron River – under different scenarios of storm
events using the guidelines of current engineering practice and the legislation of the
Slovak Republic.

The first part of the study was to set up the simulation model of storm water runoff
from the urbanized area through the sewer system of the Banská Bystrica town. This
model is set up to handle four alternatives of central detention of storm water–mixing
ratio 1:4 and 1:8 and two alternatives of storm water tanks connected with the CSOs.
The runoff was simulated using the rainfall–runoff model MOUSE [16].
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The second part of this study was the creation of the model to simulate the flow
rates and water quality in the Hron River. The model MIKE 11 [17] was used for this
task. Geographically, the Hron River from river kilometre 261.300 (Valkovňa) down
to the mouth (river kilometre 0.000) was modelled, e.g., almost the entire length of
the Hron River with the exception of a short segment at the source.

It is important to mention that for both models, the data necessary for modelling
were insufficient. Therefore, we adopted the missing data from the literature, man-
uals and recommendations of the software author, respectively (DHI), especially
when modelling the water quality in the recipient – the Hron River. For the model we
did not have enough information, for example, about the values of the coefficients of
river bed roughness, but mainly data on the kinetics of physical, chemical and
biological processes in the river (coefficients of dispersion, reaeration and deoxy-
genation). However, the most serious problem is the lack of monitoring data – water
quality indicators in the tributaries of the Hron River (only few of tributaries are
regularly monitored; e.g., the Čierny Hron, the Bystrica, the Slatina and the Sikenica
stream). However, this is a much more complex problem and it ultimately concerns
all Slovak streams.

The third part of the study was a simulation of surge inflow of the pollutant into
the recipient from the sewer network through the CSOs. It was beneficially that both
models come from the same software developer as they are compatible and collab-
orate well. Therefore, it was possible to seamlessly use the outputs from one model
as inputs to the other model, i.e., the result files from the rainfall–runoff model of
modelled urbanized area and calculated flow rates in the sewer network were used as
an input into the water quality model of the Hron River.

For the assessment of point source pollution in the Hron River, two scenarios
were considered. Simulations of long-term discharges (Qa – average annual flow rate
in the Hron River as well as in all of the tributaries) and the discharges approaching
the low flow conditions – 355-day flow rate Q355. First scenario (Qa) uses average
values of pollution indexes. The second alternative (Q355) uses values c90 – 90%
quantiles of the worst-case scenario concentrations of individual indexes of water
quality. The input data was extracted from the Annual Report on Water Quality [18].

3.2 Runoff Modelling from the Urban Catchment
of the Banská Bystrica Town

In this part of the study, the results of previous studies performed on the sewer
network of the Banská Bystrica town were used. They covered the investigation
of the volumes and discharges of extraneous water in the sewer network, analyses of
proposed sewer network project as well as assessment of the General Proposal of
draining the Banská Bystrica town.

The Banská Bystrica town operates a combined sewer system conveying both
storm and sanitary wastewater into one central WWTP located downstream of the
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town and near the Hron River. In the town itself, a combined sewer system is built;
however, some parts of the town are drained by a storm water system discharging the
storm water directly into the recipient (the Hron River or local recipients). The new
town development areas, eventually the municipalities located nearby are drained by
a sanitary sewer system.

The total length of the simulated sewer network (main sewer line, collectors and
the street sewers) is 146.893 km long. The length of the main collector is approx-
imately 10.16 km with the diameter of 1,000–1,800 mm.

As an input for the model of sewer network digitalized maps were used. Digital
map was used as for localization of nodes and segments of the sewer network, as
well as for interactive editing of sewer catchment data (covering partial areas of the
sewer lines) and automatic calculation of the area, runoff coefficients and other
hydrologic parameters. The surface of parts of urbanized areas are described as
impervious (roofs and roads) and pervious (for example, green areas). The impervi-
ous surfaces were defined as closed polygons and they were automatically stored in
the database, as well as the other boundary of sewer network parts – elementary
catchment areas.

The program is checking the data accuracy using the user visual check of the
geographical data and numerical check of the data – minimum and maximum data
limits as well as the logical data check. Automatic check of topology data is also
carried out.

Complete database of the sewer network input was then transferred by a built-in
routine into the simulation model MOUSE [16].

The main data of the simulated sewer network of the Banská Bystrica town are
shown in Table 1.

Table 1 The main data of the simulated sewer network of the Banská Bystrica town

Data item Units Value

Total drainage area of the urban catchment Hectares 1,209.367

Total reduced drainage area of the catchment Hectares 302.68

Average runoff coefficient – 0.25

Number of elementary catchments – 963

Minimum ground elevation (WWTP) Meters above sea level 319.5

Maximum ground elevation Meters above sea level 495.0

Number of inhabitants – 84,919

Number of nodes (manholes) – 1,288

Number of CSOs – 29

Minimum pipe bottom elevation (WWTP) Meters above sea level 318.0

Maximum pipe bottom elevation Meters above sea level 492.90

Number of outfalls from sewer network – 25

Number of sections (pipes) of sewer network – 1,291

Length of sewers Kilometres 146.893

Volume of sewers m3 50,789
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The difference in ground elevations between the centre town and outskirt town
parts is more than 160 m.

The modelling was performed using block rainfalls with constant intensity of
various frequencies and durations from 15 to 180 min.

3.3 Water Quality Modelling in the Receiving Hron River

The goal of this impact study was the assessment of short-term changes in water
quality of the Hron River as a result of a point source pollution from the CSO spills.
For that reason, the study focused on the simulation of the water quality in the Hron
River. Since the detailed information on water quality (daily observations) was
missing, two model scenarios were used, as it was mentioned above, namely:

1. Q355 flow rate; 90% statistically determined quantiles of the worst-case scenario
of concentrations of individual water quality parameters (c90) were attributed to
this flow rate (these values approximately correspond to a summer season,
including temperature).

2. Qa (average annual flow rate); statistically determined yearly averages of indi-
vidual water quality parameters were attributed to this flow rate (temperatures for
this case approximately correspond to the spring and fall seasons).

Average annual concentrations of point source pollutants were considered for all
tributaries (Fig. 1).

Geographically, we focused on the reach of the Hron River beginning at the river
km 261.000 (profile Valkovňa) down to the river mouth (river km 0.000). This
modelled area can be defined by initial and boundary conditions (inflow, outflow,
lateral tributaries and water quality data). Geometric data such as cross-sections

Fig. 1 Modelled area of the Hron river
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profiles and longitudinal profiles of this area were also available. The modelled part
of the Hron river covers almost the whole river, so the modelled processes are clearly
visible over the time and space scale of the model (for example, oxygen regime of
the river).

Besides the geometric characteristics of the river (topology), the initial and
boundary conditions had to be defined as they determine the model results and its
behaviour. Correctly defined initial and boundary conditions (geometry and topol-
ogy) and correctly calibrated model are able to simulate the modelled system
behaviour under various conditions (by changing the initial and boundary condi-
tions); for example, under increased flow rates or pollution loads. Therefore, the
initial and boundary conditions are often taken into account in the literature as a kind
of “input data”.

Initial conditions are defined as conditions at the beginning of the calculation of
the modelling system; e.g., at the time t¼ 0. Model allows using the zero value of the
flow rate using as initial condition, but this value created some problems during
simulations. Therefore, the constant flow rate was entered into the model as an initial
condition, which was approximately equal to the inflow into the modelled area. The
initial instability and fluctuation of the computed values were removed by this way.

Mathematically, the calculation is impossible without defining the boundary
conditions at the modelled area boundary. For the beginnings of the main river, as
well as for all the tributary sections, the boundary condition represents the entrance
to the modelled area. Therefore, at the beginning of the modelled area, the river km
261.300, the hydraulic boundary condition was Q355 and Qa, the values we entered
for both alternatives mentioned before. The second boundary condition at this point,
the water level, was computed by the model automatically using the Manning’s
equation for steady uniform flow [19].

Since the goal of this study was the modelling of water quality as well, it was
necessary to provide the initial concentrations of pollutants entering the modelled
area. A definition was needed for each state variable that is considered in the quality
model for simulation. We used the c90 values. Data were entered on the basis of the
water quality monitoring at the cross-section profile Valkovňa (river km 261.300).

Other necessary input data for the model includes all lateral inflows (tributaries)
into the modelled area – flow rates, as well the water quality parameters. The model
encompasses data from approximately 130 tributaries of the Hron River with the
flow rate bigger than 0.1 m3.s-1 (100 l.s–1). The flow rates were determined from the
hydrological monitoring data, the missing data were estimated utilizing the hydro-
logic catchment balance.

The determination of the qualitative parameters of the Hron River tributaries was
a much more difficult task. The qualitative parameters monitored at given locations
published in the Annual Report on water quality [18] were used, the remaining data
were determined from the water quality balance of the Hron River. The pollution
data from municipal and industrial WWTPs, as well as all other pollution point
sources (domestic, industrial, agricultural sectors) were also required.
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At this point it is appropriate to mention that our model did not take into account
the infiltration (nor exfiltration) of groundwater into or from the Hron River, which
may affect the water quality and quantity in the river immensely.

The downstream border of the modelled area (x ¼ L, river km 0.000) requires the
definition of the boundary conditions as well. Our model defines the lower boundary
condition by a constant water level. At this location, the water quality parameters
were needed, too. These concentrations are unknown and from the user point of
view, actually represent the result of the simulation. Therefore, this boundary
condition is defined as an “open boundary condition”, based on the mass balance
and assumption of steady concentration in the downstream boundary of the
modelled area.

Hydrodynamic module is a fundamental computational block necessary to run
other computational modules. The module simulates unsteady flow in the rivers and
their mouths using the method of finite elements following an implicit computational
scheme. The simulation was not using any simplified simulation assumptions and
the complete dynamic equation was used, e.g., unsteady non-uniform flow was
simulated.

The river bed horizontal alignment was defined in the graphical editor of the
model MIKE 11 [17]. Digitalized maps at a scale 1:50,000 [20] served as a
background map layer. All singularities of the stream bed, such as tributaries, lateral
and other inflow and outflow points, eventually other structures built in the river,
were also identified. The tributaries, entered only schematically, were modelled on
the length of approximately 500 m. All lateral inflows were connected to the main
branch of the Hron River. By this way, the model topology was established.

Stationing of the river bed was adopted from the water resources map 1:50,000
[21]. The model allows the user to directly specify the river at individual points. The
stationing of the intermediate locations was computed through automatic interpola-
tion between the stationed points.

Cross-section profiles at given computational points were coded using a set of
coordinates (width, depth and the water surface elevation). Information from the
study byMišík [22], in which cross-section profiles as well as longitudinal alignment
of the Hron River are generalized, was used. Intermediate points were interpolated
by the model in between two neighbouring cross-section profiles. These data are
used to compute the bottom slope of individual modelled sections.

The input into the model covered also other hydrodynamic parameters, such as
hydraulic resistance of the river bed, e.g., coefficients of roughness. The values by
Mišík [22] were used again. The remaining input data were either not specified
(effect of wind, hydraulic resistance of the floodplain bottom, etc.) or set at the
values recommended by the software manual (weight and relaxation coefficients,
convergence factors and number of iterations) or by literature [23].

The model was calibrated based on quantitative and qualitative monitoring values
of the Hron River. For the model calibration, we changed the flow rates, coefficients
and parameters of the model to achieve the best match between model results and
monitored values. As mentioned above, the calibration was performed for two
alternatives: low flow conditions Q355 with the corresponding values of pollution
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concentration (c355, eventually c90) and for the annual average flow rate Qa with the
concentrations being consistent with the average pollution concentrations (ca).

3.4 CSO Spills Modelling

For simulation of the runoff (CSO spills) the model MOUSE [16] was used. The
original intention of the whole modelling study was to use a real 28-year series of
rainfall data from the station Sliač, but the necessary time for modelling exceeded
our possibilities. Instead, we reached out to a substitute solution – we used statistical
block rains (constant intensity) with the probability of 0.033, 0.1, 0.2, 0.5, 1.0, 5.0
and duration of 15, 30, 60 and 180 min.

For the runoff simulation from the catchment of the Banská Bystrica town
through the sewer network, we used the following sewer network set-up scenarios:

1. Dilution (mixing) ratio 1:4 (minimum according to the Slovak Republic
legislation).

2. Dilution (mixing) ratio 1:8 (maximum according to the Slovak Republic
legislation).

3. Rain tank to store CSO discharges at frequency p ¼ 0.5.
4. Rain tank to store CSO discharges of the frequency p ¼ 5.

Selection of individual scenarios followed the current legislation of the Slovak
Republic, namely the Government Regulation No. 296/2005 Col. [9], completed by
the government regulation No. 167/2015 Col. [24]. These regulations are addressing
the whole problematic of wastewater discharge in a complex way; therefore, the
requirements for discharges of wastewater from CSOs into surface waters are also
included in the Regulation.

The fundamental criterion for wastewater discharge from CSOs is defined as a
ratio between the wastewater average daily flow discharge and the storm water
runoff. As a basic, mixing ratio was selected 1:4. The State authority has the
power to set the mixing ratio up to 1:8, especially in the regions with highly
protected surface waters. For large sewer networks with numerous CSO structures,
it is required to limit the number of CSO events; they should not exceed 15 events,
while the travel time (concentration time) is equal or larger than 15 min and 20 events
if the travel time is shorter [9]. The goal is to transport part of the wastewater
according to the mixing ratio to the WWTP and treat it at the primary stage of the
WWTP (pre-treatment) prior to entering the receiving water ([25, 26]. In cases when
the capacity of the mechanical treatment at the WWTP is lower than the discharge
flowing into the WWTP during the storm event, it is necessary to construct a storm
water tank (connected with the CSO prior to the WWTP) to control the flow rate
entering the WWTP.

In the first and second alternative we did not simulate the accumulation of
wastewater in the storm water tank. The CSO structures at the ratio 1:4 (1:8,
respectively) were considered only. The model is schematically shown in Fig. 2.
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Alternative 3 and 4 simulate storm water tanks located on the sewer network, with
pumping of water from the storm tanks back into the sewer system. Because of large
number of CSOs we have made some simplification. The CSOs on the territory of
the town were clustered into three areas. Fictitious storm water tank was introduced
into each of these areas. Their spillways directed the flow into one of the Hron River

WWTP

CSO at WWTP

Mechanical treatement

CSO after mechanical 
treatment

Biological treatment

Rakytovský Creek

CSOCatchment C3

CSOCatchment C2

Radvanský Creek

Bystrica Creek

CSOCatchment C1

Fig. 2 Hydraulic scheme of the WWTP, the Banská Bystrica town (alternative 1 and 2)
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tributaries (the Bystrica stream, Radvanský Creek and Rakytovský Creek). These
local streams are quite deteriorated by the CSO spills and should be restored by the
spill’s reduction [27].

The storm water tank was also placed at the WWTP inflow, Fig. 3.
The size of the storm water tanks was designed to handle the maximal volume of

the block storm event of the probability p¼ 0.5 (alternative 3), respectively, p¼ 5.0
(alternative 4); in other words, to catch almost the entire volume of the block storm
water event. The volumes of these tanks are summarized in Table 2. At the first sight,

WWTP

CSO at WWTP

Mechanical treatment

CSO after mechanical 
treatment

Biological treatment

Emergency 
overflow

Pumping

Stormwater 
Detention tank

Rakytovský Creek

Stormwater 
Detention tank

CSOCatchment C3

Pumping

Emergency 
overflow

Stormwater 
Detention tank

Catchment C2

Pumping Emergency 
overflow

Radvanský Creek

Bystrica Creek

Stormwater 
Detention tank

CSOCatchment C1

Pumping Emergency 
overflow

CSO

Fig. 3 Hydraulic scheme of the WWTP, the Banská Bystrica town (alternative 3 and 4)
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the volumes seem to be large, but it is necessary to realize that each of these fictitious
subareas covers several CSO structures, e.g., the total fictitious volume is distributed
over the entire number of the CSOs. The outflow from the storm water tanks is
designed to empty the tanks within maximum 8 h after they are filled.

For the quality of CSO, water results from an extensive research performed in
Slovak Republic during the years 1996–1999 [28] were used.

Table 3 illustrates the CSO spill wastewater quality parameters. The concentra-
tion of relevant parameters of wastewater quality during CSO spill event was set
constant. Specific parameters of the pollution, used as an input for water quality
modelling in the Hron River, are shown in Table 4.

Table 2 Volumes of the storm water tanks, alternative 3 and 4

Drainage
catchment CSO location Recipient

Volume of
storm water tank
for p ¼ 0.5

Pumped
discharge

Volume of
storm water tank
for p ¼ 5.0

Pumped
discharge

C1 CSO located
on the sewer
system

Bystrica
creek

10,270 m3 0.4 m3 s–1 4,250 m3 0.1 m3 s–1

C2 CSO located
on the sewer
system

Radvanský
creek

10,800 m3 0.4 m3.s-1 4,870 m3 0.2 m3.s�1

C3 CSO located
on the sewer
system

Rakytovský
creek

41,150 m3 1.4 m3 s–1 18,000 m3 0.6 m3.s�1

C4 CSO located
at the WWTP
inflow

Hron River 14,200 m3 0.5 m3 s–1 4,740 m3 0.2 m3 s–1

Table 3 Average concentrations of pollution parameters in CSO water [28]

Parameter
Average concentration
(mg.l�1) Parameter

Average concentration
(mg.l�1)

NLs 430 NEL 3.97

COD 445 Zn 0.57

BOD5 175 Cd <0.02

Ntotal 16.8 Pb <0.20

NH4-N 6.21 Cu <0.50

NO3-N 1.28 Cr <0.20

NO2-N 0.10 Ni <0.10

Ptotal 2.63 As (µg.1�1) 3.0

PO4 0.63 Coli Bacteria (CFU.m1�1) 1.3 � 105
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4 Results

4.1 Results of Water Quality Simulation in the Hron River

4.1.1 Results of Hydrodynamic Modelling

The results of hydrodynamic modelling of the Hron River were represented by
hydraulic values of the water depths, flow rates and velocities over time and river
length. The model results can be arranged into tables or graphs showing the value of
the variables along the river at a given time (longitudinal reach of the river) or as time
dependant variables at given points of the modelled area (hydrographs).

Figure 4 illustrates a sample of graphical output of hydrodynamic model. The left
side axis shows the ground elevations in metres above the sea. The graph also shows
a simplified longitudinal slope of the river; the main points along the river and urban
settlements are also indicated. Longitudinal axis shows the river station in metres,
equal to the river km. The right-side axis shows the flow rates.

4.1.2 Results of Water Quality Modelling

The results of water quality simulation are represented by a concentration distribu-
tion over time and river lengths. These variables can be arranged again into tables or
graphs as the water quality parameters distribution over the length of river at given
times (longitudinal profile) or into a time distribution curve of the water quality
parameter at given points of the area (pollutograph).

The samples of graphical outputs of water quality modelling are shown in the
following part of the text. The left side axis shows again the ground elevations while
the longitudinal axis displays the river station in metres. The right-side axis shows
the values of concentrations in mg.l�1 and temperature in �C. The simulated
parameters of water quality were biological oxygen demand over 5 days (BOD5),
dissolved oxygen (DO), temperature, ammonium nitrogen (NH4-N), nitrate nitrogen
(NO3-N) and phosphorus (P) in two forms: dissolved phosphorus (Pdiss) and partic-
ulate phosphorus (Ppart) (see Figs. 5, 6, 7, 8 and 9).

Table 4 Concentrations of pollution parameters used in the water quality model

Parameter DO TEMP BOD NH4-N Ppart Pdiss NO3-N

Outflow from CSO (mg l�1) 8 20�C 175 6 1.3 1.3 1.28

CSO located after primary treatment
(mg l�1)

5 20�C 120 4 1.3 1.3 1.28

Outflow from WWTP (mg l�1) 2 18�C 15 2 1 1 5

Note: DO dissolved oxygen, TEMP water temperature, BOD biological oxygen demand, NH4-N
ammonium nitrogen, Ppart particulate phosphorus, Pdiss dissolved phosphorus, NO3-N nitrate
nitrogen
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Fig. 4 Flow rates in the modelled reach of the Hron River at the average annual flow rate (Qa, red
line) and at the 355-day flow rate (Q355, blue line)
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Fig. 5 Graph of simulated concentration of the dissolved oxygen along the modelled reach of the
Hron River at the average annual flow rate Qa (blue line) and 355-day flow rate (red line) Q355
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Fig. 6 Graph of simulated temperature in the modelled reach of the Hron River at the average
annual flow rate Qa (blue line) and 355-day flow rate Q355 (red line)
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Fig. 7 Graph of simulated concentration of the ammonia nitrogen NH4-N in the modelled reach of
the Hron River at the average annual flow rate Qa (blue line) and 355-day flow rate (red line) Q355
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Fig. 8 Graph of simulated concentrations of the BOD5 in the modelled reach of the Hron River at
the average annual flow rate Qa (blue line) and 355-day flow rate Q355 (red line)
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Fig. 9 Graph of simulated concentrations of the dissolved phosphorus in the modelled reach of the
Hron River at the average annual flow rate Qa (blue line) and 355-day flow rate Q355 (red line)
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4.2 Results of Modelling of the Impact of CSO Discharge
on the Recipient

The results of simulations of water quality in the Hron River at the short-term event
including CSO discharge for individual cases (duration, storm periodicity of occur-
rence, qualitative and qualitative conditions in the recipient) are illustrated in graphs
in the form of the intensity–duration–frequency (IDF) curves of concentration of
dissolved oxygen, BOD5 and NH4-N in a Hron river profile close downstream to the
city of Banská Bystrica (see Figs. 10, 11, and 12). As shown on the figures, the
specific CSO event causes only slight oxygen concentration depletion, which does
not endanger the river biocenosis. This is only the immediate oxygen depletion, the
delayed oxygen effect takes place further downstream and its impact is reduced by
dilution, dispersive processes and reaeration. The ammonium nitrogen (NH4-N)
concentration increases approximately eight times, the BOD5 concentration approx-
imately four times. This represents an extreme case, caused by short rainfall duration
(15 min) and consecutive rainfall intensity (191 l.sec�1.ha�1), as well by the storm
periodicity of occurrence ( p¼ 0.1, i.e., once in 10 years). For longer storms duration
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and higher periodicity of occurrence are the impacts (pollutant concentrations)
smaller.

To complete the results overview, the longitudinal profiles including the water
quality parameters, dissolved oxygen (DO) and the biochemical oxygen demand
BOD5 in the Hron River are shown in Figs. 13 and 14.
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5 Discussion

Comparison of simulation results with the values monitored by Slovak Hydromete-
orological Institute (SHMU) in the years 1999–2009 [18] at the control points
showed some discrepancies between these two sets of data. This inconsistency can
be explained by the simplifications we used in the simulation, respectively, lack of
input data, which had to be replaced by approximate values. The impact of
neglecting the non-point source pollution is also an important factor, as certain
reaches of the Hron River may be significantly affected by the non-point source
pollution. Conversely, this approach enables us to quantify the effect of the
non-point source pollution of the total pollution of the Hron River.

Another factor affecting the results is certainly the absence of full model calibra-
tion, especially regarding the dispersion coefficients ([29, 30] and coefficients
determining the kinetics of biochemical processes in the river. As we found out
during the simulation works, the other parameters also have a high significance [31];
e.g., sedimentation velocity of suspended solids, eventually the critical velocity
(velocity lower than critical initiates sedimentation, higher velocity causes
resuspension of bottom noncohesive sediments).

The largest source of errors is however the fact that out of 130 tributaries entered
into the model as an inflow into the modelled area, only 4 were regularly monitored
for the water quality parameters (the Čierny Hron stream, the Bystrica stream, the
Slatina and the Sikenica stream).

If we expressed this ratio according to the flow rates, only about 30% of the
inflow volume from tributaries in the system were monitored. For all other small
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streams, we only provided qualitative data so that the concentration in these streams
was approximately 1/3 lower than the concentration in the Hron River at the point of
their entry to the Hron River. We assumed that the residual approximately 1/3 of the
pollution would reach the stream by point sources of pollution. Generally, our
modelling confirmed that this assumption is acceptable. Some locations, primarily
the upstream branches of the Hron River, show large deviations from this assump-
tion. Small tributaries of the Hron River may be relatively clean streams draining the
mountainous areas, at the same time they may carry large amount of pollution
specially if they flow through the municipalities without existence of sewer systems.
Other sources of pollution can be, e.g., direct sewage discharges, groundwater
contaminated through leaking septic and industrial and mining activities [32].

An interesting question is the probability of the occurrence of CSO discharges in
relation to the recipient. It is obvious the impacts of CSO discharges on the recipient
significantly depend on the flow rate and water quality in the recipient during the
CSO process and also on various factors affecting, for example, the kinetics of self-
cleaning ability of the recipient.

