
Sewage 
Recent Advances, New Perspectives  

and Applications

Edited by Tao Zhang

Edited by Tao Zhang

Wastewater treatment is crucial for human development. The current state of 
development of wastewater, the current state of its impact, and the current state of 
development of wastewater treatment methods are to be closely followed. This book 

compiles some of the cutting-edge developments related to wastewater treatment.

Published in London, UK 

©  2022 IntechOpen 
©  Vladimir Zapletin / iStock

ISBN 978-1-83969-824-8

Sew
age - Recent A

dvances, N
ew

 Perspectives and A
pplications





Sewage - Recent Advances, 
New Perspectives and 

Applications
Edited by Tao Zhang

Published in London, United Kingdom





Supporting open minds since 2005



Sewage - Recent Advances, New Perspectives and Applications
http://dx.doi.org/10.5772/intechopen.95668
Edited by Tao Zhang

Contributors
Katsuyuki Takahashi, Naoya Satta, Koichi Takaki, Mohd Salim Mahtab, Izharul Haq Farooqi, Girum 
Ayalneh Tiruye, Sami Ullah Bhat, Umara Qayoom, Karima Elkarrach, Fatima Atia, Anass Omor, Omar 
Laidi, Saloua Biyada, Mohamed Benlmelih, Mohammed Merzouki, Petia Mijaylova Nacheva, Danilo 
Gamboa-Santana, Edson B. Estrada-Arriaga, Roberto Uribe, Jean Engohang-Ndong

© The Editor(s) and the Author(s) 2022
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2022 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Sewage - Recent Advances, New Perspectives and Applications
Edited by Tao Zhang
p. cm.
Print ISBN 978-1-83969-824-8
Online ISBN 978-1-83969-825-5
eBook (PDF) ISBN 978-1-83969-826-2



Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

5,700+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

140,000+
International authors and editors

175M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D

Selection of our books indexed in the Book Citation Index (BKCI)  
in Web of Science Core Collection™





Meet the editor

Dr. Tao Zhang is an Associate Professor and Ph.D. Supervisor 
at the College of Resources and Environmental Sciences, Chi-
na Agricultural University, China. His academic background 
covers waste management, wastewater treatment, utilization 
of agricultural waste. He is awarded the Scientific Chinese - 
Outstanding Young Scientist Award, the Innovation Award 
for Industry-University-Research Cooperation of China, the 

Character Award - Invention and Entrepreneurship Award of China Association of 
Inventions. His H-index is 23 (Scopus) and he has published more than 50 papers 
in Chemical Engineering Journal, Water Research, Journal of Hazardous Materials, 
Green Chemistry, Renewable and Sustainable Energy Reviews, and so on. Amongst, 
11 ESI Highly Cited Paper and 4 ESI Hot Paper. He has authorized more than 20 
Chinese invention patents.  



Contents

Preface XI

Section 1
Physicochemical Technology for Sewage Treatment 1

Chapter 1 3
A Novel Wastewater Treatment Method Using Electrical Pulsed 
Discharge Plasma over a Water Surface
by Katsuyuki Takahashi, Koichi Takaki and Naoya Satta

Chapter 2 35
Irradiation of Sewage Sludge
by Roberto M. Uribe and Jean Engohang-Ndong

Section 2
Biological Technology for Sewage Treatment 45

Chapter 3 47
Progress in Domestic Wastewater Treatment, Resource Recovery  
and Energy Generation Using Microbial Fuel Cell
by Girum Ayalneh Tiruye

Chapter 4 65
Secondary Sludge Biodegradation and Electricity Generation  
in Biocathode Microbial Fuel Cells
by Petia Mijaylova Nacheva, Danilo Gamboa-Santana  
and Edson B. Estrada-Arriaga

Section 3
Emerging Technologies 83

Chapter 5 85
An Overview of Occurrence and Removal of Pharmaceuticals  
from Sewage/Wastewater
by Mohd Salim Mahtab and Izharul Haq Farooqi

Chapter 6 97
Implications of Sewage Discharge on Freshwater Ecosystems
by Sami Ullah Bhat and Umara Qayoom



Contents

Preface XIII

Section 1
Physicochemical Technology for Sewage Treatment 1

Chapter 1 3
A Novel Wastewater Treatment Method Using Electrical Pulsed 
Discharge Plasma over a Water Surface
by Katsuyuki Takahashi, Koichi Takaki and Naoya Satta

Chapter 2 35
Irradiation of Sewage Sludge
by Roberto M. Uribe and Jean Engohang-Ndong

Section 2
Biological Technology for Sewage Treatment 45

Chapter 3 47
Progress in Domestic Wastewater Treatment, Resource Recovery 
and Energy Generation Using Microbial Fuel Cell
by Girum Ayalneh Tiruye

Chapter 4 65
Secondary Sludge Biodegradation and Electricity Generation 
in Biocathode Microbial Fuel Cells
by Petia Mijaylova Nacheva, Danilo Gamboa-Santana  
and Edson B. Estrada-Arriaga

Section 3
Emerging Technologies 83

Chapter 5 85
An Overview of Occurrence and Removal of Pharmaceuticals  
from Sewage/Wastewater
by Mohd Salim Mahtab and Izharul Haq Farooqi

Chapter 6 97
Implications of Sewage Discharge on Freshwater Ecosystems
by Sami Ullah Bhat and Umara Qayoom



II

Chapter 7 115
Biological versus Physicochemical Technologies for Industrial  
Sewage Treatment: Which Is the Most Efficient and Inexpensive?
by Karima Elkarrach, Fatima Atia, Anass Omor, Omar Laidi,  
Saloua Biyada, Mohamed Benlmelih and Mohammed Merzouki

Preface

Water is the source of life and a clean body of water is the key to human survival. 
However, the world’s water is being polluted by sewage, which, if not treated, will 
endanger human health and threaten the environment. If we want to live on Earth 
in a sustainable and healthy way, it is our duty to treat sewage. Although sewage 
treatment has a long history, it is becoming increasingly difficult due to rapid 
population growth and the increasing variety of sewage. This requires us to: first, 
we must master the current situation of sewage, from the generation, discharge, 
destination and its impact of sewage; second, innovative sewage treatment 
technology, the generation of sewage is inevitable, we can do is to better solve the 
problem, innovative sewage treatment technology is a shortcut.

We need to systematically understand the harm brought by sewage, first of all, the 
harm to the environment, the human living environment if destroyed, the impact 
will be unbearable. The existence of sewage will lead to a reduction in the number 
of organisms in the ecosystem or even extinction, resulting in a reduction in the 
value of various types of environmental resources, and ultimately the ecological 
balance is destroyed; second, the harm to production, water pollution, industrial 
water must be invested in more treatment costs, resulting in a waste of resources, 
energy, food industry water requirements are more stringent, water quality is not 
qualified, will bring production to a halt. Agricultural use of sewage, so that crop 
yield reduction, lower quality, and even human and animal victims, large areas 
of farmland suffer from pollution, reducing the quality of soil; third, the harm 
to the human body, if people drink polluted water, will cause acute and chronic 
poisoning, cancer, infectious diseases, and some other bizarre diseases, the sensory 
deterioration caused by polluted water, will cause inconvenience to human life, 
emotions are adversely affected.

There are numerous hazards of sewage, so methods of sewage treatment are of great 
concern. Traditional wastewater treatment methods can no longer meet the existing 
new types of wastewaters, so it is urgent to explore more novel wastewater treatment 
methods. In the context of the new crown epidemic, the pollution condition of 
water bodies by drugs is becoming more and more serious, and we must be more 
careful in treating these new wastewaters due to the special characteristics of drugs. 
New wastewater treatment methods are escalating around physical, chemical, and 
biological methods, such as wastewater treatment using microbial fuel cells, oxidizing 
electric furnaces for wastewater treatment, and fused physicochemical methods. 
This manuscript systematically describes the research progress on wastewater, 
treatment methods, etc., which hopefully can be enlightening to the readers.

Tao Zhang
China Agricultural University,

Beijing, China
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Chapter 1

A Novel Wastewater Treatment
Method Using Electrical Pulsed
Discharge Plasma over a Water
Surface
Katsuyuki Takahashi, Koichi Takaki and Naoya Satta

Abstract

Electrical pulsed discharge plasma produces various powerful oxidizing agents,
such as hydroxyl radicals and ozone, which have high oxidation potential. These
species play an important role in the decomposition of persistent organic com-
pounds in wastewater. Because highly concentrated oxidants are directly produced
inside the plasma, plasma realizes high-speed wastewater treatment without
pretreatment of samples, such as pH adjustment. The pulsed discharge plasma
generated over the water surface and inside bubbles is highlighted as a highly
efficient method for plasma generation and radical supply into wastewater. In this
paper, the physical and chemical properties of the discharge plasma generated over
a water surface are described. The decomposition of persistent organic compounds
dissolved in wastewater, such as 1,4-dioxane, formic acid, and dichloromethane, by
plasma discharge is demonstrated, and their mechanisms are discussed. These per-
sistent compounds, which have strong toxicity and stability, can be efficiently
decomposed and removed quickly from solutions by plasma treatment. Further-
more, the treatment of nutrient solutions used in hydroponic systems for plant
cultivation is also introduced as a novel application of plasma, and the effects of
bacterial inactivation, decomposition of allelochemicals, and improvement in plant
growth by plasma are demonstrated.

Keywords: plasma, wastewater, persistent compounds, advanced oxidation
process, hydroxyl radical, oxidation, ozone

1. Introduction

Electrical pulsed discharge under water, an advanced oxidation process (AOP),
can instantaneously produce chemically active species such as hydroxyl radicals and
ozone in a nonthermal plasma [1–3]. It is well known that these species are powerful
oxidizing agents that play an important role in degrading persistent organic chem-
ical compounds and sterilizing bacteria in wastewater [4, 5]. Hydroxyl radicals can
contribute to the decomposition of persistent organic pollutants, which cannot be
decomposed by conventional methods because of their very high oxidation poten-
tial. Wastewater treatment using discharge plasma has several advantages over
other AOPs. In the plasma system, active species are directly produced in plasma
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through various reactions initiated by high-energy electron impact. These active
species are directly dissolved into water, and then oxidation reactions are induced.
Because only electricity-supplied metal electrodes and a high voltage power supply
are needed to generate plasma, pretreatment of water, such as pH adjustment is not
required for active species production, unlike other AOPs such as Fenton and
ozone/hydrogen peroxide methods [6]. Plasma can also be adapted for the treat-
ment of water, which has ultraviolet (UV) light non-transmitting properties, which
is advantageous over AOPs utilizing UV light, such as photocatalytic processes and
UV-hydrogen peroxide methods. In the case of plasma discharge in contact with
water, the types of active species produced in plasma can vary by atmospheric gas
species. The production of active species can be localized near the plasma channel.
Thus, water treatment using plasma discharge can be useful in various uses. Fur-
thermore, because the density of active species in plasma is very high, it can also be
used for the treatment of highly concentrated wastewater. These characteristics of
discharge plasma can make the system simple, easy to use and easy to install
anywhere. Owing to these advantages, the plasma technique has attracted attention
as a promising method in various fields, such as industrial and environmental
wastewater treatment [4, 6, 7] and material [8], agricultural [9, 10], and medical
applications [11].

In this article, characteristics of discharge plasma generated by pulsed high
voltages, chemical reactions induced by plasma, and treatment of persistent organic
pollutants such as 1,4-dioxane and dichloromethane dissolved in water by plasma
discharges are introduced. Agricultural applications of discharge plasma in contact
with water surfaces are also mentioned as a novel application.

2. Generation of pulsed discharge plasma

Plasma is one of the states of matter and consists of high-density electrons and
ions produced through ionization reactions of neutral gas atoms and molecules.
Ionization is initiated by an impact of high-energy electrons accelerated by a high
electric field; then, the electron and ion densities rapidly increase due to an electron
avalanche phenomenon, and plasma forms [12]. To generate a high electric field, a
sharpened metal electrode to which a high voltage is applied is generally used.
Although various kinds of voltage waveforms, such as DC and AC, are employed, a
pulsed high voltage generated by a pulsed power generator is used for highly
efficient plasma generation, [13, 14] especially under water. Pulsed power is a
special technology used to generate a pulse voltage that has a high voltage amplitude
over several tens of kV, high power over several tens of kW, short pulses on the
order of nanoseconds, and high pulse frequencies over several kHz, achieved with a
compact system [15].

When a pulsed high voltage is applied to pointed electrodes immersed in water,
discharge plasma is generated at the tip of the electrode. One of the formation
mechanisms of the discharge plasma in water using a long pulse voltage on the order
of several μs is considered as follows: In the first step, the discharge is initiated in a
small bubble on the electrode surface, and then it propagates into the water, as
shown in Figure 1. The current in the high electric field region causes Joule heating
and vaporization of the liquid, forming bubbles [16–18]. The electron density in the
plasma directly generated under water is very high, on the order of 1025 m�3 [19],
which can produce very high density chemically active species such as hydroxyl
radicals and contribute to high-speed wastewater treatment. The plasma discharge
under water can also produce strong shock waves with pressure on the order of
several GPa. The problem with this method is that wastewaters exhibit high
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conductivity due to the high concentration of various substances. When a voltage is
applied to the electrodes immersed in water, which has high conductivity, a large
current flow, and large energy are dissipated during Joule heating, which does not
contribute to chemically active species production. The discharge volume decreases
with increasing conductivity of the water at the same input energy. As a result, the
energy efficiency for water treatment by discharge decreases to a low value under
high-conductivity water conditions. Furthermore, because the breakdown strength
of water is 300 MV/m and is 10 times higher than that of air (3.2 MV/m), high
voltage is required to generate plasma discharges under water and to increase
plasma volume. To solve this problem, methods to generate a pulsed discharge in
contact with water using an electrode in the gas phase have been investigated
[20–22]. Because the electrode is insulated by gas, the energy loss caused by the
conductive current is significantly reduced. Plasma generation in the gas phase is
much easier than that in the liquid phase, which contributes to a decrease in
operating voltage and makes the system compact and light.

Various methods to generate a pulsed discharge in contact with water have been
proposed [23, 24]. Figure 2 shows schematic illustrations and photographs of

Figure 1.
Schematic illustration of discharge plasma using electrodes immersed in water.

Figure 2.
Schematic illustrations and photographs of pulsed discharge in contact with water generated (a) above the
stationary water surface, (b) inside the bubble, and (c) area where droplets are sprayed.
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examples. The simplest method is to generate discharge that propagates and spreads
over the water surface by using a high-voltage electrode placed above stationary
water, [25, 26] as shown in Figure 2(a). The chemical species generated in the
plasma discharge are dissolved into the water and react with organic compounds in
the water as described later. The discharges generated inside bubbles as shown in
Figure 2(b), which are produced by injecting gas into the water using a gas feed
tube, have been widely investigated [23, 26–28]. This method has advantages such
as a high ratio of water surface to gas volume, easy control of the gas purity and
components, easy use in various fields, and automatic water circulation. The reactor
can be simply constructed as shown in Figure 3(a) [29]. This reactor consists of a
sealed glass vial for gas chromatography and glass tubes in which wire electrodes
are inserted. Because the glass vial is sealed, the purity of the gas component in the
reaction area in the vial can be improved. The treatment speed and volume can be
increased easily by increasing the number of gas feed tubes and electrodes, as
shown in Figure 3(b). Figure 3(c) shows a reactor consisting of a separator film
that has tiny pores and a high voltage wire electrode in the gas phase [20]. Multiple

Figure 3.
A reactor used for pulsed discharge generation inside bubbles using (a) a single electrode inserted in a sealed
glass vial, (b) parallel electrodes inserted in a vessel, and (c) a separator with multiple pores and a high voltage
wire electrode placed in the gas phase.
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discharge plasmas occur simultaneously on the wire electrode surface, which prop-
agates into the bubbles. The separator film is used to separate the liquid phase and
gas phase for insulation of the high voltage electrode. Instead of the separator and
the wire electrode, ceramics with millipore needle electrodes have been used in
some studies [7, 30].

When a pulsed high voltage is applied to the high-voltage electrode in the gas
phase, the discharge propagates into the bubble surface from the high-voltage
electrode [31, 32]. Figure 4 shows typical voltage–current waveforms and flaming
photographs of the pulsed discharge generated in an argon bubble, as shown in
Figure 2(b) taken by using an intensified CCD camera with an exposure time of
5 ns. At time t0, a corona discharge occurs at the tip of the electrode, and then, the
discharge propagates to the tip of the glass tube along the surface of the glass at t1
and t2. Inside the glass tube, discharge occurs at not only the tip of the electrode but
also the side of the electrode, as observed with dielectric discharges. At t3, the
discharge propagates along the bubble surface and does not travel to the bubble at t3
to t5. The results obtained by numerical simulation also show that a large part of the
discharge inside the bubble propagates along with the bubble with similar size of
bubbles [33, 34]. The propagation velocity of the discharge is 2.7–3.6 � 105 m/s in
the Ar gas bubble [32] and 5 � 105 m/s on the surface of a glass tube filled with air,
[31] which correspond to the surface discharge over a dielectric material under
atmospheric pressure [35, 36]. When the voltage drops, the discharge disappears at
t6, but back discharge occurs again at t7 due to the electric field formed by charges
accumulated over the bubble surface.

Conductivity is the most important parameter for discharge propagation. Gen-
erally, the energy efficiency for discharge generation and propagation over a water
surface is strongly affected by the conductivity of the water [32, 37]. Figure 5 shows
the equivalent circuit model [38] of (a) discharge in contact with water using the
electrode system shown in Figure 2(b) discharge generated under water using the
electrode system shown in Figure 1. When a breakdown occurs, switch SW1 is
turned on. The plasma impedance ZP(t) depends on the electron density of the
plasma and changes with time during voltage application. The equivalent circuit of
the water surface is expressed as the resistor RL and capacitor CL connected in
parallel. The resistance of the resistor decreases with increasing conductivity. The
discharge in contact with water propagates with the charging water surface. The
decrease in resistance enhances the leakage of the accumulated charge on the
surface of the bubble with decreasing conduction relaxation time, which is
expressed by dividing the permittivity by the conductivity of the solution, which
concentrates the discharge current and decreases the electric field. Therefore, the

Figure 4.
(a) Typical voltage–current waveforms and (b) flaming photograph of discharge generated inside argon
bubble.
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discharge length decreases with increasing conductivity. For example, in the case of
pulsed discharge generated inside a bubble as shown in Figure 4, the maximum
discharge length decreases by 50% by increasing conductivity from 7 μS/cm to
1000 μS/cm [32].

When the electrode is placed in the gas phase and is not in contact with water,
conductive current does not flow into the water without plasma generation, i.e.,
without SW1 turning on. On the other hand, when the electrode is placed in water,
conductive current always flows into the water, which causes energy loss, and the
energy efficiency for active species production decreases. This is one of the reasons
that the energy efficiency of a wastewater treatment method using plasma
contacted water is much higher than that using plasma directly generated under
water [39]. Using this method, the energy efficiency can be improved over tens of
times, especially for highly conductive wastewater treatment [39].

To reduce the influence of the conductivity, a method to generate streamer
discharges into the area where droplets are sprayed using a pulsed high voltage is
proposed as shown in Figure 2(b) [40]. This is one of the most efficient methods to
supply chemical species into the water because streamer generation in the gas phase
is not affected by water droplets, and the contact area between the discharge and
water is large.

3. Production of chemical species by discharge plasma

In the plasma generated in the gas phase, various chemically active species such
as ozone (O3), oxygen radicals (O), and hydroxyl radicals (OH) are produced and
dissolved at the water surface. Since these species have a high oxidation potential,
they can contribute to wastewater treatment, i.e., the decomposition of organic
compounds and the inactivation of bacteria. The production reactions are initiated
by the impacts of high-energy electrons on neutral molecules. Representative reac-
tions in a gas that contains O2, N2, and Ar are as follows: [41–43].

O2 þ e > 8:4 eVð Þ ! O 1D
� �þ O 3P

� �þ e (1)

O2 þ e > 5:58 eVð Þ ! O 3P
� �þO 3P

� �þ e (2)

O 3P
� �þ O2 þM ! O3 þM (3)

H2Oþ O 1D
� � ! 2OH (4)

Figure 5.
Equivalent circuit model of (a) plasma contacted in water and (b) plasma generated under water.
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N2 þ e > 9:0 eVð Þ ! N 4S
� �þN 2D

� �þ e (5)

N 2D
� �þH2O ! OHþNH (6)

N 2D
� �þO2 ! NOþO 1Dð Þ (7)

N 2D
� �þ O2 ! NOþ O 3P

� �
(8)

Arþ e > 11:55 eVð Þ ! Ar 3P
� �þ e (9)

Ar 3P
� �þH2O ! ArþOHþH (10)

H2Oþ e > 7:1 eVð Þ ! OHþHþ e (11)

H2Oþ e > 12:62 eVð Þ ! H2Oþ þ 2e (12)

H2Oþ þH2O ! H3Oþ þOH (13)

where (3) is a three-body recombination reaction and a neutral molecule such as
O2, N2 or Ar is the third collision partner (M), which takes part in energy absorp-
tion, but does not react chemically. Ar, a noble gas, is generally used for highly
efficient plasma generation at low cost. Because the reaction rates of (11) and (12)
are not high in atmospheric nonthermal plasma, OH is mainly produced by indirect
reactions such as reactions (4), (6) and (10) [44–46]. When a water surface is used
as the cathode, OH is also produced under water by the bombardment of high-
energy positive ions produced inside plasma, such as H2O

+ and Ar+, to the water
surface [47, 48].