Therefore, an analysis of the probability of occurrence of CSO discharge from the
sewer network in relationship to the flow rates in the river has to be performed; in
other words, the following question has to be answered: are there CSO discharges
into the river under low flow conditions? If so, what is the probability of such event?
In the model approach of assessing the impact of CSO, we encounter the problem of
the probability of multiple occurrences at the same time. We have to take into
account four factors:

1. the CSO discharge (flow rate),
2. the quality of CSO discharge,
3. the discharge (flow rate) in the recipient,
4. the water quality in the recipient.

Obviously, the results of this probability analysis are not valid generally, but only
in the particular (analysed) catchment.

Basic analysis of the rainfall–runoff relationship in the catchment under this study
is shown in Fig. 15. As relevant rainfall, we regarded the rain with duration of 20 min
and with the intensity larger than 0.1 mm.min�1. We performed a variety of analyses
using different rainfall intensities and durations; however, the results were almost
identical. For that reason, in this study we focused on this specific case.

We assume that rainfall with the intensity larger than 0.1 mm.min�1 causes a
CSO event (outflow from the CSO structure) in the Banská Bystrica sewer network.
As it is obvious from Fig. 15, majority of such events initiating the CSO discharge
occur between the months of June to September, statistically (except June) a season
of under average flows.

Another task was to investigate the relationship between storm occurrence (storm
causing CSO event) and the flow rate in the recipient. The correlation coefficient for
our case is very low: it means that the relationship between these phenomena is not
significant, e.g., the CSO flow rate (at the 20-min rainfall intensity) is not statistically
correlated with the flow rate in the receiving water (Fig. 16).
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Another investigated relationship was the flow rate in the recipient versus number
of storm events initiating CSO (we assume again storm events with the intensity
larger than 0.1 mm.min�1). The number of storms occurring at certain flow rate in
the recipient, defined as N-th day flow rate, is illustrated in Fig. 17.

As shown in the graph, it is evident that the most frequent case is CSO discharge
into the recipient nearing the average annual flow (approximately 180-day flow),
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eventually the flow rate somewhat lower (Q270). In case we wish to use, for example,
90% quantile of probability of higher than CSO discharge up to certain flow,
according to the data used to generate this graph such flow rate is equal to
Q ¼ 9.28 m3 s�1. That corresponds to the range from 270-day to 330-day flow
rate (Q270 ¼ 10.63 m3 s�1, Q330 ¼ 7.8 m3 s�1).

The next question pertains to the concentrations of pollutants in the recipient as a
function of flow rates, e.g., whether the combination of the concentrations and the
low flow conditions represent the worst-case scenario of water quality. It is clear that
there is no universal answer to this question, the results are valid also for the
analysed area only. General experience usually shows either none or very low
correlation between the flow rate and particular concentration values of water quality
parameters. Also, the behaviour of the particular water quality parameters cannot be
generalized – it varies at different sites and is also depending on the portion of the
point and non-point sources [33]. It has to be noted that there is a lack of input data
for a detailed analysis of this problem in the study area.

6 Conclusions

This chapter deals with the possibilities and limits of numerical simulation model
applications for the storm water management in urban catchments. The modelled
approach analyses the impacts of the combined sewer overflows (CSOs) on the
receiving water body (recipient – the Hron River). The chapter gives basic knowl-
edge state regarding this topic and aspect of water body management and also results
of one practical application of that as a case study.
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The first step of the case study was modelling the storm water runoff from the
Banská Bystrica town by its sewer network and simulation of CSO overflows to
the Hron River (with the model MOUSE). The second step was the simulation of the
water quality in the Hron River with the model MIKE 11. For the simulation of the
water quality, the following processes were simulated: reaeration, degradation of
organic substances – oxygen depletion, nitrification and denitrification.

The last step and the goal of this study was to evaluate the outflow of discharged
water from the CSO structures in the Banská Bystrica town and its impacts on the
receiving water – the Hron River, using both previous models, described in first and
second steps. The block rainfalls with the various periodicity and duration were
used. We simulated 4 alternatives of the storm water management (according to the
SK legislation):

1. Dilution ratio (mixing) with the ratio of 1:4 (minimum required according to the
SK legislation).

2. Dilution ratio (mixing) with the ratio of 1:8 (maximum required according to the
SK legislation).

3. Storm tank with the volume for accumulation of discharged storm volume with
the periodicity p ¼ 0.5.

4. Storm tank with the volume for accumulation of discharged storm volume with
the periodicity p ¼ 5.

We also took into account the quality of wastewater discharged from CSO
structures. When the CSO was placed in the WWTP we took into account that
some of the pollution will be removed due to the mechanical pre-treatment.

Simulations in two river discharge alternatives were carried out in order to
evaluate the impacts of the point sources of pollution on the modelled reach of the
Hron river: the yearly average flow rate (Qa – for the Hron river and also for all
tributaries) and for flow rates, which are close to the minimal flows – for the
355-days flow rate – Q355. In the first of the alternatives (Qa) we used average
pollution concentrations to simulate the water quality; in the second alternative
(Q355) we used for the simulation the value c90 (90% distribution percentile of the
most unfavourable value of concentration).

Simulation results of the water quality are presented by the IDF (intensity–
duration–frequency) lines of concentration of the dissolved oxygen concentration,
BOD5 and NH4-N concentration for all simulated alternatives of storm water
management.

The simulation results show that the discharging of sewage water through CSO
structures represents a relatively short-term, but significant stress on the recipient. It
is necessary to mention that the catchment of the Banská Bystrica town is relatively
specific one – it has a relatively big slopes and a large amount of CSO structures,
which means that the large volumes of the sewage water get very fast to the recipient
through the CSO structures (very small retention capacity of the system, a total
absence of accumulation structures in the system). This causes up to 30-fold increase
in the concentrations of pollutants in the recipient in critical cases (see subchapter
“Results”).
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Comparing results from individual alternatives of storm water management, the
following facts can be stated:

1. In case of short-term intensive rain events the size of the mixing ratio has
practically no effect on the quality of water in the recipient,

2. In spite of many doubts and problems, the most effective method of regulation is
the construction of storm tanks, even with relatively small specific volume.

Ad 1. The investigated scenarios represent the minimum and maximum require-
ments of the actual Slovak Legislation. The short storm events with low frequency
occurrence do not significantly differ in the impact on the water quality in the
recipient. The difference increases in the case of the long-term storm event, respec-
tively, at the higher frequency of the block rainfall used for simulation. At the same
time the higher mixing ratio lowers the frequency of CSO events and discharges into
the recipient. That may play a significant role in some cases [34].

Ad 2. This conclusion is not surprising, the obtained results were expected.
Despite, we show them as they visibly demonstrate the impact of storm water
tanks on the water quality of the recipient. The concentrations of pollutants in the
recipient reach three to four times lower values (scenario 3) compared to the
scenarios without the storm water tanks.

Modelling of the water quality in the recipient, we have come to the conclusion
that the pollution concentration in the Hron River does not decrease only by the self-
cleaning ability of the river, but also in a high degree of probability by the hydrology
aspects and the river hydraulics, where the dilution, mixing and dispersion processes
are very important. For example, after a CSO event, due to the lateral inflows of the
Hron River, flow rate in the river doubles within a few hours (from the cross-section
profile Sliač to the cross-section profile Žarnovica); due to this fact the pollution
concentration decreases by half. This fact has a significant effect on the modelling of
the concentration of dissolved oxygen, when water with a relatively high oxygen
concentration flows in the Hron River from the tributaries (mountain areas, big slope
of inflows), which improves the oxygen balance of the Hron River after the CSO
event. This situation is relatively specific, even though it is possible to expect it on a
large number of rivers and streams in Slovakia.

7 Future Aspects

Despite many problems concerning relevant model inputs and other problems with
simulation models application in real condition, the results of this case study show
that complex modelling approach can be very useful for solution of water quality
problems in streams (recipients) and can be also very helpful in evaluation of various
strategies and management practices of the water quality improvement. The future
research in this field should be focused on the impacts of the climate change on the
operation of existing CSO structures, their hydraulic regime, as well as on the green/
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grey urban infrastructure measures and quantification of their impact on the CSO
spills reduction.
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Abstract Owing to the importance of water and increasing water crises, wastewater
analysis has become extremely important. For water to be usable, there are certain
physical, chemical and biological criteria which need to be fulfilled, such as the
concentration of elements for drinking as well as for agricultural purposes. Quality
of water is affected by natural and human interferences and the major factor is
pollution created by human. The wastewater from the population if handled and
treated with care should be able to promote the sustainable use of water and make the
water available for our upcoming generations. Countries are stressing on water
management and have certain specifications for the water being potable. The
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water–energy nexus describes the relationship between water and energy wherein
wastewater can act as a reservoir of renewable energy leading a way towards
sustainability. This chapter elaborates the energy–water nexus, strategies towards
wastewater remediation and the technological interventions in wastewater applica-
tion for irrigation.

Keywords Pollution, Remediation, Sustainability, Wastewater management,
Water–Energy Nexus

1 Introduction

Water, energy and food are inextricably linked and considered the basic resources
for the development of social economy and maintenance of life. Freshwater
resources are largely used by agriculture which serves as the backbone of food
security. Energy security is influenced by this use of freshwater resources [1].
Globally, 90% of freshwater and 30% of energy is consumed for food production
[2]. Challenges are being imposed due to the increasing population. There would be
a 50% increase by the year 2050 in the urban population of most developing
countries, according to estimates made by UNICEF [3]. It is estimated that there
will be a 50% increase in the demand for food, 40% increase in demand for energy
and 30% increase in demand for water by 2030, leading to water shortage [4]. The
primary demands for energy of the world will increase by 40% by the year 2035 as
compared to 2010 [5].

A great amount of pressure will be added to the limited resources such as water,
energy, food, etc., due to rapid growth in the population, urbanization and economic
development. The growing demand is increasing the water crisis and will continue to
make it worse due to the increase in pollution and climate change resulting in
differentiating weather conditions that increase the occurrence of floods, droughts
and natural disasters [6].

The two key components for sustainable development under the United Nations
Sustainable Development Goals are water and energy [7]. Water and energy are
considered interlinked. The water–energy nexus describes the relationship between
energy and water in terms of the amount of water needed in the generation and
transmission of energy, and the amount of energy needed for the collection,
cleaning, transport, storage, disposal and treatment of water. Water–energy nexus
has importance in literature in terms of strategic policymaking and sustainability
planning for the future [8]. Climate change severely affects the water–energy nexus
[9, 10].

Water is required for fuel production, extraction and refining. It is the main
component in a hydropower plant and is also needed in thermo electrical cooling.
It is also used in refineries and in the production of biofuels via the treatment of
wastewater. Energy is required in every step on processing and treatment of water.
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Energy is needed in the storage, remediation, harvesting, disposal and treatment of
water. The treatment of wastewater shows the water–energy nexus in every step.
Wastewater is a major resource which is not being exploited to its full potential.
Wastewater treatment by-products like the produced sludge can not only be used as a
manure, it can also be used in the production of energy. At each step, the treatment of
wastewater leads to the production of several important resources as by-products
which have several uses such as animal feed, food, manure, soil conditioners,
biofuels, etc. (Fig. 1). Most importantly, the final end product of the wastewater
treatment plant is clean water. New developments in technology have made the
treatment of wastewater more efficient, making use of crop plants and other plant
species (several aquatic plant species) for the treatment of water. The wastewater
treatment using plant species is of varied types, each making use of different plant
species. These help in a dual manner, treatment of wastewater and the plants
receiving nutrition and irrigation. The water that is obtained after the treatment
that uses plant species is almost a clean as drinking water [11, 12]. The irrigation
using treated wastewater does not pose much risk to the health of any living
organism. The use of wastewater for irrigation purposes is a necessity to meet the
needs of the growing population.

2 Water–Energy Nexus

A nexus, according to the Merriam Webster dictionary is a connection or a link. At a
fundamental level, energy and water are thought to be linked. Basic level energy
generation requires water in its process and the transportation and treatment of water
require energy. Water and energy are linked at every step of the way. Water is
needed for the generation and transmission of energy and energy is needed in every
step of processing water. There is common flow from the source of primary energy
and water, the environment and the users’ end.

There are several links between electricity and water which can be classified into
three categories

(a) Production Links

Fig. 1 Water–energy nexus
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The production category includes those functions that are linked to the
environment, like production (primary and secondary), desalination and bulk
water supply.

(b) Transportation Links
Water and wastewater collection, conveyance, extraction, distribution and

transfer and electricity transmission and distribution are included in the trans-
portation category.

(c) Consumption Links
The consumption category includes those functions linked to the end-users

such as wastewater treatment and sale of electricity and water.

Links can occur across the three categories and are assigned to the various
categories depending on the category receiving the electricity or water. For instance,
in the case of a thermal power station, the water that is recycled (serves as the
Consumption link) is used in the cooling of the power station (serves as Production
link).

2.1 Dimensions of Water–Energy Nexus

The water–energy nexus is multidimensional, with the dimensions influencing each
other, often antagonistically. The dimensions can be classified as shown in Fig. 2.

Dimensions of 
Water- Energy 

Nexus

Environmental 
Dimension

Technological 
Dimension

Social 
Dimension

Poli  
Dimension

Economic 
Dimension

Fig. 2 Dimensions of water–energy nexus
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2.1.1 Environmental Dimension

The environment is considered the start point as the environment is the source of all
water and primary energy and the environmental dimension is the backdrop for
many other dimensions.

Climate change is the first environmental dimension, which is being rapidly
increased due to the emission of greenhouse gases by human activities. One of the
biggest climate change causes is fossil fuel burning. There is the uncertainty created
regarding the supplies of water in the future. This has implications on the water–
energy security in the long run. The climate change mitigation policies may also
increase the impact on the water for generating electricity.

The second environmental dimension is drought which has led to the focus on the
water–energy nexus in the recent past. The water and energy industries are using
several methods to tackle drought conditions, including sourcing alternative supplies
of water, installing technologies of wastewater treatment that are advanced for
recycling of water, constructing desalination plants, investing in reduced water
consumption technologies. However, the consumption of electricity may be
increased inevitably by some of these measures.

Policies created to protect the environment could also cause water–energy imbal-
ances at other places, such as the stricter policies to improve ecosystem health
require an improvement in the treatment of the discharged effluent from wastewater
treatment plants. This would require more energy requiring treatment technologies,
thereby increasing the energy cost. However, if these policies are absent, serious
impacts on the environment would occur.

2.1.2 Technological Dimension

The physical links between electricity and water are described in the technological
dimension. Different amounts of water are used, and different amounts of carbon are
emitted by electricity generation technologies and alternative energy sources. More
and more electricity is needed in the water industry as the water treatment processes
such as water recycling, water transfer, desalination and groundwater extraction
technologies are becoming more energy-intensive.

2.1.3 Economic Dimension

Reforms in the water and electricity industry have drawn a lot of attention towards
the economic dimension. Reforms in the ownership, competitive segment, monop-
oly segment, pricing policies, etc., have drawn attention to the economic dimension
of the water–energy nexus. The retail pricing of electricity and water has made it
present in the consumption category. The subsidies and tariff structures of pricing
have caused a perception in the minds of the people that water and electricity are
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cheap, causing overexploitation and thereby having detrimental environmental and
social consequences. This is the case with India [13].

2.1.4 Social Dimension

The social attitude of the people towards water and energy impacts the water–energy
nexus. The public’s perception of the value of water and energy is linked to
consumption. People believe that cheaper commodities are less valuable and there-
fore people do not save them as such.

2.1.5 Political Dimension

The political dimension largely influence which issue of the water–energy nexus gets
manifested in the other dimensions. The policies for conservation and protection are
created by politicians.

3 Wastewater Management Strategies

There are three stages in the wastewater treatment process as shown in Fig. 3.

1. Primary or Mechanical stage
2. Secondary stage
3. Tertiary or Advanced stage

Fig. 3 Wastewater treatment process
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3.1 Primary or Mechanical Stage

The raw sewage obtained directly from the source is processed in the primary stage
wherein the gross, floating and suspended solids and substances are removed. The
process of screening is used to trap the gross, suspended and floating solids followed
by gravitational sedimentation to cause settling of the solids [14].

3.2 Secondary Stage

Dissolved organic matter that is removed in the secondary stage of treatment using
microbes. The organic matter is consumed by the microbes and used as food for
producing energy, which is used by the microbe for growth and reproduction. The
organic matter is converted to water and carbon dioxide, inorganic matter, organic
substances and new cells [15–17].

In the biological process that has high rates, microorganisms are required in high
concentrations along with lesser reactor volumes compared with other processes that
have low rates [18–20].

Activated sludge may be involved in secondary treatment. Microorganisms and
the wastewater are taken as a suspension, called the mixed liquor, and are contained
in an aeration tank or basin and are vigorously mixed by aeration devices. Oxygen is
also provided [15, 21]. Industrial and municipal wastes are most commonly treated
using Conventional Activated Sludge Process (CASP) [18, 22–24]. Trickling filters
may also be used in the treatment process. Wooden slats, stones or plastic shapes
(support media) are filled in towers or basins. Wastewater is applied to these media
continuously or intermittently [25]. A biological film is formed on top of the media
due to the attachment of microorganisms and the organic matter from the wastewater
gets metabolized after diffusion into the biological film. Oxygen may be supplied
naturally by the flow of air or forcefully by blowers. The growth of new organisms
increases the biofilm thickness. Parts of the film periodically get crumbled and cast
off into the liquid. Prior to their discharge into the processing of sludge, using a
secondary clarifier, they are separated. Secondary effluent (clear liquid) is obtained
from the secondary clarifier [25, 26]. Rotating biological contractors with slowly
rotating discs of supporting media with microorganisms may also be used. These are
partially submerged in the wastewater that is allowed to flow in the reactor [27–30].

3.3 Tertiary or Advanced Stage

The treatment of wastewater is made more efficient using the tertiary or advanced
stage of treatment. 99% of impurities are removed in this stage. The effluent
produced is almost of the status of drinking water [11, 12]. A modification to remove

Water–Energy Nexus in Wastewater Management for Irrigation 281



additional nutrients like nitrogen and phosphorus is made to the plant where the
secondary treatment takes place. The use of natural processes is being preferred over
that of chemicals [11, 31].

Post the primary treatment, the effluent flows into the biological treatment stage
that is divided physically into five divisions or zones by weirs and baffles
[24, 31]. These zones are

1. Anaerobic fermentation zone – this zone is characterized by absence of nitrogen
and the levels of dissolved oxygen are low

2. Anoxic zone – this zone is characterized by low levels of dissolved oxygen and
the presence of nitrates

3. Aerobic zone – This zone is well aerated
4. Secondary anoxic zone
5. Final aeration zone.

The anaerobic fermentation zone stresses phosphorus removing bacteria under
low oxidation–reduction conditions thereby conditioning them. The phosphorus
equilibrium is released in the bacterial cells as a result. The bacterial cells, in the
aerated zone, get exposed to phosphorus and oxygen adequately and accumulate
phosphorus more than the normal requirement for metabolism, thereby removing
phosphorus as activated sludge. Large amounts of phosphorus are removed by the
use of polyphosphate accumulating organisms (PAO) in a process called Enhanced
Biological Phosphorus Removal (EBPR) [31, 32]. Overland and macrophyte waste-
water treatments have been included in the tertiary treatment of wastewater.

3.3.1 Overland Wastewater Treatment

In overland wastewater treatment, the treatment is done via overland flow. The
effluents are distributed across gently sloping grasslands with soils that are imper-
meable fairly. The wastewater is collected in ditches installed at the bottom after
flowing down the slope. An essential component is water-tolerant grasses [33–
36]. The type of soil, wastewater effluent quality and the near-surface environment’s
biochemical and physical conditions determine the wastewater application rate [37].

The crop cover forms an important part of the overland wastewater treatment
process as it provides nutrient uptake, helps in the prevention of erosion of soil and
forms a fixed film media where biological treatment can take place. Grasses with
extensive root formation, high tolerance for moisture and growing seasons that are
long are best suited for this technique. Examples include reed canary grass, ryegrass
and tall fescue [38].

The surface grass helps in the removal of colloidal and suspended organic matter
from the wastewater. The slope length, the temperature of the soil and application
rate are all inversely related to the amount of ammonia and nitrogen that is removed.
Sorption on the colloids of soil clay and precipitation in the form of insoluble
complexes of aluminium, calcium and iron enable the removal of phosphorus and
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other trace elements [39]. Pathogens are removed without chlorination at comparable
levels of secondary treatment in this technique [39, 40].

3.3.2 Macrophyte Treatment of Wastewater (Wetlands)

Maturation ponds that have emergent, submerged or floating aquatic plants are
called macrophyte ponds. These ponds are used to treat effluents from stabilization
ponds. During their growth, large amounts of heavy metals like copper, cadmium,
zinc and mercury and inorganic nutrients, especially nitrogen and phosphorus are
absorbed by the macrophytes. Due to the leaf canopy, shading of light takes place,
which leads to the reduction of algal growth [41].

Floating Aquatic Macrophyte Systems

The large root systems of floating macrophyte plants account for efficient stripping
of nutrients. Spirodela, Salvinia, Lemna and Eichhornia have been used and
researched upon for their use in the treatment of wastewater. Several types of
research have been done on water hyacinth (Eichhornia crassipes) [42–45]. The
mass of water hyacinth doubles every 6 days in tropical regions, reducing the
contents of phosphorus by 50% and that of nitrogen by 80%. Studies performed
using Ceratophyllum demersum, a submerged macrophyte in Tamil Nadu, India
have shown that the plant helped in ammonia reduction by 97%, reduction of
phosphorus by 96% and BOD reduction by 95% from sewage or wastewater. The
harvesting is less frequently required as the growth rate is lesser than that of water
hyacinth [44].

Other than physical removal, especially by sedimentation, the removal of nitro-
gen and BOD and reduction of heavy metals and phosphorus also take place because
of the presence of the aquatic plants which provide a living substrate for the action of
microbes and uptake minerals [46]. The plants, during absorption, help in assimila-
tion, concentration and storage of the contaminants for a small period of time and
upon harvesting, result in the removal of the contaminants from the soil. The
composition of the plant tissue, standing crop and rate of growth determine the
aquatic macrophytes’ capacity to assimilate nutrients. The rate of growth and
standing crop of biomass influence the potential pollutant storage rate of a plant
[41, 46].

A major problem associated with this technique is the breeding of mosquitos and
flies. This problem can be partially tackled by introducing fish species (aquatic biota)
that eat the larva [47]. Due to lower levels of dissolved oxygen, pH and light
shading, the die-off of pathogens is poor in comparison to algal maturation ponds.
These macrophytes strip effluents in the ponds of algae and nutrients and produce
biomass that is harvestable. They are easily harvested and can be used in agriculture
as green manure, as feed for animals, as soil conditioners. Fertilizers can be made by
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composting aerobically. Biogas can be made by converting in anaerobic digesters,
with the residual sludge being used as soil conditioner and fertilizer [48, 49].

3.3.3 Emergent Macrophyte Treatment Systems

Raw sewage treatment and the treatment of effluents that are partially treated are
being done by artificial and natural marshes and wetlands [41, 49]. Performance can
be maximized in the artificial systems since conditions for optimum growth of
emergent macrophytes can be managed, as compared to the natural systems where
they are usually unmanaged [43].

The emergent macrophyte treatment systems have the following main features

• “Hydraulic pathways” are opened up in the gravel or soil by the growth of the
macrophyte rhizomes horizontally and vertically [50].

• The surrounding soil enables treatment via anaerobic and anoxic process. Rhizo-
sphere removes organic matter by treatment via the aerobic process. Bacterial
activity removes nitrogen and BOD in the wastewater [51].

• Oxygen is transported to the rhizosphere via the atmosphere through the stems
and leaves of the reeds via the rhizomes which are hollow and out via the roots
[51, 52].

• Along dead stem and leaves of vegetation, the solids suspended in sewage are
composted aerobically [51, 53].

• Plants remove heavy metals and nutrients by uptake [52, 53].
• Factors like climate, plant density, culture system, wastewater loading rate and

factors of management limit the assimilative capacity of pollutants and the rate of
growth of emergent macrophytes [50].

• Die-off chances of microorganisms that are pathogenic are increased through
deposition and sieving, thereby reducing their quantity [54, 55].

Studies reveal that plants grown in wastewater systems that are enriched with
nutrients have high nitrogen concentration [50]. Nutrients can be stored for periods
that are longer because there are more supportive tissues in emergent macrophytes as
compared to floating macrophytes. For maximum removal of nutrients, harvesting of
the emergent macrophytes may not be frequently necessary, but harvesting once a
year of the biomass above the ground for improved removal efficiency of nutrients
[53, 56].

3.3.4 Constructed Wetlands

Pollutant loads from various sources are now being reduced by using the constructed
wetland. It is an artificially designed and consists of substrates that are saturated, and
contains animal life, submergent and emergent plant species and water. The condi-
tions similar to a naturally formed wetland are stimulated for purification of water
[51, 57, 58]. The quality of treatment of water is greatly improved in the artificial
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system. The diseases that are waterborne are significantly controlled in this system
[50, 59]. The use of constructed wetlands for the treatment of wastewater started in
Germany. The wastewater is fed through an inlet and is allowed to flow through a
medium that is porous present under the bed horizontally till it reaches the outlet. It is
then collected before being released from the outlet [11, 51, 58]. While flowing, the
wastewater is acted upon by anaerobic, anoxic and aerobic (present near rhizomes
and roots and add oxygen to the substrate) zones. “Hybrid constructed wetlands”
constitute of different variety of wetlands combined for greater efficiency of treat-
ment [60, 61]. For example, Horizontal flow constructed wetlands have low or no
oxygen in the filtration beds and thus there is low nitrification. This can be tackled by
combining it with a vertical flow system that has a high capacity to transport oxygen
and thus has better nitrification. The denitrification, however, is absent or very low.
A combination of constructed wetlands is used for the best treatment based on the
type of pollutants to be targeted [11, 62].

3.3.5 Nutrient Film Technique

The nutrient film technique (NFT) is a system of growth that contains a modification
upon the hydroponic plant growth system. Wastewater is applied in a continuous
manner as a thin film upon a surface that is impermeable upon which plants are
directly grown. The matter is accumulated in the traps which have large surface areas
due to high production of root on top of the surface that is impermeable [63, 64]. The
roots serve as filters and help in material accumulation whereas uptake of nutrients,
removal of water via transpiration and algal growth retardation and protection are
provided by the top growth of the plant [64, 65]. Primary treatment is provided by
this technique using plants that can grow and survive in polluted condition and have
roots that are large. The mechanism is characterized by conditions that are anaerobic,
accumulation of sludge in large quantities, precipitation of trace metals and entrap-
ment. Solids that are suspended and BOD of the wastewater are removed. Recovery
and conversion of nutrients take place due to the production of biomass in large
quantities. The polishing of wastewater occurs when the production of plants is done
in nutrient-limited conditions [63–66].

4 Current Challenges in Wastewater Remediation

Legislations for the control of effluents, socio-economic conditions and regional
characteristics influence the wastewater treatment processes, leading to the chal-
lenges on the treatment of wastewater. It is thus difficult to identify common
challenges that would be applicable to all the situations. Some common challenges
have nevertheless been shown in Fig. 4.
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(a) Energy Consumption
The highest expense in the operation of the plants for the treatment of

wastewater is the energy consumption. An estimated 2–3% of the electric
power of a nation that is developed is used in the treatment of wastewater.
Treatment of wastewater utilizes 0.7% of Japan’s total consumption of electric
power. The largest portion of electric consumption of the plant, approximately
50–60%, is utilized in the biological treatment.

(b) Sludge Production
Biological, chemical and physical treatment results in the formation of a

residue called sludge. The disposal of the excess sludge poses a major challenge
environmentally in the treatment process. The sludge can either be converted or
utilized. In Japan, 10% of the sludge is used in agricultural lands; 13% is used for
energy production by anaerobic digestion as biogas, i.e., methane; 77% is used
for disposal after dewatering and incineration followed by disposal in a landfill
or disposed of with no required treatment. The transformation of the sludge into
biogas is feasible by anaerobic digestion since 80% of it is composed of organic
carbon.

The challenge with this is that the anaerobic digestion systems are not large
enough to capitalize the merits of the sludge in an adequate manner. The capital
and maintenance cost of the technology is high. Moreover, harnessing the energy
in this process is a difficult task.

(c) Greenhouse Gases Emission
The treatment of wastewater results in the emission of greenhouse gases such

as carbon dioxide and nitrous oxide. In Japan, seven million tons-CO2/year is
emitted by the treatment of wastewater, accounting up to 0.5% of the total CO2

emission of the country [67].

Improper Use 
of Sludge 
Produced

Emission of 
Greenhouse 

Gases

High Energy 
Consump�on

Challenges in 
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Fig. 4 Challenges in wastewater remediation
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5 Technological Interventions in Wastewater Application
for Irrigation

5.1 On Farm Irrigation Scheduling

A generally accepted definition of Irrigation Scheduling states that it is the process of
figuring out when to irrigate and determining the amount of water needed for the
production of crops that are optimal. Irrigation Scheduling enables the supply of
water efficiently and effectively in order to face soil water shortages. Thus, under-
standing and making use of scheduling principles (in order to develop a plan for
management) and then carrying out the implementation efficiently of the plan are the
key components to successful irrigation [68–71].

Decisions regarding irrigation scheduling need to be based on certain aspects of
the atmosphere system of the soil and the plant that are to be subjected to the
irrigation. Data that is long term, that is a representation of average conditions or
determined by making use of predictions that are short-term and information that is
real-time can be used for developing irrigation strategies. Data on specific situations,
both quantitative and qualitative, regarding soil, crop, irrigation systems, climate and
management methods must be taken into consideration when tailoring irrigation
scheduling procedures for that particular scenario. Conflicts and trade-offs need to be
anticipated to allow for adjustments to be made in time [69, 72].

The following variables need to be kept in mind when determining irrigation
scheduling strategies: the farmer’s management objective, maximizing crop yield
and net financial return, minimizing the cost of irrigation, minimizing pollution of
groundwater, optimizing irrigation and optimizing production when there is a
limited supply of water and irrigation system capacity. Usually, the most crucial
factors for developing a suitable management objective are the available water
supply and costs of irrigation. These two factors often lead to cases where it is
optimally possible to produce almost the maximum yields from the entire irrigated
area; this case is known as the land limiting case. For this case, irrigation is provided
to the entire area and the appropriate depth for irrigation is, in most cases, extremely
similar to that required for the production of yield in maximum quantity. Thus, water
stress prevention of the crop during the season of growth is the most appropriate
irrigation strategy and is the most seen traditional irrigation scheduling application
[70, 71]. Where deficit irrigation is concerned, however, the management strategy is
the maximization of production per unit of water applied, instead of per unit of land.
One big advantage to limited irrigation is the reduction of the area allocated to
dryland cropping, thereby increasing the efficiency of water used and the yield of the
total farm [71, 73, 74].

Evaporation rates or the measure of the water content of the soil is used in
conventional scheduling methods. Due to advancements in research, monitoring of
leaf turgor pressure, sap flow and diameter of the trunk are used in scheduling
methods [70, 75, 76].
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5.1.1 Soil Water Monitoring

The oldest known irrigation scheduling method is by measuring moisture in the soil.
The moisture content of the soil can be ascertained using a variety of methods
including resistance blocks, tensiometers, gravimetric sampling or a neutron mois-
ture meter. Time Domain Reflectometry (TDR) is a novel soil moisture monitoring
method. Currently, only a few models is accessible commercially, but the neutron
meter may be replaced by TDR [77]. The available water in the soil is allowed to be
depleted by the crop in the root zone. The soil conditions, as a result, establish a level
that is required for irrigation. Where the monitoring of soil moisture is concerned,
the quantity of water that has been utilized can be a determined by calculations based
on the quantity of water that would be needed to fill up the crop root zone or a lesser
value or is uniformly applied by the irrigation system [69, 78, 79]. For irrigation
scheduling by utilizing measurements of soil moisture, first, a soil moisture measur-
ing site needs to be selected, followed by choosing a device that can ascertain the
water content of the soil or potential. Next, points of “full” and “refill” for the soil
being monitored need to be set, and a record-keeping scheme needs to be established
which can be used to ascertain when irrigation is necessary and can also notify when
overirrigation occurs. Once the monitoring site has been set up following the above
steps, the soil water is ready to begin being monitored and being scheduled for
irrigation. The biggest advantage of this method is that it is usually non-destructive.
Once calibrated, the soil is only disturbed during installation.

Water released by crop evapotranspiration (ET) and the quantity of water that gets
incorporated into the soil reservoir (as effective irrigation or rain) are accounted for
by the water budget methods. The thought behind these methods is to take the
accumulated ET losses since the last irrigation and apply an equivalent net amount of
irrigation. Therefore, the cycle begins again as the evapotranspiration of the crop
plants is initiated due to the recharging of the soil profile. In case complete recharge
is not possible or desired, the net irrigation amount or field observations can be used
to determine the new balance. However, this method may be ineffective at areas
where quantitative data regarding ET of the crop from sources like a water table, etc.,
cannot be determined or verified [80].

Smart irrigation scheduling consists of technologies that enable farmers to know
and ascertain the time and amount of watering to be done for a particular crop.

5.1.2 Monitoring the Plant

The oldest known method of irrigation scheduling is plant observation. Once
individual plants start developing observable signs signalling the beginning of
water stress, the crop will be irrigated. These signs range from any change in colour
to leaves curling and even wilting in the afternoon. The main advantage of this is that
it is extremely easy and does not require gathering of quantifiable data, but the
biggest drawback to this is that the crops have already suffered a reduction of yield
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and growth by the time they display any of the above-mentioned signs. More
advanced methods make use of tracking specific physiological states of plants like
psychrometers to measure leaf water potential, pressure bombs to measure leaf water
status, infrared radiation to measure canopy temperature and porometers to measure
stomatal closure. A noticeable change can only be seen in these physiological states
in states where stress reduces yield, thus these cannot be used routinely for sched-
uling irrigation [70, 76, 81].

5.1.3 Monitoring the Weather

The concept behind this is to look at the evapotranspiration demand that has been
imposed meteorologically, observe any variance over time and to accordingly set
irrigation quantities. Researchers and irrigators estimated, based on the weather data,
the water used by a crop using evapotranspiration (ET) for years with many
computer programs being developed to perform this work. By making use of
weather information including daily wind run, daily solar radiation, dry and wet
bulb temperatures and minimum and maximum daily temperatures, determination of
the reference evapotranspiration (ETo) is done. Utilizing weather monitoring as a
method of irrigation scheduling primarily involves calculating or quantifying ET in
order to predict water use in the future and update the water balance of the soil in an
attempt to forecast when the minimum allowable water level will be obtained.
Reference crop ET (ETo or ETc) and a crop coefficient to relate water use of an
actual crop are used to calculate the crop ET. While there exist a wide variety of
methods that can estimate ETr for alfalfa or grass, equations that are combination-
based are generally found to be the most accurate, especially when it comes to
computing ETc for scheduling with short intervals common. Climatic data for wind
velocity, vapour pressure, solar radiation and air temperature are required for the
calculation of combination equations. The data for all of these factors is not available
for the same areas; thus, easier methods to compute ETr are utilized to predict crop
water use ([71, 82, 83]).

5.1.4 Limitations

Irrigation scheduling becomes particularly sensitive under conditions of limited
water resources.

• In areas with conditions of water shortage, it is difficult to carry out irrigation
scheduling. Appropriate knowledge is required regarding levels of salt tolerance
in areas with saline conditions.

• It is difficult to incorporate the different patterns of rainfall in the irrigation
calendars. This needs to be considered.

• Reliable and suitable indicators of water stress are required for deficit irrigation
and yield-salinity relationship knowledge is needed for saline waters areas.
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• During the operation and selection of the system of irrigation scheduling, the
efficiency is to be considered, which is in turn determined by the efficiency of
application and adequacy and the criteria of the design of the system.

• The cost of technology may not be affordable by the end-user.
• Not all farmers obtain the necessary knowledge on the adequate use and man-

agement of tools.
• Few farmers prefer regular irrigation since they do not understand water budgets

and hydrology and lack the necessary skills (technical) to schedule irrigation [84].

5.2 Treated Wastewater Irrigation

Given the huge pressure on water resources, treated wastewater from wastewater
treatment plants (WWTPs) has grown to become an invaluable resource to help in
irrigation in agriculture. Arid countries such as Saudi Arabia, Peru, Jordan and Israel
have been using treated wastewater for irrigation of crops for a long time [85]. Three
fundamental resources can be found in wastewater: Water, nutrients and energy.

With urban settlements being the major polluting source, the treatment or collec-
tion of 80% of wastewater is not done worldwide [86]. Large amounts of wastewater
are both produced and consumed by urban and peri-urban areas. Already seeing
increased use in agricultural and irrigation practices, soon untreated or partially
treated wastewater will transform into the only water source for several farmers in
sub-Saharan Africa [87]. Wastewater contains nutrients and organic matter which
improve the fertility of the soil, thereby reducing the need to apply chemical
fertilizers. Therefore, farmers benefit due to an increase in yields and productivity
along with faster growth cycles, while at the same time minimizing the chemical
fertilizer requirements as well as additional sources of water [88] as long as they
manage to stick to a set of principles for the protection of farmers and their families
from health risks associated with irrigation using wastewater [89].

A big challenge when it comes to promoting irrigation in agriculture using
wastewater that is treated is the concerns to health and safety of using the products
since even treated wastewater is contaminated by a variety of pollutants. Tradition-
ally, heavy metals and pathogens that cause disease have been a major concern but
recently contaminants of emerging concern (CECs), especially pharmaceutical and
personal care products (PPCPs) are becoming a bigger area of concern. Given that
there is an upward trend in the use of PPCPs, due to healthcare advancements and
populations that are ageing, and that wastewater is not completely free of these
chemicals, PPCPs tend to be found in WWTPs wastewater (effluent) around the
world [90–93].

Malchi et al. [94] found the presence of 3 PPCPs in 2 root vegetables (sweet
potato and carrot) that had been irrigated by using wastewater that had undergone a
secondary stage of treatment, and 10 PPCPs in those two root vegetables when they
were irrigated with spiked (290 � 1,550 ng/L) water under field conditions.
Calderon-Preciado et al. [95] discovered the presence of 6 pharmaceuticals in
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apple tree leaves and alfalfa crops that were irrigated with wastewater that was
treated. Jones-Lepp et al. [96] conducted a field study and found only N,
N-dimethylphenethylamine (DMPEA) at 48–180 ng/g (dry weight) in 4 crops that
had wastewater irrigation done from a local wastewater water treatment plant. Wu
et al. [97] found in 8 vegetable measurable quantities of 19 commonly occurring
PPCPs under field conditions when irrigated with wastewater that was treated. Crops
were irrigated with wastewater that had undergone tertiary treatment until harvest,
with or without a fortification of each PPCP at 250 ng/L followed by crop samples
being taken at premature and mature stages. Upon analysis, edible tissues were
found to contain a frequency of 91% and 64% in all vegetables from the fortified
water treatments and treated wastewater, respectively. Same amounts of PPCPs,
including meprobamate, triclosan, naproxen, Dilantin, DEET, primidone, carbamaz-
epine and caffeine were found in the edible samples from the two tissues. The edible
tissue treated from fortified irrigation treatment and the treated wastewater found the
following total concentrations of PPCPs in the range of 0.15–7.3 and 0.01–3.87 ng/g
(dry weight), respectively. After a research on the accumulation of 19 PPCPs that
occur frequently after the irrigation with wastewater that has been treated till the
tertiary stage in 8 common vegetables under normal field conditions, it was found
that human exposure to these PPCPs through daily consumption of these vegetables
was small.

5.3 Microalgal Consortia

During the tertiary treatment phase, the phosphorus and nitrogen in wastewater are
removed mainly using processes that are biological, like by nitrification and deni-
trification that are done after anaerobic digestion [98–102]. However, several cycles
are required, and this leads to high processing costs [103]. Chemical methods may
also be utilized but these are expensive and huge amounts of sludge that is contam-
inated and contains chemical compounds is produced which then have to be treated
further [104–106].

In order to overcome these obstacles, microalgae have been considered as a tool
for the treatment of wastewaters. Microalgae grow by making use of large quantities
of phosphorus and nitrogen [98, 107], therefore these can effectively remove, from
the wastewater, phosphorus and nitrogen. In fact, microalgae have already been
reported to be highly effective (80–100%) at removing large nitrogen and phospho-
rus quantities from wastewaters of various places (e.g. municipal, industrial and
agricultural) [108–112].

Moreover, using microalgae for removing unwanted elements presents several
advantages [113–115]

1. Through the production of fertilizers, the assimilated phosphorus and nitrogen by
microalgae can be recycled.
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2. Pharmaceuticals, food, animal feed and bioenergy can be produced from the
resulting biomass.

3. The effluent that is discharged is oxygenated and then released into the water
bodies.

Microalgal-bacterial consortia have proven to have more advantages as compared
to only composed of microorganisms that are photosynthetic as they can replace
treatment that is secondary and tertiary treatment of wastewater, while only the
tertiary step can be replaced by the use of microalgal consortia (wastewater
polishing).

The processes for the treatment of wastewater can further be improved by these
systems because [116]

1. There can be a significant reduction in the associated costs with the activated
sludge tank oxygenation.

2. The CO2 that is released by the bacteria, by the action of the microalgae, gets
converted to organic matter. Thus, the effect of greenhouse gases emitted by the
plant can be negligible [117].

6 Future Prospects and Conclusion

Water, energy and food are inextricably linked and are considered as the basic
resources for the development of social economy and maintenance of life. Due to
the current rate at which the world population is increasing and due to an increase in
urbanization, the water crisis is increasing. The energy crisis will also increase due to
these reasons. There is a requirement for advancements in technology to make the
water–energy nexus more efficient.

Globally, 90% of freshwater and 30% of energy are consumed for food produc-
tion. Several new methods of irrigation have been developed for the efficient use of
water. Wastewater is an excellent resource and can be used efficiently for the
purpose of irrigation. The energy used in the treatment of wastewater can be reduced
by the use of aquatic biota. This not only helps in the reduction of energy but also
helps in providing nutrition to the growing plants. This can be used in the growing of
crops. The sludge that is produced as a by-product can be used for the production of
bioenergy and providing nutrition to the crops naturally. There is a huge scope for
advancements in technology for the use of wastewater and its by-products. The
current methods of irrigation such as irrigation scheduling require intensive advance-
ments for the better use of the resources to obtain the maximum yield. There is a need
for better research in the incorporation of microorganisms in the treatment of
wastewater and further use in agriculture. New advancements in irrigation technol-
ogy are required for the efficient use of water and energy.
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Abstract Microalgae are a sustainable source of high value-added bioproducts that
can be used for a variety of purposes, such as energy, food, and raw materials.
However, the costs incurred to microalgae production are still very high, which
prevents its large-scale application from being economically viable. One widely
discussed solution in recent years is the association of microalgae cultivation with
wastewater treatment, in order to reduce costs related to its cultivation. In this
process, the microalgae uptake nutrients (e.g., carbon, nitrogen, and phosphorus)
and other substances from the wastewater, generating a treated wastewater effluent
and a microalgal biomass with high economic value. After the cultivation process,
the generated biomass has to be recovered from the wastewater. Harvesting is also a
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bottleneck process because it represents about 20–60% of the total production costs.
Since there is no universal method applied to microalgae recovery, different
harvesting methods have been investigated, mainly including centrifugation, filtra-
tion, flotation, and sedimentation. Thus, choosing the appropriated harvesting
method is crucial for a cost-effective microalgae production. In this context, this
chapter presents an overview of the microalgae production, integrated with the
wastewater treatment, and the potential harvesting methods. In addition, the chal-
lenges to apply the system in Brazil are also discussed.

Keywords Biomass, Harvesting, Microalgae, Wastewater treatment

1 Introduction

Microalgae are an environmental source of high-value products with commercial
applications (e.g., carbohydrates, fatty acids, food supplements, lipids, pigments,
protein, and vitamins) [1]. Nevertheless, the high costs of biomass production make
it economically unfeasible. Microalgae growth coupled with wastewater treatment is
a promising solution to reduce the microalgae cultivation costs. Reduction higher
than 50% has been projected when low-cost sources such as wastewater are used to
obtain fresh water and nutrients [2]. At the same time, a sustainable wastewater
treatment is proposed considering that over 80% of the world wastewater is
discharged into the environment without any treatment [3].

The discharge of the untreated wastewater may have serious consequences to the
environment, since the nutrients addition (e.g., carbon, nitrogen, and phosphorus), at
certain concentrations, alters the water quality significantly. If the alterations affect
the requested uses for the water body, such as aquatic life preservation, power
generation, and water supply, this phenomenon is named eutrophication. The con-
sequences of this phenomenon are: development of anoxic conditions; uncontrolla-
ble algae/microalgae growth; increase of the water treatment cost; cyanotoxin release
in the water; and gradual disappearance of the water body [4].

According to Dodds et al. [5], around US$2.2 billion is lost per year due to the
eutrophication phenomenon in the U.S. freshwaters. This value is mainly attributed
to the waterfront property’s economic losses and the recreational water use. The
authors also cite that this value is even higher than what was estimated, because there
are some gaps in the current records of the U.S. Environmental Protection Agency.

Considering the economics and environmental consequences, it is fundamental
that the population’s perceptions about wastewater change in order to reflect cor-
rectly its value. Wastewater is a sustainable and accessible source of water, energy,
and nutrients, and the improvement in its management offers great opportunities,
including recovery and reuse [3].

Microalgae indeed is a bioindicator of the nutrients presence in the aquatic
environment, nevertheless these microorganisms can also be used in the
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bioremediation process. Several studies demonstrated the microalgae capacity to
uptake the dissolved pollutants present in wastewater, mainly the nutrients carbon
(C), nitrogen (N), and phosphorus (P) [6–9]. It has been reported that microalgae can
also promote a total removal of nitrogen and phosphorus from the wastewater [10].

The technologies employed worldwide in the wastewater treatment plant
(WWTP) produce a large sludge volume as a by-product, which requires additional
treatments (e.g., dewatering, drying, and disinfection) and final disposal [11]. Costs
involved in these sludge treatment are around 20–40% of the operating costs in a
full-scale WWTP [12]. In this context, the microalgae application for wastewater
treatment is more sustainable than traditional technologies, since it has a potential
biomass with high economic value as by-product. Moreover, wastewater treatment
by microalgae promotes higher nitrogen and phosphorus removal than the traditional
technologies under the same conditions [13].

Despite the advantages of the wastewater treatment using microalgae, some
hurdles must be reduced or overcome to make the treatment economically feasible
on large-scale, such as:

• The cost associated to the microalgae harvesting is high. It represents about
20–60% of the microalgae production cost [14];

• Some locations require the use of artificial light for an efficient microalgae
growth, when the natural photoperiod is not enough. However, power consump-
tion for artificial light can represent 94.5% of the cultivation costs [15];

• The wastewater quality is subject to variation in each cultivation cycle, because it
depends on the weather conditions, daily patterns, and eventual industrial waste-
water discharge [16]. These conditions can reduce the process efficiency, since
the N:P ratio influences the microalgae production and nutrient removal from
the wastewater [17]. Moreover, toxic and new compounds can be introduced by
the industrial wastewater discharge, causing serious consequences for the
microalgae [18].

In this context, the present chapter presents an overview of the microalgae
production integrated with the wastewater treatment, the potential harvesting
methods, and the perspective to apply this treatment system in Brazil.

2 Microalgal Bioproducts

Microalgae are unicellular, autotrophic, and photosynthetic organisms, which are
found in almost every aquatic environment in the planet. It consists in a very diverse
group of microorganisms with different sizes, morphologies, and structures. The
major microalgal classes are Chlorophyta (green algae), Euglenophyta, Rhodophyta
(red algae), and Phaeophyta (brown algae) [19]. These microorganisms are the main
primary producers and the most efficient photosynthetic organisms on Earth, which
makes them a promising biomass for different purposes [20, 21].
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One of the main challenges of this century is supplying with energy, food, and
raw materials to match the needs of an increasing population in the midst of global
climate change [22]. In this context, microalgae stand out as a potential source of
these compounds, with the advantage of being obtained without consuming fossil
energy or using arable land. Moreover, microalgae productivity per hectare is higher
than the traditional vascular plants [23], which demonstrate their huge potential to be
produced on large-scale.