Arþ e > 15:8 eVð Þ ! Arþ þ 2e (14)

Arþ þH2O ! H2Oþ þ Ar (15)

H2Oþ ! OHþHþ (16)

Figure 6 shows typical emission spectra of the discharge inside the Ar or O2

bubble. The peaks at wavelengths of 282 and 308 nm are the A2Σ+ (v = 1) ! X2Π
(v = 0), and A2Σ+ (v = 0) ! X2Π (v = 0) emission lines of OH, respectively. The
peak at 656 nm is attributed to a Balmer H-alpha emission [32]. These peaks are
strongly observed in argon gas because of its high electron density. In O2 gas, the
peak at a wavelength of 774 nm corresponds to the atomic oxygen (O) transition of

Figure 6.
Typical emission spectra of discharge inside argon or oxygen bubble.
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3p5P-3s5S0. Figure 7 shows the photograph of discharge inside an Ar bubble taken
by a high-speed intensified CCD camera with and without a bandpass filter with a
bandwidth of 310 � 10 nm, showing light emission with a wavelength
corresponding to an excitation line of OH (308 nm). The photograph shows that the
excitation-emission of OH with a wavelength of 308 nm is observed at the same
position of the plasma channel generated along the bubble surface observed without
the bandpass filter. This result shows that OH is produced inside the plasma
channel.

Because these oxidants have high reactivities, they are consumed in loss reac-
tions in both the gas and aqueous phases, which decreases the efficiency of waste-
water treatment as shown in Figure 8. OH is well known as the most powerful
oxidant and has a very short lifetime. OH is mainly lost by three-body recombina-
tion reactions, as shown in reaction (17) in the gas phase and reactions (18) and (19)
in the aqueous phase [49, 50].

OHþOHþM ! H2O2 (17)

OHþ OH ! H2O2 (18)

OHÞ þH ! H2O (19)

The lifetime and diffusion constant of OH in the gas phase are on the order of
10�5 s and 10�10 m2/s, respectively, and the diffusion length is several tens of μm
[51]. The lifetime of dissolved OH is on the order of 10�6 � 10�7 s with penetration
lengths on the order of 10�5 � 10�6 m [52–54]. Figure 9 shows the hydrogen
peroxide (H2O2) concentration produced by the OH recombination reaction, as

Figure 7.
Photograph of discharge inside the bubble (a) without and (b) with a bandpass filter (310 � 10 nm).

Figure 8.
Schematic illustrations of reactions of OH produced by plasma at the vicinity of water surface.
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described later, as a function of treatment time by plasma generated inside Ar or O2

bubbles. In this case, 100 mL of dye solution was treated by plasma discharges
generated inside bubbles produced by multiple pores, as shown in Figure 3(c). The
gas flow rate is 4.5 L/min. Pulse voltages with an amplitude of 20 kV, a pulse width
of 160 ns, and a pulse repetition rate of 250 Hz are applied to the wire electrode
placed in the gas phase to generate plasma [73]. The electric power into the plasma
is the same in both gas species at 3.4 W. H2O2 concentration, i.e., OH production,
with Ar gas is higher than that with O2 gas, which is in good agreement with the
emission spectra, as shown in Figure 6. Thus, Ar injection is preferred for highly
efficient OH production.

Many researchers have analyzed the amount of dissolved OH in water using
chemical probes such as terephthalic acid [55, 56]. The energy yield for the surface
pulsed streamer discharge on the liquid with argon gas is estimated to be
13 � 27 � 10�9 mol/J with disodium terephthalate solution [57]. The typical energy
yield of dissolved OH in water supplied by plasma, which can react with solutes in
water, is estimated to be 4 � 5 � 10�9 mol/J using the indigo carmine solution as a
chemical probe [29]. Because plasma directly generated under water has a high OH
density, the reaction rate of OH loss reactions is very high, which decreases the
energy efficiency for OH supply.

When the feeding gas contains O2, highly concentrated O3 is generated in the
plasma through reactions (1) � (3). Henry’s law constants for O3 and OH are 0.011
and 30 M/atm at 298 K, [58] respectively, which shows that the solubility of O3 is
lower than that of OH. Additionally, the oxidation potential of O3 is lower than that
of OH. However, the lifetime of O3 in water is on the order of several min [59–61]
and much longer than that of OH. Thus, when wastewater contains only organic
compounds that can be easily oxidized by O3, the treatment efficiency utilizing O3 is
higher than that utilizing OH. In this case, O2 is preferred for use as a feeding gas for
high-efficient O3 production. O3 dissolved in water can contribute to OH produc-
tion via the following reaction with hydroperoxide anion (HO2

�) species, the con-
jugate base of H2O2, under alkaline conditions with a high reaction rate [62].

O3 þH2O2 ! O2 þ OHþHO2 (20)

H2O2 $ HO2
� þHþ pKa ¼ 11:6 (21)

O3 þHO2
� ! O2 þ OHþ O2

� (22)

Figure 9.
Time change of the H2O2 concentration produced by plasma treatment.
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The pKa value of the equilibrium reaction (R14) is 11.6. Because the reaction
rate of O3 and H2O2 is very low (10�2 M�1 s�1), O3 mainly reacts with HO2

� with a
reaction rate constant of 5.5 � 106 M�1 s�1 and hardly reacts with H2O2 directly.
Thus, pH adjustment is required to induce this OH production reaction.

When the feeding gas contains nitrogen, nitrous (HNO2) and nitrite (HNO3)
acids, are generated by plasma as byproducts through the following reactions;
[46, 63–65].

O 3P
� �þNOþN2 ! NO2 þN2 (23)

O3 þNO ! NO2 þO2 (24)

NHþOH ! NOþH2 (25)

OHþNOþM ! HNO2 (26)

OHþNO2 ! HNO3 (27)

3HNO2 ! HNO3 þ 2NOþH2O (28)

HO2 þNO2 ! O2NOOH (29)

H2O2 þHNO2 ! HOONOþH2O (30)

HOONOþH2O2 ! O2NOOHþH2O (31)

Peroxynitric acid (HOONO2) contributes to HOO production via equilibrium
decomposition reaction, [66].

HOONO2 ! HOOþNO2 (32)

When HNO2 and HNO3 are dissolved in water, nitric and nitrate ions are easily
produced in water through acid dissociations of HNO2 and HNO3 because of their
low pKa values, of 3.35 and � 1.8, respectively, and the pH of the solution signifi-
cantly decreases [65, 67].

HNO2 ! Hþ þNO2
� (33)

HNO3 ! Hþ þNO3
� (34)

NO2
� is oxidized to NO3

� by O3 in solution [68]. When the pH is lower than 3.5,
NO2

� is oxidized by H+. These reactions are follows:

NO2
� þ O3 ! NO3

� þO2 (35)

NO2
� þ 3Hþ ! NOþNO3

� þH3O or H2OþHþð Þ (36)

These nitrogen species can contribute to the inactivation of bacteria in waste-
water as described later. In the case of plasma discharges inside multiple air bubbles
using a reactor similar to that in Figure 3(b)with eight glass tubes in which total air
gas with a flow rate of 5 L/min is injected, approximately 9 mM NO3

� is generated
in 20 L of solution with 24 hours of plasma treatment, [69] which is a sufficient
concentration for using fertilizers in plant cultivation. This effect is described in
Section 5.

When metals that are easily oxidized by electrolysis, such as iron and copper, are
used as an electrode immersed in water, metal ions such as Fe2+, Fe3+, Cu+, and Cu2+

are generated by electrooxidation by a large discharge current, and the metal ion
concentration increases. These metal ions contribute to the oxidation of organic
compounds in wastewater not only directly but also through OH production by
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redox reactions well known as Fenton reactions with H2O2 produced by plasma as
follows: [70–73].

Fe2þ þH2O2 ! OHþ OH� þ Fe3þ (37)

Fe2þ þ OH ! Fe3þ þ OH� (38)

Fe3þ þH2O2 ! Fe2þ þHO2 þHþ (39)

Fe3þ þHO2 ! Fe2þ þO2 þHþ (40)

Fe2þ þHO2 ! Fe3þ þHO2
� (41)

Fe3þ þ e� ! Fe2þ (42)

Hþ Fe3þ ! Fe2þ þHþ (43)

Cuþ þ OH ! Cu2þ þOH� (44)

O2
� þO2

� þ 2Hþ ! H2O2 (45)

Reactions related to iron ions are well known as Fenton reactions and occur
under acidic conditions. Generally, electrodes immersed in water are used as
grounded electrodes to keep the voltage potential of water zero for safety reasons.
Therefore, when a positive (or negative) high voltage is applied to a high voltage
electrode, iron (or copper) ions are dissolved from the grounded electrode
immersed in water and used as the anode (or cathode). For example, in the case of
1,4-decomposition as described in Section 4, the decomposition efficiency can be
improved by approximately three times, by using iron wire as an electrode
immersed in water, compared with that achieved using stainless steel wire [73].

The chemical species dissolved in the water react with not only organic com-
pounds but also inorganic compounds. Table 1 shows reaction the rate constants for

Solute Reaction rate constant for O3 [M�1 s�1] Reaction rate constant for OH [M�1 s�1]

Cl� 0.003 4.3 � 109

Br� 160 1.1 � 109

I� 1.2 � 105 1.1 � 1010

NO2
� 3.7 � 105 1.0 � 1010

NO3
� — 1.0 � 105

HSO3
� 3.7 � 105 4.5 � 109

SO3
2� 1.5 � 109 5.1 � 109

HSO4
� <10�4 6.9 � 105

H2SO4 — 1.4 � 107

H2O2 0.01 2.7 � 107

HO2
� 5.5 � 106 7.5 � 109

HCO3
� 0.01 8.5 � 106

HCO2
� 100 5.1 � 109

CO3
2� 0.01 3.9 � 108

CO2 — 1 � 106

OH� 210 1.2 � 1010

Table 1.
Reaction rate constant for O3 and OH reacting with inorganic compounds.
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O3 and OH reacting with inorganic ions [74–78]. Halogen ions such as chloride ions
(Cl�), bromide ions (Br�) and iodide ions (I�) have high reactivity toward O3 and
OH and act as O3 and OH scavengers, which inhibits the decomposition reactions of
organic compounds. Furthermore, toxic compounds such as hypochlorite ions
(ClO�) and bromate ions (BrO3

�) are produced via oxidation reactions, as shown in
Figures 10 and 11. Carbon dioxide radicals (CO2

�), carbonate radicals (CO3
�), and

Figure 10.
Schematic illustrations of reactions involving Cl.

Figure 11.
Schematic illustrations of reactions involving Br.
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sulfate radicals (SO4
�) are produced through reactions of OH with formate ions

(HCO2
�), carbonate ions (CO3

2�), and hydrogen sulfate ions (HSO4
�) with

hydroxyl radicals in liquid [79]. These radicals also contribute to the decomposition
of organic compounds dissolved in wastewater as synergistic effects. Although
hydroxide ions (OH�) and per hydroxyl ions (HO2

�) act as scavengers of OH, OH
can be produced via reaction with O3 under high-pH conditions. Thus, the influence
of these ions on treatment efficiency and water quality after wastewater treatment
using plasma should be considered.

4. Decomposition of persistent organic pollutants

Organic pollutants entering the water environment cause industrial, agricul-
tural, domestic, livestock, and medical wastewater drainage into and leakage from
polluted soil. Because most organic pollutants have strong toxicity, carcinogenicity,
and genotoxicity, even at low concentrations, it is urgent to develop effective
technologies for the highly efficient removal of these contaminants from water. 1,4-
Dioxane has been widely used as a solvent. Because it has high solubility and is hard
to absorb to the bottom material, it can be widely spread in water environments
[80, 81]. Dichloromethane (DCM) is a chlorinated volatile organic compound
(Cl-VOC) and has high volatility. It is also used as a solvent, cleaner, degreasing
agent, and liquid fuel and released into the environment through water discharge
from chemical industries [82, 83]. These compounds are very difficult to decom-
pose using conventional oxidation treatment methods such as chlorine, ozone
oxidation, and bioremediation owing to their chemical and biological stability.

In wastewater treatment systems using plasma discharges, high-density power-
ful oxidants such as OH and O3 produced by plasma contribute to the decomposi-
tion of persistent organic pollutants and the inactivation of bacteria. This method
provides high-speed treatment and decomposition of organic compounds that are
difficult to remove with conventional methods and has attracted much attention as
an advanced oxidation technology. Many researchers have proposed that plasma
treatment is effective for the decomposition of various kinds of toxic aromatic
hydrocarbons, such as chlorophenol, [84] naphthalene, toluene [85], and bisphenol
A [86], and volatile organic compounds such as trichloroacetic acid [87]. Oxidants
also contribute to the quick decolorization of wastewater containing dye solutions
[88, 89]. In this section, the decomposition of various kinds of organic compounds
in water is systematically described. The decomposition characteristics of indigo
carmine, a common blue dye, 1,4-dioxane [73] which has a high solubility in water,
and formic acid, [90] which is an intermediate product of various organic
compounds, such as dichloromethane (DCM), [91] which is a volatile organic
compound, are introduced as an example.

Chemically active species dissolve in water in the vicinity of the water surface
and induce oxidation reactions such as hydrogen atom abstraction, electron trans-
fer, electrophilic addition, and chain oxidation reactions triggered by these reac-
tions. The following reactions are typical oxidation reactions of organic compounds
induced by OH.

RHþOH ! R• þH2O (46)

RþOH ! R•þ þOH� (47)

R�þOH ! R• þ OH� (48)

RþOH ! •ROH (49)
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OHþ R2C ¼ CR2 ! R2 OHð ÞC� CR2
• (50)

R• þ O2 ! RO2
• (51)

R• þ R• ! RR (52)

R• þ RO2
• ! RO2R (53)

RO2
• þ RH ! ROOHþ R• (54)

RO• þ RH ! ROHþ R• (55)

RO2
• þHO2

• ! RO• þO2 þ OH• (56)

RO2
• þ RO2

• ! RO2R (57)

ð58Þ

Indigo carmine and azo phloxine are common dyes and have blue and red colors,
respectively. Figure 12 shows the time change of appearance and UV–vis spectra of
two dye solutions, (a) indigo carmine and (b) azo phloxine, by treatment using
plasma generated inside O2 gas bubbles. In this case, 100 mL of dye solution was
treated by plasma discharges generated inside bubbles produced by multiple pores
as shown in Figure 3(c). The gas flow rate is 4.5 L/min. Pulse voltages with an
amplitude of 20 kV, a pulse width of 160 ns, and a pulse repetition rate of 250 Hz
are applied to the wire electrode placed in the gas phase to generate plasma [73].
The energy input into a pulse is fixed at 13.5 mJ for each gas species by adjusting the
voltage amplitude. From the input energy and pulse repetition rate, the input power
can be estimated as 3.4 W. Indigo carmine and azo phloxine have absorbance peaks
at wavelengths of 610 nm and 531 nm, which are responsible for the blue and red
colors of their solutions, respectively. These peaks decrease, the colors disappear
after 20 s and 180 s of plasma treatment, and then the solutions are fully decolorized
after treatment. This result shows that plasma treatment is effective for the decol-
orization treatment of wastewater. Figure 13 shows the decolorization rate of these
solutions using Ar and O2 as feeding gases to generate bubbles. Decolorization of
both solutions in the case of O2 injection is much faster than that of Ar injection.
The energy efficiency for 50% decolorization of indigo carmine is 1.3 � 103 mmol/
kWh for O2 injection and 6.1 mmol/kWh for Ar injection, and those of azo phloxine
are 77 mmol/kWh for O2 injection and 4.8 mmol/kWh for Ar injection. The absor-
bance peaks of these dyes are due to the carbon–carbon double bond in the H-
chromophore of indigo carmine and the nitrogen-nitrogen double bond of the azo
chromophore of azo phloxine as shown in Figure 14, which are responsible for the
blue and red colors of the solution. These double bonds have high electron density
and high reactivity to electrophilic OH. It is well known that O3 reacts with C-C and
N-N double bonds rapidly; however, the reaction of OH with dyes is at least four
orders of magnitude faster than that of O3. As already mentioned, the lifetime of
OH in water is much shorter than that of O3 because of its high reactivity and high
rate constant of recombination loss reactions, and only OH generated in the vicinity
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Figure 13.
Time change of decolorization rate of indigo carmine and azo phloxine solutions by plasma treatment using Ar
and O2 gases.

Figure 12.
Time change of appearance and UV–vis spectra of two dye solutions, (a) indigo carmine and (b) azo phloxine,
by treatment using plasma generated inside O2 gas bubble.
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of the bubble surface can be dissolved in the solution. In this case, these two dyes
can be easily oxidized by O3. Therefore, O2 injection to generate O3 at high effi-
ciency is preferred for the decomposition of compounds that have high reactivity to
O3. The reactivity of an azo group with ozone is very low compared to that of
olefins, [92] which is one of the reasons that indigo carmine is more readily decol-
orized than azo phroxine.

Since 1,4-dioxane has low reactivity to O3 due to its high chemical stability,
plasma treatment is a promising method for 1,4-dioxane removal. Figure 15 shows
one of the proposed decomposition processes of 1,4-dioxane by hydroxyl radicals
[93–95]. The reaction is initiated by hydrogen atom abstraction, and various reac-
tions, such as chain reactions, are involved. Carboxylic acids such as formic acids
(HCOOH) and oxalic acid ((COOH)2) are produced as intermediate products.

Figure 14.
Chemical structure of (a) indigo carmine and (b) azo phloxine.

Figure 15.
Oxidation process of 1,4-dioxane by OH.

18

Sewage - Recent Advances, New Perspectives and Applications



Figure 16 shows the time change of the TOC concentration of the 1,4-dioxane
solution with an initial concentration of 0.23 mM with two different injected gases
and with and without discharges. The experimental conditions were the same as
those mentioned above. The electric power in the plasma is the same in both gas
species. The TOC decreases without discharges because of the volatilization by
bubbling gas, and the TOC concentration in the O2 injection is almost the same
without discharges. The rate of TOC decrease rate in the case of Ar injection is much
higher than that in the case of O2 injection. 1,4-dioxane hardly reacts with O3

because of its low reaction rate (0.32 M�1 s�1) [78]. The rate constant of reaction
between OH and 1,4-dioxane is 2.4*109 M�1 s�1 [96]. The production rate of OH in
the case of Ar injection is much higher than that in the case of O2 injection. Thus, Ar
injection is preferred for the decomposition of organic compounds that have

Figure 16.
Time change of the TOC concentration of a 1,4-dioxane solution by plasma treatment.

Figure 17.
Oxidation process of CH3COOH by OH.
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low reactivity to O3. The energy efficiency for 1,4-dioxane decomposition is
2 mmol/kWh.

Figure 17 shows the oxidation of acetic acid (CH3COOH) by OH radicals.
CH3COOH has also low reactivity to O3. It can be decomposed into formic acid,
oxalic acid, and finally, CO2 and H2O by oxidation reactions with OH. These acids
have an acidity constant and are in equilibrium with their conjugated bases. For
example, formic acid is in equilibrium with its conjugate base, formate, as follows:

HCOOH⇄HCOO�þHþ (59)

The pKa value of this equilibrium reaction is 3.75. The reaction processes of
formic acid and formate with OH and O3 are represented by the following: [76, 78].

HCOOHþ O3 ! CO2 þ OHþHO2 (60)

HCOOHþ �OH ! H2Oþ COOH (61)

HCOO� þ O3 ! CO2 þ OHþ O2
� (62)

HCOO� þOH ! H2Oþ COO� (63)

The rate constant of reaction (62) is 100 M�1 s�1 and is 20 times higher than that
of reaction (60) (5 M�1 s�1). Similarly, the rate constant of reaction (63) is
3.2 � 109 M�1 s�1 and is 25 times higher than that of reaction (61)
(1.3 � 108 M�1 s�1). Therefore, decomposition of these acids at higher pH is
preferred. It has been reported that the decomposition rate of formic acid can be
improved twice by increasing the pH from 3.5 to 4.2 with the addition of sodium
carbonate, in the case of plasma generated inside oxygen bubbles using the reactor
shown in Figure 3(a) [90]. Thus, pH adjustment is an important factor for waste-
water treatment, while active species can be directly supplied from plasma.

The decomposition process of DCM is different from that of other soluble
compounds because of its high volatility. The rate constant of DCM reacting with
OH in a liquid is 2.2 � 107 M�1S�1 [97] and is much lower than that of reactions of
other soluble organic compounds, such as 1,4-dioxane, phenol, and formic acids,
with OH (on the order of 109 M�1 s�1). Figure 18 shows the TOC and the amount of
decomposed DCM as a function of treatment time using plasma generated inside Ar

Figure 18.
Time change of the TOC concentration of DCM solution and amount of decomposed DCM by plasma
treatment.
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bubbles using the reaction shown in Figure 3(a). The gas flow rate is 30 mL/min.
Pulse voltages with an amplitude of 16 kV, a pulse width of 160 ns, and a pulse
repetition rate of 250 Hz are applied to the wire electrode placed in the gas phase to
generate plasma [91]. The amount of decomposed DCM is calculated from the Cl�

concentration detached from DCM during the decomposition process. The TOC
decreases without discharges because of volatilization by bubbling gas. DCM can be
successfully decomposed by discharges generated inside Ar bubbles [91]. The
energy efficiency for DCM decomposition is approximately 60 mmol/kWh and is
much higher than that for decolorization of dye solutions and 1,4-dioxane decom-
position, as mentioned above, although the rate constant for DCM reacting with OH
is low. This result suggests that almost all DCM is decomposed in the gas phase in
the bubble, not in the liquid phase. DCM is quickly volatilized due to its high
volatility and is transferred into the gas phase in the bubble when Ar gas is fed into
the DCM solution, and DCM is exposed by plasma discharges generated inside the
bubble. DCM can be decomposed by OH with the following reactions: [98].