Several high-value compounds are found in the microalgal biomass, which have
numerous applications as shown in Table 1. It is important to mention that most of

Table 1 Microalgal bioproducts and their potential applications

Bioproduct Example Application Reference

Biomass – Animal food
Fertilizer
Food supplement

[1]

Bioplastic Polylactic acid (PLA)
Polyhydroxyalkanoate (PHA)
Polyhydroxybutyrates (PHB)

Cosmetic
Medicine
Packaging material

[29]

Carbohydrate Starch
Cellulose
Pectin
Sulfated polysaccharides
Glucose

Drink industry
Natural food
Pharmaceutical industry

[30]

Carotenoid Astaxanthin
Lutein
ß-carotenoid
Lycopene
Canthaxanthin
Fucoxanthin

Animal food
Cosmetic
Food supplement
Pharmaceutical industry

[31]

Enzyme Lipase
α-Galactosidase
Aminopeptidase
Protease
Phytase
Prolyl endopeptidase
Superoxide dismutase (SOD)

Natural food
Medicine
Research

[32]

Lipid Docosahexaenoic acid (DHA)
Eicosapentaenoic acid (EPA)
Glycolipids
Hydrocarbons
Omega-3
Phospholipds
Sterol
Triacylglyceride (TAG)

Biofuel
Food supplement
Pharmaceutical industry

[33]

Protein Enzyme
Essential aminoacids(EAAs)
Mycosporine-like amino acids(MAA)

Cosmetic
Medicine
Research

[34]

Vitamin Vitamin B
Vitamin C
Vitamin E

Food supplement
Pharmaceutical industry

[35]
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the compounds shown are not established or not available in the market, but they
already have great market opportunities. Fatty acids have an estimated annual market
value of US$700 million, carotenoids of US$1,200 million, vitamins and supple-
ment of US$68 million, and lutein of US$233 million [24].

The bioproduct concentration in the microalgae biomass depends on the
microalgae specie and the cultivation parameters. There are strategies to increase
the production of certain compound using stress conditions with abiotic factors
during the microalgae cultivation, such as high light intensity, high temperature,
salt addition (NaCl), nutrient starvation (nitrogen and phosphorus), and the carbon
source used (organic or inorganic) [25].

Microalgae studies have been predominantly focused on biofuel production in the
past few years. However, the high processing cost (extraction, purification, and
conversion) required to obtain biofuels changed the research route to other
microalgae bioproducts [26]. Recently, the biorefinery concept has been getting
attention as a proposal to reduce the process cost and maximize the bioproduct
extraction. This technique aims to extract multiple bioproducts in one stage, where
several processes of biomass conversion occur simultaneously [27].

Besides the wide range of value-added compounds obtained from microalgae
biomass, the costs to their production on large-scale is still too high [15]. Because of
that, efforts have been made to reduce the costs at different parts of the microalgae
production, which usually is divided by cultivation, harvesting, dewatering/drying,
and processing/extraction. The microalgae production combined with wastewater
treatment is a promising solution to overcome the costs incurred in microalgae
cultivation [28], which is discussed in the present chapter.

3 Microalgae Cultivation and Operational Parameters

The efficiency of biomass production by photosynthesis depends mainly on the
following factors: carbon source, cultivation system, light intensity, nutrient con-
centration in the medium, N:P ratio, pH, photoperiod, and temperature.

Several types of microalgae cultivation systems are reported in the literature,
which differ mainly in design, construction and operation cost, weather dependence,
and mixing type. The systems are usually classified by their configuration design as
open or closed [36]. Closed systems, usually called as photobioreactor, despite being
more expensive, have some advantages over the open systems, for instance minimi-
zation of contamination and better control of the cultivation variables [37]. There are
different commercial examples of closed (e.g., airlift, bubble column, flat panel, and
tubular) and open (e.g., raceway and lagoons) systems. Table 2 shows a comparison
between the characteristics of these cultivation systems.

During cultivation, microalgae uptake the inorganic nutrients available in culture
medium to convert into organic matter by the intracellular metabolism. The main
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nutrients for biomass growth are nitrogen and phosphorus. Because of the energy
demand, ammonia (NH3) is the preferred inorganic nitrogen species to be incorpo-
rated by microalgae and later converted to organic nitrogen compounds [38]. Ortho-
phosphate (PO4

3�) is the elected phosphorus form since microalgae have the ability
to store this nutrient. It has been observed that microalgae usually uptake a higher
orthophosphate concentration than it is required for their growth [16, 39].

The N:P ratio available in the culture medium affects the biomass production and
nutrient removal by microalgae. As a result, many researchers investigated the
optimal N:P ratio for phytoplankton growth [40]. However, there are few studies
about the N:P ratio when microalgae are cultivated in the wastewater. Choi and Lee
[17] found the maximum Chlorella vulgaris production with domestic wastewater
using the N:P ratio from 1 to 10, and nutrient removal efficiencies higher than 75%.
In contrast, Fernandes et al. [7] found that Chlorella sorokiniana promoted total
removal of inorganic nitrogen and phosphorus from black water, using N:P ratios
ranging from 15 to 26. The authors also showed that nutrients adsorbed by
microalgae had different tendency, with nitrogen having a slower removal compared
to phosphorus.

The pH range for the most microalgae species is between 7 and 9, and the optimal
range is between 8.2 and 8.7 [41]. pH control is artificially performed by chemical
addition or carbon dioxide injection into the culture system. In the cultivation
without carbon dioxide application, microalgae adapt to the alkaline medium and
use bicarbonate (HCO3

�) as an inorganic carbon source for the photosynthesis.
Later, HCO3

� is converted to CO2 by carbonic anhydrase intracellular enzymes
and there is a consequent release of OH� into the medium, which justifies the high
pH in these conditions [42]. The concentration of free ammonia form (NH3) also
increases with the pH, and it can be toxic to the living organisms in the environment

Table 2 Comparison between open and closed microalgae cultivation system

Parameters Open system Closed system

Biomass productivity Low High

CO2 utilization Low High

Contamination and species control Difficult Easy

Construction cost Low High

Evaporation High Low

Light efficiency Low High

Maintenance Easy Difficult

Mixing Low High

Operation cost Low High

Operation regime Batch/continuous Batch/semi-continuous

Predator control Difficult Achievable

Temperature control Difficult Easy

Typical microalgae concentration (g/L) <1 1–12

Weather dependence High Low
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[4]. However, studies with no pH control have not shown inhibition to the
microalgae growth [43–45].

Most microalgae species have the optimal temperature range from 20 to 30�C and
the light intensity from 33 to 400 μmol/m2/s [46]. However, experimental studies
show different values, which show the importance of a complete investigation of the
microalgae species prior to its use on large-scale. Chlorella sorokiniana handle a
light intensity until 2,100 μmol/m2/s without showing photoinhibition signal [47],
but intensities higher than 1,100 μmol/m2/s do not promote any increment in O2

production [48]. The Chlorophyceae class, popularly known as green microalgae,
has the upper limits of temperatures from 26 to 42�C [49], and Chlorella sorokiniana
has 38�C as the optimal temperature for biomass growth [50].

The choice of the appropriate photoperiod is important when the goal is to
maximize microalgae production. Considerable biomass is lost during the dark
period compared to the end of the light period, which can reach up to 20% in dry
weight produced [51]. It happens because some microalgae species cannot store
photoenergy to support their growth in the dark period [52]. Several optimal
photoperiods are reported in the literature using different culture medium, different
light intensities, and microalgae species [53, 54].

The characteristic curve of the microalgae growth is shown in Fig. 1. The
microalgae growth curve can be drawn using periodic measurements of direct (cell
counting) and indirect (absorbance, chlorophyll, and dry weight) methods. The
absorbance is the most popular method as a result of its simplicity and fast result.
Different wavelengths have been used to monitor the microalgae growth such as
650 nm [55], 678 nm [56], 680 nm [57, 58], 690 nm [59], and 750 nm [15]. However,
absorbance is a dimensionless measure, which also requires another method to
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Fig. 1 Microalgae growth curve
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quantify the microalgae concentration (i.e., gram of microalgae per suspension litre).
Some studies associate the absorbance with dry weight; however, it is not
recommended in wastewater studies because of the variation of the wastewater
characteristic in each cultivation cycle.

The microalgae growth is divided into five phases: (I) lag, (II) exponential
growth, (III) linear growth, (IV) stationary growth, and (V) decline or death. It is
important to mention that this division is didactic, since the phases are not clearly
separated or not all occur in the cultivation studies [6, 10, 16, 45, 59]. Cultivation
time is usually adopted for the microalgae growth until the stationary phase.

3.1 Wastewater Treatment

It has been estimated that there are more than 72,500 algal species distributed in the
freshwater, marine, and terrestrial environments [60]. However, few species were
tested for their tolerance to organic pollution. The microalgae genus more used in
wastewater studies are Chlorella and Scenedesmus [17, 61–65].

Microalgae production coupled with wastewater treatment is a promising solution
to overcome the high costs of the cultivation process. Reduction higher than 50% is
estimated when carbon, nutrients, and water are obtained from economical sources
[2]. This process can also promote a safe effluent disposal, reducing the dissolved
concentrations of inorganic nutrients (N and P) and other substances initially present
in the wastewater. Emerging pollutants, hormones, dyes, and metal traces can be
removed during microalgae cultivation by different processes (absorption, biodeg-
radation, or photodegradation) [18, 66].

Another positive aspect is that considerable bacterial removal is obtained during
microalgae cultivation [67, 68], however the removal process is still unclear. The
consortium between microalgae–bacteria can also promote the degradation of the
dissolved and particulate organic matter from the wastewater [8].

Different types of wastewater have been tested for microalgae cultivation. Table 3
shows some microalgae cultivation studies using different wastewater, microalgae
species, nutrients concentration, pre-treatment, and operating conditions (tempera-
ture, pH control, CO2 application, light intensity, and photoperiod). Nitrogen and
phosphorus removal from the wastewater as well as the microalgae production using
different wastewater types shows the huge potential of the treatment using
microalgae.

Despite carbon, nitrogen, and phosphorus, other nutrients are also essential for
the microalgae growth, such as calcium, potassium, magnesium, and trace metals
(nickel, manganese, and copper) [69]. Nevertheless, nutrient availability in waste-
water is not the only requirement. The operating conditions (temperature, pH
control, CO2 application, light intensity, and photoperiod), discussed previously in
this chapter, also contribute significantly to the microalgae growth [41].

Care should be taken with the combination of some operating parameters during
cultivation, because high pH and aeration can promote ammonia removal from
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wastewater by air stripping [70]. This phenomenon can reduce drastically the
nitrogen concentration available in the wastewater and consequently, reduces the
microalgae production and phosphorus removal because of the nitrogen
limitation [16].

The turbidity and color are an intrinsic problem of using wastewater for
microalgae production, which significantly interfere the light penetration into the
cultivation system and consequently affects the nutrient removal and biomass
productivity [71]. To reduce the dissolved and suspended solids interference in
cultivation, different wastewater pre-treatments have been used before its application
in the microalgae cultivation such as centrifugation [72], dilution of wastewater with
water or culture medium [73], filtration [74], and sedimentation [15, 75]. However,
the use of these methods on large-scale can further increase the cost of microalgae
cultivation.

In this context, UASB (Upflow Anaerobic Sludge Blanket) reactor is a classic and
inexpensive technology to reduce the organic load of wastewater, especially in warm
weather regions. This anaerobic treatment also converts organic nitrogen into
ammonia and organic phosphorus to orthophosphate (inorganic phosphorus) [76],
which are the species used by the microalgae for their growth. Moreover, UASB
reactor is easy to operate and do not remove nutrients efficiently [77].

Special care should be taken during the operation of microalgae cultivation in
order to promote the expected system efficiency, since the following situations can
occur:

• Growth of other microalgae species besides the one initially inoculated;
• Presence of microalgae predators (e.g., ciliates, copepods, and Daphnia) or

microbial contamination (e.g., protozoan, virus, and bacteria);
• Chemical contamination by any compounds present in the wastewater, since

some WWTPs (Wastewater Treatment Plant) receive industrial wastewater.

To avoid or minimize such problems, a periodic monitoring of the microalgae
species, the wastewater quality, the presence of other microorganisms and the
biomass growth is required. If it is necessary, the culture system has to be inoculated
again with pure and adapted microalgae.

4 Microalgae Harvesting

Microalgae harvesting is the major bottleneck for microalgae production on large-
scale [81]. The cost of this step may reach up to 60% of the total cost of algae
production [14]. The high cost reflects the difficulties to remove the biomass from
the culture medium, which is a result of the low microalgae concentration (0.5–5.0 g/
L), small cell diameter (5–50 μm), and negative electrostatic surface (�20 to
�35 mV) [82].

Different techniques showed efficiency to microalgae recovery, including mainly
flotation, filtration, centrifugation, and sedimentation [28]. Microalgae harvesting
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efficiency is usually determined by the absorbance, because of its simplicity and fast
results. Table 4 summarizes the advantages, disadvantages, and the operational
parameters of the major methods used in microalgae harvesting.

These methods can be physical (e.g., centrifugation and filtration) as well as
physical-chemical (e.g., flotation and sedimentation). The wastewater characteristics
are more important for chemical methods, since the wastewater contains compounds
and solids that can interact with microalgae and/or the separating agent (e.g.,
coagulants and precipitates) and also reduce the process efficiency. Moreover, the
initial concentration of these wastewater compounds is highly variable because of
the daily patterns, industrial wastewater discharge, and weather conditions [83].

The understanding of the interactions between the wastewater composition and
the microalgae during the harvesting process is crucial to reach high efficiency.
Some substances found in the wastewater can decrease or even inhibit the
microalgae harvesting efficiency, such as algogenic organic matter, carbohydrates,
citric acid, humic acid, and protein [84–86]. Thus, it is fundamental to evaluate the
harvesting technology application for microalgae cultivated in the wastewater.

In the literature, information about harvesting efficiencies and new harvesting
methods are mainly found for microalgae recovery from culture medium
[87]. Besides the lack of studies, the use of information about microalgae removal
from wastewater requires caution, since the wastewater quality is highly variable.

Another technical difficulty is that the harvesting studies generally did not
consider operational parameters as a study variable. In general, the experiments
are conducted in small volumes and the operational parameters unmentioned in the
technical form, which complicates the scale-up and the method reproducibility [88–

Table 4 Advantages, disadvantages, and the operational parameters of the major methods used in
microalgae harvesting

Harvesting
method Advantage Disadvantage Operational parameter

Centrifugation Easy operation
High efficiency
Large-scale application

Cell damage
High-energy demand
High installation cost

Centrifuge type
Centrifugation time
Velocity gradient

Filtration High efficiency
Small-scale application

Clogging
High operation cost
Slow process

Clogging time
Flow mode
Membrane material
Pore size

Flotation Easy operation
High efficiency
Large-scale application

Coagulant cost
High-energy demand to
bubble generation

Flotation velocity
pH
Recirculation rate
Saturation pressure

Sedimentation Easy operation
High efficiency
Large-scale application
low energy demand

Biomass toxicity
Coagulant cost

Coagulation time
Flocculation time
Velocity gradient
pH
Sedimentation
velocity
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93]. Moreover, the optimization of the operational parameters is necessary to reduce
the process cost and maximize the efficiency.

Since there is no universal harvesting technique, the choice of the appropriate
method should be based on the cost (e.g., installation and operational), microalgae
characteristics (e.g., size and morphology), and the harvesting efficiency. More
details of the major harvesting methods are discussed below.

4.1 Centrifugation

Centrifugation is a mechanical method that applies the centrifugal force for particles
removal from the suspension. Different centrifuge types have been used for
microalgae harvesting such as disc-stack, decanter bowl, hydrocyclone, and nozzle
discharge [14]. Despite the high recovery efficiency (>90%), this method has high-
energy demand and high cost involved. Moreover, centrifugation can cause damage
in microalgae cells and the harvested ones (<12%) can lose their viability during the
process [94]. The microalgae damage is calculated by a viability test, which is
directly linked to the microalgae bioproducts release to the medium.

The current commercial production system of microalgae has been using centri-
fugation as the harvesting method. In this case, some strategies can be applied to
reduce the overall costs. Dassey and Theegala [95] proposed a harvesting process
with multiple steps, since the high flow rate passing into centrifuge reduces the
microalgae recovery from the medium. The most cost-effective strategy promoted a
reduction of 82% in the energy consumption when 28.5% of the microalgae were
recovered with high flow rate (18 L/min). The association of filtration/flotation/
sedimentation followed by centrifugation can also significantly reduce the operating
costs. Fasaei et al. [81] evaluated the techno-economic performance of 28 harvesting
possibilities for microalgae on large-scale. The lowest cost and energy demand was
found for filtration followed by centrifugation.

4.2 Filtration

Filtration is a method used to separate solids from liquid by passing the suspension
through a porous barrier capable of trapping the solids. This technique can be used in
two operating modes: cross-flow and dead-end. The difference between them is
based on the feeding mode. In the dead-end filtration the flow is applied perpendic-
ular to the membrane surface, while in the cross-flow filtration the flow is tangential
[96]. Cross-flow filtration was developed to reduce the fouling problem due to the
microalgae accumulation on the membrane surface and inside the membrane porous,
which reduce considerably the operating time [97].

Filtration is classified by the size of the membrane pore used in the process such
as macrofiltration (>10 μm), microfiltration (0.1–10 μm), ultrafiltration
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(0.02–0.2 μm), and reverse osmosis (<0.001 μm) [98]. Microalgae cell diameter is
usually between 5 and 50 μm [82], which explains the high number of studies using
microfiltration [99–101].

The solids presence in the wastewater complicates the filtration application as a
harvesting method, which reduces the operating time and increases the operational
costs. Moreover, filtration could be more expensive than centrifugation on large-
scale [14].

4.3 Flotation

The traditional flotation method is based on the microbubbles generation to promote
the rising of microalgae floc to the system surface, where the biomass is accumulated
and removed [102]. Flotation system is labeled by the air type addition in the system,
which can be trough pressurization (dissolved air flotation, DAF) or diffuser (dis-
persed air flotation, DiAF).

Flotation is more efficient for microalgae recovery than sedimentation, consider-
ing the same operational parameters (pH, coagulant dosage, mixing time, and
velocity gradient) for both methods [103]. Moreover, gravitational dewatering
promoted by flotation shows a thicker biomass than sedimentation [104].

The flotation process is usually preceded by coagulation and flocculation, which
promotes the mixing between the microalgae and chemical compound for the
subsequent floc formation [105]. In the coagulation process, different types of
coagulants (e.g., natural, metal salts, and synthetic) are commonly used [88, 106–
108], while pH-modulation followed by flotation is poorly explored [109, 110].

The DAF is the flotation type more used to microalgae harvesting and shows high
efficiencies [111–113]. Furthermore, DAF is also an efficient process to improve
wastewater quality by reducing chemical organic demand, phosphorus, pathogenic
protozoan cysts, suspended solids, and turbidity [114, 115].

In order to reduce the cost related to microbubble generation, several alternative
flotation methods have been proposed. For instance, the use of bioflocculant [116],
aluminum electrolysis [107, 117], and hydrogen generation with cyanobacteria
cultivation [118].

4.4 Sedimentation

The sedimentation method is usually reported in the microalgae studies as floccula-
tion because of the prior floc formation before the sedimentation. The terminology of
sedimentation types used in literature is not unique, which makes the reader some-
times confused. According to Branyikova et al. [119], sedimentation can be
caused by: autoflocculation caused by extracellular polymeric substances,
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bioflocculation that involves other microorganisms, chemical flocculation by coag-
ulant use, and spontaneous or forced alkaline flocculation.

Sedimentation stands out as a low-cost process and can concentrate the
microalgae suspension up to 100 times [120]. Different sedimentation types have
demonstrated high microalgae harvesting efficiencies, but also have some disadvan-
tages that should be considered for their selection. Coagulants, popularly used in
wastewater and water treatment (e.g., aluminum sulfate, ferric chloride), can con-
taminate the harvested biomass and complicate the bioproduct extraction
[91]. Autoflocculation induced by the production of extracellular polymeric sub-
stances is a slow process and mainly depends on the presence of some substances on
the cell surface such as glycoproteins [121]. Bioflocculation, which often use other
microorganisms to promote flocculation, can also cause biomass
contamination [122].

Considering the wastewater characteristics, sedimentation by alkaline floccula-
tion shows a promising method. In this process, the high pH leads to chemical
precipitation of calcium and/or magnesium salts, which promotes the microalgae
harvesting by electrostatic interaction [92]. Moreover, this method is low-cost and
non-toxic, and wastewater has the appropriate species concentrations for the pre-
cipitates formation [123]. The cost of alkaline flocculation is based on the base price
used to increase the pH (pH 9–12), plus the additional cost to reduce the wastewater
pH to meet the current legislation and then to be disposed.

5 Brazilian Perspective

Only 46% of all wastewater produced in Brazil is treated. The situation is even more
critical in the Northern region, where 21.7% of the wastewater is treated [124]. Thus,
a lot of work is required to universalize the sanitation to all population.

In this context, wastewater treatment using microalgae may be an attractive
solution to promote a sustainable process. However, some limitations must be
overcome in Brazil, especially regarding the nutrients concentration. The typical
nitrogen and phosphorus concentration in the Brazilian centralized wastewater
systems is around 45 and 7 mg/L, respectively [4]. Microalgae cultivation in these
low nutrient concentrations is unattainable, not only in regards to the economy, but
also the practicality and sustainability [66].

One possible solution is to nutritionally enrich the wastewater from Brazilian
WWTPs with another wastewater type, which has higher nitrogen and phosphorus
concentrations [125]. Piggery wastewater have high concentrations of organic mat-
ter, nitrogen, and phosphorus [126], which makes it a potential candidate. Timely,
Brazil occupied the fourth in pork production and export worldwide, producing
around 3.75 million tons in 2017 [127].

The discharge of the piggery wastewater has been an environmental problem in
Brazil, because it is sometimes directly discharged into water bodies. The use of
piggery wastewater for microalgae cultivation was evaluated by several studies

Microalgae Production Integrated with the Wastewater Treatment: A. . . 313



[125, 126, 128]. It is important to mention that the direct use of piggery wastewater is
not recommended due to its high organic load. Thus, the mixture of piggery and
municipal wastewater becomes an attractive solution both environmentally and
economically.

Another advantage of the municipal and piggery wastewater is the dilution of the
piggery wastewater. However, the wastewater proportion in the mixture should be
optimized, since the piggery is very concentrated in terms of organic matter
(>7,000 mg/L of total solids) and nutrients (>300 mg/L of nitrogen and
>400 mg/L of phosphorus) [129]. The volume of piggery wastewater can represent
more nutrient concentration, but also more turbidity and color in the final mixture for
the microalgae cultivation.

A pilot study was carried out in Brazil by Leite et al. [16] using piggery and
municipal wastewater for microalgae production during 4 weeks. The system
consisted of an UASB as pre-treatment and Chlorella sorokiniana cultivation in
three flat panel photobioreactors. High organic matter removal was reached by
UASB treatment (>92% of chemical oxygen demand removal), even with a large
variation of the wastewater characteristics. Chlorella sorokiniana concentration
reached about 1 g/L, with an average efficiency removal of 100% for ammonia,
46–56% for dissolved inorganic carbon, and 40–60% for orthophosphate. The
authors also discussed possible solutions to improve microalgae production and
the wastewater treatment.

After the great results obtained from the cultivation studies, the authors tested
different methods for microalgae harvesting from the mixture wastewater (Table 5).

Table 5 Efficiency of Chlorella sorokiniana recovery from municipal and piggery wastewater
using different harvesting methods and operational parameters

Harvesting method
Coagulant
agent Operational parameter

Efficiency
(%) Reference

DAF (coagulant)
MC ¼ 0.6 g/L
pH 7

10 mg/L
Zetag 8,185

Velocity gradient ¼ 500 1/s
Mixing time ¼ 30 s
Flotation velocity ¼ 8 cm/min

98.4 [108]

75 mg/L
Tanfloc SG

94.5

500 mg/L
Al2(SO4)3

95.4

1,000 mg/L
FeCl3

96.7

DAF (alkaline
flocculation)
MC ¼ 0.6 g/L
pH 8.6

pH 12
(using
NaOH)

Velocity gradient ¼ 500 1/s
Mixing time ¼ 30 s
Recirculation rate ¼ 20%
Flotation velocity ¼ 12 cm/min

96.5 [110]

Sedimentation
(alkaline
flocculation)
MC ¼ 0.5 g/L
pH 9

pH 12
(using
NaOH)

Velocity gradient ¼ 250 1/s
Mixing time ¼ 10 s
Settling time ¼ 7 min

97.8 [130]

Note: Microalgae concentration (MC)
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Sedimentation and flotation were tested because they are consolidated technologies
in wastewater treatment and applicable on large-scale. All methods presented high
efficiency (>94.5%) at the optimal operational conditions and improved the waste-
water quality. The complexity of the wastewater composition showed no interfer-
ence in the harvesting process, even working with sensible methods like alkaline
flocculation [110, 130]. These results show the great potential of the mixture
wastewater for microalgae production and also can serve as guidelines for the
application on large-scale in Brazil.

6 Future Prospective

As shown in this chapter, microalgae production coupled with wastewater treatment
has a great potential to be applied on large-scale. However, hurdles and limitations
must be reduced or overcome to make the treatment economically viable. In this
context, technology development is essential to increase the biomass productivity
and to reduce the process cost.

Despite the numerous studies, most of the reported cultivation experiments have
been carried out in small-scale under controlled condition. The current investigations
are usually focused on closed photobioreactor operating in batch mode during a short
time period. Then, little information is available about the scale-up process, growth
of other microalgae species, presence of microalgae predators, and possible contam-
ination by chemical compounds present in wastewater. These are essential data on
microalgae cultivation in long-term period.

Microalgae harvesting is the major bottleneck for microalgae production, due to
the microalgae characteristics. Most studies on the harvesting method have been
carried out with microalgae grown in culture medium and require validation to be
applied into biomass grown in wastewater. Also, it is fundamental that the studies
consider operational parameters as a study variable and also report the technical
information to scale up the process and to allow the method reproducibility.

Thus, research is still needed for the development of technology in improving the
cost-effectiveness of the microalgae cultivation coupled with wastewater on large-
scale.

7 Conclusion

The microalgae are sources of high-value bioproducts, which motivates studies to
enable the microalgae production on large-scale. Microalgae production coupled to
the wastewater treatment is an interesting and sustainable alternative to reduce the
costs regarding the cultivation process, since the nutrients (e.g., carbon, nitrogen,
and phosphorus) and water are available cheaply. In this process, the microalgae
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uptake nutrients and other chemical dissolved substances, promoting simultaneously
the wastewater treatment and biomass production.

Besides the benefices for wastewater use as culture medium, its composition
complexity complicates the harvesting process, since the presence of solid and some
compounds can reduce the efficiency or even inhibit the microalgae recovery by
some methods. This fact endorses the importance of the harvesting method assess-
ment for every wastewater type before its application.

Thus, the wastewater treatment integrated to the microalgae production becomes
a promising alternative to overcome the high costs; however, there are still many
challenges to make the system economically viable on large-scale.
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Abstract Agricultural drainage water (ADW) is mainly the excessive water that
runs off the agricultural field at the low end of furrows, border strips, basins, and
flooded areas during or after surface irrigation. It can be reclaimed and beneficially
reused for the irrigation of fields at lower elevations without any treatments and
pumping. In many cases, the runoff can be collected and stored in lined ponds (e.g.,
with a membrane liner) for later reuse. In contrast, the stored water should not be
allowed for infiltration into groundwater aquifers when it has a high chemical
content. In this chapter, we will (1) discuss the reuse of ADW in large agricultural
regions in California, such as the Central Valley (2) summarize the different
strategies for ADW reuse and its practices in the Nile Delta of Egypt. The conclusion
of the chapter is presented and recommendations for the long-term usage of ADW.
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Also, the assessment of the long-term impact of using drainage water from the
environmental aspect is summarized.

Keywords Agriculture, Central Valley, Drainage water reuse, Irrigation, Nile
Delta, Non-conventional water sources, Salinity

Abbreviations

ADW Agricultural drainage water
B Boron
BCM Billion cubic meter
BOD Biological oxygen demand
Ce Coefficient of evaporation
dS/m Decisiemens per meter
EC Electrical conductivity
EV Annual evaporation rate
MALR Ministry of Agriculture and Land Reclamation
mg/L Milligrams per liter
mmho/cm Millimho per centimeter
MWRI Ministry of Water Resources and Irrigation
Ppm Parts per million
SAR Sodium adsorption ratio
Se Selenium
TDS Total dissolved solids

1 Introduction

With increasing world population, the gap between water supply and demand is
widening. The Non-conventional ways of conserving water are now applied through
the reuse of wastewater of agriculture and industry [1]. While agricultural drainage
water, ADW is treated before using for irrigation purposes in developed countries
where standards are applied, it is not always strictly adhered in developing countries.
ADW refers to irrigation tailwater at the lower ends of basins, furrows, border strips,
and flooded areas. ADW reuse practices vary significantly around the world. It
ranges from the use of untreated wastewater in regions where wastewater treatments
are limited to the usage of highly treated recycled water in the more developed
regions. In either case, both food and non-food crops are commonly irrigated [2].

Across all contexts, water scarcity is the common motivation for agricultural
reuse [3]. ADW generally has a high load of organic matter (high biological oxygen
demand, BOD). The reuse of ADW can pose positive benefits to the farmers’
community, where it helps to improve soil organic content, cation exchange
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capacity, soil moisture-holding capacity, and soil nutrient content and productivity.
In the cases where ADW contains high levels of salts and nutrients, mixing with
lower-salinity water can make it safe for irrigation reuse [4]. Agricultural practices
under the semi-arid climatic conditions in Central Valley of California need inten-
sive, frequent irrigation and well-designed subsurface drainages to prevent salt
accumulation in the surface soils. The discharging from the groundwater in the
San Joaquin Valley–Central California (Fig. 1) altered the mechanism of the
groundwater flow and the distribution of chemicals in the groundwater [5].

The management of the high volumes of ADW in San Joaquin Valley is highly
challenging, where ADW has a considerable amount of selenium, Se and Boron, B,
as well as the high level of salinity. ADW cannot be directly disposed into the
surface water bodies or discharged to groundwater aquifer because of the environ-
mental hazards of Se to wildlife and environment. In this case, the ADW is collected
and stored in evaporation ponds for Se, B, and salts accumulation [6].

There is an increasing trend towards the reuse of ADW with poor quality for
agricultural production in San Joaquin Valley. It can serve two purposes; one is to
dispose of ADW that would otherwise be costly to be treated and pumped again to
the fields, and the other is to utilize this drainage water for irrigating salt-tolerant
crops without significant reduction on the yield. Consequently, the successful
adoption of a practical agricultural drainage water reuse strategies in Central Valley
of California requires integrated management practices related to the irrigation
schemes with poor-quality waters, crop selection, and monitoring groundwater and
soil for the fate of toxic elements in agricultural production systems [7].

Egypt lies in aridity climate conditions at the end of the longest river all over the
world. It has a negative water balance where its total annual water supply accounts
for approximately 57.7 billion cubic meters, BCM (from the Nile, rainfall along the
Mediterranean coast, and the deep groundwater), and the annual demand is around
72.4 BCM. This 25% difference between the demand and supply comes from the
reuse of agricultural drainage water multiple times where pumps lift the water from
drains and discharge it back into irrigation canals for reuse. The main problem is that
when water infiltrates through soil and drainage networks, it is combined with salts
and agricultural drainage, such as chemical fertilizers, which finally adversely affect
the soil properties [8]. Therefore, two water are mixed together (the freshwater in
irrigation canals, and the drainage water from agriculture) following two strategies;
the governmental scale, where official mixing of the water occurs at the pumping
stations, and the unofficial practices (farm-scale) by the local growers. This second
practice by the local farmers leads to having low-quality resultant water, which later
adversely affects the crops and the groundwater quality [9].

The ability of the selected crops which can survive in the drainage water reuse
system depends on many plant parameters. Some of these parameters are varieties
and population, stage of growth (initial, development, mid-season, and late-season),
type of irrigation (drip, sprinkler, and furrow), and bed arrangements [10]. When the
drainage water is reused to irrigate different fields, respectively, its quality becomes
increasingly poor until reaching the last field. Thus, it is imperious to select higher
salinity tolerant crops for the latter stage of the drainage water reuse system. The

Reuse of Agriculture Drainage Water – Case Studies: Central Valley of. . . 327



Fig. 1 San Joaquin Valley–
Central California
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selection of the crops is based on two substantial criteria, which are the economic
viability of the plant and the lowest maintenance requirements for the field [11].

2 Agricultural Drainage Water Reuse

Reuse of agricultural drainage water is essential to keep the balance between the
water requirements and water supply for both the short and long-term. In arid regions
and areas that suffer from the limitation of water resources, the reuse of agriculture
drainage water is applied for supplemental compensation where strategies for the
reuse have evolved. However, the crops type and patterns are determined based on
the quality of the used drainage water. Drainage water with high salinity cannot be
used for the irrigation of salt-sensitive crops while it could be flooding salt-tolerant
forages, and it will be successful. A framework summarizes the uses of drainage
water from agriculture is presented in Fig. 2.

2.1 Reuse for Crop Irrigation

Agricultural drainage water reuse for crop irrigation mainly depends on the ions’
concentrations and salinity. Drainage water with lower ionic concentrations is safe
for plant growth and could provide the plant with the essential nutrients’ require-
ments. When the drainage water contains plenty of salts, the ions accumulate in the
soil, increase the osmotic pressure, limit the plant water uptake. The critical factor
that controls the reuse of the drainage water for crop irrigation is how to drain salts
away from the root system of the plant and to control the salinity levels based on crop
tolerance. With more usage of drainage water, it becomes saltier and thus leads to
keep monitoring and management for achieving sustainability of the system.

1.Agricultural drainage water reuse

1.Reuse for crop irrigation

1.Salinity effect on crop 
growth and yield

1.Agricultural 
Management practices

1.Cycling and blending 
strategies

Reuse for saline agriculture and forestry

1.Concepts of agriculture–forestry 
 and solar evaporators

1.Planning and design of solar 
evaporators

Reuse in a natural wetland

1.Reuse of surface 
drainage water

1.Reuse of subsurface 
drainage water

Fig. 2 Framework of agricultural drainage water reuse
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2.1.1 Salinity Effect on Crop Growth and Yield

On the other hand, when salinity level in the drainage water that is used for irrigation
increases beyond the threshold level of the crops, a significant decline of yield
inevitably occurs. In this case, the designer or the farm advisor should compare
the reduction with a control case (with non-saline irrigation water) for decision if the
system is beneficial or not. The salinity tolerant is represented based on the threshold
salinity (a) and the slope (b) of the yield decline and calculated from Eq. (1).

Yr ¼ 100� b ECe � að Þ ð1Þ

where ECe is the soil salinity in Deci siemens per meter (1 dS/m ¼ 1 mmho/
cm ¼ 640 mg/L).

2.1.2 Agricultural Management Practices

The main objective of using agriculture drainage water for irrigation is to reduce the
cost of water (when the value of water is high), drainage, nutrients (in the form of
fertilizer saving), and achieving a maximum profit with reaching a highest possible
yield. When drainage of the tailwater is limited because of topography restrictions,
serious salinity hazards on crop growth will happen, and substantial, intensive
management plans should be considered for achieving suitable irrigation and
cropping strategies. The greater the salinity of the drainage water, which is used as
irrigation water, the greater application of the required water because of the needed
water fraction for leaching requirements. Thus, the accumulation of salts in the soil
depends on the amount of residual water after the plant’s need, which is available for
leaching the salts.

Crops irrigated with a sprinkler system are susceptible to injury not only from soil
salinity but also from the absorbed salts through the wetted leaf surfaces from water
drops; however, this is not the case with waxy leaves. When the reused ADW
contains high salinity levels, the flood irrigation would be the first preferable
irrigation system, then the drip irrigation and lastly sprinklers. When irrigation
water is frequently applied through drips, continuous leaching of salts from the
root area occurs in addition to supplementary leaching during the rainfall season.
Salinity in root zone estimates is weighted based on a typical pattern of root
distribution of 40:30:20:10 to account for the water uptake at the different depths.
Thus, leaching requirements (LR) can be simply estimated from Eq. (2) by [12] as
follows:

LR ¼ ECw=5 ECeð Þ � ECw ð2Þ
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where LR is the minimum leaching requirements for controlling salts within the ECe

tolerance, ECw is the salinity of the applied irrigation water (in dS/m), and ECe is the
average soil salinity.

2.1.3 Cycling and Blending Strategies

Some other management techniques could improve yield when saline drainage water
is used as irrigation water for crop production. Some of these management tech-
niques are using seeds of considerable size and weight, use more vigorous varieties
of cultivars, increasing crop density, planting on sloped beds to accumulate salts
away from the lines. On the other hand, fertilizer applications would be reduced
while the applied drainage water always has plenty of essential nutrients for plants.
The sodium (Na) content in the soil is another essential factor that we should
consider it because the high sodium concentration decreases soil permeability and
leads to prevention or insufficient leaching of salts. The suitability of water and soil
is measured using the sodium adsorption parameter (SAR).

Cyclic strategies for using drainage water of different salinities is the most
common practice among agricultural drainage water reuse practices. Different
mixing ratios between freshwater and saline drainage water can be successfully
applied to crops during different growth stages (where salinity tolerant is different)
or can be used with crop rotations between tolerant and sensitive crops. Most of
crops are sensitive to salinity during the seedling and germination stages while they
are more tolerant of salinity during the later growth stage. Some critical practices
during irrigation should also be considered. Increasing the number of irrigation
cycles (irrigate more frequent) during the sensitive growth stages and irrigate less
frequently with higher salinity levels of irrigation water during the salt-tolerant
stages of plant growth. Other factors affecting the cyclic strategy of drainage water
reuse such as the climate conditions, heterogeneity of soil along with the depth
which affects the salt accumulation, and the actual root density and distribution
parameters. In addition to its low salinity, the blended water has low toxic ions,
which means it is environmentally friendly when the final disposing of the drainage
water occurs.

2.2 Reuse for Saline Agriculture and Forestry

2.2.1 Concepts of Agriculture-Forestry and Solar Evaporators

The agriculture-forestry system manages the drainage water as a source of reuse
instead of direct disposal into evaporation ponds, rivers, or lakes. While agriculture-
forestry produces biomass, it also significantly reducing the final volume of
non-reusable drainage water, which could be disposed into rivers during their
seasonal high flows. Solar evaporators are preferable from the wildlife safety aspect
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where trees create wildlife habitats, reduce air pollution, and enhance the overall
environmental quality. The agriculture-forestry systems have been developed and
applied in California for salt management of irrigated farmland through two objec-
tives: (1) to reduce the volume of drainage water, which is discharged directly on the
farm and (2) to utilize the drainage water as a resource to produce profitable
marketable crops.

The productive use of ADW through the agriculture-forestry system and its
disposal into the solar evaporators has been developed and widely applied in
California. The agriculture-forestry system for the subsequent reuse and reduction
of drainage water volume can be performed through the water flow from salt-
sensitive crops to salt-tolerant trees then to more salt-tolerant halophytes and finally,
to a solar evaporator (Fig. 3). The primary function of this system is to subsequently
reuse the water until the final disposed water could not be used anymore. The salt-
tolerant trees are used to consume and evaporate large volumes of drainage water,
which act as biological pumps. Trees biomass could generate electricity and bio-
chemical or biofuel. After that, halophytes are planted as food potentials or industry.
With going through each successive stage in the system, the salinity is increased, and
the water volume is decreased.

In the agriculture-forestry system, almost 80–85% of ADW that was initially
applied at the first stage to grow salt-sensitive crops is subsequently reused to
produce salt-tolerant crops. The remaining percentage of the water volume
(15–20%) with the high concentration of salts evaporates into the solar evaporators.
The solar evaporator’s design consists of a leveled area lined with impermeable liner

Fig. 3 Agriculture-forestry and salt management systems [7]
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on which the crystallized salt is collected. A correlation between the daily amount of
discharged drainage water into the solar evaporator and the daily evaporation rates is
performed to prevent the water ponding.

2.2.2 Planning and Design of Solar Evaporators

The agriculture-forestry system in California is operating for subsequent reuse of
drainage water. At the same time, salt removal utilizes the drainage water with
7,000 mg/L as an initial salt concentration, following the irrigation of salt-tolerant
crops. This technology offers management options for the salt crystallization in
relatively small areas on farms or the discharge of the reduced volume of drainage
water (brine) into natural sinks or solar ponds. Salt crystallization in solar evapora-
tors supplies salt to the market with required salts through its short-/long-term
storage on farms or the designated landfills [7].

Additionally, the system for subsequent reuse of drainage water is efficiently
reducing Se levels. The average Se concentration is 0.5 mg/L in drainage water,
which could be applied to trees, and 0.9 mg/L in the reduced volume of drainage
water applied to halophytes. Selenium is subsequently reduced through the volatil-
ization and is also taken up by halophytes and trees. Selenium removal by trees is
mainly positioned in the leaves. Successful experiments for this system achieved
when Se could be transferred through the harvesting of halophytes and then used this
forage safely for cattle feeding.

The design of solar evaporators is fundamental to the development of the
integrated agriculture-forestry system. The size (area) of the solar evaporator is a
function of the annual evaporation rates, which depend on the farming region’s
location. The solar evaporator’s area is calculated by Eq. (3) as follows:

Ae ¼ 1000 DWh=EV � Ce ð3Þ

where Ae is the area of the solar evaporator (m2), DWh is the drainage water
discharged from halophytes into the solar evaporator (1,000 m3), EV is the annual
evaporation rate (m), and Ce is the coefficient of evaporation, for reduced evapora-
tion of saline water.

2.3 Reuse in a Natural Wetland

Agricultural drainage water could also be utilized for wetland or wildlife habitat
irrigation after addressing the following questions:

1. Is a sufficient volume of the water available, and what constitutes are existing in
the water?

Reuse of Agriculture Drainage Water – Case Studies: Central Valley of. . . 333



2. What vegetation could be grown using this drainage water and where it is from
surface or subsurface drainage water?

3. What are the associated environmental impacts on wildlife, and is the wetland
sustainable or not?

2.3.1 Reuse of Surface Drainage Water

Surface drainage water is derived only from surface drains or tailwater sources. The
main question is whether the water contains applied fertilizers and pesticides or not.
In the areas where powerful environmental safeguards exist, and restrictions are
followed when applying the pesticide, there is little risk associated with the reuse of
surface runoff or tailwater drainage water. For example, rice field drainage water
accounts for a large percentage of the water supply for managed natural wetlands in
Sacramento Valley in California, where it is generally safe for reuse. Most of surface
derived drainage water is utilized to flood wetlands in the early autumn. In the rice-
growing sectors, the fields are drained in the early autumn or late summer. These
drainage patterns concur with the wintering grounds of waterfowl’s autumn
migration.

Ideally, the habitat of the winter waterfowl is flooded to a depth of 20–50 cm.
Based on soil type, seepage, and evaporation rates, the drainage water required for
the initial flooding will be ranged from 500 to 1,500 m3/ha. Whenever local supplies
of surface derived drainage water are available, water is used to maintain ponds from
October to March of the following year. In warm climates, the consumptive use (the
annual evaporation) is approximately 2,500 m3/ha, which causes a further increase
of salt concentrations in the wetland outflow.

The typical native marsh plants grown with surface agricultural drainage waters
include pale smartweed (Polygonum lapathifolium), swamp timothy (Heleochloa
schoenoides), and hardstem bulrush (Scirpus fluviatilis). These plants are grown
under plenty of soil moisture content. Water is applied in the autumn and held until
the warm temperature of the soil exists, which occurs in March or April in the
Central Valley. When the soil begins to warm, ponds are drained to be in mudflat
conditions, and this stimulates seed germination. In some areas, seed germination
does not require additional water until the autumn flood up period. However, where
summer months are hot and dry, one or more irrigations will be required between
July and early August in order to provide an optimal seed production.

2.3.2 Reuse of Subsurface Drainage Water

The reuse of the subsurface saline ADW for wetlands management can pose a
substantial challenge and can generate severe problems. Thus, it could affect wildlife
and habitat reductions. Although subsurface drainage water is free from pesticides or
herbicides, it sometimes contains naturally derived toxicants or trace elements such
as salts and nitrates. Prior to planting and seedling, a careful analysis of subsurface
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agricultural drainage water is required. The provision of a sufficient volume of flow-
through water is essential to minimize the concentration of toxic elements due to
evaporation.

However, because of the high vulnerability of food-chain and processing, most
wetland managers and decision-makers intentionally refuse to use subsurface agri-
cultural drainage water, which contains high levels of trace elements. The potential
costs of clean up or remediation of a contaminated wetland dictate a conservative
approach. The primary consideration is the management of water salinity and soil.
Maintaining of the salt balance between applied water and the soil/water interface is
key to the production of salty water native marsh plants. General in California, water
with total dissolved solids, TDS level of 2,500 mg/L or less is preferable for wetland
management. Occasionally, water with a TDS level as high as 5,000 mg/L can be
used only for short periods of applications.

In late winter, ponds are drained to discharge the drainage water and accumulated
salts. Ponds are then refilled with new freshwater as profoundly as practicable. After
about 14 days, the water is drained for the second time. The drainage cycle is
repeated about two to three times before the cycle is totally completed. This process
removes the salts in the surface water through the evaporation process and allows for
the rebalancing of the soil moisture contents.

3 Strategies for Agricultural Drainage Water Reuse
in Egypt

The reuse of drainage water offers a further illustration of how humans modify the
cycle of water through Egypt. Agricultural drainage water reuse strategies follow the
hydro-social cycle, which offers a framework for highlighting the intersection
between water flows and the social processes. Rather than seeing water as a
substance that circulates independently of society, the hydro-social cycle recognizes
each storage component and flow as moderated by social, political, economic, and
cultural relations that, in turn, are shaped in part by the flow of water. Instead of
water only cycling from precipitation (over the East African source regions of the
Nile) to surface flow (through the Nile and over the fields), to infiltration (through the
soil), and back into the atmosphere via transpiration (through the crops) or evapo-
ration from a drainage outlet (the Mediterranean), the reuse of drainage water adds
an extra loop to the cycle (Fig. 4).

About 71% of the farmers in the Nile Delta find insufficient water in the irrigation
canals during summer months because of the intense pressure on the water supplies
[14]. The drainage water reuse helps make up these shortages by enabling farmers to
irrigate their fields. Additionally, the budget from the reuse of agricultural drainage
water could help in providing the required water for the land reclamation projects in
the desert, where the government pursues an ambitious strategy to expand the
cultivated land by 3.1 million acres by the end of the year 2030 [15]. Two factors
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that are governing the reuse process are quality and quantity. Quality means water
must be at a certain standard before it can be used for irrigation. At the same time,
quantity affects the relative volumes of clean and polluted water, (which determines
the nature of the resultant mixture). The significance of the hydro-social cycle
concept not only comes from what it tells us about where the water goes but also
about what the water will be.

The “hydro” cycle is dynamic (not static). Social, political, and economic rela-
tions determine who within the farming population is able to access drainage water
for reuse and who is not. The most fortunate farmers are those who have no need for
drainage water in the first place as they have enough good quality irrigation water.
Among the vast majority of the farmers who do not have sufficient water, they stay in
line with government reuse pumping stations to supplement their canal supplies.
Besides, any farmer with the money to buy or rent a pump and land near a drain can
access drainage water “unofficially.” However, the process of drainage water reuse
reworks relations of power and influence by impacting the volume and quality of
water each farmer could receive and thereby setting the parameters of agricultural
possibility. The better the quality of water a farmer is able to access for irrigation, the
higher the yields and profits he will achieve.

Average salinity in the main drains in the irrigation and drainage network of
Egypt, measured in parts per million (ppm), is 565 ppm but can reach up to
6,000 ppm in northern parts of the Delta [16]. It is possible to irrigate with saline
water and still maintain excellent levels of production (the so-called biosaline
agriculture), but this requires careful land management practices [17]. So, for most
farmers, saline irrigation water means lower yields. In studies conducted by the
Egyptian Ministry of Water Resources and Irrigation (MWRI), for example, irriga-
tion with saline water (1,000 ppm) produced yields up to 29% lower than freshwater
irrigation. Yield declines were most marked for sensitive crops, like maize, in
comparison to more tolerant crops, like cotton and wheat, which can cope with a
higher salinity [18].

To understand where the drainage water comes from, we have to look at the
irrigation and drainage network system of the Nile Delta of Egypt. About 60% of
Egypt’s cultivated land is served by a subsurface drainage system comprising a

Fig. 4 The Nile’s hydro-social cycle [13]

336 M. G. Eltarabily



network of pipes just over a meter below the ground surface [19]. The rest of the land
is crisscrossed by drainage ditches, which border each field of the Nile Delta’s land.
Drainage water from the surface and subsurface systems meet in the open branch
drains, which channel water into the main drains.

Drainage is, therefore, a converse flow to irrigation. Whereas the irrigation
network channels water from a single source (the Nile River) to multiple points of
the outlet (the fields), the drainage network transfers water from multiple sources
(the fields) to a single point of the outlet (the drain). The majority of drains in the
northern part of the Delta are wide and full of dark and polluted water [20]. Salinity
is always high, on average, over 2,800 ppm. The main drains discharge a total of
approximately 12.5 BCM of water a year, either directly into the Mediterranean Sea
or into the coastal lakes of Mariut, Edku, Burullus, and Manzala [21].

3.1 Official Reuse

The Egyptian Ministry of Water Resources and Irrigation (MWRI) initiated the
program of agricultural drainage water reuse and constructed large pumping stations
on the main drains of the Nile Delta [22]. Until 1984, 2.9 BCM of drainage water
was discharged again into the main canals and the Nile’s two branches for reuse in
agriculture [23]. In 2011, MWRI expanded the network of pumping stations (Fig. 5),
and the official reuse of ADW reached 7.5 BCM, which means almost 10% of
Egypt’s water need meets by the drainage water reuse [24].