CH2Cl2 gð Þ þ OH gð Þ ! CHCl2 gð Þ þH2O gð Þ (64)

CHCl2 gð Þ þ OH gð Þ ! CHOCl gð Þ þHCl gð Þ (65)

CHOCl gð Þ þ OH gð Þ ! COCl gð Þ þH2O gð Þ (66)

COCl gð Þ þOH gð Þ ! CO2 gð Þ þHCl gð Þ (67)

The Cl-H bonding energy of CH2Cl2 is 4.28 eV and is lower than the energy of
metastable Ar (11.55 eV) produced by electron impact, as shown in reaction (9)
[99]. Therefore, CH2Cl2 is also possibly decomposed by Penning ionization by the
energy transfer collision of metastable Ar (Ar*) as shown in the following reactions:
[99, 100].

CH2Cl2 gð Þ þ Ar ∗ gð Þ ! CH2Cl2
þ

gð Þ þ Ar gð Þ (68)

CH2Cl2
þ

gð Þ ! CH2Cl
þ

gð Þ þ Cl gð Þ (69)

CH2Cl
þ

gð Þ þ e� gð Þ ! CH2Cl gð Þ þ Cl gð Þ (70)

Because the concentration of DCM inside the gas bubble is on the order of
several hundred ppm as mentioned previously, and is much lower than the Ar and
H2O concentrations, the DCM dissociation by electron impact is negligible
[98, 101].

5. Novel applications for agriculture

Agricultural applications of plasma have been widely investigated in recent
years and have become one of the most attractive research topics in plasma science
[102–105]. As already mentioned in this article, plasma in contact with water can
produce various types of chemically active species, which have various effects on
the environment of plant growth.

As a production process of fruits and vegetables, hydroponics, which is the
method of growing plants without soil using the nutrient solution, has been widely
used. In hydroponics, the nutrient solution is recirculated in a closed system to
reduce the cost and the environmental load. In the system, plant diseases caused by
microbial contamination of artificial nutrient solution rapidly spread in the circula-
tion system and cause serious damage to the entire plant. During the entire period
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of plant growth, contamination with pathogens can never be excluded since patho-
gens are introduced in the nutrient solution via the irrigation water supply. There-
fore, the nutrient solution should be remedied by continuous water treatment
system operation during the cultivation period. Active species such as OH and O3

produced by discharges can contribute to the inactivation of pathogenic bacteria-
contaminated in liquid fertilizer. A plasma treatment system for the inactivation of
Ralstonia solanacearum bacteria in liquid fertilizer for a tomato hydroponic culture
system has been developed [106]. The number of colony-forming units (CFU) of R.
solanacearum in the liquid fertilizer decreased from 107 to 102 CFU/mL when
treated with discharge plasma. Tomato seedlings treated with discharge plasma
were relatively healthy, while the infected positive controls all wilted and died, as
shown in Figure 19. Plasma was also used for the removal of allelochemicals,
organic compounds exuded from the root of plants, which have autotoxic effects on
plant growth. 2,4-Dichlorobenzoic acid (DCBA), an allelochemical of cucumber,
was almost completely decomposed by plasma treatment. The discharge-treated
solution is used as a nutrient solution for cultivating cucumber plants in a rockwool
hydroponic system. Plant growth was significantly inhibited by adding DCBA to the
nutrient solution, on the other hand, the plants grew healthy using discharge treat-
ment, as shown in Figure 20 [69]. Furthermore, when the feeding gas contains
nitrogen, NO2

� and NO3
� are generated as mentioned already. These ions can act as

Figure 19.
Photograph of tomato seedlings after 12 days of cultivation in bacteria-contaminated nutrient medium in a
hydroponic system.

Figure 20.
Photographs of cucumber seedlings after 18 days and diurnal changes in plant height for seedling cultivated in
DCBA-contaminated nutrient medium in a hydroponics system.
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fertilizers for plants, which improves the growth rate of plants in hydroponic
systems, as shown in Figure 21 [107]. Therefore, plasma treatment of nutrient
solution for plant cultivation can control the environment of plant growth through
the decomposition of toxic organic compounds, the inactivation of pathogenic
bacteria, and the nutrient supply, which are promising new applications of plasma.
A plasma treatment system for tomato cultivation in a greenhouse was developed,
and a pilot test was performed over several months [108]. The CFU of R.
solanacearum was kept at a low value, and the infection risk of the plant was
significantly reduced during continuous treatment. All plant bodies grow healthily
and bear fruits, and the onset of bacterial wilt disease is not observed.

Not only radicals such as O3 and OH, but also nitrogen species such as ONOO�

and O2NOOH can be key inactivation agents that cause cell damage and inactivation
under acidic conditions. Because these nitrogen species have a long lifetime in the
liquid phase, nitrogen species generated by plasma treatment remain for a long time
after nonthermal plasma irradiation. It has been reported that nonthermal plasma-
activated water (PAW), water irradiated by nonthermal plasma, can inactivate
bacteria on the surface of fruits and vegetables [109] such as strawberries, [110]
mushrooms [111] and endives, [112] which contributes to maintaining the freshness
of fruits and vegetables.

6. Conclusion

The fundamental physical and chemical properties of plasma discharge gener-
ated over a water surface and its applications for the decomposition of persistent
compounds are described. Plasma can directly generate powerful oxidizing agents
such as hydroxyl radicals, which can realize high-speed decomposition of persistent
compounds in wastewater, such as 1,4-dioxane and dichloromethane, without
pretreatment of samples. Because of these advantages over other advanced
oxidation processes, a pulsed discharge plasma in water and in contact with water
has attracted much attention as a promising technology in not only wastewater
treatment but also various new application fields such as agriculture.

Authors are grateful to Prof. Y. Minanitani in Yamagata University, Japan for
providing a photograph of discharge used in Figure 2(c). This research was

Figure 21.
Photograph of Japanese mustard spinach seedlings after 28 days of cultivation using plasma-treated nutrient
medium-supplied soil.
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Chapter 2

Irradiation of Sewage Sludge
Roberto M. Uribe and Jean Engohang-Ndong

Abstract

A review of the current status of sewage sludge decontamination using electron 
beam irradiation at industrial scale is presented. The chapter includes a historical 
development of the technology using both gamma and electron beam sources, a 
description of a facility using an electron accelerator, a discussion of the quality 
control techniques used to certify that satisfactory decontamination levels for safe 
use of treated sludge have been achieved, the effect of electron beam irradiation on 
the bacteria and virus present in a typical sample of municipal sewage sludge, and an 
analysis of the costs of decontaminating sewage sludge using electron beam irradia-
tion compared to traditional and more routine technologies. Finally, the chapter 
concludes by emphasizing on the fact that electron accelerators described in this 
chapter are capable to decontaminate a typical municipal sewage sludge at competitive 
costs which are shown to be comparable and/or lower than routinely used technologies 
to achieve class A biosolids by the Environmental Protection Agency standards.

Keywords: sludge decontamination, e-beam applications, microbial pathogens

1. Introduction

The use of radiation to reduce the microbial contamination in foodstuffs and 
medical supplies is a well-established technology. Both gamma rays and high energy 
electrons are used with this purpose and their main effect is to damage the DNA 
of harmful microorganisms. Although the technology has also been used in envi-
ronmental applications like the removal of contaminants from fume stacks and the 
decontamination of wastewater and sewage sludge, their application at a commercial 
stage has not been as successful as in the case of medical supplies or food irradiation.

This chapter presents first an historical overview of the area of sewage sludge 
irradiation and the technologies developed over time. Then a description of the 
technologies used for the electron beam treatment of sewage sludge will be pre-
sented. A typical facility that has been developed to irradiate sewage sludge with 
electrons will be described as well as a current state of the use of the technology in 
several places around the world.

The techniques used to assess the quality control of the process will be described 
including dosimetric techniques and the analysis of the effect of the electron beam 
on the reduction of microorganisms that contaminate sewage sludge.

2. Historical development of the technology

Sludges from municipal sewage systems are good soil fertilizer because of their 
high content of organic matter, nitrogen, phosphorus, and many trace metals 
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essential to plants pointing to its potential in agricultural applications, however 
they also contain a large density of pathogenic microorganisms, parasites and 
parasitic eggs that cause diseases to human beings, pets, and farm animals. To make 
the use of sewage sludge as a safe valuable soil fertilizer in agricultural applications 
it needs to be disinfected. To that end, several approaches have been used over the 
years including old techniques such as incineration and more modern techniques 
such as irradiation.

The use of irradiation to disinfect sludge started in 1973 when an industrial 
gamma ray facility from Geiselbullach near Munich (Germany) used Co-60 
and Cs-137 sources [1]. The facility used 90,000 Ci of Co-60 and 570,000 Ci 
of Cs-137 and treated up to 180 m3/day of sludge. Similar activities were under-
taken in the United States by the US Department of Energy Sandia National 
Laboratories using Cs-137 and capable of operating up to a maximum capacity of 
7250 kg/day [2].

The use of electron accelerators to disinfect sludge was also started in 
the 1970’s with the work by Trump and collaborators [3] in Cambridge 
Massachussets, USA. The system which was installed at the Deer Island 
Wastewater Treatment Plant in Boston Massachussets originally in 1976 consisted 
of a 50 kW High Voltage Engineering (HVE) electron accelerator and originally 
delivered up to 375,000 l/day (100,000 gpd) of sludge irradiated at a dose of 
4 kGy. In 1980 the system was completely restructured to increase the capacity of 
the plant to 637,500 l/day (170,000 gpd). In 1982 a similar system was installed 
in Miami, Florida with a 1.5 MeV, 50 mA accelerator used to treat sludge at a 
throughput of 645 m3/day [4]. Aqueous streams were presented to the beam in 
a falling stream about 114 cm wide and 0.4 cm thick. The system was capable 
to irradiate water streams to doses up to 8 kGy by changing the beam current 
from 0 to 50 mA [5]. A similar system was installed in Brazil where a 1.5 MeV, 
37.5 kW accelerator, with a maximum throughput of 45 l/min were described 
[4]. Chmielewski and collaborators [6] have described the activities developed 
in Poland in this area including feasibility studies on the technique and then the 
design of a 70 tons/day treatment plant for doses of 5–6 kGy using a 300 kW, 
10 MeV electron accelerator.

Similar studies have been conducted in Japan since the 1970’s by the Japan 
Atomic Energy Research Institute (JAERI). In this respect Washino [7] has  
compared electron and gamma ray treatment of wastewater in order to determine 
their bactericidal effect and found a larger reduction in the concentration of micro-
organisms for the latter one, and mention that this is due to an oxygen destruction 
effect produced by the higher dose rate generally used in the case of the electron 
irradiation. To overcome this problem, he proposed a reaction chamber for the 
irradiation with electrons consisting of a concentric dual-tube bubbling column 
with a 50 micron thick stainless steel window at the top to allow for the entrance 
of electrons. Oxygen is bubbling from the bottom of the reaction chamber to 
compensate for this reduction effect. Similarly, Hashimoto and co-workers [8] have 
described the use of process-control techniques to make the electron irradiation of 
waste waters more effective.

In 2014 through a collaboration between Arlington County in Virginia, USA and 
Kent State University, in Kent Ohio, USA a sample of sludge was irradiated to dem-
onstrate the feasibility and the economic value of the process. The sample consisting 
of 33,750 l (9,000 gal) of sludge was irradiated at 6.7 and 25.7 kGy under typical 
production conditions using 3 MeV electrons provided by a Dynamitron accelerator 
and a flow rate of 184 l/min (50 gallons/min) and showed that the process is effec-
tive in reducing the concentration of some microorganisms and more economical 
than conventional disinfection techniques [9].
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3. Description of a typical electron beam treatment facility

Usually, sludge consists of wastewater with a low concentration of solid particles 
(around 15%). This is a fluid that can readily move from the storage area to the 
irradiation zone and back to the storage area and in a typical sludge irradiation facil-
ity this is done using a hydraulic system consisting of pipes and pneumatic pumps. 
Inside the electron beam room, the sludge is irradiated using a bulk irradiation sys-
tem that will present a laminar like fluid to the electron beam with a thickness of a 
few millimeters depending on the energy of the electrons. An example of this could 
be a rectangular stainless-steel tank divided in the middle by a wall. At the top of 
this wall, a weir is built to produce a cascade of sludge. This weir is aligned with the 
length of the scanner of the accelerator in such manner that the sludge is uniformly 
irradiated by the system. The influent (pre-treated) sludge flows from the bottom 
of the first section of the tank, rising up to the height of the middle wall over the 
weir and then overflowing into the second section (Figure 1 shows an example of 
this system, as installed for the Arlington County experiment described above). The 
effluent (post-treated) sludge is taken out from the bottom of the second section 
flowing through a second set of rubber pipes to a second storage tank.

4. Quality control of the process

The effect of radiation on the reduction of bacterial load and decontamination of 
sludge depends on the amount of energy from the radiation that is absorbed by the 
sludge. This energy is used to produce chemically active species that eventually disrupt 
structural integrity of DNA in bacteria, parasites, and viruses causing their partial 
or permanent inactivation and eventually death of microorganisms. The amount of 
energy from the radiation that is absorbed by the sludge is measured by the physical 
term dose which is defined as the amount of energy absorbed in a volume of sludge 
divided by the mass of that volume and is measured in kilogray (kGy). A dose of 
several kGy could be enough to cause a disruption of DNA molecules and inactivate 
a virus or kill a bacterium. In order to apply the technique in a municipal installation 
one needs to be sure that all the sludge that gets irradiated will receive the minimum 
amount of dose needed to inactivate the microorganisms. Several techniques have been 
proposed to determine the real dose received by the sample during the irradiation of 

Figure 1. 
Example of a delivery system to irradiate sludge with high energy electrons. Photo (a) shows the entire system 
including the scanner of the accelerator (1), the air blower (2) to refrigerate the titanium window (3), the sludge 
delivery and collection tank (4), and the piping system to introduce the sludge in the tank from the bottom  
(5). The photo in (b) shows the scanner of the electron accelerator (1), the accelerator shutter (2), the weird 
with the irradiated sludge, simulated with water (3), and the incoming sludge (4). Photo in (c) shows an actual 
“curtain” of sludge flowing through the system.
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sludge. One of them makes use of the fact that the interaction of the radiation with the 
sludge will cause a certain amount of temperature increase in the sludge, therefore, 
the dose can be determined by measuring the difference in temperature in it before 
and after irradiation using thermocouples located in the influent and effluent parts 
of the water piping system near the falling stream; this set of thermocouples can also 
be used to monitor the irradiation treatment. An advantage of this technique is that 
once the thermocouples are installed the temperature difference between the input 
and output portions of the system is easy to be determined; the only two parameters 
needed to know are the specific capacity of the sample which needs to be determined 
experimentally for each type of sludge treated and the temperature difference. With 
these two values the energy absorbed in a sample of sludge can readily be obtained. 
One problem with this technique however is that it only provides an average value of 
the dose and does not measure the dose that individual samples of sludge will get when 
going through the system neither does it measure how uniform the dose delivered 
to the sludge is really. To overcome the first problem, a small dosimeter can typically 
be placed inside a small water tight plastic capsule and be allowed to run through the 
system from the supply tank to the collection tank. Several candidates of dosimeters 
can be used in this respect; one of them consists of alanine pellets which have dimen-
sions of several mm. These dosimeters rely on the fact that under irradiation a concen-
tration of relatively stable free radicals are produced in them; the free concentration of 
free radicals can be determined by the technique of electron paramagnetic resonance 
[9, 10]. Another dosimeter that can be used is Lithium fluoride in crystals or in powder; 
the crystals have dimensions of a few milimeters per side and two or three could be 
accommodated in a single capsule. When using it in powder a few mg can be placed in a 
capsule for irradiation. Upon irradiation electrons from the valence band of the crystal 
jump to the conduction band and when trying to be de-excited, some of these electrons 
get trapped in the energy gap of the material. The electrons can be liberated from these 
traps and allowed to return to the valence band by applying heat to the material. When 
the electrons return to the valence band, they emit light to lose the excess of energy 
they have in them. The technique to heat the crystals in a controlled way and measure 
the output light in the de-excitation process is called thermoluminescence and when 
applied to dosimetry it is called thermoluminescence dosimetry (TLD) [11]. Uribe and 
co-workers described the use of this technology in a similar application in the irradia-
tion of corn kernels in a pilot plant using 1.0 MeV electrons [12].

To address the second issue and as part of the operation qualification (OQ ) activ-
ities of the system [13] a verification of the dose uniformity along the weird where 
the electrons irradiate the sludge needs to be performed. This is useful to remove 
“dark” spots where the sludge does not get irradiated or to correct for instabilities in 
the electron beam scanning system that makes the electrons to stay longer times or 
to correct for misalignment of the sludge delivery system with the scanned electrons 
coming out of the electron accelerator. Film systems are the best candidates to per-
form dose uniformity measurements along the scanner of the electron accelerator. 
Several examples of these are available in the market; good examples of them are the 
cellulose triacetate film (CTA) [14] and the radio chromic films [15]. Both of these 
work on the principle that radiation induces a change in the optical absorption of the 
film that can be quantified using a spectrophotometer. Through a suitable calibra-
tion with a primary dosimeter these systems can be used to measure the dose along 
the length of the weird of the sludge delivery system. For instance, when performing 
the OQ activities using CTA film it was found that the length of the weird where the 
sludge was irradiated was longer than the extent of the scanned electrons. So, there 
were “dark” spots at both ends of the weird where the sludge was not irradiated. The 
situation was corrected by placing a couple of plates at both ends of the weird that 
reduced its length so all the sludge going through the weird was irradiated [9].
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5. Bactericidal effect

Until a recent past, the radiation effects on the bacterial load and removal of 
noxious chemical compounds had only been performed in small samples of sludge 
irradiated under laboratory conditions and mainly address either only the microbio-
logical or the chemical effect of radiation in a sample of sludge [16–20]. Processing 
and disposal of wastewater sludge is a critical problem worldwide [18] and espe-
cially in large metropolitan such as Washington DC in the USA and Tokyo in Japan. 
Therefore, new technologies to solve the problem of safely disposing of sewage 
sludge are constantly being sought. An attractive solution for the disposal of waste-
water sludge is its utilization in crop fields and landscaping as a fertilizer due to its 
high content in natural nitrogen compounds. However, in order to be used as such, it 
must be converted into a class A biosolid [21] which is a form of treated sludge that 
is deemed safe for humans and animals. In recent years, electron beam technology 
have shown to be an economically alternative that could be used to meet these regu-
lations by considerably reducing the number of potentially harmful bacteria such 
as the fecal coliform bacteria and helminth ova such as Ascaris ova which are both 
ubiquitous contaminants present in the sewage sludge. The fecal coliform bacteria 
are a group of bacteria that are released in the environment through the fecal excre-
ment of humans, wildlife, and livestock. They typically occur in the digestive tract 
of humans and warm-blooded animals. When present in sewage sludge, they are 
indicative of the presence of human and animal pathogens including some strains 
of Escherichia coli, Shigella flexneri, and Salmonella typhimurium. Among the fecal 
coliforms, the E. coli O157:H7 strain which was responsible for many outbreaks has 
retain attention of media in the past several years. Indeed, E. coli O157:H7 was found 
contaminating drinking water and vegetables, causing cases of stomach cramping, 
vomiting, and bloody diarrhea in patients. However, in most cases infections with 
the E. coli O157:H7 strain were mild or with no symptoms. Most people infected with 
S. typhimurium develop diarrhea, stomach cramping, and fever which could cause 
the patient to experience fatigues and dehydration. An infection with S. flexneri is 
much more serious with severe stomach pain, dehydration, severe diarrhea, and 
fever. Patients suffering for shigellosis feel very sick and stay in bed at the pick of 
the infection. In farming areas where livestock is grown, beside occurrence of fecal 
coliforms, ascaris ova that when ingested by a person or an animal would hatch 
and develop into adult worms, Ascaris lumbricoides cause stomach pain, nausea, 
vomiting, and fatigue. In patients who are heavily infested with ascaris worms, the 
parasites could be expelled through feces and/or vomit.

Additionally, the electron beam technology could be used to reduce the concen-
tration of volatile organic sulfides and other volatile organic compounds (VOCs) 
responsible for the unpleasant odor in sewage sludge. Moreover, electron beam 
treatment of sludge is not an energy intensive process which means that it has a 
small footprint and the processing times are usually short. The main effect of radia-
tion on sewage sludge is in the radiolysis of water producing OH* and H* radicals 
and hydrated electrons, highly reactive chemical species which rapidly react with 
organic compounds in the sludge. The main intermediates in this process are:

[ ] [ ] [ ] [ ] [ ] [ ]. . . . . .∗ − ∗ +→ + + + + +2 3 2 2 22 7 2 6 0 6 2 6 0 7 0 45aqH O OH e H H O H O H  (1)

The effect of electron beam irradiation on the microbial reduction in sludge is 
accomplished by a two-fold effect of the irradiation on the sludge [22]. The first 
one is the direct effect of radiation on the microorganisms disrupting the structural 
integrity of DNA molecule and eventually killing them. The other one is the indirect 
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effect caused by the radiolysis of water described above. The chemical active species 
which are produced in water because of the irradiation will cause oxidative dam-
age on nucleic acids, proteins, and lipids in microorganisms leading to their death. 
Typically, at a given electron beam radiation dose, the killing of microorganisms 
occurs at a constant rate over time. Similarly, the effectiveness of the killing of the 
microbial populations including that of bacteria increases with the radiation dose. 
The effectiveness of electron beam radiation on the killing of microorganisms is 
better represented by the so called D10 value which is the dose of radiation required 
to kill 90% of the population of microorganisms present in the sludge sample. 
Because of the difference in structural complexity of microorganisms, D10 values 
may vary more or less significantly from one microorganism to another. Thus, for 
Ascaris ova, that D10 value was determined to be in the order of 0.39 kGy [23]. For 
other microbial contaminants of sludge including S. typhimurium and E. coli, these 
D10 values were determined to be 0.3 and 0.34 kGy respectively [4]. Recent studies 
performed by Engohang-Ndong and his research collaborators have shown that the 
electron beam technology could be used at industrial scale to eliminate potential 
microbial pathogens from sewage sludge [9]. The US-based research team showed 
that a dose of 25.7 kGy was enough to eliminate Ascaris ova to a level that is not 
detectable to available technique used to count the helminth eggs in sewage sludge 
including the use of Sedgwick Rafter cells to count the detectable ascaris ova. Thus, 
at that electron beam radiation dose, it was possible to achieve a class A sludge. 
According to the US Environmental Protection Agency (EPA) standards, to be 
considered class A biosolids, the sewage sludge must contain less than one Ascaris 
ovum per four gram of sludge dry weight [21]. The dose needed to eliminate fecal 
coliforms to the norm set by the US EPA to convert sewage sludge to class A biosol-
ids is much lower. The experimental dose determined by Engohang-Ndong and col-
laborators is 6.7 kGy. In other words, when risks of contamination of sewage sludge 
by helminth eggs is reduced such as in heavily urbanized areas, the doses needed to 
convert sewage sludge to class A biosolids that in turn could be used to enrich the 
soil for landscaping and agricultural purposes is very beneficial and requires low 
consumption of energy.