On the other hand, farmers play an active role in companying government
responsibility through the MWRI program to establish the pumping stations in
their areas. Although the enormous efforts from the government side, some farmers
still have the concept that the drainage water is “a very bad thing,” and the drainage
water is not only a substandard source of water for irrigations but also a symbol of
marginality. The hydro-social cycle that affecting the water quality depends on many
factors such as the type and quality of the original drainage water before mixing, the
volume of the freshwater (the mixing ratio), and the place of mixing.

3.1.1 Salinity Threshold

The future of ADW in Egypt’s national water resources plan for 2017 by [22] does
not consider the salinity as a factor restricting the reuse of the drainage water. These
estimates of high reuse potential (Fig. 6) support the vision of the Egyptian govern-
ment for agricultural expansion into the desert. However, some other reports adopted
1,600 ppm as a salinity threshold, which leads to 8.9 BCMmaximum potential reuse
[25]. Other salinity thresholds could be adopted based on crop and soil type.
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3.1.2 Mixing Ratios

The quality of the drainage water after the reuse depends on how much freshwater
was mixed in with it. The mixing ratio of one to one is cited as “rule of thumb”which
means one-part irrigation should be mixed with one-part drainage water [26]. This
rule was originated from the El-Salam project, one of the massive governmental
reuse projects where the freshwater (originated from Damietta branch of the Nile)
mixes an equal proportion of the drainage water from two main drains [27]. The
generated mixed water was discharged through a syphon under the Suez Canal and
El-Sheikh Zaid canal into the desert of the Sinai Peninsula for land reclamation
(Fig. 7). About 6.21�105 feddans of reclaimed lands (2.21�105 and 4�105 feddans
west and east of Suez Canal, respectively) are irrigated by 2.3 BCM per year. 2.11
BCM/year is from the Damietta branch, which is equal to the drainage portion from
Bahr Hadus drain, 1.905 BCM/year, and El-Serw drain, 0.435 BCM/year [29].

Unlike El-Salam Canal, the mixing ratio is 1:1, and it could reach 5:1 of the canal
to drainage water in cases of the high salinity of the drain water. Thus, MWRI
applies different mixing ratios according to practical contexts for each pumping
station for water ruse. It is clearly saying that the quality of the resultant mixed water
is the main governing factor to decide the specified mixing ratio when the salinity of
the mixed water reaches 1,000 ppm.

Fig. 5 Drainage outlets and reuse pumping stations in the Nile Delta [13]
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3.1.3 Mixing Location

The process of agricultural drainage water reuse depends on the place where the
mixing of the two sources of the water occurs. MWRI has traditional practices of
recycling the water from the main drains where pumping stations lift the water and
discharge it into a main canal or branch of the Nile (Fig. 8). Recently, the MWRI
starts the “intermediate drainage reuse” practice, which is led by the regional
irrigation directorates where water from branch drains is collected and discharged
into tail ends of the branch canal. Unlike the main drainage reuse (from main drains),
which MWRI accounts for recycling in their national budget and each directorate’s
water supply, the intermediate reuse is localized only with the response to the
scarcity.

The local farmers are allowed to operate their small pumps when there is no water
existing at the ends of the branch canals. The pumps, in this case, will not

Fig. 6 Water balance of Egypt including agricultural water reuse for Nile system and Desert in
2017 (redrawn after [22])
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continuously operate because the branch canal that they are going to directly
discharge the collected drainage water in it has a limited hydraulic capacity, and
the drain itself sometimes does not have sufficient water for collecting. In most of the

Fig. 7 El-Salam Canal project layout map [28]

Fig. 8 Egypt’s irrigation and drainage systems and points of mixing [13]
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farmland in the Nile Delta, local farmers operate the pumps for about 10 h a day, or
just during the 4 months of the summer, where the pressure on canal water is highly
intensive. MWRI started to define the branch drains in which farmers could collect
water from them based on the water quality thus, specifies the point of mixing water,
e.g., before the drain joins another more contaminated and high saline main
drain [30].

3.2 Unofficial Reuse

The Ministry of Water Resources and Irrigation is not the only party responsible for
the recycling of drainage water in Egypt. Pumps are a common sight in rural areas
and have been ever since low-cost diesel pumps became widely available. In most of
Nile Delta’s lands, the farmers sit the pumps on the banks of canals and lifting the
water to their field and start irrigation. However, some of these canals on which
farmers operate their pumps are not canals but drains. Farmers, though, have no
trouble telling them the difference between the canal and the drain. Farmers do not
need data, however, to know the times and places in which water is acceptable for
use and when and where it is not. They turn directly to the drains to irrigate their
fields when the irrigation canals are empty. This is the practice of what MWRI terms
“unofficial reuse.”

Since farmers only turn to drainage water when their canals are empty, they do
not have the option of mixing the drainage water with freshwater before reuse.
Instead, they apply the drainage water immediately to their fields. As the water
moves directly from drain to field, it does not directly affect water quality in the
canals. But it does pass through the soil and thus directly affects soil salinity.
Recently, unofficial reuse of drainage water has been expanded because of the
increasing pressure on the limited canal supplies. This pressure comes in part from
farmers’ crop choices, where most of them have turned towards profitable but water-
intensive crops like rice, leading to increased water demand [31].

In addition, agricultural expansion through desert reclamation has led to mount-
ing claims on irrigation supplies, leaving some farmers with no option but to use
drainage water [32]. Unofficial reuse of drainage water is illegal, but local officials
make little effort to enforce the ban. They recognize that farmers only turn to
drainage water when their irrigation water supply is insufficient. It is difficult to
gauge how much drainage water farmers are recycling back into the irrigation
system. The amount each farmer takes is relatively small, but the aggregate impact
is tremendous. The Ministry estimates unofficial reuse to be between 2 BCM and
3 BCM a year [24]; other sources [23] suggest it could be as much as 4 BCM.
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4 Conclusion and Recommendations

Irrigation management is essentially the most important strategy for reducing the
volume of freshwater applied and drainage water produced in any agricultural region
worldwide. Since salts are imported from the central California soils with irrigation
water, a means of ultimately isolating salts from productive agricultural soils is
required for sustainability. Otherwise, salts will accumulate. The long-term concern
regarding reusing drainage water is that it may lead to an excessive salinity accu-
mulation, as well as it contributes to the soil quality deterioration, e.g., permeability
and tilth. The consequence can be impermeable and crusted soils with poor stand
establishment. Furthermore, leaching salts from topsoils by subsurface tile-drainage
systems will be essential when the soil–plant system becomes salt saturated. Mon-
itoring programs for soil salinity should be implemented for understanding the
complexity of salinity’s spatial variability and its dynamic nature.

These practices of drainage water reuse are instrumental to the state. The
recycling of drainage water adds to the volume of water that the ministry has the
power to govern and distribute. This helps justify the government’s politically
motivated agricultural expansion goals. It also helps meet demand, easing relations
with the regional irrigation directorates. Practices of drainage water reuse, therefore,
are part of what makes it possible for the state to claim control over Egypt’s water.
Selecting plant species that are suitable for the different components of the drainage-
water reuse systems will always be complicated by drainage-water compositions,
trace elements, field variability, specific cultivation, and irrigation practices.
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Abstract In developing countries, an estimated 65% of freshwater withdrawals are
currently utilised in agricultural activities that are predominately related to irrigation.
As climate change continues to threaten the availability of freshwater, there is a
growing need to explore alternative irrigation water sources and treated municipal
wastewater reuse has emerged as a viable option. Having been in practice for the past
5,000 years, municipal wastewater reuse continues to be perceived as an innovative
water management approach to augment water supplies in water scarce regions.
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Presently several developed countries, confronted with water scarcity, have made
significant progress in tapping into this resource. Strong institutional frameworks
(policies, regulations, and guidelines) have significantly contributed to the progress.
However, in developing countries, particularly Africa, treated municipal wastewater
reuse remains an untapped resource, despite climate change projections indicating a
decline in rainfall and greater uncertainty of its occurrence, while demand for
freshwater is expected to increase in the coming decades. Furthermore, freshwater
shortages are exacerbated by flows of untreated municipal wastewater, industrial
effluents, and other pollutant sources into natural water bodies. Researchers have
alluded to lack of institutional frameworks that comprehensively address and pro-
nounce on the “What”, “Where”, “When”, “Who”, and “How” to deploy treated
municipal wastewater reuse in agriculture. Through systematic literature review and
document analysis of policies, regulations, and guidelines of selected case study
countries in Africa, Asia, Latin America, Europe, and North America, this chapter
presents a review of the developments in the reuse of treated municipal wastewater
in irrigated agriculture. With an objective to unearth impediments in tapping into
treated municipal wastewater reuse as an alternative water source for irrigated
agriculture in Africa, we present recommendations for improvement of the current
landscape. The study established that a well formulated legislative framework is vital
for putting in place appropriate policies, regulations, and guidelines to enable
successful adoption of projects which use treated wastewater for agricultural activ-
ities by farmers. Imbedded in such a framework should be a robust and comprehen-
sive institutional arrangement of relevant departments which work collaboratively,
and with skilled human personnel who have capabilities of engaging with relevant
stakeholders and addressing technical issues of wastewater collection, transport,
treatment, and reclamation, as well as being able to proffer economically viable
wastewater reuse projects. Best practices of treated wastewater reuse in agriculture
from the State of California and Spain, used as case studies from the USA and EU,
should be adapted and refined to local conditions by countries which lag in this
practice.

Keywords Developing countries, Guidelines, Irrigated agriculture, Municipal
wastewater reuse, Policies, Regulations

1 Introduction

Researchers continue to reverberate how rapid and continuous population growth,
coupled with urbanisation, and increased human economic activities, have resulted
in freshwater demands surpassing supplies [1]. The United Nations (UN) report of
2015, predicting a global water deficit of 40% by 2030 [2], corroborates the looming
freshwater crisis. The ramifications have an adverse effect on green water availabil-
ity. Researchers estimate an average of 65% of freshwater withdrawals to be
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channelled towards agriculture globally [3]. Hence, strategies to mitigate water
shortage-related risks in agriculture are highly topical. These include investigations
into treated municipal wastewater reuse. Presently terrestrial water is the main
freshwater source for agricultural production, and the main objective of these
investigations is optimisation of water usage to achieve reduction in freshwater
withdrawals intended for agricultural activities.

Several developed countries, where water scarcity is a threat to economic
activities, have made significant progress in tapping into treated municipal
wastewater reuse in irrigated agriculture. This has largely been achieved through
putting in place policies, laws, regulations, and guidelines that explicitly articulate
treated municipal wastewater reuse procedures and processes in irrigated agricul-
ture. Consequently, stakeholders have been capacitated to efficiently implement
the practice [4]. Whereas in developing countries, particularly Africa, treated
municipal wastewater reuse in irrigated agriculture continues to be widely
unplanned, and untreated wastewater is deployed. Several reasons are documented
which include the absence of country specific policies, regulations, and guidelines
that explicitly articulate and promote deployment of treated municipal wastewater
reuse in irrigated agriculture [5].

Hence, this study reviewed the literature and government documents on devel-
opments of policies, laws, regulations, and guidelines that address treated municipal
wastewater reuse in irrigated agriculture. In the global North, the State of California
in the United States of America (USA) is selected as the case study, taking
cognisance of its water scarcity experiences, adverse climate change impacts,
uneven spatial distribution of water resources, coupled with its pioneering publica-
tion of regulations and standards on treated municipal wastewater reuse in irrigated
agriculture in 1918 [6]. This document has shaped global municipal wastewater
reuse discourses. Spain is selected in the Europe Union (EU) due to its asymmetrical
distribution of water resources and first position ranking in deployment of treated
municipal wastewater reuse in irrigated agriculture among EU member states [7]. In
the global South, Mexico in Latin America has made significant progress in
deploying wastewater reuse in irrigated agriculture, hence its selection as a case
study. In Asia, China is selected, considering the complex water management issues
arising from pollution of natural water bodies emanating from extensive economic
activities. Furthermore, China is ranked first place globally for reported usage
of untreated municipal wastewater in irrigated agriculture. In Africa, Egypt in
North Africa is among countries that are making progress in the deployment of
treated municipal wastewater reuse in irrigated agriculture [8]. While sub-Saharan
Africa lags with limited data on municipal wastewater reuse in irrigated agriculture,
the only available data depict several hectares of land in South Africa under
untreated municipal wastewater irrigation, hence its selection as a case study in the
region.
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The main objective of this study is to unearth ways to improve and encourage
treated municipal wastewater reuse in irrigated agriculture in Sub-Saharan Africa. In
carrying this review, the following questions guided the study:

What policies, laws, and guidelines exist in support of municipal wastewater reuse
in selected case studies?

What are the challenges in the development and implementation of institutional
frameworks (policies, legislation, and guidelines) for municipal wastewater
reuse in irrigated agricultural?

2 Methodology

The study employed case study research methodology recommended by [9] for an
in-depth exploration of the research questions in the delimited areas. With planned
treated municipal wastewater reuse in irrigated agriculture as the unit of analysis, the
development of institutional frameworks (policies, laws, and guidelines), pertaining
to this unit, is considered the main objective. The study conducted a systematic
qualitative analysis of literature and government documents, perceived by [10], to be
a suitable technique for policy content analysis.

3 International Guidelines on Municipal Wastewater Reuse
in Irrigated Agriculture

Research indicates gaps in the uniformity of policy development and formulation of
regulations and guidelines that create an enabling environment for wide deployment
of municipal wastewater reuse in several global South regions [11]. Citing absence
of universal guidelines and standards, stakeholder confidence in deployment of
wastewater reuse globally is significantly eroded [12]. However, there are
non-binding guidelines published by international organisations such as World
Health Organisation (WHO), Food and Agriculture Organisation (FAO), and Inter-
national Organisation for Standardization (ISO) that may be of value to global South
countries where treated municipal wastewater reuse in irrigated agriculture is in its
infancy or non-existent.

The first international organisation to publish guidelines on municipal wastewater
reuse for irrigated agriculture was WHO in 1973. The published document was
entitled “Reuse of effluents: methods of wastewater treatment and health safe-
guards”. Its main objectives were to protect public health and to ensure safe
application of wastewater reuse and excreta handling in agriculture. However, the
document fell short in achieving these objectives as it did not explicitly articulate
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preventative measures on public health risks associated with wastewater reuse in
agriculture and lacked any backing from epidemiological studies. Following exten-
sive epidemiology research, the 1973 WHO guidelines were updated in 1989 and a
document entitled “Health guidelines for the use of wastewater in agriculture and
aquaculture” was published. This document focused on microbiological threshold
levels permissible in irrigated agricultural, and prioritised public health and envi-
ronmental protection [13]. The current WHO guideline, published in 2006, entitled
“Safe use of wastewater, excreta, and greywater” is well informed by extensive
research. Issues pertaining to public health are dealt with explicitly through assess-
ment of health risk, health-based targets, and health protection measures. Monitoring
and system assessment measures are articulated, and consideration is given to social,
cultural, financial, and environmental policy aspects [14]. The WHO guidelines
highlight the parasites in humans as the key risk factor and their removal to be
paramount.

The FAO followed WHO and published its guidelines in 1987 which were
updated in 1999 focusing on effluent quality standards for different uses. The
threshold levels of trace elements permissible in irrigation of specific crops is
delineated. However, regarding microbial requirements, the guidelines are less
restrictive when municipal wastewater reuse is deployed, particularly in unrestricted
irrigation category, while proposing stricter water quality levels for fruit trees
irrigation, requiring faecal coliforms to be as low as <200/100 mL. Importantly,
the physico-chemical parameters of FAO guidelines have informed the set standards,
criteria, guidelines, and regulations of several organisations and state agencies [15].

In 2010, upon Israel’s request titled PC 253, the first ISO standard for wastewater
reuse in irrigated agriculture was issued. This was followed by Japan’s proposition
which was to be established along with Israel’s and China’s, titled TC 282, in 2015.
WHO guideline (2006), Australian national water reuse regulations (2006), Israeli
regulations for agricultural irrigation (1978,1999, and 2005), and California Code of
Regulations (Title 22, division 4, Chapter 3, water recycling criteria (2000)) were the
reference materials used in the establishment of the ISO standard. In 2015, the ISO
16075 series on guidelines for deployment of treated municipal wastewater in
irrigated agriculture was released.

4 Development of Policies, Regulations, and Guidelines
in Municipal Wastewater Reuse in Irrigated Agriculture

Despite treated municipal wastewater reuse gaining momentum globally, the
absence of binding universal policies, regulations, and guidelines curtails its wide
application. Consequently, several countries have developed theirs that are country
specific, prioritising public health and environmental protection. The geographic,
economic, and social landscapes actuate the development of these policies, regula-
tions, and guidelines. Accordingly, there are disparities in permissible threshold
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levels of microbial and physio-chemical parameters [16]. In this regard, developed
countries have had several years of experience in developing their regulations and
guidelines.

Albeit development of regulations and standards for water reuse in the USA being
the responsibility of the states, the Environmental Protection Agency (EPA) has also
developed comprehensive water reuse guidelines that work in tandem with those
formulated by states and any agencies involved in water reuse projects, to mitigate
any incoherence between the federal government and the states [17].

4.1 State of California

The State of California is acknowledged globally for pioneering publication of
treated municipal wastewater reuse regulations and guidelines in 1918. These
regulations are explicit and comprehensive, delineating stringent restrictions on
wastewater reuse parametric threshold levels permissible in irrigation for specific
crops, and specifying the irrigation technique to be deployed. While many states in
the USA sought what to do with the effluents from their wastewater treatment plants
due to the enactment of the Clean Water Act (CWA) by Congress in 1972, that
requires the Environmental Protection Agency (EPA) to set minimum standards on
effluents from those plants, the State of California was well ahead with water
recycling projects. To institutionalise and strengthen treated municipal wastewater
reuse practices, the State of California Legislature enacted the Wastewater Reuse
Law (WWRL) of 1974 [18]. From the published 1918 guidelines to the water quality
standards and treatment reliability criteria that are contained in the California
Department of Public Health (CDPH) Water Recycling Criteria (Title 22, Division
4, Chapter 3 of the California Code of Regulations), California has had over a
century of safe use of treated municipal water for the irrigation of food crops.
These standards and guidelines have been dynamic over time with improved waste-
water treatment technologies, increased knowledge of the behaviour of pathogens
and their impacts on human health, and changes in agricultural and irrigation
practices. A recent review of these CDPH water recycling criteria by the National
Water Research Institute [19] provided the data of the annual wastewater being
recycled from 1989 that are presented in Fig. 1, while the three highest users of
recycled water are agriculture (37%), landscape irrigation (17%), and groundwater
recharge and seawater intrusion barrier (19%). With the CWA at the federal level
and the WWRL in the state, coupled with the Title 22 of the California Code of
Regulations, extensive wastewater reclamation projects were implemented
[20]. These projects attracted huge funding from state and federal grants and
included farms with large acres of land irrigated with treated wastewater.

The role of institutions in the successful deployment of wastewater reuse in
irrigation in the case of California cannot be underestimated. The CDPH, State
Water Resources Control Board (SWRCB) and the nine Regional Water Quality
Control Boards (RWQCBs) are involved in the recycling of treated wastewater.
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While the State and Regional Water Boards oversee the environmental health of the
waters of the State, the SWRCB administers water rights. The CDPH plays the role
of establishing public health criteria for wastewater reclamation, including ground-
water recharge, and reviewing of all proposals for such projects in the State. There is
a memorandum of understanding among these agencies that ensures corporation and
collaboration in achieving successful projects. While champions may be required to
achieve successful farm projects in which treated wastewater is deployed for irriga-
tion, the overarching policies, regulations, and guidelines executed through these
mandated institutions ensure that success is replicated from one project to another.
This approach sets precedence for global South countries in leapfrogging to achiev-
ing such successful farm projects.

4.2 European Union

The potential of treated municipal wastewater reuse in the EU has continued to gain
recognition, necessitating its embeddedness within EU’s Water Framework Direc-
tive (WFD). The acknowledgement by the EU of the importance of treated municipal
wastewater reuse found expression in the European Innovation Partnership on water
of 2012 that supports innovative solutions to water challenges, along with the report
by the European Commission (COM, 2012 – 673) that provides a blueprint on how
to safeguard Europe’s water resources. The WFD promoted the establishment of
legal frameworks among member states to ensure the protection of public health, the
environment, and natural water bodies within their jurisdictions. Spain, one of EU’s
member states, is regarded as the pacesetter in treated municipal wastewater reuse
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among the states [7], and for this reason, we explore the Spanish legal framework
development for treated municipal wastewater reuse in irrigated agriculture.

4.2.1 Spain

The use of treated municipal wastewater in agriculture in Spain started in 1970 from
a wastewater plant in Las Palmas [21]. This practice was extended to other cities and
regions before the enactment of the Water law in 1985 and Spain joining the EU in
1986. These years of 1985 and 1986 were notable with respect to wastewater reuse in
agriculture. The Water law of 1985 established that “the Government shall fix the
basic conditions for the water reuse based on the purification process, its quality and
the planned uses” (Article 101) and served as the basis for regulations and guidelines
for wastewater reuse. With Spain joining the EU in 1986, the regulations and
guidelines had to be modified to align with the EU environmental directives
contained in the WFD and other directives for habitats, birds, marine, and floods.
The strategy for Spain to align with EU directives required authorisation for effluents
from wastewater plants that ensured that there are mitigation measures against
impacts on the environment, coupled with penalties for noncompliance. Between
1986 and 2007, there were pieces of legislation that were enacted and repealed,
culminating in the Royal Decree 1620/2007 which established that “the Government
shall establish the basic conditions for the water reuse, specifying the quality
required for treated wastewater based on their expected uses”. This is the current
piece of legislature that regulates the reuse of wastewater for agricultural production.
It contains permissible microbiological and physio-chemical parameters of treated
wastewater used to irrigate crops that could be eaten raw, those not eaten raw, those
which might undergo industrial processes, pastureland for milk or meat producing
animals, tree crops where the treated water does not encounter the fruits that can be
consumed by humans, ornamental flowers, nurseries and greenhouses, silo fodder,
cereals, and oilseeds. In essence, the regulations and guidelines are comprehensive
and mirror those of the State of California. The total volume of treated wastewater
that is reused in Spain varies significantly depending on the sources of the data, and it
is between 370 and 500 Mm3/year [21], and the distribution of its use is presented in
Fig. 2. The fact that the highest user of treated wastewater is agriculture underscores
its importance to the Spanish economy.

As previously stated, pieces of legislation do not exist in a vacuum. They require
institutions and adequate human capacity to translate them into successful wastewa-
ter reuse projects. In the case of Spain, the Spanish Ministry of Agriculture, Food and
Fisheries together with the Ministry of Health issued the Royal Decree 1620/2007
legal framework. Project proposals for treated wastewater use in agriculture must be
approved by public health authorities to ensure that they comply with the provisions
of the decree in terms of technical and water quality aspects, and that there are in
place self-monitoring and risk management programmes [22].
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4.3 Mexico

In Latin America, Mexico has made significant progress in treated municipal
wastewater reuse in irrigated agriculture. The success of Mexico can be attributed
partly to its policy process and detailed regulations and standards. The policy process
which dates to the 1857 Constitution in the colonial era under the Spanish Crown,
followed by the 1957 Constitution that empower the Federal Congress to enact laws
that pertain to waters under its jurisdiction, current water legislation is derived from
the Nation Water Law enacted in 1992 [23]. However, with specific reference to
treated wastewater reuse in irrigated agriculture in Mexico, this has been informed
by publications and revisions of several standards and regulations from 1991 to the
publication of NOM-001-ECOL-1996 and NOM-003-ECOL-1997 guidelines. The
former specifies permissible limits for pollutants for water reuse activities, as well as
the characteristics of effluent discharge into national water bodies, while the latter
specifies the conditions, such as sampling criteria, testing and disposal, and the
maximum permissible limits of physio-chemical and microbiological parameters, for
various treated wastewater reuse activities [24].