6. Economic aspects

An important aspect in the implementation of a new technology such as an 
electron accelerator in a wastewater treatment plant is to anticipate its impact on 
the operation costs of the facility and on the environment. With respect to the 
irradiation of sewage sludge several authors have addressed this issue. A team in 
Florida reported a cost of $2.50 per 1000 gallons of sludge for a 1.5 MeV electron 
irradiation facility running at 160 gallons per minute [24], while another group 
compared gamma and electron beam irradiations for a sample of activated sludge 
and obtained treatment costs of $4.20/m3 for gamma irradiation and $2.10/m3 for 
electron beam irradiation, which are lower compared to $4.85–$5.19 when using 
conventional technology at the Central District Wastewater Treatment Facility in 
Miami Dade County [25]. Furthermore, a comparison was made between irradia-
tion at a dose 6 kGy and incineration of sludge samples and showed a cost of $60.87/
m3 for this latter compared to $3.12/m3 when using gamma radiation. Similar results 
have been obtained by Engohang-Ndong et al. using a 3 MeV electron accelerator. 
In this case these authors reported that the cost to irradiate one cubic meter of 
sludge to a dose of 25.7 kGy will be $1.26 [9]. That comparative cost analysis tends 
to show that electron beam irradiation of sludge consumes less energy than other 
technologies. Furthermore, electron beam irradiation requires processing times, 
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and very importantly more environmentally friendly technology compared to other 
technologies such as gamma radiation and incineration.

7. Conclusions

While the use of irradiation to control microbial populations in foodstuffs, 
on medical devices, and on the environment is relatively old, the use of electron 
beam irradiation to eliminate potential human and animal pathogen from sewage 
sludge is relatively new. At the present times electron beam irradiation is a mature 
technology and is capable to provide the required power to irradiate sludge at the 
flow rates used in a sewage sludge decontamination municipal plant. The qual-
ity control techniques are readily available to provide measurements of the dose 
needed to decontaminate the sludge and the technology has proved its capability to 
eliminate bacterial populations and ascaris ova to levels that are considered safe for 
humans and animals in landscape, agricultural, and landfill applications. Analysis 
of the costs involved in using electron beam technology to decontaminate sewage 
sludge showed that they are competitive with usual costs involving mechanical and 
chemical means to treat the sewage sludge. Application of this technology opens 
new possibilities for major agglomerations worldwide to safely repurpose municipal 
sewage sludges.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Chapter 3

Progress in Domestic Wastewater
Treatment, Resource Recovery
and Energy Generation Using
Microbial Fuel Cell
Girum Ayalneh Tiruye

Abstract

Microbial fuel cells (MFC) are emerging as a versatile eco-friendly bioelectro-
chemical system (BES) that utilizes microorganisms as biocatalysts to simulta-
neously convert chemical energy in the chemical bond of organic and inorganic
substrates into bioelectricity and treat wastewater. The performance of MFC
depends on the electroactive microorganisms, popularly known as exoelectrogens,
the loading rate of organic substrate, pH, MFC configurations, hydraulic retention
time, and temperature. In most cases, the performance of MFC can be evaluated by
measuring chemical oxygen demand (COD) removal efficiency, Coulombic effi-
ciency and MFC power density output. To date, the most common MFC’s reactor
designs are single-chamber MFC, double-chambers MFC, and stacked-MFC con-
figurations. Generally, considerable developments in MFC systems for waste treat-
ment, renewable energy generation and resource recovery have been made in the
last two decades, despite critical challenges of capital cost investment, and low
efficiency for large scale applications are impeding MFC from commercialization.
This mini-review chapter provides a comprehensive assessment of principles and
configurations of MFC, treatment of domestic wastewater, energy generation, and
resource recovery by MFC and challenges of MFC. I believe the information pro-
vided in this chapter will enlighten the current and future prospects of versatile
applications of MFC during domestic wastewater treatment.

Keywords: microbial fuel cell, MFC configuration, domestic wastewater, energy
production, wastewater treatment, resource recovery

1. Introduction

The demand for sustainable resources and clean energy with minimal resource
consumption is increasing because of rapid global population expansion, rising
industrial development, high levels of environmental issues and energy insecurity.
The world is confronting a climate change catastrophe and developing technologies
that recycle wastes into value-added products, and renewable energy is a critical
first step toward addressing the issues.

Waste flow is unending in today’s dynamic world; hence, recycling and
repurposing waste as a source of value-added materials and clean energy are
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the comprehensive and intellectual strategy for the future. This optimistic
approach of utilizing wastewater as a source of value-added products and clean
energy would save society from energy insecurity and environmental resource
depletion from the earth. Domestic or municipal wastewater and industrial
wastewater are the two main types of wastewater generating every day.
Domestic wastewater contains significant amounts of chemical oxygen demand
(COD) with the range from 60 to 111,600 mg/L COD. Industrial wastewater, on
the other hand, comprises a variety of nutrients depending on the source of the
waste or the industry [1]. Water pollution and a lack of sufficient energy are the
two most pressing issues today; however, a new technology known as the
microbial fuel cell (MFC) can help address these issues in part. MFC is a versatile
technology and can be used for a variety of applications, including Electric
power generation, wastewater treatment, recovery of pure materials, removal of
organic matters, water softening, bioremediations, dye decolorization and
biosensor [2–5].

In this mini-review, the principle of MFC, evaluation of MFC’s performance in
domestic wastewater treatment, and varieties of MFC configurations are all
explained. Moreover, the progress of domestic wastewater treatment, energy gen-
eration, and resource recovery simultaneously by MFC are all briefly summarized.
In addition, the challenges encountered by MFC during the application of domestic
wastewater treatment are thoroughly discussed. Finally, concluding remarks on
domestic wastewater treatment by MFC are forwarded.

1.1 Fundamental principles of MFC

MFC is an ecofriendly bioelectrochemical system (BES) that utilizes microor-
ganisms as biocatalysts to convert chemical energy in the chemical bond of organic
and inorganic substrates into bioelectricity [6]. The organic and inorganic sub-
strates used in MFC as the main feed to generate bioelectricity are low-grade bio-
masses like lignocellulose, artificial and real wastewaters which are all discharged to
the environment every day as waste [7]. As a result, even while major technological
challenges remain for its practical development and large-scale applications, MFC is
becoming increasingly favorable in terms of environmental sustainability and alter-
native green electricity generation [8].

MFCmostly comprises anodic and cathodic chambers, and both are separated by
proton exchange membrane (PEM). If one of the anodic or cathodic chambers in
BES is triggered by microorganisms and produces electrical energy, the term
Microbial Fuel Cell (MFC) is used. Microbial electrolysis (MEC) is employed when
the system uses electrical energy to accelerate the electrochemical reactions
(see Figure 1) [10].

1.2 Evaluation of MFC’s performance during domestic wastewater treatment

In most cases, the performance of MFC can be evaluated by measuring three
parameters: COD removal efficiency, Coulombic efficiency and MFC power density
output.

The COD removal efficiency (ɳCODÞ of MFC indicates the total energy
produced by microorganisms from the substrates (mostly organic matters). It can
be estimated by using the following equation:

ɳCOD ¼ CODinf � CODeff
� �
CODinf ∗ 100%

(1)
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where, CODinf and CODeff are the influent and effluent COD (mg/L)
respectively.

All organic matters cannot be converted to useful energy in MFC. This is because
the biofilm formed on the MFC’s anode or/and cathode chamber needs the energy
to grow and maintain itself. As a result, some energy is dissipated as unrecoverable
low-grade heat due to overpotentials such as pH gradient across PEM, ionic loss,
activation overpotential, concentration overpotential, anode and cathode
overpotentials, and ohmic loss due to internal resistance. Therefore, the real poten-
tial generated by the closed-circuit MFC is significantly lower than the energy
produced from the theoretical open circuit potential. Thus, the performance of
MFC is evaluated by calculating the real closed-circuit potential by using the stan-
dard potential as follow [8]:

Uoutput ¼ Ecathode � Eanode �
X

ɳ j þ I ∗Ri (2)

where
P

ɳ j is the sum of both activation and concentration overpotentials, I is
the current flow, Ri is the internal resistance in the circuit. Ecathode and Eanode are
electrode potentials for cathode and anode, respectively which can be calculated by
Nernst equation [6]:

Ecathode ¼ Eo
cat �

RT
nF

ln
R½ �
O½ �

� �� �
,Eanode ¼ Eo

an �
RT
nF

ln
R½ �
O½ �

� �� �
(3)

where, Eo
cat and Eo

an are standard electrode potentials for cathode and anode,
respectively, O is the oxidized species, R is the reduced species and n is the number
of electrons that transfers during reaction. R is the universal gas constant
(8.314 J/mol K), F is Faraday’s constant (9.64853 * 104 C/mol) and T (K) is the
absolute temperature.

The second parameter used for evaluating the performance of MFC is done by
estimating the Coulombic efficiency. Coulombic efficiency explains the ratio of
numbers of electrons transfer vial external resistance, R (ohms), which generates

Figure 1.
Schematic overview of the possible combination of microbial and chemical analysis in BESs. Energy is harvested
in MFCs if Eanode < Ecathode, and energy is consumed in MECs if Eanode > Ecathode [9].
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electricity, to the total number of electrons generated from the organic substrate by
microorganisms. Therefore, the Coulombic efficiency (CE) of MFC can be
calculated as follow [11]:

CE ¼
Ð t2

t1
Udt

� �
=R

F ∗ b ΔCODð ÞV ∗MW (4)

where U is the output voltage as a function of time (t), R is external resistance in
ohms, b is the number of electrons exchanged per mol of O2, equal to 4, COD is the
removal of chemical oxygen demand, V is the volume of wastewater in litter in the
anodic chamber, andMW is the molecular weight of O2. The last parameter used for
measuring the performance of MFC is power density based on electrode projected
surface area (PA) or/and power density based on the liquid volume in the anodic or
cathodic chamber (PV) and it can be calculated as follow:

P ¼ IU, PA ¼ P=A, PV ¼ P=V (5)

where, A is the surface area of an electrode and V-the liquid volume anolyte in
the anodic or catholyte in the cathodic chamber.

2. Domestic wastewater treatment and energy harvesting
simultaneously by MFC

Domestic wastewater is any waste that has been used and then discharged into
the environment by consumers in any community. It consists of all types of waste
materials, such as feces and urine which are added to the water during flushing
toilets, personal washing, laundry, food preparation and kitchen cleaning [12].

Domestic wastewater is one of the sources of water, energy and value-added
chemicals and nutrients for plant fertilizers, among other things. As a result, it is
critical to the process and converts domestic wastewater into renewable energy,
value-added products and reduces sludge generation. The aerobic wastewater treat-
ment technique, which is one of the conventional and common treatment methods,
faces obstacles such as high operating costs and energy-intensive [1]. Therefore,
biological wastewater treatment employing MFC is considered as an alternative
technique due to water treatment by removing chemical oxygen demand (COD),
recovery of value-added chemicals and electricity generation simultaneously [2, 13].

2.1 Principle of wastewater treatment and energy generation by MFC

The principle of wastewater treatment using MFC is that electrochemical reac-
tions are taking place inside the chamber of MFC and pollutants are removed by
exoelectrogenic microorganisms. As the result of these reactions, Gibbs free energy
(negative free reaction energy) and release energy (electric or electron release) are
spontaneously released. The electromotive force (emf), ΔE0, can be calculated from
the standard free energy as follow [2]:

ΔE0 ¼ �
X

viΔG0
i,products �

X
viΔG0

i,reactants

h i
=nF � ΔG

nF
(6)

where, ΔG0
i,products and ΔG0

i,reactants are the negative free energies of formation of
products and reactants (J/mol), respectively, n (moles) of stoichiometry factors of
the redox reaction, and F—Faraday’s constant (96,485 C/mol).
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The useful energy that can be extracted from the reaction of thermodynamic
is measured by Gibbs free energy of the reaction. If the system of MFC is
generating electricity from wastewater, the theoretical cell voltage of MFC (or emf)
can be calculated from the difference between anode and cathode potentials as
follow:

ΔE0
cell ¼ ΔE0

cathode � ΔE0
anode (7)

The cell voltage of MFC will be positive if the Gibbs free energy is negative,
indicating that electrical energy generation from the reaction in MFC is spontane-
ous. For instance, if the wastewater with high content of acetate is used as the
organic substrate in MFC, and assume that the concentration of acetate
([CH3COO

�] = [HCO3
�] = 10 mM, pH = 7 at 298 K, pO2 = 0.2 bar), with oxygen

reduction, the combined redox reaction will be as follow [14]:

Ande : CH3OO� þ 4H2O ! 2HCO�
3 þ 9Hþ þ 8e� E0 ¼ �0:289 V vs:SHE

� �
(8)

Cathode : 2O2 þ 8Hþ ! E0 ¼ �0:85 V vs:SHE
� �

(9)

Total : CH3OO� þ 2O2 ! 2HCO�
3 þHþ ΔG ¼ �847:6

kJ
mol

; emf ¼ 1094 V
� �

(10)

The effective mechanisms and treatment of domestic wastewater by MFC are
mainly influenced by several factors such as the configuration of MFC, pH of the
electrolyte, the temperature of the electrolyte, electrodes configuration, substrate
concentrations, biofilm formation, hydraulic retention time and types of microor-
ganisms [1, 15–18]. Some of the parameters and their effect on the operational
performance of MFC are briefly summarized in Table 1.

From the different operation parameters affecting the performance of MFC
during wastewater treatment, only three configurations of MFC are summarized in
the following sections.

2.2 Configurations of MFCs for wastewater treatment

It is very important to evaluate the configurations and designs of MFC for
domestic wastewater treatment and power generation simultaneously. This is
because configurations can alter the reactor volume, the presence or absence of
proton exchange membrane or porous spacer, oxygen supply into cathode chamber
and electrode spacing. The most common MFC configurations include single-
chamber MFC, double chambers MFC, and stacked MFC configurations [15].

2.2.1 Single chamber MFC

Single chamber MFC (SCMFC) contains only one chamber, which anode cham-
ber, with a proton exchange membrane (PEM) or gas diffusion layer (GDL) which
separates anode chamber and cathode electrode [19]. In some cases, SCMFC can be
designed without a membrane [20]. During operation, the wastewater to be treated
and the biocatalysts, which are microorganisms, are added to the SCMFC’s anode
chamber. For microorganism’s survival and to degrade/oxidize organic sources in
the water, the environment of MFC should be anaerobic. Anode and cathode of
SCMFC are connected by external wire and electrical ions are transferred through it
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from anode to cathode. The air-porous cathode is directly exposed to oxygen from
the atmosphere and electrons are transferred from the anode to it via an external
wire to complete the circuit. Oxygen is then serves as an electron acceptor and
reduces to produce water after reaction with hydrogen ion. The most common
configuration of SCMFC is shown in Figure 2.

The electrolyte in the anode chamber serves as a separator in SCMFC without
membrane. The efficiency of SCMFC without membrane, on the other hand, is
lower than that of SCMFC with a membrane. The reason of decreasing efficiency
is that degradation of substrates in the anode chamber occurs aerobically as a
result of oxygen diffusion into the anode chamber, leaking of the anolyte, and
evaporation [21, 22]. Some of these challenges can be prevented or reduced by
utilizing polytetrafluoroethylene (PTFE) diffusion layers on the cathode, which
improve oxygen diffusion and water loss [21]. Because there is no cost for the
membrane, and if the efficiency of SCMFC without a membrane is enhanced, it
will be more advantageous economically than SCMFC with membrane. Moreover,
since there is no need for aeration in the cathode chamber, SCMFC is more cost-
effective [15, 19].

Using glucose as substrate, graphite carbon brush as anode and 30% Pt coated
carbon cloth as a cathode [23], the SCMFC configuration can generate power
density up to 2400 mW/m2 over 50 Ω external resistance. Whereas, when SCMFC
is employed for domestic wastewater treatment (pH of 7.3–7.6, and chemical oxy-
gen demand (COD) of 200–300 mg L�1), 766 mW/m2 power density was generated
over 1000 Ω external resistance and from 90–95% COD was removed using carbon
cloth as the anode, and 0.5 g/cm2 Pt coated wet-proof carbon cloth with four PTFE
layers on the airside as a cathode [24]. In another report, the domestic wastewater

Parameter Effect in the performance of MFC

pH • Increasing the acid level in the anode chamber inhibits the growth of
microorganisms.

• Increasing the pH level in the cathode chamber decreases the reduction of O2

potential.
• The average optimal pH is between 8 and 11.

Substrate
concentration

• A high level of COD enhances the removal of COD in the wastewater and
generates higher power density until the optimum point where microorganisms
are inhibited.

• A high level of COD decreases the average recovery efficiency of NH4
+-N and

PO4
3�-P.

Temperature • The optimum temperature for the biofilm formation is between 30 and 45°C.
• The lower temperature needs a longer start-up time.

Hydraulic
retention time

• Energy generation and COD removal are directly proportional to hydraulic
retention time.

Resistance • The lower the external resistance, the higher generation of energy and removal
efficiency of COD.

• The higher external resistance delays the time for substrate degradation and
reduces electron transport.

Aeration • Increasing the oxygen in the anode chamber inhibits the COD removal.
• The higher the oxygen level in the cathode chamber enhances COD removal and

power generation.

Configuration of
MFC

• Different configurations, single chamber, double chamber, and stacked MFC
have different performances in energy generation.

Table 1.
Different parameters affecting the performance of MFC in wastewater treatment [1, 16–18].
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(COD = 1010 � 30 mg L�1) can be modified with acetate and treated by using
SCMFC with a single (two-sided) cathode module with a specific surface area of
29 m2 m�3, two brush anode module and a wire spacer as a separator. The results
reveal a higher power density of 1100 mW/m2 with an average COD removal of
57% [25] than the aforementioned system.

2.2.2 Double chamber MFC

Double chamber MFC (DCMFC) contains anode and cathode chambers which
are separated by proton exchange membrane (PEM). PEM allows the transfer of a
proton from the anode chamber to cathode chamber while preventing the diffusion
of oxygen from cathode chamber to anode chamber (see Figure 3). DCMFCs are
often used to cleanse wastewater and generation of electricity from the waste
simultaneously. Although the cathode and anode chambers are different compart-
ments and separated by PEM, anode and cathode electrodes from each chamber are
connected by an external wire through which electrons from the anode are deliv-
ered to the cathode [21].

Flat plate MFC [27], bottle MFC [28], miniature MFC [29], and up-flow MFC
[30, 31] are examples of DCMFC configurations. The up-flow MFC configurations
are thought to be particularly well suited to scaling-up for high larger volume
domestic wastewater treatment. However, pumping fluids and recirculation of the
waste inside the up-flow MFC systems consume more energy than the system’s
output, indicating that the primary function of the up-flow MFC is used mainly for
wastewater treatment than energy generations. Moreover, another drawback of the
DCMFCs configuration is that the catholyte in the cathode chamber must be sup-
plied with new electrolytes regularly or with aeration to provide oxygen to the
cathode [21].

Figure 2.
Configuration of single-chamber MFC (modified from [21]).
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Due to differences in biofilm growth on the anode chamber, treatment of
domestic wastewater with DCMFC over different seasons results in variable treat-
ment performances. For example, during the summer season, domestic wastewater
treatment generates a higher power density (209 mW/m2) than during the winter
water sample, which generates only 107 mW/m2. The COD removal efficiency for
summer season wastewater was 72%, while there was no significant COD removal
for a winter sample of domestic wastewater [32].

2.2.3 Stacked MFC

To scale up the voltage, stacked MFCs combine multiple MFCs in series and
parallel. Both connections can be utilized to treat wastewater and generate electric-
ity at the same time. In a series stacked MFC connection, the higher power density
and current density can be generated than in a parallel stacked MFC connection
[33]. For instance, E.B. Estrada-Arriaga et al. used series and parallel connections of
stacked MFCs for domestic wastewater MFC. The results revealed the higher power
density (2500 mW/m2) and current density (500 mA/m2) in series connection than
that of power density (5.8 mW/m2) and current density (24 mA/m2) in parallel
connection. Moreover, the efficiency of COD removal is also higher in series con-
nection (>80%) than that of the efficiency (>78%) in parallel stacked MFC [34].
The increase of power density and efficiency of COD removal caused by however,
in some situations, stacking MFC in series connection faced a challenge due gener-
ating negative voltage (voltage reversal), indicating that the system’s complex bio-
reaction resulted in a loss of microbial activity. The challenge can be partially solved
by installing diodes in the stacked MFC in order to consume unbalanced electrons
and reduce the variation of electrode potentials. On the other hand, for power and
wastewater generation, pluggable stacked MFC designs are preferable due to their
benefit of off-line capacity for repairs (Figure 4) [15].

Figure 3.
Major components of double chamber MFC: 1. proton exchange membrane (PEM) selective to H+ cation and
separating the two chambers; 2. anode chamber (anaerobic conditions); 3. cathode chamber under aerobic
(open-air) conditions; 4. substrate or biomass for bacteria to feed on; 5. pure or mixed bacterial culture (a) and
biofilm (b); 6. nitrogen gas to remove oxygen and maintain the anaerobic condition; 7. anode electrode, on
which microorganisms are attached; 8. copper wire for transferring electrons from anode to the cathode; 9.
external resistor; 10. cathode electrode; 11. air oxygen; 12. electrons reducing agent [26].
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The largest volume (1000 L) of modularized stacked MFC was assembled and
operated for more than a year for municipal wastewater treatment with lower
(average 80 mg L�1) and higher initial COD concentrations (average 250 mg L�1).
The result showed that the COD removal efficiency was 74% and 70–80% for lower
and higher initial COD treatment, respectively. Moreover, the power density was
varied in the range from 7 to 60 W m�3 (0.42–0.64 W m�2) [33].

3. Resource Recovery from domestic wastewater by MFC

Currently, there is an urgency of closing the cycle of resources for more sus-
tainable development and resource efficiency of current domestic wastewater
treatment practices. The effluent of domestic wastewater contains high contents of
fat, food residues, detergents, feces, and pharmaceuticals. Thus, in the form of
chemicals and value-added compounds, domestic wastewater contains different
chemicals presented in Table 2 [35]. If domestic wastewater is discharged untreated
into the water body, the nutrients found in it will be the main potential of causing
eutrophication and hypoxia. Therefore, MFCs are useful technologies to recover
nutrients from domestic wastewater before its discharge to the environment.

Recovery of these valuable resources presents in domestic wastewater using
MFC increases its economic viability. Especially, nitrogen and phosphorous are
highly important in the agricultural process due to their use as fertilizers [1].

Nitrogen in domestic wastewater can be removed or recovered using MFC in the
form of NH4

+-N by the processes of ammonification, nitrification and denitrification.
Microorganisms in the anode chamber of MFC are the main agents to remove/recover
NH4

+-N and then transport it to the cathode chamber by diffusion and migration. For
the diffusion of ammonium, the concentration gradient is the main driver, while

Figure 4.
Water flow connection for treating the municipal wastewater with high COD concentration using stacked MFC.
Every three MFC modules were assembled to achieve step-wise COD removal [33].
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electricity is the main parameter in migration. In this case, the content of ammonium
in the catholyte is comparative to electricity production by MFC [36–38].

Similarly, phosphorus from domestic wastewater can be precipitated in the form
of struvite (NH4MgPO4�6H2O) on the surface of the cathode [39]. Struvite is a
slow-release fertilizer and has many commercial values if it is recovered efficiently
including reuse as fertilizers, substituting the demand for phosphorus rock and
reducing eutrophication in the water body [40, 41]. The content of phosphorus in
struvite is found in the range of 13% and 14% by weight. Since phosphorous is
involved in the redox reaction, it can be recovered as struvite according to the
following equation.

Mgþ2 þNH4
þ þ PO4

3� þ 6H2O ! NH4MgPO4 � 6H2O↓ (11)

The precipitation of struvite occurs near or on the surface of the cathode
electrode. This is because the solubility of struvite is decreased at higher pH and in
MFC, the pH is higher at the cathode surface due to the reaction producing more
OH� ions as shown in Eq. (12) [17].

2H2OþO2 þ 4e� ! 4OH� (12)

Generally, it is estimated that the availability of total phosphorous in the sewage
could supply 15–20% of the world’s demand for phosphorous, provided that recov-
ered fully [17].

Therefore, there is now a recommendation of shifting from pollutant removal to
resource recovery from domestic wastewater which is now considered as a source
rather than a waste [42]. With this regard, MFC is the key technology for resource
recovery and energy generation simultaneously from domestic wastewater. For
instance, ammonia was recovered with a recovery rate of 3.29 gN d�1 m�2 and with
simultaneous surplus energy generation of 3.46 kJ gN�1 from urine by using MFC
technology [4].

The loading rate of organic substrates in wastewater significantly affects the
recovery/removal of nutrients and electric generation by MFC. This is because, the
content of organic substrates in the waste influences the metabolism activities of
microorganisms, growth of microorganisms, hence biofilm formation on the sur-
face of electrodes, and the ability of substrate degradation by microorganisms [17].
Yuanyao Y. et al., reported in their experiment that when the loading rate of organic
substrate in domestic wastewater is increased, power generation and COD removal
are decreased but the recovery efficiency of PO4

3�-P and NH4
+-N by MFC are

increased. For instance, the maximum power density and COD removal efficiency
by MFC at 435 and 870 mg COD/L day loading rate of the organic substrate is
253.84 mW/m2 with 90% COD removal efficiency and 71.66 mW/m2 with 70%,
COD removal, respectively. On the contrary, when the loading rate of the organic

Value-added chemical compounds Amounts of chemicals

Carbon-rich organic matter (carbonaceous chemical oxygen demand, or
COD)

300–600 g

Nitrogen (from ammonium and organic compounds) 40–60 g

Phosphorus (from phosphates and organic compounds) 5–20 g

Sulfur (mainly sulfate) and other traces of heavy metal ions 10–20 g

Table 2.
Different resources from domestic wastewater [35].
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substrate was 435 mg COD/L day, the average efficiency in removing NH4
+-N and

PO4
3�-P in the anode effluent was 14% and 12.43%. When the loading rate of

organic substrate was increased to 870 mg COD/L day, the average efficiency in
removal of PO4

3�-P and NH4
+-N in domestic wastewater by using MFC were also

increased to 71.5% and 75.13%, respectively. However, for the recovery of NH4
+-N

from domestic wastewater using MFC, the average recovery reduced from 85.11%
to 24.34% while increasing the loading rate of organic substrates from 435 to
870 mg COD/L day, respectively. Similarly, the recovery rate of PO4

3�-P was
decreased from 83.23% to 24.4% while increasing the loading rate of the organic
substrate from 435 to 870 mg COD/L day, respectively [16]. These results strictly
showed that the loading rate of organic substrate significantly affects the removal of
COD, generation of power and nutrient recovery from domestic wastewater using
MFC technology.

4. Challenges of MFC for domestic wastewater treatment

The main drawback of MFC technologies for large-scale applications is the
capital cost investment, hence making the technology not feasible for large-scale
wastewater treatment and other applications. The costs are mainly associated with
electrodes materials, membranes, separators, current collectors and the addition of
expensive Pt catalysts [1, 19, 43]. The operational cost for the treatment of domestic
wastewater by MFC is as high as 30 times that of the conventional activated sludge
treatment of domestic wastewater [44]. However, operational costs can be mini-
mized with the power output of MFC that can be reused for domestic wastewater
treatment associated with heating, despite power production is not higher com-
pared with the power input. In addition, the process of domestic wastewater treat-
ment by MFC does not produce a high quantity of sludge, indicating less treatment
process of sludge before it is discharged to the environment [1, 19].

Another challenge of MFC for domestic wastewater treatment is scaling-up the
size and its treatment efficiency. Scaling-up is mainly expressed in terms of
increasing capacity and size of MFC that facilitate and enhance electron transport
efficiency. This challenge can be partially solved by large stacked MFC systems with
250–1000 L [33, 45]. Moreover, the distance between anode and cathode also
affects the efficiency of MFC because of an increment of resistance. Minimizing the
distance between electrodes can solve the issue partially. The electrode stability
during domestic wastewater treatment is a very important factor for the perfor-
mance of MFC. Thus, developing low-cost, high current density output, and
carbon-rich anode materials from waste tires are of high importance for solving the
problem [43, 46].

5. Conclusion

Domestic wastewater, if left untreated, can be the main source of pollution in
the environment, but it can also be used as a raw material for energy production
and nutrient recovery. Domestic wastewater treatment, bioelectricity generation
and resource recovery simultaneously by using MFC is an eco-friendly strategy
and provides many benefits. These include one, it helps the direct generation of
renewable electric power from waste. The power generated can be reused for
wastewater treatment processes and thus minimizes costs associated with the
energy consumption for heating the process. Second, it treats domestic wastewater
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by removing COD and releases good quality effluents before discharging it to the
environment, thus achieving a low environmental footprint. Third, it assists
resource recovery like phosphorus, carbon-rich compounds and nitrogen from
domestic wastewater because of the effective combination of biological processes
and electrochemical processes in bioelectrochemical systems. Especially, nitrogen
and phosphorous are highly important in the agricultural process due to their use as
fertilizers.

However, the performance of MFC depends on the electroactive microorgan-
isms, commonly known as exoelectrogens. Moreover, the operating parameters
such as loading rate of organic substrate, pH, MFC configurations, hydraulic
retention time, and temperature all have an impact on MFC performance during
domestic wastewater treatment. In most cases, the performance of MFC can be
evaluated by measuring three parameters: COD removal efficiency, Coulombic
efficiency and MFC power density output. One of the elements in the success of
MFC is its design. To date, the most common MFC reactor designs have been
single-chamber MFC, double chambers MFC, and stacked MFC configurations. The
size of each type of reactor design greatly varies with some MFCs having sizes of a
few square centimeters and others having up to a square meter with volumes
ranging from milliliters to thousands of liters, respectively. Considerable develop-
ments in MFC systems for waste treatment, renewable energy generation and
resource recovery have been made in the last two decades, despite critical
challenges of capital cost investment, and low efficiency for large-scale applications
are impeding MFC from commercialization. Therefore, improving these technical
challenges must pave the way for making economically feasible large-scale MFC.
Further research will suggest reasonable design, and size of reactors for the multi-
purpose MFC to efficiently treat domestic wastewater, generate renewable energy
and resource recovery.
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Secondary Sludge Biodegradation 
and Electricity Generation in 
Biocathode Microbial Fuel Cells
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Abstract

The looking for sustainable sewage sludge management technology in the 
wastewater treatment plants, has brought to light the biocathode microbial fuel cells 
(bMFCs) which allow simultaneous biological stabilization and direct energy gen-
eration, avoiding the production of biogas. In the present study, the performance 
of bMFCs for the treatment of secondary sludge as anodic substrate was evaluated 
by analyzing the removal of organic matter, destruction of volatile solids and the 
generation of electrical energy under different operating conditions and applying 
two types of cathode chambers. The results indicated that VSS and tCOD removals 
up to 92% and 87% respectively can be achieved in the anodic chamber generat-
ing simultaneously energy. Current and power densities of 1.80 ± 0.09 A∙m−3 and 
0.43 ± 0.02 W∙m−3 respectively were reached, showing that bMFCs are a reliable 
alternative to generate electricity during the sewage sludge stabilization process. It 
was revealed that the pH value and the type of cathodic zone are statistically sig-
nificant factors that influenced the performance of the bMFCs. The obtained results 
demonstrated that the electrochemical performance of the bMFCs was better at pH 
value of 6 in the anodic chamber and when aerobic cathode zone was used.

Keywords: Biocathode, electricity, microbial fuel cell, sludge stabilization

1. Introduction

The wastewater treatment plants generate a lot of sludge and numerous 
approaches have been proposed for their management, such as anaerobic diges-
tion, dewatering, composting, and landfill treatment [1]. The main processes for 
organic matter removal (accounting for about 55–60% of total BOD5, COD, or 
TOC removal) during wastewater treatment are biodegradation, biotransforma-
tion, and sorption to activated sludge in the biological steps (like activated sludge 
and clarification, anoxic/aerobic/aerobic, aerobic/anoxic/oxic, sequencing batch 
reactors, and membrane bioreactors) [2, 3]. If considering the initial content of 
volatile solids in sludge of 100%, about 40–60% of BOD5, COD, or TOC can be 
degraded during the anaerobic digestion process if mechanical, thermal, chemical, 
and biological pretreatments are applied [1, 4]. As it is known, the hydrolysis of 
complex organic matter (particularly the insoluble organic matter) of sludge into 
dissolved organic matter is the first and the rate-limiting step of anaerobic sludge 
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digestion [5]. Subsequently, the biodegradable dissolved organic matter fraction can 
be fermented to volatile fatty acids (VFAs), and they are subsequently converted 
to biogas by methanogens, while the refractory fraction remains in both, the liquid 
and solid phase of the anaerobic digestate. The looking for more sustainable sewage 
sludge management technology in the wastewater treatment plants, has brought 
to light the biocathode microbial fuel cells (bMFCs) which allow simultaneous 
biological stabilization and direct energy generation, avoiding the production of 
biogas. The Microbial Fuel Cell (MFC) is a biochemically catalyzed electrochemi-
cal system that converts chemical energy to electrical energy by oxidizing the 
biodegradable organic matter by means of microorganisms via catalytic reactions 
[6]. The use of biocathodes can enhance the energy generation, and bMFCs can be 
applied to convert the organic matter in sewage sludge to electricity under ambient 
temperature, normal pressure, and neutral pH.

Society is facing an increasing demand for energy and has noticed the urgency 
of changing the energy structure, which today still relies heavily on fossil fuels. The 
bioenergy is a renewable resource which provides an efficient way of reducing  
the global warming impact [7]. MFCs are bioenergy source devices that belong 
to the field of bio-electrochemical systems, and they are considered a sustain-
able technology since they allow combining the treatment of low value wastes 
streams, like the wastewater or the sewage sludge, with a direct conversion of the 
chemical energy into electrical one through bio-electrochemical reactions using 
microorganism catalysis [8]. MFCs consist of anode and cathode chambers, which 
are separated by the proton exchange membranes. The power can be generated 
through the organic matter anaerobic oxidation, performed by electrogenic bacteria 
in the anode chamber, and reduction of final electron acceptors in the cathodic one 
[9]. The electrons are transferred to the anode, and they flow to the cathode via a 
conductive material having an external resistance; the protons migrate through the 
membrane, and they are reduced by accepting these electrons through the cathode.

Scaling this technology has been difficult and one of the main limitations has 
been the cost of the cathode materials incorporating precious metals such as Pt and 
the unsustainable use of ferricyanide as a catalyst independent of the cathode elec-
trolyte [10]. One of the explorations to eliminate these limitations and improve the 
cathodic stabilization and power generation, enhancing the economic viability and 
environmentally sustainability of MFC systems, has been the microbial cathode, 
which uses electro-trophic bacteria as biocatalysts to accept electrons in the cathode 
substrate [11]. Moreover, this so-called biocathodes enable the use of alternate elec-
tron acceptors that can broaden the utility of MFCs and present potential oppor-
tunities for the microbially catalyzed conversion of electrical current into various 
value-added products [10]. Therefore, bMFCs have attracted a lot of attention and 
they have been considered as a sustainable way to improve the performance of MFC 
systems.

For the proper MFC performance, a substrate is required in the anode chamber 
that provides a source of biodegradable carbon and electrons. Generally, any sub-
strate can be used [12], from simple molecules, such as carbohydrates and proteins, 
to complex mixtures of organic matter, such as those which can be found in the 
secondary sludge. For a wastewater treatment plant (WWTP), the main source 
of energy for the equipment is the electricity and this item represents more than 
60% of the plant operating costs [13]. The most widely used wastewater treatment 
process in Mexico is the conventional activated sludge and their electrical energy 
consumption is 0.10–1.18 kWh∙m−3 [14]. One of the disadvantages of this process is 
the generation of large amounts of secondary sludge with high content of organic 
matter that must be properly treated before their disposal; however, due to the 
complex sludge composition, their treatment is difficult and expensive [15]. That is 
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why the developing of alternative technologies that simultaneously degrade organic 
pollutants and generate energy directly has been one of the main topics in this 
research. The studies related to the use of sewage sludge as substrates in bMFCs are 
still very scarce [13, 16]. The main objective of the presented study was to evaluate 
the performance of a bMFCs for electricity generation using secondary sludge as 
anodic substrate, applying different operating conditions, and testing two types 
of cathodic chamber, aerobic and anaerobic. They were measured and analyzed 
the power generation, current densities, and coulombic efficiencies, as well as the 
organic matter removals and the volatile solid destructions.

2. Methodology

2.1 Experimental setup

Ten cylindrical dual chamber bMFCs, 12 cm in diameter and 13 cm in height, 
were made of plexiglass. Each reactor was divided into two compartments by a 
Nafion® proton exchange membrane (Nafion 117#, Sigma-Aldrich, London, 
UK) with a cross-sectional area of 156 cm2. In order to increase the porosity of the 
membrane and improve the electrical efficiency of the cell, a pretreatment was 
performed following the recommendations presented in the reference [17].

The effective volume of each chamber was 0.679 L. All the reactors had anaero-
bic chambers, 5 of them had aerobic cathodic chambers and 5 had aerobic ones. 
In the superior part of each chamber there are two holes, one is for the electrode 
and the other one is for feeding or for reference electrode introduction, or for pH 
and temperature monitoring. The second hole is sealed in the anaerobic camaras 
to prevent oxygen diffusion to the anodic chamber, and it is opened in the aerobic 
ones. To provide homogenization in the anaerobic chambers, recirculation was 
introduced using peristaltic pumps (Masterflex). For the recirculation two open-
ings were considered on the side of the anaerobic compartments. The mixing in 
the anaerobic and abiotic cathodic zones were also performed hydraulically using 
peristaltic pumps. The aeration of the aerobic chambers was performed by air injec-
tion and diffusion in the bottom using porous stone diffusers.

Millrose® carbon fiber brushes with twisted titanium wire were used both as 
anode and cathode, 5.1 cm in diameter and 7.6 cm long, having a projected surface 
area of 1.46 m2.

Electrode and PEM pretreatments were performed according to [17, 18]. Both 
electrodes were connected using a titanium wire (0.5 mm, purity >99.98%, Alfa 
Aesar, Heysham, UK).

2.2 Experimental design

The experimental design consisted of a full factorial design (23), which is a 
powerful tool that is used to identify the effect of the independent variables on the 
responses at different levels. The eight experiments were performed twice, and four 
additional experiments were added with abiotic cathodes, 2 with aerobic cathodic 
zone and another 2 with aerobic ones.

The independent variables were kind of the cathodic zone (aerobic and anaero-
bic), VSS concentration of the treated sludge (8 and 16 g/L), and pH in the anodic 
zone (5 and 6). The experiments were performed twice, in two phases (10 runs in 
each one). To evaluate the effects caused by the independent variables, the fol-
lowing parameters were determined as response variables: maximum volumetric 
power density (PDvol max), maximum volumetric current density (CDvol max), 
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coulombic efficiency (CE), organic matter removal (RCOD), and volatile suspended 
solids removal (RSSV). The obtained data were analyzed using STHATGRAPHICS 
Centurion XV ® software. The comparisons of the results were also based on 
statistical analysis of variance.

The Figure 1 shows the deployment of the complete experimental system. The 
left side of the computer shows the anaerobic cathodic zone bMFCs, while the right 
side of the computer shows the aerobic cathodic zone bMFCs. The purpose of this 
is to evenly distribute the distance between the computer and the reactors, and to 
reduce the probability of voltage drops due to the additional resistance that could be 
caused by the distance of the wiring.

2.3 Inoculation and operating conditions

The experimental bMFCs were operated as sequential batch reactors, allow-
ing the system to adapt to the operating conditions of each cycle (83 days of total 
operation).

The volume of the catholyte and anolyte were 680 mL each one. The sludge used 
as substrate for the anode chambers was collected from the secondary settlers of the 
conventional activated sludge treatment system in one of the wastewater treat-
ment plants located in Mexico City. The sludge was characterized and stored at 4°C 
until their use as anodic substrate. Two thickened sludge samples were prepared, 
one with 8 gVSS∙L−1 and another one with 16 gVSS∙L−1. The pH of the sludge was 
adjusted to 5 and to 6 before the reactor feeding. Milled granular anaerobic sludge 
from real scale USBR reactor was used as inoculum in the anodic chambers with TS 
of 155.67 g∙L−1. Almost 5 gTS∙L−1 of inoculum was added to each anodic chamber.

Both catholytes, the aerobic and the anaerobic ones, were formed from a com-
bination of two solutions, so that microorganisms can carry out their metabolic 

Figure 1. 
Schematic diagram of the experimental system.
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functions: A solution of macronutrients (including the substrate) and a solution of 
micronutrients (also referred to in this work as a solution of trace elements). The 
conformations of the first and second solutions are shown in Tables 1 and 2 [18]. 
The proportion between both solutions was 8 mL of trace element for each liter of 
macronutrient solution [19].

The four aerobic cathodic chambers (Aer. C.) were filled with 543 ml of the 
catholyte and 136 ml of inoculum. Thickened activated sludge from real scale 
reactor was used as inoculum (SSV of 23231 mg/L, TS of 36875 mg/L). The aerobic 
cathodic chambers were continuously aerated using porous stone diffusers and 
aeration system.

A concentration of 733 mg∙L−1 of sodium nitrite was added to the anaerobic 
cathodic chambers as final electron acceptor [20]. The four anaerobic cathodic 
chambers (An.C.) were filled with 648 ml of the catholyte and 32 ml anaerobic 
inoculum.

The MFC’s were operated for three cycles, where each cycle ended when the 
energy generation dropped below 50 mV. At each cycle change, both the anolyte 
and the catholyte were exchanged for fresh, new substances. All experiments were 
performed in duplicate.

The bMFCs were operated at a temperature of 26.9 ± 2.7°C. To start with the 
experiments, the bMFC’s were left operating at open circuit for 165 hours, this 
allowed the exoelectrogenic microorganisms to adapt to their environment. 
Subsequently, the electrical circuit was closed by imposing an electrical resistance 

Compound Quantity

NH4Cl 1.000

K2HPO4 1.200

MgSO4 0.500

KCl 0.500

KH2PO4 0.140

Fe2(SO4)3⋅H2O 0.010

Yeast extract 0.020

Table 1. 
Macronutrientes (in g/L).

Compound Quantity

FeSO4⋅7H2O 1000.0

ZnCl2 70.0

MnCl2⋅4H2O 100.0

H3BO3 6.00

CaCl2⋅6H2O 130.0

CuCl2⋅2H2O 2.0

NiCl2⋅6H2O 24.0

Na2Mo4⋅2H2O 36.0

CoCl2⋅6H2O 238.0

Table 2. 
Trace elements (in mg/L).
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of 100 ohms to all the bMFC’s and based on the voltage reading under this condi-
tion, we proceeded to calculate the response parameters.