One of the strategies that the Mexican government is prioritising to optimise
water usage and avert compromising crop production is treated municipal wastewa-
ter reuse in irrigated agriculture. To realise this strategy the Mexican government
adopted the 2007–2012 National Water Program (Conagua Programa Nacional
Hidrico, 2007–2012). Following which in April 2014, another programme PNH
was launched for the period 2014–2018 (Conagua Programa Nacional Hidrico
2014–2018). The main objective of these programmes is to strengthen integrated
and sustainable water management, with an emphasis on treated municipal waste-
water reuse and treatment of municipal wastewater to fit-for-purpose standards
(Conagua PNH, 2014–2018). It was during the implementation and assessment of
these programmes that wide application of treated municipal wastewater reuse across
the agricultural sector was reported (The Mexican National Development Plan
2013–2018). It is worth noting that the government directed significant funding to
municipal wastewater treatment infrastructure for Mexico to realise these positive
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developments. An increase of wastewater treatment investments of 132% between
2007 and 2011 was reported [25]. By 2012, over 90% of the population was
connected to the wastewater network. Mexico is ranked first place in Latin America
in terms of volume of treated wastewater reuse in irrigated agriculture, with a
consumption of 1,640 Mm3/year [26]. Despite several lingering challenges, Mexico
has continued to be a pacesetter in deployment of treated municipal wastewater reuse
in irrigated agriculture in Latin America.

4.4 China

For the past three decades, China has experienced rapid economic growth that has
significantly altered its socio-economic landscape but with considerable adverse
consequences on its water resources. Consequently, natural water bodies are remark-
ably polluted. An estimated one-third of lakes and rivers are highly polluted to a
degree that the water cannot be utilised for human consumption [27]. Exacerbating
the mismatch between the population size and water resources availability, are
reports indicating 20% of the world’s population residing in China and yet only
7% of the world’s freshwater resources is in China [28]. Albeit China’s 1st position
ranking in untreated municipal wastewater in irrigated agriculture globally, since
1958, the Chinese government has promoted treated municipal wastewater reuse.
This has been advanced through its inclusion in the national key scientific and
technological projects of the 7th (1986–1990), 8th (1991–1995), and 9th
(1996–2000) Five-Year plans. At the inception of these projects the main drawback
was the absence of infrastructure for collection and treatment of municipal waste-
water, resulting in the reported wide application of untreated wastewater in irrigated
agriculture. Between the 10th (2001–2005) Plan and the 12th (2011–2015) Plan,
considerable increase was experienced in the amount of wastewater discharge
(increase in domestic wastewater discharge from 26.1 billion tons in 2004 to 48.5
billion tons in 2013), reclaimed water (increase from 1.3 billion tons in 2011 to 2.4
billion tons in 2013), and the number of treatment plants (5,364 municipal waste-
water treatment plants in 2013). However, in 2013, it was reported that the amount of
reclaimed water was still abysmally low at 5% of the total domestic wastewater
produced, indicating a huge potential for domestic wastewater reuse in China [29].

The policy and regulatory framework are very important for China to realise its
enormous potential in treated wastewater reuse to address its water scarcity, social
and economic challenges. The developments of these frameworks are presented in
Table 1, while the regulations and standards issued for various wastewater reclama-
tion and reuses can be found in [29]. These include the regulations and standards
issued by the Ministry of Construction and Standardization Administration for the
engineering of municipal treatment plants (GB 50334-2002) and the reuse of urban
reclaimed water (GB/T 18920-2002). These were accompanied by water quality
standards issued by different government agencies for various wastewater reuses
(GBT 18921-2002 – environment reuse), (GBT 18920-2002 – miscellaneous urban
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Table 1 Chinese wastewater reclamation and reuse policies at national level. Source: [29]

Government
sectors

Wastewater reclamation and reuse
policies

Wastewater reclamation and reuse
policies prescriptions

The State
Council

The 12th Five-year Comprehensive and
Emission Reduction (2011); The 12th
Five-year National Urban Sewage
Treatment and Recycling Facilities
Construction Plan (2012)

1. Adopting reasonably the price of
reclaimed water which should be lower
than that of conventional water, pro-
viding the privileged policies of tax
and fee reduction for reclaimed water
producers
2. Encourage reclaimed water to be
used in industries, carwash, urban
facilities, and landscaping, forcing
certain water users to use reclaimed
water

MOHURD
MOST

The interim Procedures of Reclaimed
Water Facilities Management in Urban
(1995); The Regulation of Saving
Water Management in Urban (1998);
The Policy of Wastewater Reclamation
and Reuse Technology in Urban
(2006); the 12th Five-year Develop-
ment Plan of National Science and
Technology (2011)

1. Using actively reclaimed water,
issuing the technology policy of
wastewater reclamation and reuse
2. Considering preferentially the land-
scaping use of reclaimed water, using
the secondary effluent from municipal
wastewater treatment plants in agri-
culture irrigation
3. Making policies to encourage
wastewater reclamation and reuse by
related central and local governments,
offer financial supports for wastewater
recycling by local government
4. Establishing gradually reasonable
water price system and water
utilisation structure

MEP
GAQSIQ

The 12th 5-year National Environmen-
tal Protection Regulation and Environ-
mental Economic Policy Construction
plan (2011), Series water quality stan-
dards for different reclaimed water
reuse

1. Making the water quality standards
for different reclaimed water uses

MOF
NDRC

The Notice of Implementing the policy
without value-added Tax for Reclaimed
Water and Others (2008), The Notice of
Suggestion about Supporting the
Investment and Financing Policy of the
Circular Economy Development (2011)

1. Reaching to wastewater reuse rates
of 20–25% for the cities with water
scarcity in North China and 10–15%
for coastal areas of South China in
2015
2. Encouraging wastewater reclama-
tion and reuse to increase water
resource development efficiency

MOHURD, MOST, MEP, GAQSIQ, MOF, and NDRC mean the Ministry of Housing and Urban–
Rural Development, the Ministry of Science and Technology, the Ministry of Environmental
Protection, General Administration of Quality Supervision, Inspection and Quarantine, the Ministry
of Finance, and the National Development and Reform Commission
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reuse), (GBT 19923-2005 – industrial reuse), GB20922-2007 – farmland irrigation
reuse), and (GB/T 25499-2010 – green space irrigation reuse). In support of the
issuance of these regulations and standards on reclaimed water by the Chinese
government, significance investments were made for the construction of wastewater
treatment and reclamation projects to the tune of 30.4 billion CNY the 12th Five-
year National Urban Sewage Treatment and Recycling Facilities Construction Plan.
Despite all these efforts treated municipal wastewater reuse is still in its infancy and
confronted with several challenges that limits its deployment [30].

4.5 Africa

On the African continent the study reviewed Egypt in the north and South Africa in
the sub-Saharan Africa.

4.5.1 Egypt

Egypt is an arid country estimated to cover an area of one million square kilometres,
and for the past 50 years has continuously experienced a rapid population growth
from a population of 19 million in 1949 to 83.5 million in 2012. It is projected that
the population of Egypt will be 100 million by 2025 [31]. This exponential popu-
lation growth poses significant challenges to Egyptian authorities in managing their
water resources. Presently, the Nile River is the major source of water, with Egypt
receiving an annual fixed share of 55,500 Mm3, which meets about 80% of its
demand, and 95% of the Egyptian population resides along the banks of the Nile
valley and delta – an area which constitutes only 4% of the country land. Coupled
with low rainfall of at most 200 mm annually, Egypt’s freshwater challenges require
innovative initiatives to augment water supplies, one of which is the use of treated
municipal wastewater in agriculture – a sector that contributes 11.1% to its GDP and
employs about 23.8% of its labour force [32]. Egypt is ranked 1st in volumes of
treated wastewater reuse in irrigated agriculture in Africa. The Egyptian National
Water Plan of 2017 projects a possibility of an annual deployment of 1.4 billion m3

of treated wastewater in irrigated agriculture. The legislative framework for treated
wastewater reuse in agriculture is still deficient in many respects related to very
restrictive standards, unclear institutional arrangement, lack of technical expertise,
and low reliability of the quality of treated water due to poor design and maintenance
of wastewater treatment plants. It is reported that only 40% of the wastewater
treatment plants provide secondary treatment, while the rest provide only primary
treatment, thereby limiting the amount for reuse in irrigated agriculture [33]. There
are some decrees that specifically address reuse of wastewater: Decree 44/2000
(addresses restricted irrigation for the safe use of wastewater on selected crops,
and the water quality requirements for unrestricted and restricted irrigation), Decree
603/2002 (prohibits irrigation of traditional field crops with treated or untreated
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wastewater and limits reuse to timber and ornamental trees, taking into account the
protection of the health of agriculture workers), Decree 171/2005 (reviews the
standards for the reuse of treated effluents and sludge in agriculture, with standards
for reuse in agriculture presented in ECP (Egyptian Code of Practice) 501/2005), and
Decree 1038/2009 (prohibits use of treated or untreated wastewater to irrigate food
crops).

The institutions involved with water reuse in agriculture are the Ministry of Water
Resources and Irrigation (MWRI), Ministry of State for Environmental Affairs
(MSEA), Ministry of Water and Wastewater Utilities (MWWU), Ministry of Health
and Population (MOHP), and Ministry of Agriculture and Lands Reform. The
institutional framework is relatively complete and highly centralised, with the
involvement of users and the private sector realised in the implementation of projects
and through various public agencies and companies. However, there are still major
gaps in the legislative framework and institutional arrangement that considerably
curtail the reuse of treated wastewater in irrigated agriculture in Egypt.

4.5.2 South Africa

Following independence in 1994, the South African Legislature enacted the National
Water Act (NWA) No 36 of 1998. Within the Act, wastewater reuse for irrigation is
considered a controlled activity which involves “irrigation of any land with waste or
water containing waste generated through any industrial activity or by a waterwork”
(Section 37 (I) (a)). Although the National Water Strategy 1 (NWRS1) of 2004 and
National Water Strategy 2 (NWRS2) of 2013 constitute the legal instrument for
implementing the NWA and promote reclamation and reuse of wastewater for
prudent management of water resources, the only existing regulations and guidelines
for deployment of treated wastewater for irrigated agriculture are found in the
Government Gazette 36820, Notice 665 of September 6, 2013. It provides standards
on the microbiological and physio-chemical parameter limits of the quality of
irrigation water based on the volume of wastewater utilised. The standards are for
irrigation with volumes of wastewater of 2,000 m3/day or 500 m3/day or 50 m3/day.
The institutional arrangement for enforcing these regulations and guidelines has
been vested on the Minister of Water Affairs. Although there is no data on the
volume of treated wastewater being recycled for farm irrigation, there are a few
active farm projects which use the practice.

Although the NWRS2 alluded to reclamation of water gaining social acceptance
and proving to be technically viable, however, contradictory aspects of the laws such
as the National Water Act (Act 36 of 1998), the National Environmental Manage-
ment Act (Act 107 of 1998), the National Environmental Management: Waste Act
(Act 59 of 2008), and the Water Services Amendment Act (Act 30 of 2004) render
water reclamation to be complex. Furthermore, municipalities are legislatively
permitted to enact by-laws on wastewater reuse, that may result in multiple legal
frameworks, further complicating the process as confidence among stakeholders is
eroded. Despite a formal government water management strategy that includes water
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reuse, deployment of wastewater reuse is not significantly implemented in
South Africa. There is a gap in formulation of legal frameworks that comprehen-
sively address treated municipal wastewater reuse in irrigated agriculture at national
and provincial levels [34].

5 Challenges in Implementing Municipal Wastewater
Reuse for Agriculture

Globally, the main barriers to reuse of municipal wastewater, particularly in irrigated
agriculture, can be encapsulated as institutional, technical, economic and implemen-
tation in nature. In the global north extensive research in addressing these barriers
continues and are at advanced stages, and these can be leapfrogged by global south
countries. The State of California in the USA and Spain in Europe are precedent, and
their progress have been highlighted.

5.1 Institutional Arrangements

In the previous section of this chapter, we had discussed the legislative framework of
the case study countries. Universally, there are no binding international legal
frameworks for municipal wastewater reuse in irrigated agriculture. Guidelines on
wastewater reuse vary considerably, and institutions are either non-existent or
dysfunctional. In the USA, guidelines and regulations of states work in tandem
with those of the EPA at federal level. Similarly, the environmental directives of the
EU serve to guide the activities of its member states. In developing countries supra-
municipal wastewater management is not practised, and an overarching root cause of
challenges is the involvement of multiple ministries without well-defined roles in
treated municipal wastewater reuse projects [35] reported on Mexico having chal-
lenges emanating from lack of co-responsibility and effective communication
among ministries responsible for treated municipal wastewater reuse in irrigated
agriculture. In China, [36] cite incomplete regulations, lack of supporting policies
and laws that enforce reclaimed water reuse, coupled with inconsistent wastewater
reuse standards as major drawbacks in deployment of treated municipal wastewater
reuse in irrigated agriculture.

Egypt also experiences institutional arrangement challenges emanating from the
involvement of multiple ministries without well-defined responsibilities and most
working in silos, coupled with the lack of political will and policies which explicitly
articulate treated municipal wastewater in irrigated agriculture. In South Africa,
enacting the Water Services Act of 1997 and the National Water Act No 37 of
1998 to make provision for treated municipal wastewater reuse in irrigated agricul-
ture, the institutional arrangement that entrusts a water services authority with the
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full responsibility for development of by-laws that govern its deployment discour-
ages and erodes confidence among stakeholders [34]. In essence the absence of
national and provincial legal frameworks that explicitly articulates treated municipal
wastewater reuse in irrigated agriculture is a major drawback in South Africa.

5.2 Technical Issues

Technical issues in the deployment of treated municipal wastewater reuse in irrigated
agriculture start being addressed with effective collection and treatment of the
wastewater. This is followed by the reclamation process to treat the effluent from
the wastewater treatment work (WWTW) to required standard of its envisaged use.
Technical issues vary according to the level of development of a region or country or
political jurisdiction. In places such as the State of California, issues related to
effective collection and treatment of municipal wastewater have been comprehen-
sively addressed. Current efforts are directed at reclamation processes, and presently
the focus is on removal of specific salts with a view of mitigating their adverse
effects on the soil, natural receiving water bodies, and crop production. Several
treatment technologies have and continue to be developed. The oversight provided
by the EU through its directives enables member states to operate their wastewater
treatment plants (WWTPs) so that their effluents are compliant. Through planned
programmes like the National Plan of Sanitation andWater Treatment (NPSD) Spain
had, as at 2010, achieved 84% full compliance with Directive 91/271/EEC, while
there are on-going construction and upgrades of WWTPs [21].

In the global north there are increasing concerns on the prevalence of “contam-
inants of emerging concern” (CECs) in municipal wastewater, whose main source
include pharmaceuticals and personal-care products [37]. The challenge CECs poses
is that of non-regulatory system and their unknown long-term effects on the envi-
ronment. In addition, there is consensus among scientists that reclaimed wastewater
releases antibiotic-resistant bacteria. These findings render both municipal wastewa-
ter treatment and reclamation processes highly complex and expensive [38].

In the global south issues on basic sanitation infrastructure development are
prevalent. The Mexican government has made considerable progress in developing
its WWTW infrastructure and to adopt treatment technologies that treat the effluent
to standards stipulated in NOM-001-ECOL-1996 and NOM-003-ECOL-1997.
However, the stringent restrictions, particularly irrigation of vegetables, fruits, and
root crops eaten raw, render deployment of treated municipal wastewater reuse in
irrigated agriculture economically not feasible. Most farmers are not prepared to
invest in high quality wastewater treatment technologies to meet the required water
quality standards.

Following the decision by the Chinese government to promote treated municipal
wastewater reuse, challenges pertaining to collection and treatment of municipal
wastewater received significant consideration, coupled with hi-tech research and
development in water reclamation technologies. Presently there are several
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technologies available to produce effluent with quality standards that meet the
intended use. However, the challenge remaining is that public institutions lack the
financial capacity to meet the high capital and maintenance costs of these treatment
technologies.

Egypt continues to battle with issues pertaining to sewerage networks and
treatment facilities, impacting adversely on the effective and efficient collection of
municipal wastewaters. There are reports of large volumes of untreated wastewater
flowing into natural water receiving bodies [39]. Furthermore, the current large
centralised municipal wastewater treatment arrangements are not feasible for effluent
reuse in irrigated agriculture. This is due to disparities in operations of several
WWTPs resulting in differences in effluent quality produced by these plants, thereby
complicating any plans of standardised effluent reuse. In addition, most residents are
yet to be connected to the sewerage network.

As already aforementioned in this study, effective collection and treatment of
municipal wastewater is the basis for deployment of reclaimed water in irrigated
agriculture. However, in South Africa [40] reported 90% of WWTW being
non-compliant on more than three effluent determinants. As a result, poorly treated
effluents are flowing into natural water bodies, causing huge environmental chal-
lenges, and hampering any plans for deployment of treated municipal wastewater
reuse in irrigated agriculture. The high population densities in low-income commu-
nities further present two major challenges in deployment of treated municipal
wastewater reuse. Firstly, sewerage networks are not well developed or absent.
Secondly most water service authorities lack the financial and technical capacity to
institute treated municipal wastewater reuse projects.

5.3 Economic Feasibility

Deployment of treated municipal wastewater reuse projects highly depends on its
economic feasibility, that usually consists of weighing the costs and benefits. One
huge operations and maintenance cost is energy consumption which usually
accounts for 30% to 55% of the total cost [41]. This cost component has become a
major determinant in assessing economic feasibility because of global energy short-
falls. Hence, it becomes necessary to explore cheaper and cleaner sources of energy
for treated municipal wastewater reuse projects. Another cost component of concern
is the cost of managing challenges that emerge during the water reuse process.

Comprehensive costing of reclaimed water continues to be problematic as mul-
tiple and evolving wastewater components need consideration. Apart from the
capital cost of infrastructure development of the treatment, storage and distribution,
there are additional costs that include operation and maintenance, economic and
environmental externality costs that are usually ignored because, in many instances,
there are challenges in their quantification and water authorities are unwilling to
internalise them. Therefore, it is imperative to formulate a costing structure that takes
cognisance of regeneration costs and the management of reclaimed water, to
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establish incentives that encourage maximum usage of treated municipal wastewa-
ter. Farmers are persuaded when authorities introduce financial incentives for
reclaimed water usage, while providing assurances that it complies with water
quality standards that guarantee the safety of their agricultural products.

The EU funding model, whereby only 50% up-front costs for municipal waste-
water reuse projects could be secured through grants and the balance from the water
reuse project as stipulated in the WFD, raises the issue of sustainability due to the
non-guaranteed nature of wastewater reuse pricing that depends on the demand and
supply scenarios. Another option to encourage reclaimed water uptake by farmers is
introduction of subsidies. However, subsidies also present another challenge in that
they only cover planning, technical assistance, research, and construction costs, but
do not factor in externalities such as financial, social, and environmental burdens of
effluent disposal to the environment.

Challenges in Mexican funding model for municipal wastewater reuse projects
emanate from variable and non-transparent federal water budget [42], posing plan-
ning and implementing challenges on treated municipal wastewater reuse initiatives
by local authorities. Furthermore, the arrangement of regional and local spheres of
government coordinating and mobilising water infrastructure investments and then
negotiating with CONAGUA at national level for approval of sanitation funding is
complicated and places limitation on their economic viability. In addition, the
arrangement of CONAGUA collecting revenue and channelling it into the federal
fiscus, after which only 38% of the proceeds are transferred to local authorities for
construction, operations, and maintenance cost of wastewater treatment plants limit
deployment of treated municipal wastewater reuse in irrigated agriculture. The lack
of well-structured water pricing to foster uptake of reclaimed water by farmers
exacerbates the situation.

In China, variability in funding impacts adversely on development of water
reclamation facilities that in turn influences the level of success in the deployment
of treated municipal wastewater reuse projects. Chinese reclaimed water pricing is
not comprehensive, with the current pricing only taking cognisance of the economic
and operational costs of the treatment facilities [43]. The financial challenges in
Egypt emanate from the public institutions not being adequately funded to meet the
high capital and operational costs for treatment and reticulation infrastructure of
municipal wastewater facilities. Treated municipal wastewater pricing is still a
contested matter in Egypt. Whereas in South Africa, the absence of financial backing
from both national and provincial governments curtails deployment of treated
municipal wastewater reuse by water service authorities. In addition, there is no
tariff structure for treated municipal wastewater reuse in irrigated agriculture. Nei-
ther are there any incentives to encourage treated wastewater uptake by farmers.
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5.4 Implementation Procedures

To advance treated municipal wastewater reuse, the State of California instituted a
water recycling funding program (WRFP) under the State Water Resources Control
Board. The programme sets out to promote the beneficial use of treated municipal
wastewater and provides funding and technical assistance to agencies and other
stakeholders in support of water recycling projects and research. This programme
has significantly contributed to the success of municipal wastewater reuse projects.
In view of water management challenges being dynamic, constant monitoring and
evaluation of these projects is imperative to ensure improvement in their implemen-
tation, and this is imbedded in the WRFP. In Spain, there are several well-designed
projects on treated municipal wastewater reuse in agriculture, an example is the
Rincón de León WWTP-WRP.

Mexican treated municipal wastewater reuse model draws on integrated water
resources management (IWRM) principles which emphasise stakeholder engage-
ment and public participation. To this end, water users’ associations, comprising
several groupings of stakeholders, were organised. However, water authorities refer
to them as civil society, which limits the participation of these associations in water
decision-making processes at local level, as their contributions are not recognised by
law [44]. In some instances, agreements on treated municipal wastewater reuse in
irrigated agriculture are concluded between farmers and the authorities without
consulting the local communities and water users’ associations. As a result, public
knowledge is not considered in the planning and implementation of these
projects [45].

Currently in China, perceptions on wastewater reuse are mixed [30, 46], with a
high awareness of reclaimed water ruse and acceptance of non-potable use but
considerable concern of the potential public health risks, particularly for agricultural
irrigation. Consequently, adoption of wastewater reuse is relatively low but there are
indications, with looming water crisis in China and enhanced wastewater treatment
technologies, that water reuse will grow significantly in the future.

In Egypt, the implementation process is largely centrally controlled by govern-
ment water authorities, with minimal stakeholder engagement and public participa-
tion. There are a few on-going wastewater reuse projects, but they fall far short of
Egypt’s potential. Presently in South Africa, there are no significant treated munic-
ipal wastewater reuse projects. The national government has entrusted the local
governments with development of by-laws for treated municipal wastewater reuse
and deployment. However, a major drawback in this arrangement is that public trust
in the water services providers is low due to the failure in basic collection and
treatment of wastewater. In addition, there is low public awareness on water issues
such as freshwater availability, adverse impacts of climate change, and the benefits
of treated municipal wastewater reuse.
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6 Conclusions and Recommendations

Albeit reported disadvantages in deployment of treated municipal wastewater in
irrigated agriculture, the advantages cannot be disputed. This study established
several advantages that include increased freshwater availability, sustainable use of
water resources, reduced freshwater withdrawals, and an economically viable alter-
native water source. Agricultural advantages include reduction in crop production
costs following reduction in quantities of fertilisers applied, coupled with higher
reliability as an alternative water source, thereby enhancing employment in the
agricultural sector and contribution to the GDP, along with increased food security.
There is also improvement in environmental protection following reduction in
nutrient loads to natural water receiving bodies. Hence, deployment of treated
municipal wastewater as an alternative water resource in sub-Saharan Africa should
receive serious consideration and attention, commencing with institutional arrange-
ments that promote it.

From the global north, this study has established that the effective and systematic
involvement of a supranational or regional body in deployment of treated municipal
wastewater in irrigated agriculture enhances its deployment. An example is the EU
that adopted the WFD from which directives are issued to address specific water
matters including deployment of treated municipal wastewater in irrigated agricul-
ture among member states. These directives work in tandem with the national
policies, regulations, and guidelines of member states.

In the USA, although each state is fully responsible for formulation and publica-
tion of its water legal frameworks for all types of water, the federal government plays
its role, through the EPA, in supporting the institutional frameworks of the states.
The institutional arrangements of both the EU and the federal US government have
proven to enhance uniformity in water management in the respective regions, by
fostering confidence and institutional support among stakeholders in management of
treated municipal wastewater in irrigated agriculture. In addition, platforms like
NORMAN in Europe, ensure interdisciplinary knowledge exchange, in research
and development of treated municipal wastewater reuse in irrigated agriculture.

At national level (Spain) and state level (State of California) the study established
that the legal frameworks of treated municipal wastewater reuse in irrigated agricul-
ture explicitly articulate the “What”, “Where”, “When”, “Who”, and “How”. Spain
has institutionalised supra-municipal management entities to directly or indirectly,
through competent entities, manage the operations and maintenance of WWTPs to
ensure uniformity and compliance with the EU directives.

In developing countries, uncoordinated multiple ministerial involvement without
clear roles, policy gaps, inconsistent guidelines, and incomplete regulations curtail
reuse of treated municipal wastewater in agriculture. However, in Mexico, there
have been major institutional reforms that have led to the drafting of legislative
framework that articulates treated municipal wastewater reuse, coupled with the
political will, expressed through the national administration, that have given recog-
nition to treated municipal wastewater as a viable alternative water source. Whereas
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in China, there are prevalent institutional challenges that do not promote widespread
deployment of treated wastewater in agriculture.

In Africa, Egypt in north Africa was considered, and due to the absence of a
regional body, Egypt is fully responsible for its water management. The study
established flaws in institutional arrangements emanating from uncoordinated mul-
tiple ministries responsible for treated municipal wastewater reuse in irrigated
agriculture. Policy gaps and lack of stringent regulations and guidelines continue
to be problematic. Hence, we recommend a fewer number of ministries with roles
and responsibilities enshrined in law to be involved in deployment of treated
municipal wastewater reuse. The regulations and guidelines should match the
Egyptian socio-economic landscape. In the absence of a regional body, we recom-
mend formation of a network like NORMAN in the EU that could tap on the
expertise from other north African countries to foster knowledge sharing.

Southern Africa Development Community (SADC) is the regional body in
Sub-Saharan Africa and comprises 14 member states, with the majority falling in
the lower-middle income category. In view of the disparities in economic landscape
of SADC member states, the role of SADC in deployment of treated municipal
wastewater reuse in irrigated agriculture is imperative. We recommend that SADC
be effectively involved in drafting of legislative frameworks and designing of
programmes that encourage treated municipal wastewater reuse in irrigated agricul-
ture in the region. These statutes should work in tandem with national water statutes.

South Africa was considered in the Sub-Saharan Africa and the study established
policy gaps, outdated regulations, and guidelines. Hence, there is an urgent need for
drafting of legislative framework that match the South African socio-economic
landscape for the deployment of treated municipal wastewater reuse in irrigated
agriculture. We recommend effective engagement of relevant government
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Fig. 3 Enabling institutional processes for effective deployment of treated municipal wastewater
reuse in irrigated agriculture
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departments and water services authorities with farmers and other stakeholders to
implement projects which reuse treated municipal wastewater to conserve scarce
water resources. In addition, at national level we recommend supra-municipal
management entities to manage WWTP either directly or indirectly utilising highly
competent private entities, to depoliticise water management, eliminate skills short-
age, and improve accountability. Figure 3 delineates the recommended enabling
institutional processes for deployment of treated municipal wastewater reuse in
irrigated agriculture for SADC and its member states.

The technical basis for deployment of treated municipal wastewater reuse is
effective collection and treatment of wastewater. In the global north, the State of
California has effectively dealt with these basics, along with development of tertiary
treatment technologies to produce effluent quality with stipulated standards for
reuse. In the EU, compliance with the WFD directives on municipal wastewater
effluent standards is imperative before reclamation. Several member states are
compliant, albeit Spain is yet to achieve 100% compliance, it has made progress
with the deployment of treated municipal wastewater reuse in irrigated agriculture.
Spanish authorities continue to conduct extensive research on water reclamation
technologies to achieve improved economic efficiency, lower energy cost, and
reduced volumes of waste disposed into the environment.

The global north is aware of the growing concern of CECs, and treatment
technologies for their removal continues to receive extensive research. While these
technologies can be imported by global south countries, affordability and appropri-
ateness are still an issue.

Since deployment of treated municipal wastewater reuse is still in its infancy in
Africa, we recommend regional research and development units that can provide
technical and innovative solutions relevant to regional concerns. These research
units should network with other research organisations in the region from both
private and public sectors in a systematic manner. Furthermore, the lack of infra-
structure for provision of basic sanitation in African countries, particularly in high-
density impoverished communities, should be addressed as a matter of urgency. The
experience in Egypt to resort to decentralised wastewater treatment systems is well
documented as the way forward for African countries. Such decentralised systems
become the hub for modular deployment of treated municipal wastewater reuse in
irrigated agriculture.

The study established that the global north has adopted well-structured funding
mechanisms for initiatives such as deployment of treated municipal wastewater
reuse in irrigated agriculture, along with feasible water pricing structures which
favour farmers’ uptake. However, in the global south, the lack of fully developed
water and sanitation infrastructure, low budgetary allocations, and lack of political
will make for limited investments in treated municipal wastewater reuse projects.
Mexico, on realising the importance of treated municipal wastewater reuse, the
government directed significant financial support towards the development of
water and sanitation infrastructure, resulting in reported progress. However, there
are persistent challenges on comprehensively structured funding from the national
government, and lack of a water pricing regime that favours uptake of reclaimed
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water. A similar trend was observed in China and Egypt. In South Africa, we
recommend financial support in the form of subsidies from the national and provin-
cial government to farmers to invest in treated municipal wastewater reuse projects,
along with a water pricing regime which favours the uptake of treated municipal
wastewater by farmers.

The implementation of treated municipal wastewater reuse projects should be
joint responsibility of local, provincial, and national governments in collaboration
with farmers and the private sector. By designing programmes and identifying case
studies which can be monitored and evaluated within specific timelines, documen-
tation of issues which promote success or lead to failure will be valuable resource
material for implementation of future projects. Reporting to a supra-regional body is
highly recommended to upscale and out scale such successful projects. To enhance
uptake of treated reuse activities among farmers, we recommend effective stake-
holder engagements and public participation to earn the trust of end users and the
public and be able to manage public perceptions on treated municipal wastewater
reuse. In conclusion, education of the end users and the public on the reuse activities
is imperative.
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Abstract Recently, increasing population growth has been accompanied by con-
siderable progress in industrialization and urbanization along with expanded agri-
cultural production. These main developments and improvements have resulted in
generating huge amounts of wastewater containing various organic and inorganic
compounds. Consequently, the wastewater treatment processes, either natural-based
or mechanized-based, have been technically improved to maintain pollution reduc-
tion and cost-saving. According to the environmental and economic conditions,
some areas prefer the application of decentralized and cheaper treatment processes
(low operation and maintenance costs) that can also be used for ecological purposes
like recreational and gardening. These advantages fit the application of the natural-
based systems for wastewater treatment. This chapter gives the updates, conclusions,
and recommendations covered by the book volume “Cost-efficient Wastewater
Treatment Technologies: Natural Systems.” These topics are well defined so that
the effluent of the ecological-based wastewater treatment systems could meet the
strict national and international regulations.

Keywords Ecological wastewater remediation, Environmental-friendly system,
Non-mechanized units, Phytoremediation, Recycle and reuse in irrigation, Water
quality regulation

1 Introduction

Recently, the considerable increase in population growth has caused a fast develop-
ment of various agricultural, agro-industrial, and industrial practices [1]. These
activities are accompanied by the release of large quantities of wastewater, carrying
several organic and inorganic compounds/pollutants [2]. The generated wastewater
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also contains pharmaceuticals and personal care products, and different persistent
elements, emerging contaminants, and organic micropollutants [3]. Once these
contaminants are released into the environment, they tend to deteriorate the aquatic
life and human health [4]. Moreover, the main wastewater-related symptoms and
diseases include nausea, anemia, vomiting, confusion, headache, diarrhea, liver
failure, and abdominal pain [5]. In this context, policymakers, experts, and scientists
are expending significant efforts to develop proper wastewater treatment technolo-
gies that are cost-efficient, environmentally friendly, and practical [6].

The wastewater treatment plants (WWTPs) can be designed, installed, and
operated based on the available natural resources such as biomasses of plants,
algae, and microorganisms [7]. These elements are included in simply constructed
ecological systems, such as natural wetlands [8], stabilization ponds [9], and infil-
tration/ecological lands [10], where on-site wastewater treatment processes occur.
Natural systems for treating wastewater could also be classified into soil-based,
wetland, and aquatic systems, representing significant alternatives to the mechanical
treatment techniques [11]. In these systems, pollutant removal via the biological and
metabolic pathways occurs naturally, with very low (or even no) external energy
sources, mechanical apparatus, and manpower [12]. The natural treatment systems
also offer ecological and environmentally sustainable applications, and they main-
tain an essential scenario for climate change adaptation [13]. Several removal
mechanisms, such as filtration, precipitation, adsorption, sedimentation, degrada-
tion, nitrification/denitrification, oxidation, and disinfection, are involved in the
non-mechanized systems of wastewater treatment [14]. These processes could be
employed to recover various resources (e.g., water, energy, and nutrients), finding
multiple recycling and reuse applications in the agricultural sector [15]. Because
these ecological techniques utilize natural aeration via macrophyte transmission and
atmospheric reoxygenation, they attempt to overcome the high costs of artificial
aeration in several conventional WWTPs [12]. However, the selection of the most
suitable alternative natural technique for wastewater treatment relies on multiple
criteria such as influent characteristics, site area and geometrical shape, initial
investment, season variation, geographical location, and hydrogeological risk
[16]. Hence, additional studies are essential for exploring the advantages, benefits,
limitations, and challenges of these natural/ecological systems.

The key information and findings of this book volume highlight the main
advantages, including simplified construction, green technology, reusability and
recyclability, suitability for recreational activities, and adaptation to elevated CO2,
delivered from the natural wastewater treatment systems. To highlight the previously
mentioned idea, the following sections briefly describe the main updates, conclu-
sions, and recommendations of this book volume.

Updates, Conclusions, and Recommendations for “Cost-efficient. . . 373



2 Waste Stabilization Ponds (WSPs)

2.1 Updates of Waste Stabilization Ponds (WSPs)

Waste stabilization ponds (WSPs) are simply constructed basins used for the treat-
ment of wastewater by entirely natural processes, involving algae–bacteria beneficial
interaction [9]. As such, bacteria consume oxygen to break down (stabilize) the
complex organic compounds into simple products and CO2; in turn, algae utilize
CO2 for biomass growth and O2 generation [7]. The WSPs are operated under
aerobic, anaerobic, and/or facultative conditions (connected in either series or
parallel) to reduce various pollutants associated with organic matter, nutrients,
heavy metals, and pathogenic organisms in wastewater [17].

2.2 Conclusions of Waste Stabilization Ponds (WSPs)

• With adequate design and operation, WSPs could sufficiently treat wastewater,
and the effluent discharge could comply with the reuse regulations and standards.

• When land is available, most developing countries could implement the WSP
technology for wastewater treatment due to its reliability and cost-effectiveness,
especially in warm climates.

• Having a WSP effluent with physicochemical and bacteriological properties,
which comply with the national and international standards, is an essential task
that requires adequate design, operation, monitoring, and maintenance steps. Any
flaws in these steps not only endanger the functioning of WSPs, but also cause
health risks to the population utilizing the treated water.

2.3 Recommendations of Waste Stabilization Ponds (WSPs)

• Investigate the final effluent applicability for reuse in agriculture and aquaculture,
focusing on the required construction cost and energy utilization.

• Investigate the effects of design criteria and organic loading on the biochemical
routes involved in WSPs.

• Perform periodic monitoring and assessment on WSPs operation, including
microorganisms (e.g., algae and bacteria).

• Overcome the gap existing between the created computational and hydrodynamic
WSP design models and their actual application.

• Understand the mechanisms, chemical reactions, and pathways involved in
pollutant removal by WSPs and enhance the efficiency of heavy metal and
micropollutant removals.
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3 Microalgae for Phycoremediation

3.1 Updates of Microalgae for Phycoremediation

Phycoremediation is used to remove nitrogen, and phosphorus species from waste-
water by microalgae in either open pond systems (e.g., raceway) or photobioreactors
[18]. It could also be employed to reduce some emerging trace pollutants in organic-
enriched waste streams [1]. The operation of algal systems depends on several
factors such as light intensity, temperature, pH value, CO2 amount, and nutrient
availability [7]. Moreover, the generated algal biomass is a reasonable feedstock that
can be converted to bioenergy via various techniques such as pyrolysis, gasification,
anaerobic (co)digestion, and fermentation [19].

3.2 Conclusions of Microalgae for Phycoremediation

• Because algal biomass contains adequate fractions of carbohydrates, proteins,
and lipids, it can be utilized to generate biogas by anaerobic digestion, bioethanol
and/or biohydrogen by fermentation/photofermentation, bio-oil by pyrolysis, and
gases by gasification and hydrothermal liquefaction.

• A dual benefit of pollution minimization and energy production could be obtained
from microalgae cultivation in wastewater.

• Microalgae have become a sustainable feedstock for obtaining high-value prod-
ucts such as biodiesel, bioethanol, bio-H2, and bio-CH4, motivating the delivery
of further studies on the large-scale application.

• Bioenergy production coupled with wastewater phycoremediation has a great
potential in terms of operational cost reduction, making the complete algal system
economically viable.

3.3 Recommendations of Microalgae for Phycoremediation

• Further investigations are still needed for the development of microalgae produc-
tion integrated with wastewater treatment to improve the cost-effectiveness of the
entire process.

• Life cycle assessment, life cycle energy assessment, and life cycle carbon emis-
sions assessment of microalgae production to fulfill the needs of energy, food,
and raw materials are required.

• New, low-cost, and efficient cultivation and harvesting techniques of algal
biomass should be developed.

• Investigate the application of microalgae to remove various emerging
contaminants.
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• The main factors influencing the operation of microalgae systems should be
optimized to deliver the highest biomass productivity.

4 Anaerobic Treatment of Sewage

4.1 Updates of Anaerobic Treatment of Sewage

The anaerobic-based systems are used to break down the organic contaminants via
the action of bacteria and other microorganisms under an oxygen-deprived condition
[20]. Anaerobic treatment technologies experience lower energy consumption
(no electricity is needed for oxygenation), nutrient requirement, and sludge gener-
ation than the aerobic treatment systems [21]. Anaerobic digestion of organic wastes
undertakes multiple sequential stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis [19]. Some lagoons and pools are covered by high-density polyeth-
ylene membrane and operated under an anaerobic environment to degrade complex
organic pollutants [22].

4.2 Conclusions of Anaerobic Treatment of Sewage

• Severely damaged and out of service WWTPs could be recovered and updated by
converting the original Imhoff tank (based on settling particulate matter) into an
anaerobic hybrid filter (AHF) unit.

• The upgraded WWTP with new AHF is robust and easy to operate and charac-
terized by low energy consumption. Moreover, the final effluent could fulfill the
international regulations for disposal in the aquatic environment.

4.3 Recommendations of Anaerobic Treatment of Sewage

• More studies are required for the adaptation and optimization of combined
anaerobic hybrid filter/trickling filters/settling system to treat industrial wastewa-
ter with complex organic compounds.

• Designing the anaerobic hybrid filter should consider the concentration of mixed
liquor that meet the required design criteria, such as food-to-microorganisms ratio
and sludge age.

• Investigate the capability of fixing a packing media with a larger specific surface
area, allowing for the inoculation of dense microbial organisms and utilization of
the slowly biodegradable organic matter.
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5 Adsorption Technology in Wastewater Treatment

5.1 Updates of Adsorption Technology in Wastewater
Treatment

Recently, various researchers have employed the adsorption process for water and
wastewater treatment to have a final effluent that complies with the permissible
standards [23]. This mass transfer process involves the accumulation of contami-
nants (also known as adsorbate) at the interface of two phases, such as liquid/solid
interface (the solid phase is termed adsorbent) [24]. The adsorption process could be
either physisorption (i.e., the interaction has a physical nature) or chemisorption (the
attraction forces occur due to chemical bonding) [25]. Several modeling techniques,
regarding isotherm studies (Langmuir, Brunauer, Emmett, and Teller (BET), and
Freundlich), and kinetic studies (pseudo-first-order and pseudo-second-order), have
been commonly used to describe the adsorption process [26].

5.2 Conclusions of Adsorption Technology in Wastewater
Treatment

• The adsorption of pollutants is promoted via various mechanisms, including pore-
filling, complexation, ion exchange, and hydrogen bonding [27].

• The adsorbent material should be (1) efficient in removing various contaminants,
(2) characterized by high adsorption rate and capacity, and (3) featured by high
selectivity for multiple pollutants.

• Some advanced, low-cost, and unconventional adsorbents are prepared from
agricultural and industrial wastes and residues [28].

• The surface features and properties of adsorbent material could be modified by
applying proper chemical and/or thermal treatment techniques.

5.3 Recommendations of Adsorption Technology
in Wastewater Treatment

• Further adsorption-related studies are required to define the operating condition
necessary to maintain effective pollutant removal.

• The accuracy and certainty of various adsorption models, including isotherm,
kinetic, and thermodynamic studies, to predict the adsorption performance should
be demonstrated.

• Perform life cycle assessment of waste materials to obtain reliable, applicable,
and cost-effective adsorbents.

• Application of adsorption process to real industrial wastewater effluents.
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• Developing statistical and mechanistic modeling approaches and computational
fluid dynamics to understand the adsorption mechanisms appropriately.

• Enhance regeneration studies for the recovery of valuable compounds.
• The scaling up of adsorption columns and prediction of breakthrough curves

should be considered in future studies.

6 Green Nanomaterial for Environmental Remediation

6.1 Updates of Green Nanomaterial for Environmental
Remediation

Green nanomaterial is prepared from environmentally benign solvents, reducing
agents, and stabilizing additives, ensuring the green chemistry concept [29]. For
instance, green nanoparticles could be synthesized via mixing the plant extracts with
a precursor solution within several minutes, giving a final zerovalent state [30]. The
prepared green nanomaterial is further characterized for crystalline structure, surface
and texture morphology, composition, and thermal stability [31]. After that, the
nanoparticle/nanocomposite could be used to provide a safe and clean water supply
via photocatalysis, nanofiltration, and nanosorbent [4].

6.2 Conclusions of Green Nanomaterial for Environmental
Remediation

• Various plant extracts have been used as an efficient resource for iron nanopar-
ticle synthesis, showing various benefits from laboratory scale to commercial
applications.

• This green nanotechnology enjoys biosynthesis of more stable, eco-friendly, and
non-toxic nanoparticles, with less waste production [32].

• Green nanoparticle/nanocomposite has found successful applications for degra-
dation of dyes and pollutants, removal of heavy metals, treating wastewater, and
possessing good antibacterial activity.

6.3 Recommendations of Green Nanomaterial
for Environmental Remediation

• Considering the broad applications of green iron nanoparticles, a detailed study is
required for determining the life cycle assessment and circular economy aspects.
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• Additional pilot studies are required to validate the industrial-scale application of
nanotechnology.

• Developing additional green routes, which are more rapid, simpler, and much
easier, for fabricating metal-based nanoparticles.

7 Deactivation of Waterborne Pathogens in Natural
Eco-Systems

7.1 Updates of Deactivating Waterborne Pathogens
in Natural Eco-Systems

Waterborne pathogens include bacteria, protozoa, viruses, and helminths, resulting
in high morbidity and mortality worldwide [33]. The human health risks associated
with waterborne pathogens include diarrhea, cholera, gastrointestinal diseases, and
systematic illnesses [34]. The removal of waterborne pathogens at WWTPs is highly
dependent on the temperature, type of the treatment process, and disinfection
technologies (e.g., chlorine, ultraviolet, and ozone) [35]. Indeed, most of the stan-
dard techniques for monitoring and detecting waterborne pathogens require massive
economic costs [36]. Hence, it is essential to develop practical and affordable
techniques for assessing the waterborne diseases and defining the related treatment
processes.

7.2 Conclusions of Deactivating Waterborne Pathogens
in Natural Eco-Systems

• Plasma technology is an effective modern oxidation process used for inactivating
waterborne pathogenic microorganisms.

• Cold plasma could also be utilized as a non-thermal emerging technology to
eliminate persistent organic pollutants from wastewater [37].

• Non-thermal plasma offers a potential future for the oxidation of pollutants,
which currently pose a significant health danger to the environment, due to its
promising environmental adaptability and operation.

• The decomposition of organic compounds could be further improved via the
addition of heterogeneous catalysts that promote the formation of strong oxides
such as •OH, O3, and H2O2.
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7.3 Recommendations of Deactivating Waterborne
Pathogens in Natural Eco-Systems

• Conventional WWTPs should be upgraded to eliminate the waterborne pathogens
and emerging contaminants of concern.

• More studies are required to understand the oxidation mechanism of non-thermal
plasma by detecting the produced amount of O3 and H2O2 and the captured free
radical scavengers.

• Essential types of research are needed for the installation, application, and
modification of the plasma-based systems at large-scale WWTPs.

• The treated effluent after the plasma reactor should be investigated using quan-
titative microbial risk assessment (QMRA) for reuse and human consumption.

• Further development is needed to design plasma reactors for maintaining good
water quality from an industrial perspective.

8 Treated Wastewater Reuse for Irrigation

8.1 Updates of Treated Wastewater Reuse for Irrigation

Recently, the recovery of water, nutrients, and energy from wastewater for further
application in irrigation has been considered an essential strategy [38]. The effluents
of wastewater treatment systems could be utilized in agriculture to compensate for
water shortages [39]. Moreover, some plants tend to uptake portions of the nitrogen
and phosphorus elements from treated wastewater for enhancing their growth
conditions [40]. Furthermore, the organic pollutants of wastewater could be
bio-converted via anaerobic digestion into biogas suitable to share the energy
required to operate the farmlands (crop production and harvesting) [41].

8.2 Conclusions of Treated Wastewater Reuse for Irrigation

• The WWTPs could be adequately managed to obtain main resources (i.e., water,
energy, and nutrients), having essential agricultural and agro-industrial
applications.

• By-products of wastewater treatment (e.g., treated effluent, and generated bio-
mass, sludge, and algae) could be employed to enhance the development of social
economy and maintenance of life.

• The use of plants (phytoremediation) provides the dual benefits of wastewater
treatment and plant biomass harvesting for bioenergy generation.

• Recently, macrophytes have been employed for treating wastewater via artifi-
cially constructed wetlands and nutrient film techniques.
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• Reclaimed (or recycled) water could be a viable non-conventional water resource
for landscape irrigation, showing a great potential for improving agricultural
soils.

• Some halophytes and salt-sensitive crops could be used for salt management of
irrigated farmland, and the disposal of this system is applicable for operating solar
evaporators.

• Government policymakers have recently imposed more restrictions to limit/avoid
the unofficial reuse of drainage water associated with the increasing pressure on
the limited canal supplies.

8.3 Recommendations of Treated Wastewater Reuse
for Irrigation

• Further research is required to assess and evaluate the presence of harmful
pollutants and heavy metals in irrigation water, especially when receiving phar-
maceutical and personal care products.

• The use of wastewater as an important resource for reducing the requirement of
freshwater and energy in irrigation should be investigated.

• There is a need for better research in adopting efficient irrigation technologies,
such as the irrigation scheduling method, to save the required water and energy
inputs.

• Although technical problems related to the treatment and reuse of wastewater for
irrigation have been progressively solved during the recent decades, regulations,
social acceptance, and economic issues still need to be addressed.

• Comprehensive monitoring and assessment of the soil-plant system subjected to
reclaimed water should be carried out to avoid further environmental and health
risks.

• Monitoring of the soil physicochemical properties should be implemented for
understanding the salinity’s spatial variability and its dynamic behavior.

• The plant species appropriate for operating various drainage-water reuse systems
should be carefully selected.

9 Agricultural Drainage Water (ADW) Management

9.1 Updates of Agricultural Drainage Water (ADW)
Management

Recently, the management of agricultural drainage water (ADW) has been used to
overcome the critical gap between water supply and demand [42]. The primary aim
of ADW management is to minimize the quantity of freshwater utilized in irrigation
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while sustaining enough crop production [43]. Appropriate monitoring, analysis,
assessment, and evaluation of ADW should be performed to fulfill the requirement
of wastewater reuse standards for irrigation.

9.2 Conclusions of Agricultural Drainage Water (ADW)
Management

• Various edge-of-field technologies such as constructed wetlands, bioreactors, and
filtration units were successfully employed for removing nitrogen and phospho-
rus pollutants from drainage water

• The performance, reliability, and stability of the ADW treatment systems vary
according to the biogeochemical, hydrogeochemical, and hydrological features.

• Accurate treatment and reuse strategies of ADW are required to mitigate the high
concentrations of heavy metals and salinity.

9.3 Recommendations of Agricultural Drainage Water
(ADW) Management

• Computational techniques and numerical models should be considered for defin-
ing the optimum conditions for the application of tile-drained agricultural
catchments.

• Perform long-term monitoring of the water and nitrogen mass balance in tile-
drained agricultural lands.

• The size of the mixing ratio between ADW and irrigation water should be
accurately determined, particularly in the case of high-strength wastewater.

10 Conclusions

This chapter highlights the major updates and conclusions extracted from the book
volume “Cost-efficient Wastewater Treatment Technologies: Natural Systems.” In
addition, a set of recommendations for future studies that aim at delivering benefits
from treating wastewater by natural, ecological, and environmentally friendly sys-
tems are included. The chapter findings would assist environmental managers,
scientists/researchers, and policymakers in selecting cost-effective, eco-friendly,
and practical ecological technologies of wastewater remediation.
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