2.4 Analytical methods

The organic matter removals and the volatile solid degradations were calculated 
based on the obtained results. The sludge stabilization was followed determining 
the total chemical oxygen demand (TCOD) and volatile suspended solids (VSS). 
For the determination of TCOD and VSS content, analytical techniques were used 
according to standard methods [21].

For all the bMFC’s, simultaneously the voltage (V) generation was recorded 
every hour during the whole operation time of each of the 3 cycles, for this 
basic data acquisition system was designed, programmed, and implemented. Its 
assembly consisted of a development board based on the ATmega2560 micro-
controller, better known as “Arduino Mega 2560” and electronic accessories such 
as the prototyping board, 22-gauge parallel cable of two soft copper conductors 
with individual thermoplastic polyvinyl chloride insulation and joined by a 
track of the same material (commonly known as duplex cable), alligators, digital 
temperature sensor and jumper wires with male–male terminals. To avoid data 
loss in the event of a power outage to the laboratory, the computer was connected 
to a backup power supply capable of supplying power for two hours without 
interruption.

The current (I) was calculated using Ohm’s law and the electrical power (P) with 
the formula P = V I. The maximum current density (CDmax) and the maximum 
power density (PDmax) were normalized with the electrode area.

The CE was calculated according to Eq. (1) where Ui is the recorded voltage in 
volts (V) of the bMFC at time i, in seconds (s), R is the external resistance, in ohms 
(Ω), F is the Faraday constant (96485. 3365 C ∙mol−1 e−), b is the number of moles of 
electrons exchanged per mole of oxygen used in the degradation of organic matter 
(4 mol e− ∙ mol−1 O2), ΔS is the removed concentration of COD (mg O2∙L−1), V is 
the volume of the anolyte, in liters (L), and M is the molecular weight of oxygen 
(32,000 mg O2 ∙mol−1) [18, 22, 23].

 ( ) 1% 100
n

i ii

anol

U t
CE M

RFb SV
== ×
∆

∑  (1)

Instrument Manufacturer Model

Portable multimeter HACH HQ40d

Laboratory Low Maintenance Gel Filled pH Electrode HACH IntelliCAL 
PHC101

Laboratory 4-Poles Graphite Conductivity Cell HACH IntelliCAL 
CDC401

Laboratory Spectrophotometer for water analysis HACH VIS DR2800

Peristaltic pump MASTERFLEX L/S 
economy drive

HV-77916-10

Potentiostat GAMRY INSTRUMENTS Interface 1010E

Table 3. 
Instruments used in this study.
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Cycic Voltammetry analysis was done during the last batch cycle of each bMFC 
in the voltage range of −0.8 V to +0.8 V at the scan rate of 1 mV∙s−1. This technique 
was conducted using a potentiostat with the cathode as the working electrode, the 
anode as counter electrode and an Ag/AgCl reference electrode, and it was used to 
evaluate the oxygen reduction reaction catalytic activity of the bMFC with aerobic 
and anaerobic cathodic zone. The instruments used for analyses, operation and 
measurements are presented in Table 3.

3. Results and discussion

3.1 Performance of the biocathode microbial fuel cells at open circuit

The startup of all the bMFCs was performed at open circuit conditions,  
with a cycle duration of 165 h. The voltages increased over the time in the bMFCs 
with aerobic cathodic chambers (Ae.C.Ch.), while a contrary tendency was observed 
in the bMFCs with anaerobic cathodic chambers (An.C.Ch.). The maximum volt-
ages obtained at different experimental conditions are presented in Figure 2. Higher 
maximum voltages were obtained with aerobic cathodic chambers. For pH of 5, 
higher voltages were obtained with the lower VSS concentrations, but at pH of 6, the 
higher VSS concentration allowed obtaining of higher voltages.

The maximum voltages in the bMFCs were lower than those obtained in the 
MFCs with abiotic cathodic chamber; higher voltage was obtained only in the 
bMFCs with aerobic cathodic chamber, operated with a VSS concentration of 
15 g∙L−1 and pH 5. The analysis of the average voltages indicated that there was not 
statistically significant difference between the values obtained in the MFCs with 
biocathodes and in MFCs with abiotic cathodes.

3.2 Performance of the biocathode microbial fuel cells at closed circuit

The next operating cycles were performed at closed circuit with resistances of 
100 Ohms and the obtained results are presented at Figure 3 and the maximum 
voltages obtained at each operational condition are illustrated in Figure 4.

Figure 2. 
Maximum voltages reached at open circuit during the first operational cycle.



Sewage - Recent Advances, New Perspectives and Applications

72

Figure 4. 
Maximum voltages obtained during the closed-circuit operating cycles.

Figure 3. 
Obtained voltages in the experimental reactors during the closed-circuit operating cycles.
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As it can be seen higher voltage were obtained when the oxygen was the final 
electron acceptor in the cathodic chamber. With respect to the initial concentration 
of the substrate, the highest VSS concentrations allowed increasing of the obtained 
voltages. The highest voltages of 0.33 ± 0.03 V were reached with the bMFCs  
operated with a sludge initial concentration of 15 g VSS∙L−1 and pH of 6.

To corroborate the statistical difference between the effects of each of the 
factors on the response variables, volumetric power density (PD) and volumetric 
current density (CD), regression analysis and ANOVA were carried out. The 
analyzed data regarding volumetric power density and current density are shown 
in Figure 5. Second order polynomic models were used with determination coeffi-
cients (R2) of 0.925 for PD and 0.922 for CD and adjusted determination coeffi-
cient (adj-R2) of 0.876 for DC and 0.87 for DC, which indicated a good capability 
of the models to predict the responses within the proposed experimental ranges. 
There is statistically significant difference between the results obtained with 
different type of cathodic zones, being the aerobic one that allowed obtaining of 
higher values for both, PDmax and CDmax, compared with the determined in the 
reactors with anaerobic cathodic zone (Figure 6). The effects of the VSS con-
centrations and pH values were much lower, but statistically significant, greater 
results were obtained using sludge with higher VSS concentration (of 15 g∙L−1) 
and higher pH (pH of 6). The lowest effect on PD was the one of pH and on CD 
was the one of VSS concentration.

A comparison of the electrical power generation in bMFCs and in MFCs with 
abiotic cathode is presented in Figure 7. As it can be observed, higher DCmax and 
PDmax were obtained in bMFCs with aerobic cathodic chambers operated with 8 g 
VSS∙L−1 and pH of 6. However, based on the average values, it was obtained that 
the difference is not statistically significant for PD (p-value = 0.116059), but it is 
significant (p-value of 0.0874862) for CD, in favor of the system that used biocath-
ode, applying alpha value of 0.1. Statistical t-tests performed for the case of bMFCs 

Figure 5. 
Maximum volumetric current and power densities achieved during the experiments.
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with aerobic cathodic chambers and MFCs with abiotic cathode, operated with 
16 g VSS∙L−1 and pH of 5, showed that there is no statistically significant difference 
between the results with and without biocathodes for both variables (p-value >0.1).

For bMFCs with anaerobic cathodic chambers operated with 8 g SSV∙L−1 and pH 
of 6, the statistical tests indicated that there was not statistically significant differ-
ence between the use of abiotic cathode or biocathode (p-value >0.1). However, for 

Figure 6. 
Standardized Pareto diagrams for PD (a) and for CD (b). For the cathodic zone chamber, the blue color 
represents the effect of Ae.C.Ch.

Figure 7. 
Comparison of power generation with respect to abiotic cathode controls.
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bMFCs with anaerobic cathodic chambers operated with 16 g SSV∙L−1 and pH of 5, 
the values of both PD and the CD were lower than the obtained in the MFCs with 
abiotic cathode (p-value of 0.0302892 and 0.0455172 respectively) with a 90% of 
confidence.

3.3 Organic matter removal and Coloumbic efficiency

The average TCOD and VSS removals determined in the anodically processed 
sludge, and the coulombic efficiencies obtained using different initial pH and VSS 
concentrations, and in bMFCs with aerobic and anaerobic chambers, are illustrated 
in Figure 8. As it can be seen the obtained TCOD and VSS removals were higher 
than 75%, reaching values up to 92%, which indicates that the sludge stabilization 
process was successful in all the operational conditions.

Based on the obtained results for TCOD removal, the empirical relationship 
between the response and variables was expressed by a polynomial equation, with 
determination coefficient (R2) of 0.997 and adjusted determination coefficient  
(adj-R2) of 0.982, which indicated a good capability of the model to predict the 
response within the proposed experimental ranges. The calculated effect analysis, 
with a 96% of confidence and a factor of significance (p) of 0.04, indicated as the 
most significant factor the interaction of pH with the concentration of VSS, both 
with positive effects.

For the VSS removal, the model had R2 = 0.999 and adj-R2 of 0.997, and with 
a 97% of confidence, the initial VSS concentration had the major effect, followed 
by the pH. There was not statistically significant effect of the type of the cathodic 
zone. There was a statistically significant difference between the VSS removals 
obtained with different initial VSS concentrations (p = 0.03) and with different 
initial pH values in the anode chamber, being p of 0.04 and 0.03 respectively. There 
was not statistically significant difference between the results obtained in bMFCs 
with different type of cathodic zone.

Figure 8. 
TCOD and VSS removals, and coulombic efficiencies obtained in the experimental bMFCs.
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The performed statistical analysis for the Coulombic Efficiency (CE) using 
a model with R2 of 0.975 and adj-R2 of 0.941, indicated that the factors which 
strongly influenced CE are the type of cathodic zone and the initial pH  
(Figure 9). The use of aerobic cathodic zone and initial pH of 6 allows obtaining of 
better coulombic efficiencies. The highest coulombic efficiency averages reached 
in the bMFCs were 2.1–2.3%. These results are lower than those reported by Zhang 
et al. [18], who reached CE up to 19.4%, although with removals of TCOD up to 
40.8%, using a double chamber MFCs with sludge as anodic substrate and biocath-
odes. On the other hand, the obtaining of small CE values with high COD removals 
indicates that the electrons released from the organic matter were consumed by 
processes other than those carried out by electrogenic biofilms, such as fermen-
tative and methanogenic biofilms [24]. This is also consistent with the results 
obtained by Freguia et al. [25], who indicated that fermentation and methanogen-
esis are not electrode-dependent reactions, so they could occur with any external 
resistance as long as the redox potential in the solution is low enough and there are 
bacteria present that derive more energy from these processes than from electrode-
driven oxidation of the substrate. Further research is needed to better understand 
competitive microbial processes such as exoelectrogenic, biomass growth, fermen-
tative, and methanogenic at the anode to minimize their effects and increase power 
generation and CE.

3.4 Electrochemical performance of the bMFCs

Polarization curves and power curves generated in the experimental bMFCs 
are presented in Figures 10 and 11 respectively. The values of maximum power 
(Pmax), internal resistance (IR) and open circuit voltages, obtained from the fig-
ures are reported in Table 3. The graphs indicated that bMFC with aerobic cathodic 
chamber, initial sludge VSS concentration of 15 g ∙L−1 and pH of 6 was the one who 
obtained the highest open circuit voltage (553 mV), as well as the highest maximum 
PD of 0.21 mW∙m−2 at a CD of 0.55 mA∙m−2. The maximum power in the rest of the 
bMFCs was 0.05–0.15 mW∙m−2 with current densities of 0.25–0.60 mA∙m−2.  
The maximum CD up to 0.67 mA∙m−2 and PD of 0.14 mW∙m−2 was reached with the 
lowest applied resistance (46 Ohms) in bMFC with anaerobic cathodic chamber, 
initial sludge VSS concentration of 15 g ∙L−1 and pH of 5. These values are lower than 
with the reported for MFCs with similar structural and biotic characteristics which 
reached 38 mW m−2 [26], 43.6 mW m−2 [27].

The results of Table 4 show that for all reactor configurations, both, the  
internal resistance, and the open circuit voltages (OCV) were higher when  
the aerobic cathodic chamber was used. For the case of maximum power density, 
the results do not show a clear pattern that could help relate the configuration to the 
observed result.

Figure 9. 
Standardized Pareto diagrams for CE.
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The voltamperogram generated from all evaluated operating conditions is 
shown in Figure 12. In green, the operating conditions that included Aerobic 
Cathodic Chamber (Ae.C.Ch.) and in purple those that included Anaerobic 
Cathodic Chamber (An.C.Ch.). It was also found that at the potentials −800 mV 
and 800 mV the maximum and maximum current densities of −21.1 μA∙cm−2 and 
7.11 μA∙cm−2 were achieved (corresponding to −307.9 and 103.8 mA shown in the 
graph) respectively. These values correspond to the Ae.C.Ch. configuration; 8 g 
VSS∙L−1; pH 6 and agree with the previous analysis for CDmax where the type of 
cathodic zone and the pH have significant effects. The shape of the graph agrees 
with what is observed in [28] where the reduction of oxygen shows the fall of the 
curve on left section. Under anaerobic conditions this does not happen as markedly 
since nitrogen has a lower oxidation capacity than oxygen.

Figure 10. 
Polarization curves.

Figure 11. 
Power curves.
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4. Conclusions

This study showed that it is possible to stabilize successfully secondary sludge 
with VSS concentration up to 15 g∙L−1 using microbial fuel cells with biocathodes. 
The highest organic matter removals reached in the anode chamber, up to 92%, 
indicates a very good microbial activity in the anodic chambers. The statistical 
analyses of the obtained results indicated that the kind of the anodic chamber, the 
variations of VSS concentration in the secondary sludge between 8 and 15 g∙L−1, 
as well as the variations of pH between 5 an6 do not influenced significatively the 
organic matter removal.

The simultaneous generation of electricity is possible together with the degrada-
tion of organic matter, which contributes to the sustainability of this method. The 
bio-cathodic microbial fuel cells with aerobic cathodic chambers allows obtaining 
of higher voltages, current densities, power densities and coulombic efficiencies 
compared with the microbial fuel cells with anaerobic cathodic chambers (up to 
450 mV, 0.43 mW∙m−2, 1.80 A∙m−2 and 4% respectively).

The effects of the VSS concentrations and pH values were much lower than 
the type of the cathodic chamber, but statistically significant, greater results were 
obtained using sludge with higher VSS concentration (of 15 g∙L−1) and higher pH 
(pH of 6). The lowest effect on the power density was the one of pH and on the cur-
rent density was the one of VSS concentration. The best configuration for operating 
MCCs varied according to the parameter of interest that is desired as a response 

Figure 12. 
Cyclic voltammetry obtained in the experimental bMFCs.

bMFC Rint (Ohms) PDmax (mW⋅m−2) OCV (mV)

An.C.Ch; 8 g VSS/L; pH 5 223.920 0.110 357.0

Ae.C.Ch; 8 g VSS/L; pH 5 498.200 0.150 534.0

An.C.Ch; 8 g VSS/L; pH 6 207.990 0.110 412.0

Ae.C.Ch; 8 g VSS/L; pH 6 484.430 0.070 480.0

An.C.Ch; 15 g VSS/L; pH 5 97.360 0.140 361.0

Ae.C.Ch; 15 g VSS/L; pH 5 1081.320 0.050 446.0

An.C.Ch; 15 g VSS/L; pH 6 132.410 0.070 282.0

Ae.C.Ch; 15 g VSS/L; pH 6 154.250 0.210 553.0

Table 4. 
Internal resistance, OCV and maximum power density.
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variable. For the power density, the best configuration is aerobic cathodic chamber, 
15 g VSS∙L−1 and sludge pH of 5. For the current density the best configuration is 
aerobic cathodic chamber, 15 g VSS∙L−1 and pH of 6. For the case of the coulombic 
efficiency, the best configuration is aerobic cathodic chamber, 8 g VSS∙L−1 and 
pH of 6,

The performance comparison of the microbial fuel cells with biotic and abiotic 
cathodes indicated that there was not statistically significant improvement of the 
response parameters, and there was even a configuration (anaerobic cathodic cham-
bers, 16 g SSV∙L−1 and pH of 5) for which better results were obtained with abiotic 
cathode.

The electrochemical tests confirmed that the configuration with aerobic 
cathodic chamber, initial sludge VSS concentration of 15 g ∙L−1 and pH of 6 was the 
one who obtained the highest open circuit voltage (553 mV), as well as the highest 
maximum power density of 0.21 mW∙m−2 and current density of 0.55 mA∙m−2. 
The internal resistance and the open circuit voltages were higher when the aerobic 
cathodic chambers were used.
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Chapter 5

An Overview of Occurrence and 
Removal of Pharmaceuticals from 
Sewage/Wastewater
Mohd Salim Mahtab and Izharul Haq Farooqi

Abstract

Nowadays, the occurrence of pharmaceuticals in sewage/wastewater is a major 
environmental concern. Their precise characterization and suitable treatment/
disposal is a must else it pollutes the surface water bodies and causes major distress 
on aquatic lives and human health. Also, the up-gradation of the sewage/wastewater 
treatment plant (WWTP) is a must to consider the removal of these pollutants and 
to provide the best quality effluent for various reuse purposes. Mostly, the conven-
tional treatment methods are inefficient for their removal, and hence, the most 
advanced and refined treatment options are needed for their effective treatment. 
In this chapter, we have highlighted the occurrence of pharmaceuticals in various 
water samples and their treatment options are reviewed. It was recommended that 
integrated treatment systems are more efficient, economical, and environmental 
friendly than single stand-alone treatment. Further advancement and modifica-
tions in the treatment options are required to overcome the shortcomings regarding 
pharmaceutical removal to achieve the legal standard discharge limit.

Keywords: advanced oxidation process, biological treatment, emerging 
contaminants, wastewater, recalcitrant compounds, sewage

1. Introduction

Nowadays, the problems associated with the widespread occurrence of pharma-
ceuticals in the aquatic environment have been recognized as an emerging envi-
ronmental issue [1–3]. The increasing usage of pharmaceuticals and their improper 
discharge is one of the major environmental concerns. Pharmaceuticals are a large 
and diverse group of compounds designed to prevent, cure, and treat disease and 
improve health. Their usage and consumption are increasing consistently due to the 
discoveries of new drugs, the expanding population, etc. [2, 3]. After intake, these 
pharmaceutically active compounds undergo metabolic processes in the organ-
ism. Significant fractions of the parent compound are excreted in un-metabolized 
form into raw sewage and wastewater treatment systems. The most commonly 
occurring pharmaceuticals in the environment are given in Table 1 [4]. Thus, body 
metabolization and excretion followed by wastewater treatment are considered to 
be the primary pathway of pharmaceuticals to the environment [1–3, 5–7]. Disposal 
of drug leftovers into sewage and trash is another source of entry [8]. In addition, 
sewer leaking [9], sewer overflow [10], and surface runoff [11] are also considered 
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as additional sources contributing to the presence of pharmaceuticals in the aquatic 
environment [5].

Their detection techniques and proper characterization are relatively difficult 
which required distinctive procedures and sophisticated instruments due to their 
low concentration levels in different environmental matrices [7, 11, 12]. Several 
studies investigated the occurrence and distribution of pharmaceuticals in soil 
irrigated with reclaimed water [13, 14] and soil that received biosolids from urban 
sewage treatment plants [15, 16]. These studies confirmed that the conventional 
systems are not enough to completely remove such micro-pollutants from waste-
water and sludge, and as a result, they find their way into the environment [17]. 
Once entered the environment, pharmaceutically active compounds can produce 
subtle effects on aquatic and terrestrial organisms. Therefore, the occurrence 
of pharmaceutical compounds and the extent to which they can be eliminated 
during wastewater treatment have become the active subject matter of actual 
research [1, 3–7].

Domestic sewage is relatively simple to treat with conventional methods 
due to the absence of any recalcitrant compounds. The conventional treatment 
options are widely applicable for their effective treatment [1, 18–20]. The sewage/
wastewater treatment plants are generally not designed to consider the specific 
pharmaceuticals, emerging compounds, etc., during the treatment. Hence, their 
presence in the sewage water is very problematic for the treatment performance of 
the plant [1, 5–7, 21]. Furthermore, the presence of pharmaceuticals in the efflu-
ents of sewage/wastewater treatment plants is very toxic in many ways to the soil 
and surrounding water bodies [1–5, 21]. To overcome the abovementioned prob-
lems, firstly, we have to stop the improper disposal of pharmaceuticals and their 
proper monitoring/collection system should be designed [3]. The accurate char-
acterization and suitable treatment options should be provided to obtain the legal 
effluent discharge standards. The constant discharge of various pharmaceuticals 
into the water bodies and their persistent nature and bioaccumulation potential 
cause serious effects to aquatic lives and human health [21–23]. Therefore, in this 
chapter, we have highlighted the occurrence and some of the removal techniques 
specifically for the pharmaceuticals from sewage/wastewater. The scope for future 
research directions is also highlighted in the conclusion part.

S. no. Class of drugs Name of drugs

1. Antibiotics Erythromycin, ofloxacin, streptomycin, flumequine, ciprofloxacin, 
trimethoprim, sulfamethoxazole, lincomycin, penicillin, and 
amoxicillin

2. Antidepressants Mianserin

3. Anticancer drugs Cyclophosphamide and ifosphamide

4. Anti-inflammatory 
drugs

Acetylsalicylic acid (aspirin), diclofenac, ibuprofen, acetaminophen, 
naproxen, and phenazone

5. Beta-blockers Metoprolol, propranolol, nadolol, and atenolol

6. Diuretics Furosemide

7. Lipid regulators Bezafibrate, gemfibrozil, clofibric acid, and fenofibrate

8. Steroids and related 
hormones

17-β-estradiol, estrone, and diethylstilbestrol

9. Tranquilizers Diazepam

Table 1. 
Some common pharmaceuticals are found in the environment [4].
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2. Occurrence of pharmaceuticals in sewage/wastewater

The huge variation in the concentrations of pharmaceutically active compounds 
(PhACs) was observed due to various factors viz. environmental persistency, 
dilution, treatment efficiency [21, 24, 25]. In some studies, the reported amounts of 
pharmaceuticals are estimated to be 5.6, 2.0, and 0.4 g/day/1000 equivalent inhabit-
ants [1, 21]. In one of the studies, the highest levels at the influent of WWTPs were 
observed for nonsteroidal anti-inflammatory drugs (NSAIDs) that were expected 
due to their high consumption [1]. Lower but still significant levels of lipid-modi-
fying agents (7–12%), diuretics (8–10%), and beta-blockers (5–9%) were detected 
entering the WWTPs [1]. Atenolol and carbamazepine were quantified in the 
influent samples of WWTPs in average concentrations ranging from 0.4 to 1.4 mg/L 
[1]. The amount found in effluent or sludge depended on the removal efficiency of 
the plant and/or the physicochemical properties of the compounds. In the effluent 
waters, NSAIDs were present in the highest percentage (35–44%), followed by the 
lipid-modifying agents (8–29%) and psychiatric drugs (17–30%) [1]. The highest 
concentrations in the effluents were found for naproxen, diclofenac, and carbam-
azepine [1].

It has been reported that from the list of detected samples of the emerg-
ing contaminants about 70% are PACs and personal care products (PCPs) [26]. 
Globally, more than 200 PhACs have been reported in river waters with a maximum 
concentration of 6 mg/L for ciprofloxacin antibiotics [27]. Similarly, tamoxifen was 
detected in the range of 25–38 ng/L [28]. Also, the concentrations of antibiotics, 
hormones, antidepressants, and chemotherapy drugs range from 0.04 to 6.3 μg/L 
[29]. Out of the various sources of the PhACs into the environment, the domestic 
discharge and effluents of the manufacturing units of pharmaceuticals are well-
thought-out major sources [22]. Various categories for the occurrence of the PhACs 
have been reported viz. wastewater treatment plants (WWTPs), wastewater, 

Figure 1. 
Flowchart showing PhACs pathways in the environment [30, 31].
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sewage, sewage sludge, groundwater, surface water, and drinking water [24, 30, 31]. 
So, WWTPs are considered as one of the prominent anthropogenic sources emitting 
pharmaceuticals into the environment along with industrial discharges, hospital 
effluents, etc. [22, 25]. Furthermore, the inefficient management and treatments of 
PhACs risk the prospect of sustainable reuse of treated wastewater and sludge [21]. 
Figure 1 shows the flowchart showing PhACs pathways in the environment [30, 31].

3. Removal of pharmaceuticals from sewage/wastewater

It was well recognized in the literature that the conventional biological treat-
ment systems alone are not sufficient enough to completely remove the pharmaceu-
ticals and therefore, some additional steps are required for their proper treatment. 
It was reported that among the conventional activated sludge process (ASP) and 
membrane bioreactor (MBR) systems, the MBR system appeared to have a higher 
removal efficiency for many of the pharmaceuticals [1, 32]. On the other hand, 
carbamazepine and hydrochlorothiazide showed poor removal efficiencies in either 
ASP or MBR systems [1, 32]. O’Brien et al. [33] have found that compounds such 
as atenolol, carbamazepine, and ibuprofen appeared to be persistent in the sewer 
system. It was recommended to use a composite sampling approach in wastewater 
treatment plants [5, 33]. The superior performance of MBR in the removal of some 
target pharmaceuticals is due to the result of the higher biomass concentration, lon-
ger solid retention time (SRT), and better-retaining capacity of solids and microbes 
[32, 34]. On the other hand, the integration approach of membrane technology is 
called electrochemical membrane bioreactors (EMBR). It was observed that EMBRs 
are more efficient with low energy consumptions as compared to MBRs and ASPs 
[21, 35]. But the common problem with the advanced technologies is their limited 
applications only at laboratory and pilot scales. Besides, membrane fouling, high 
energy demand, and costly membrane materials are some limitations of MBRs, 
which need to be overcome for their extensive full-scale applications [21].

The term removal of pharmaceuticals used here means the conversion of the par-
ent compound. Thus, the overall removal refers to the losses of a parent compound 
by different mechanisms of chemical and physical transformation, biodegradation, 
and sorption to solid matter [1]. The most analyzed carbamazepine showed very 
low removal (<25%) regardless of the treatment applied [32]. The pharmaceuticals 
removal efficiencies are based on the characteristics of the wastewater, treatment 
types used, and other operational conditions [1, 21]. The addition of the occasional 
tertiary treatment improves the removal efficiencies of the pharmaceuticals. The 
lower removal efficiency of diclofenac was reported in some studies [1, 36, 37]. 
Better performances of WWTP may be due to longer both hydraulic and solid reten-
tion times. As a compound spends more time in reactors wherein bacteria growth 
is promoted, the biological transformation may occur to a greater extent [38]. It has 
been proven that longer SRT, especially, improves the elimination of most of the 
pharmaceuticals during sewage treatment [1, 39].

A variety of treatment techniques for pharmaceuticals removal have been 
considered in the past studies such as natural, conventional and advanced treat-
ment approaches. Dilution, volatilization, photolysis, sorption, biodegradation, 
etc., are cost-effective and natural processes [21]. However, the natural processes 
are proved less efficient [22]. On the other hand, the conventional approaches viz. 
adsorption, ozonation, membrane filtration, showed high pharmaceuticals removal 
efficacies [23]. But these approaches are having some disadvantages like oxidation 
by-products formation in the ozonation process may be more toxic than the parent 
compounds, and high operational costs in addition to the concentrate disposal are 
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required in the membrane filtration process [25]. The widespread applications of 
various advanced treatment approaches viz. advanced oxidation processes (AOPs), 
constructed wetlands, bioelectrical systems, enzymatic treatment, have been 
recommended in the past few years [21]. Also, the up-gradation of the conventional 
WWTPs might further minimize the environmental release of the various pharma-
ceuticals [21, 23, 40]. Although the AOPs are considered one of the most effective 
treatment options for a variety of pharmaceuticals removal, their full-scale applica-
tions are still limited due to the number of challenges [18–21, 25, 41].

The WWTPs generally considered the primary, secondary, and sometimes 
tertiary treatment stages. The pharmaceuticals entered into the plants undergo 
several treatment stages, and their fraction is degraded/removed [21, 24, 42]. In 
the secondary stage, the pharmaceuticals are subjected to several processes such as 
biodegradation, sorption, dispersion, dilution, photodegradation, and volatilization 
[21, 22, 24]. Likewise, the tertiary treatment steps are reported to exhibit significant 
pharmaceuticals removal efficiency via ozonation-like conventional oxidation 
processes [21, 43, 44].

The importance of the tertiary treatment in the WWTPs is versatile as it supple-
ments the secondary treatment and those pollutants that are not removed in the second 
stage are removed in the tertiary stage. Several advanced technologies are employed 
to remove the pharmaceuticals in the WWTPs themselves to produce high-quality 
effluent for reuse purposes [21, 44, 45]. Among the tertiary treatment, AOPs have been 
considered that oxidize/mineralize the various pharmaceuticals and their by-products 
to CO2, H2O, and simple inorganic ions [18, 21]. The various types are AOPs are now 
widely applied for various applications of high strength and pharmaceuticals removal 
viz. Fenton process, Photo-Fenton process, Electro-Fenton process, Sono-Fenton pro-
cess, ozonation process, UV-based treatment [21, 46]. Also, a range of commercially 
available adsorbents, such as activated carbon (AC), biochar, carbon nanotubes, clay 
minerals, are used for the adsorption of various pharmaceuticals [21, 47]. The usages of 
AC for a broad-spectrum pharmaceutical adsorption were found most suitable due to 
reduced interference from the organic materials for the adsorption active sites [21, 48]. 
The adsorption efficiency depends on the types of PhACs, properties of AC, and other 
environmental conditions [21, 24].

Among the mentioned options, ozonation and AC treatment are found to be 
the economically feasible option and utilized in some WWTPs [21, 25]. The main 
reactive species in AOPs for the degradation/mineralization of the pharmaceuticals 
are hydroxyl radicals (OH•) and the number of parallel reactions is reported in their 
mechanism [18–20, 49, 50]. The suitability of the various adoption of the AOPs 
is mainly based on wastewater characteristics, recalcitrant nature of the target 
compounds, available resources, and economic conditions [50]. It was well recog-
nized in the literature that the integrated processes are more efficient and envi-
ronmental friendly [18, 50]. A very high removal efficiency (>95%) of diclofenac, 
carbamazepine, sulpiride, at an ozone dose of 5 mg/L, was observed [51]. All the 
AOPs are having their limitations/disadvantages as well; hence, the suitable/opti-
mized treatment options should be designed and implemented to achieve the target 
removal efficacies etc. [18, 41, 50]. Some of the disadvantages of the Fenton process 
are low-working pH requirement and high sludge production, the chances of the 
pharmaceuticals accumulate in the iron sludge produced after the treatment [41]. 
On the other hand, when the applied ozone dosages are inadequate, it will result 
in the formation of transformation products [18], and the toxicity can further be 
reduced by a subsequent biological treatment [21, 52]. The combined approach of 
the ozonation-biological process is found most efficient for the removal of pharma-
ceuticals from secondary urban wastewater [21, 52, 53]. Currently, many treatment 
technologies are available as mentioned in Table 2 [54, 55].
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4. Conclusion

This chapter provides a brief overview regarding the problems associated with 
the pharmaceuticals present in the sewage/wastewater and their suitable treatment 
options. From the literature, it was understood that the problems related to the 
emerging contaminants and particularly for the pharmaceuticals are of great con-
cern and require specific attention to protecting the environment and public health. 
Out of the various categories of pharmaceuticals, different treatment options are 
required and one single option is not sufficient to remove all the types of pharma-
ceuticals. The challenges associated with their accurate analysis, detection, and 
extraction due to their low concentration are also an important domain for further 
research. Regarding the treatment options in various studies, it was reported that 
the integrated processes are more advantageous in many ways for pharmaceuticals 
removal. For example, the post-biological treatment option after the ozonation 
process significantly improves the pharmaceutical removal. The other options like 
ASP and MBR are also considered useful but not efficient enough for their complete 
mineralization and removal. Also, the activated carbon-adsorption process is just 
a phase change mechanism system and required extensive research for further 
improvement. Various transformation/intermediate products are formed in AOPs 
treatment, hence required more advancements to remove those toxic intermediates 
from the water matrix. The up-gradation of the WWTPs is a very important step to 
improve the effluent quality considering the problems of the pharmaceuticals. The 
single and combined AOPs are limited to lab/pilot scale only and their full-scale 
applications are required, which should be focused on in future research for the 
best-fit alternative both economically and environmental friendly.
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Treatment technologies Classification

Physical treatment Primary treatment

Aerobic process
Anaerobic process

Secondary biological treatment

Activated carbon
Membrane distillation
Membrane technology

Tertiary treatments

Fenton process
Ozone/hydrogen peroxide treatment
Photocatalysis Electrochemical oxidation
Ultrasound irradiation
Wet air oxidation

Advanced oxidation processes

Mixed primary, secondary and tertiary treatments Hybrid technologies

Table 2. 
Some treatment technologies for pharmaceutical wastewater treatment [54, 55].
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Chapter 6

Implications of Sewage Discharge 
on Freshwater Ecosystems
Sami Ullah Bhat and Umara Qayoom

Abstract

Freshwater ecosystems such as lakes and rivers are among the sensitive  
ecosystems, which host rich biodiversity. Being major freshwater resources, they 
provide a wide range of ecosystem services, making their existence essential for 
the well-being of human societies. However, in the past few decades, there have 
been adverse impacts on the health of these ecosystems due to uncontrolled sewage 
disposal throughout the world. This is increasingly becoming a tough challenge to 
protect the freshwater ecosystems from the ramifications of the entry of untreated 
sewage. Loss of biodiversity, physiological and behavioral changes in species, 
community shifts, and fish mortality have been witnessed in aquatic ecosystems, 
which are the recipients of untreated or partially treated sewage. Nutrients such as 
nitrogen and phosphorus are abundant in sewage and are one of the leading causes 
of eutrophication of water bodies. Several freshwater ecosystems around the world 
have become a victim of eutrophication due to untreated sewage disposal, leading to 
a change in trophic status.

Keywords: biodiversity, eutrophication, phosphorus, species

1. Introduction

One of the biggest challenges we are confronting in the twenty-first century is 
the inaccessibility of clean water and improved sanitation [1]. Although safe drink-
ing water, sanitation and hygiene (WASH) are required for an improved standard 
of living, they are equally important for the protection of health and environment. 
As the countries improvise their sanitation coverage, it is also important that they 
reduce the release of untreated sewage into the environment by exploiting the 
energy and nutrients present in it. Water plays an important role in various aspects 
of socio-economic development such as food production, economy, domestic water 
supply, environmental sustainability, health systems, and industrial applications. 
Lack of access to WASH could have a negative impact on the economy, health, and 
environment. Water pollution from sources such as agriculture, industries, urban 
runoffs, and waste disposal threatens clean drinking water supplies with detrimental 
impacts on freshwater ecosystems [2]. Several water bodies in developing countries 
such as rivers, streams, and lakes, which are located close to highly populated areas, 
have become filled with waste, which have turned them into dead or sewage streams. 
Most aquatic ecosystems have a natural tendency to dilute pollution to some extent, 
but severe contamination of aquatic ecosystems results in the alteration of their fauna 
and flora community [3]. The amount of nutrients received by aquatic ecosystems 
varies throughout the world depending on the characteristics of the ecosystem. Most 
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of them receive varying quantities of a wide range of nutrients that are unloaded 
from human settlements. Sewage is the used water-containing solids deposited 
from households, commercials, and industries, which is transported in sewers and 
disposed off into watercourses. Sewage disposal in a particular region depends on the 
accessibility of natural watercourses in that particular area. Worldwide around 65% 
of the river stretches are polluted [4], which have resulted in the degradation as well 
as loss of biodiversity in the water bodies and cannot be neglected.

Poorly managed human excreta has several detrimental consequences on the 
environment, polluting surface water such as lakes and rivers. Heavily polluted 
water has a serious impact on freshwater ecosystems, food webs, and biodiver-
sity. Water bodies located in highly populated urban areas have a considerable 
amount of biological oxygen demand contributed mostly from wastewater. 
Untreated or partly treated urban wastewater consists of high concentration of 
nutrients as well as organic matter [5], which upon decomposition releases addi-
tional nutrients. Increased levels of nutrients especially nitrogen and phosphorus 
in aquatic ecosystems are associated with eutrophication. Algal blooms especially 
those of cyanophytes release cyanotoxins [6], which are known to have harmful 
effects on aquatic life, wildlife, livestock, agricultural crops, and humans [7]. 
Several toxins are liberated from sewage into the water, which are consumed by 
fishes and other forms of aquatic life thereby increasing their possibility of enter-
ing into the food chain. Several toxic substances including heavy metals have a 
high concentration in the wastewater generated from industries [8]. Due to their 
non-degradable nature, they tend to display high toxicity in aquatic systems and 
accumulate in the food webs. Thus, water pollution has received more attention 
during the past few years owing to their ecologic, biodiversity, economic, and 
social perspectives.

2. Composition of sewage

Sewage is composed of domestic effluent consisting of black water (excreta, 
urine, and fecal sludge) and gray water (used water from washing and bathing); 
water from commercial establishments and institutions, including hospitals; 
industrial effluent, stormwater and other urban runoff; and agricultural, horticul-
tural and aquaculture runoff [9]. Sewage comprises 99.9% of water and 0.1% of 
solids, which includes dissolved as well as suspended organic and inorganic solids. 
Dissolved solids constitute a major portion as compared to suspended solids, while 
organic fraction consists of fats, carbohydrates, proteins, lignin, and their decom-
position products. Similarly, the inorganic part includes several constituents derived 
from industrial as well as domestic sources including heavy metals like cadmium, 
mercury, arsenic, zinc, and copper. A varied and abundant diversity of microbes are 
present in sewage [10] and is contributed in human sewage from sources like human 
domestic waste such as feces, washing, bathing urine, and sweat. These micro-
organisms are added from the human body present in the skin, respiratory tract, 
oral cavity, gastrointestinal tract, and urogenital tract. Wastewater is considered 
as an important reservoir of pathogens, [11, 12], which includes Fecal Coliform, 
E coli, Salmonella, Shigella, Vibrio cholera, parasitic eggs and cysts, viruses and 
fungi [13, 14], intestinal nematodes like hookworm (Ancylostoma duodenale), 
roundworm (Ascaris lumbricoides), and whipworms (Trichuris). Sewage contains 
a rich concentration of nutrients such as nitrogen (N) and phosphorus (P). Around, 
16.6 Tg (Tg = million metric ton) of nitrogen and 3.0 Tg of phosphorus are present 
in wastewater produced throughout the world annually. Human urine consists of a 
high concentration of nutrients such as nitrogen and phosphorus than the amount 
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present in the feces [15]. Thus, human urine is responsible for 50% of the phospho-
rus load and 80% of the nitrogen load in the sewage [16].

3. Sewage generation and treatment scenario throughout the world

Despite being a major factor in water quality, proper wastewater treatment 
is lacking in many developing countries of the world and it is estimated that 
90% of developing countries do not treat wastewater before disposal into the 
receiving waters be it lakes or rivers. A large amount of untreated industrial, 
agricultural, and domestic wastes is discharged into the world’s waterways due 
to which low-income countries are hit by contaminated water supplies and 
disease. Water sources such as rivers, lakes, and oceans are the major recipients 
of domestic and industrial wastes across the world. Country-specific data 
on wastewater generation reveal that around 390 billion m3 of wastewater is 
generated throughout the world, which is fivefold the amount of water released 
by Niagara Falls annually [17]. However, the amount of wastewater generated is 
projected to increase by 24% by 2020 and further about 51% by 2050 [18]. It is 
estimated that worldwide about 80% of the wastewater generated is discharged 
directly without any proper treatment into water bodies [19]. Around two 
million tons of sewage, industrial and agricultural waste is discharged into the 
world’s waterways. Water sources such as rivers, lakes, and oceans are the major 
recipients of domestic and industrial wastes across the world. With regard to the 
wastewater generation and treatment in the world, it has been stated that high-
income countries on an average treat around 70% of the wastewater generated 
by them, and upper- and lower middle-income countries provide treatment to 
38% and 28% of the wastewater generated respectively, while as low-income 
countries treat only 8% of total wastewater generated [20]. Available figures 
reveal a shocking scenario of sewage disposal into water bodies across the world. 
Venezuela discharges 97% of sewage generated directly into the environment 
without providing any treatment. Developed nations like Turkey discharge 75% 
of the wastewater generated from industries directly into the environment. 
About 71% of the wastewater generated in European countries receives treat-
ment owing to public awareness toward health and environmental or partly due 
to technological advancements. In Latin American countries, only 20% of the 
wastewater generated is being treated, while the rest is disposed off untreated 
into the water bodies. The Middle East and North Africa provide treatment to 
51% [20], while Asian countries treat only 32% of generated wastewater. Asia is 
the largest producer of wastewater and generates 42% of wastewater produced 
globally with an annual estimate of 159 billion m3. North American countries 
generate 67 billion m3, while Europe generates 68 billion m3 [18]. With the ongo-
ing freshwater crisis throughout the world, the available freshwater resources 
cannot be polluted and made unfit for human consumption. Proper treatment 
and disposal of wastewater should be regarded as a matter of urgency through-
out the world [21].

4. Effects of sewage on freshwater biodiversity

Now a day’s there is an increasing recognition that freshwater is a valuable 
resource due to overexploitation and pollution. Wastewater discharge contain 
several harmful substances or chemicals, which may cause adverse environmental 
impacts such as changes in aquatic habitats, species composition, and decrease in 
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biodiversity. All of these impacts lead to a less valuable environment, a less prosper-
ous economy, and ultimately, a diminished quality of life. Several substances are 
present in sewage, which can potentially impact plant and animal communities in 
different ways.

4.1 Temperature

4.1.1 Physical changes

Sewage discharge is often associated with physical changes in water bodies. 
Aquatic life sustains under an optimum temperature and an increase in the average 
temperature of the water body has ecological impacts resulting in thermal enhance-
ment [22]. The shift in water temperature can seriously affect aquatic life, such as 
microbes, invertebrates, algae, and fish [23]. Temperature also affects the solubility 
and consequently, the availability of oxygen in the water. An increase in tempera-
ture results in less dissolution of oxygen in the water and hence, oxygen demand 
required by the bacteria for the degradation of wastes also increases. Tissue anoxia 
can occur at higher lethal temperatures in aquatic animals. Temperature also affects 
key physicochemical conditions such as oxygen concentrations as well as energetic 
processes associated with primary production and litter decomposition [24, 25].

4.1.2 Chemical changes

The effects of certain toxic substances like copper that increases metabolic demand 
or zinc which blocks oxygen uptake at the gill level for fish get enhanced by an increase 
in temperature. Toxicants that act on cellular enzymes involved in energy metabolism or 
that cause a change in the rate of uptake may also have their effect potentiated by a tem-
perature increase. High water temperature also affects the toxicity of some chemicals in 
the water as well as the sensitivity of living organisms to toxic substances [26, 27].

4.1.3 Biological changes

Causes of thermal death include failure of osmoregulatory processes, alterations 
in cellular enzymes and membrane lipids, and protein denaturation. In addition, 
temperature controls the growth rates of phytoplankton, macrophytes, and epi-
phytes, making freshwater ecosystems sensitive to rising temperatures [28, 29]. 
Because most river organisms are ectotherms, changes in temperature have pro-
found effects on their growth, phenology, survival, and distribution [30, 31].

4.2 Dissolved oxygen

4.2.1 Physical changes

Dissolved oxygen (DO) is a key parameter that determines the water quality 
as well as the health of an aquatic ecosystem. The presence of a certain amount of 
DO in water is important for the survival of higher forms of biodiversity [32]. A 
fluctuation in DO near its saturation is an indication of relatively healthy waters 
while as low dissolved oxygen indicates potential danger to the water body [33]. 
Oxygen-demanding wastes in the sewage are responsible for the depletion of DO 
levels, which impact both water quality and biodiversity in the water body [34]. The 
aquatic ecosystem suffering from hypoxic or anoxic conditions is responsible for the 
depletion of fish stocks and other forms of aquatic life. These losses can have harm-
ful effects on ecological health, economy, and stability of the ecosystem [35].
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4.2.2 Chemical changes

Development of hypoxic and anoxic conditions, increase in metal and phosphate 
release from sediments creation of hypoxic (reduced dissolved oxygen), anoxic 
(extremely low or no dissolved oxygen) and euxinic (sulfide production in the 
absence of oxygen) conditions take place in the water body [36, 37]. Low DO level 
affects the metabolic processes of species. Low levels of DO in receiving water bod-
ies can result in the release of toxic substances, biomagnification in organisms, and 
increased nutrient loads.

4.2.3 Biological changes

Fish are among the most affected species as low DO concentration increases 
their susceptibility toward diseases, retarding their growth, hindering their swim-
ming ability, changes in feeding habits, migration, and in extreme cases results 
in death.

It significantly affect mortality, reproduction, behavior, and physiological 
response in fishes [38]. If the decrease in oxygen continues for a long time, it can 
result in a change in species composition [39]. Among planktonic organisms most 
likely to suffer mortality from exposure to low oxygen in bottom waters are fish 
larvae lacking fully developed sensory and motor capabilities.

4.3 Total suspended solids

4.3.1 Physical changes

Suspended solids (SS) comprise of a fine particulate matter having a diameter 
of less than 62 mm. They can cause physical damage to fish gills [40]. Blockage of 
filter-feeding apparatus of zooplankton, gills of the most sensitive benthic inverte-
brates like epibenthos, living on or above the sediment can be clogged by sediment 
particles.

4.3.2 Chemical changes

They can pose a number of direct as well as indirect environmental impacts like 
reduced sunlight penetration, which in turn affects photosynthesis, toxic effects 
due to contaminants attached with suspended solids [22]. A high concentration of 
salts can result in increase in the salt content of the water body with harmful effects 
on aquatic organisms and a brackish, salty taste to its consumers.

4.3.3 Biological changes

A high level of SS in receiving water body can cause flocculation and sinking of 
phytoplankton, reduced primary productivity in macrophytes and algae [41, 42], 
egg mortality in fish [43]. Further, SS in zooplankton can cause toxicity, as well as 
ingestion of sediment particles having no nutritional value, causing zooplankton 
starvation and death.

4.4 Cyanide

This substance is an important toxicant to fish and other aquatic animals 
and its salts are frequently found in effluents from industrial wastes. Certain 
forms of cyanide are acutely toxic to many aquatic life forms and concentrations 
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<0.1 mg/l can be toxic to some sensitive aquatic species. At the cellular level, 
cyanide blocks the oxygen consumption of metabolizing cells, which is due to 
inhibition of the enzyme cytochrome oxidase catalyzing the final oxidation step 
in cellular respiration. Cyanide forms complexes with some heavy metals such 
as Zn, Pb, and Cd and is highly toxic. Several cyanide-containing substances 
display acute toxicity toward aquatic life [38]. However, it has been observed 
that cyanide-containing compounds also have effects on aquatic life at sublethal 
concentrations.

4.5 Pharmaceuticals

Pharmaceuticals are among the emerging contaminants in wastewater and are 
one of the most relevant group of substances having a possible impact on aquatic 
ecosystems due to their chemicophysical properties [44]. Water bodies that receive 
wastewater discharges are found to be heavily impacted by annual loadings of these 
substances. Pharmaceuticals along with their metabolites are readily excreted with 
urine and feces. While the main concern about pharmaceuticals and their metabo-
lites is that they are being added continuously into lakes and rivers as pollutants, 
they can have certain adverse effects on aquatic ecosystems and harm freshwater 
resources including drinking water supplies on a long-term basis. Although concen-
trations of pharmaceutical compounds in aquatic ecosystems are low, they can cause 
toxic effects on organisms [45]. Uptake of pharmaceuticals into fish can occur via 
both dermal and gill surfaces for water-borne/sediment-associated pharmaceuti-
cals, orally through the diet, or maternally, via the transfer of contaminants through 
the lipid reserve of eggs. Pharmaceutical drugs are generally designed to have low 
toxicity but there is the potential for unintended side effects. The active ingredients 
in pharmaceuticals are known to have potential risks to the aquatic ecosystem 
and are suspected to have direct toxicity to certain aquatic organisms. There is a 
global concern about the presence of estrogenic residues in the aquatic ecosystems. 
The source of these estrogenic residues is industrial wastes and medicines, and as 
additives in animal feed [46]. The effect of these traces is remarkable on aquatic 
animals and consequently on humans. Fishes are considered more susceptible to the 
high concentration of pharmaceuticals. It has been reported that substances such as 
diclofenac and 17a-ethinylestradiol are responsible for inducing structural disrup-
tion in the kidney and intestine and also modify the expression genes, which are 
associated with the process-controlling metabolism [47, 48]. Their chronic exposure 
to fishes might affect their survival and reproduction. Another research stated 
that the presence of antibiotic compounds such as sulfamethoxazole might cause 
chronic toxicity effects on the photosynthetic apparatus of algae [49]. Therefore, 
the pharmaceuticals have an effect on the survival of algae due to their rate reduc-
tion of photosynthesis by affecting the functions of chloroplasts. A large amount 
of dead algae lead to secondary effects on the ecosystem such as eutrophication 
and disruption of the food chain. It threatens the equilibrium of the entire aquatic 
ecosystem [50].

4.6 Nitrogen

Some water-soluble forms of inorganic nitrogen, such as ionized ammonium, 
ammonia, nitrite, and nitrate, are present in waste streams, which can exert oxygen 
demand in surface water resources. Molecular ammonia or NH4OH is considered as 
a most toxic form of ammonia, while the dissociated ammonium ion (NH4) is rela-
tively nontoxic. The discharge of ammonia is mostly from industries, agriculture, 
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and domestic wastewater. Organic wastes contributed from these sources are 
responsible for the increases in oxygen demand as a result of the increase in biologi-
cal decomposition and production of ammonia due to the decomposition of organic 
nitrogen-containing compounds. Ammonia has toxic effects on aquatic life and high 
concentration can impair aquatic communities [51]. It encourages eutrophication in 
receiving water bodies. Ammonia and nitrate are principal forms of nitrogen and 
in the presence of oxygen, ammonia is converted into nitrate creating low dissolved 
oxygen conditions in surface waters [52, 53]. Excess ammoniacal nitrogen is damag-
ing to aquatic life due to its ability to destroy the aquatic enzyme hydrolysis reaction 
apart from damaging certain tissues and organs in organisms. Its elevated concen-
tration can cause certain symptoms in aquatic organisms such as hypoxia, coma, 
and reduced immunity, resulting in slow growth and even large numbers of deaths 
[54]. Ammonia concentrations >2 mg/l are toxic to aquatic life, especially fishes. 
Several works done on ammonia toxicity on freshwater vegetation have shown that 
concentrations >2.4 mg/l inhibit photosynthesis. Further, nitrate causes a decline 
in amphibian populations and in adverse cases causes poor larval growth, reduced 
body size, and impaired swimming ability. Direct toxic effects from ammonia are 
those with a direct impact on individual organisms, typically death, reduced growth 
rate, or reduced reproductive success.

4.7 Heavy metals

Heavy metals comprise one of the most toxic pollutants in aquatic ecosystems 
due to the detrimental impacts they display in aquatic biota [55]. The heavy metal 
present in sewage has severe detrimental effects on the ecological balance of the 
aquatic environment including organisms [56]. Fishes are among the severely 
affected species and cannot escape from the detrimental impacts of metals. They 
accumulate a considerable amount of heavy metals in their body tissues and 
represent a major dietary source of this element for humans. The presence of 
heavy metals can inhibit the growth of fish as well as its larvae, reduce the size 
of fish populations, and can threaten the entire fish population if present in high 
concentration. A high concentration of aluminum can result in osmoregulatory 
failure in aquatic animals like fishes [57, 58]. It has the potential to bind with fish 
gills causing several kinds of diseases, suffocation and ultimately death, change 
in blood plasma levels, and decrease in nutrient intake at gills. More residence 
time of water in lakes results in the accumulation of heavy metals in biota, while a 
significant portion finds its way into the sediments. Mercury has carcinogenic and 
neuro-toxic properties with the ability to accumulate in living organisms, which 
gradually increases in the food web. Apart from its toxic effects on humans due to 
biomagnification in fish, mercury compounds have certain toxic effects on aquatic 
animals as well.

4.8 Phosphorus

One of the major pollutants found in aquatic environments is phosphorus. The 
average amount of phosphorus in water resources is <1 mg/l; exceeding the amounts 
permitted in water causes a serious threat to the environment, animals, and aquatic 
life. Phosphorous is one of the essential nutrients which promotes algal blooms in 
rivers and lakes and finally leads to eutrophication which causes oxygen depletion 
in water via algal decay, which has harmful effects on aquatic life. A little rise in the 
content of this nutrient influences toxin production since it increases the growth of 
the algae.
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5. Eutrophication

5.1 Classification of lakes

Lakes are often classified according to their trophy or degree of enrichment with 
nutrients and organic matter. They are classified by their trophic state with the main 
classes of oligotrophic, mesotrophic, eutrophic, and dystrophic (Table 1).

Several natural water bodies referred as oligotrophic have clearwater ecosystems 
with limited primary and secondary productivities due to a shortage of major 
nutrients [60]. These water bodies under natural succession will require thousands 
of years to transform into eutrophic. The oligotrophic lake is deep and receiving 
effluents that are nutrient-poor from its drainage basin. Organic matter production 
is less in the well-illuminated epilimnion. Therefore, the material sinking into  
the hypolimnion is the small quantity and little oxygen is consumed there during 
the summer. In contrast, a eutrophic lake is often, but not necessarily, shallower, the 
drainage basin is richer, and rivers and groundwater discharge into its epilimnion 
a substantial amount of nutrients. Primary productivity is higher as compared to 
that of oligotrophic lakes, and therefore, more organic material settles into the 
hypolimnion resulting in oxygen depletion. As a result, the deeper layers of water 
of a eutrophic lake become anoxic during summer. Oligotrophic water bodies have 
<5–10 μg l−1 of phosphorus and < 250–600 μg l−1 nitrogen. Oligotrophic water 
bodies have mean primary productivity ranging between 50 and 300 mg carbon 
m−2 day−1. In eutrophic water bodies, the phosphorus concentration is 10–30 μg l−1, 
while nitrogen concentration content is 500–100 μg l−1. Primary productivity in 
eutrophic water bodies is >1 g carbon m−2/day−1. If excessive quantities of phos-
phorus and nitrogen are added to the water, excessive growth of aquatic plants and 

Trophic status Characteristics TP (mg m−2) TN (mg m−2)

Oligotrophic Oligotrophic lakes have poor nutrients 
and support little plant growth due to 

which biological productivity is usually 
low. The waters are clear and the bottom 

layers have a good oxygen supply 
throughout the year.

3.0–17.7 307_1630

Mesotrophic Mesotrophic lakes have transitional 
characteristics. They are moderately 

enriched with nutrients and have 
moderate plant growth.

10.9–95.6 361_1387

Eutrophic Eutrophic lakes have a rich supply of 
nutrients that support dense plant 

growths due to which biological 
productivity is usually high. The waters 

are turbid, which support heavy growths 
of phytoplankton and an abundance of 
rooted aquatic vegetation. Deepwaters 
have less concentrations of dissolved 

oxygen during the seasons of restricted 
circulation.

16–386 393_6100

Dystrophic Lakes in the dystrophic state have highly 
polluted water quality due to which 
oxygen is absent and the presence of 

toxins that support no desirable species.

750–1200 —

Table 1. 
Lake classification on the basis of trophy or degree of enrichment with nutrients and in relation to P and N [59].
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algae takes place. As these algae die, they are decomposed by bacteria and in this 
process, dissolved oxygen is utilized. The decomposers use up the dissolved oxygen 
of the water body. Due to this dissolved oxygen, concentrations often fall consider-
ably for fish to breathe resulting in fish kills [61].

5.2 Causes of eutrophication

The term “eutrophic” has been derived from the Greek words eu meaning “well” 
and trophe meaning “nourishment.” Eutrophication refers to the abundant growth 
of phytoplanktons causing imbalanced primary as well as secondary productivity 
with a high rate of succession from the existing seral stage to a higher seral stage 
as a result of nutrient enrichment from fertilizer runoff and humans waste. It 
takes place at the point when a water body moves toward becoming enriched in 
key-limiting nutrients, such as nitrates, phosphates, and initiating symptomatic 
changes, including the expanded production of algae (Figure 1). Nitrogen (N) 
and phosphorus (P) are present in all aquatic ecosystems in some limited amount 
and are considered as an essential nutrient for the biological growth of organisms. 
Phosphorus being a macronutrient is essential for all living cells as it is an impor-
tant constituent of adenosine diphosphate, adenosine triphosphate, nicotinamide 
adenosine dinucleotide phosphate, nucleic acids as well as phospholipids in the 
cell wall. Phosphorus is stored as polyphosphates in intracellular volutin granules 
in prokaryotes as well as eukaryotes. Both N and P are essential nutrients that are 
required by plants and animals for maintaining their growth and metabolism. 
However, in wastewater, these essential nutrients are available in abundant as 
phosphates, combined organic nitrogen, nitrates, and ammonia. On discharge 
into some receiving water body, their increased concentration can initiate 

Figure 1. 
Eutrophication process [62].
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eutrophication with several adverse consequences on the ecological health of the 
water body [63, 64]. Eutrophication is a natural phenomenon that takes thousands 
of years to occur in water bodies such as lakes, rivers, and reservoirs. However, an 
increased rate of nutrient input as a result of anthropogenic activities initiates the 
process of completing it within a short time period, which is referred to as artificial 
or cultural eutrophication [65]. Natural eutrophication pushes the succession from 
open water lake to the marsh to the meadow to the forest, which may take place 
anywhere within a time period of 500–10,000 years or more depending on the ini-
tial condition of that area. Human activities accelerate the rate at which the influx 
of nutrients into the ecosystems takes place. Runoff resulting from agriculture, 
urban, and industrial development, mainly from septic systems, sewers, and other 
human-related actions, increases the rate of entry of both inorganic nutrients and 
organic substances into aquatic ecosystems.

5.3 Nutrients in aquatic ecosystems

The minimum acceptable concentration of total inorganic phosphate in water 
is 0.03–0.04 mg l−1 and in many lakes, streams, and rivers where the problem of 
eutrophication is found to occur and its value has been found to increase by 20–25 
times during the past 10–15 years especially in cities and industries. Around 60% 
of the phosphate present in the waterways of the US is contributed from domestic 
sewage. Phosphate is also contributed from mines, fertilizer runoff, and domestic 
sewage containing a high concentration of phosphate with about 50% resulting 
from human waste and 20–30% from detergents. Animal wastes are also rich in 
nitrate as well as phosphates [66]. Phosphorus resulting from agriculture runoff 
is the major source of phosphorus loading in riverine sediments, which is being 
utilized by benthic algae and rooted plants. Eutrophication has become a major 
concern in many developed as well as developing countries, especially in highly 
populated countries such as India, China, Bangladesh, Indonesia, and Pakistan. 
Lakes as well as reservoirs of several industrialized countries of Europe and North 
America including the Great Lakes of USA and Canada are facing severe threats 
due to eutrophication. Several lakes of Asia (54%), Europe (53%), North America 
(48%), South America (41%), and Africa (28%) are eutrophic. As compared to 
point source pollution, management of diffuse sources is far more challenging due 
to the difficulty in controlling nutrients contributing from runoff arising from 
agricultural and urban areas. Most of the phosphorus enters to water body via 
runoff and erosion taking during winter storm events. Thus, phosphorus influx 
from diffuse sources may be of little significance in the eutrophication of rivers due 
to the fact that the timing of the transfers does not usually overlap with the period 
of maximum biological demand. On the other hand, phosphorus being a significant 
element in the process of eutrophication needs to be identified and quantified from 
various sources during periods of low flow. Symptoms of eutrophication mostly 
take place during the plant growing season, that is, spring and summer, when there 
is a low flow, high water residence times, abundant sunlight light levels, and water 
temperature is on the higher side, which cause fast algal growth. During the grow-
ing period, phosphorus originating from point discharge in rivers is a source of high 
concentrations of dissolved, bioavailable phosphorus fractions into the water body. 
According to Meybeck [67], streams and rivers around the world have nearly dou-
bled their concentration of nutrients that is, nitrogen and phosphorus, with local 
increases of about 50 times. Overall, cultural eutrophication of river ecosystems is a 
global phenomenon that has, during the past few years, gained much less attention 
than lake eutrophication. This may be partly due to the effects of increased nutrient 
concentrations in rivers that are least affected because some factors apart from the 
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nutrients limit algal growth. Although some progress has been made, still there is 
a less conceptual understanding of eutrophication in rivers and streams. Hydraulic 
flushing of nutrients, water velocity, and light limitation are indeed significant in 
regulatory algal growth interacting in several ways. Moreover, short residence time 
in rivers (<3 days) will have different effects in comparison with longer residence 
time in impounded rivers or riverine lakes (>3 days). In comparison with lakes 
(>30 days retention time) and considering some of the factors mentioned above, 
Hilton [68] devised a conceptual model of how the process of eutrophication takes 
place in rivers. Since natural streams are net heterotrophic, Dodds [69] formulated 
the trophic state of rivers into autotrophic, nutrient controlled, and heterotrophic, 
external carbon-regulated state. The autotrophic state in lotic water bodies is 
mostly dependent on phosphorus and nitrogen values. Algal biomass is positively 
correlated with gross primary production in streams and rivers. Eutrophication is a 
problem that is persistent worldwide. In Spain for example, 80% of the lakes, 70% 
of the reservoirs, and 60% of the river sites were eutrophic in the 1990s with hyper-
trophy increasing downstream [70]. There may be several deleterious effects of 
eutrophication on the environment, which have adverse consequences on the health 
of the exposed animal population apart from humans through several pathways. 
Certain health risks appear when extracted freshwater from eutrophic water bodies 
is supplied for drinking purposes. A severe impact can also occur during animal 
watering from eutrophic waters.

5.4 Symptoms and effects of eutrophication

The following are the symptoms of eutrophication:

1. Release of limiting nutrients such as phosphorus and nitrogen into the  
water body.

2. Degradation of water quality such as the appearance of red tides or excessive 
foam over the surface of the water.

3. Increase in the productivity of the ecosystem along with biomass of  
phytoplankton, macrophytes, and harmful algal blooms.

4. Reduction in the water clarity and sediments are visible from a depth of few 
feet. Due to the greenish color of water, turbidity, and high levels of planktonic 
algae, the clarity of the water is drastically reduced.

5. Oxygen depletion due to increased production of organic matter and  
formation and release of hydrogen sulfide.

6. Shifts in the composition of species, for example, increased concentration of 
nitrogen causes new and more competitive forms to invade and compete with 
original ones.

The following are the effects of eutrophication:

1. Microcystins are certain toxins produced by various genera of cyanobacteria, 
the predominant one being Microcystis sp. These toxins are highly water-stable 
and resistant to boiling, and thus pose a threat to water and food quality if 
not properly monitored. Exposure to microcystins represents a health risk to 
aquatic organisms, wildlife, domestic animals, and humans upon drinking or 
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ingesting cyanobacteria in the water. These substances can enter the food chain 
and cause mortality in an animal apart from other health effects in humans.

2. If the water body affected by eutrophication is used for supplying drinking 
water to a community, it can cause an increase in the cost of treatment due to 
prevailing taste and odor problems. Raw water is a source of algae and several 
other aquatic plants, which also increases the treatment cost, while the qual-
ity of water supply may decrease. Planktonic algae when present can shorten 
filter runs.

3. Certain algae have been found to release organic compounds that are supposed 
to cause tastes and odors problems besides which they also produce trihalo-
methanes (THMs) and halo acetic acid (HAA) precursors which are consid-
ered as human carcinogens. These compounds react with chlorine, which is 
used during the disinfection process in wastewater treatment plants and is 
released with the treated effluent.

4. As the algae die, they become a source of food for the bacterial population, 
which consumes oxygen during the process. This may cause hypoxia, espe-
cially during the night due to which animals especially fish may suffocate 
resulting in fish kills. Mass deaths are also due to the release of hydrogen 
sulfide.

5. Aquatic weeds have been often found to block irrigation canals and other water 
supplies.

6. Excessive growth of macrophytes and algae can impair recreational purposes 
of water such as swimming, boating, and fishing. Odor problems can arise due 
to water weeds, dead decaying algae as well as algal scum.

7. Economic loss is also suffered due to change in the composition of species, fish 
kills, loss of recreational value, and reduction in tourism activities.

6. Conclusion

There has been a continuous increase in the sewage generation throughout the 
world from domestic, industrial as well as agricultural sources. This has put a seri-
ous threat on the freshwater ecosystems as a significant part of them goes untreated 
into freshwater ecosystems. Due to the presence of a wide variety of contaminants 
such as suspended solids, pharmaceuticals, heavy metals, sewage disposal has 
affected several aspects of flora and fauna. It has taken a heavy toll on aquatic life 
causing several undesirable changes in their structure and composition. Sewage dis-
posal is regarded as a primary culprit in the deterioration of the health of freshwater 
bodies around the world. It is responsible for the process of eutrophication, which 
has several negative repercussions on the water bodies including harmful algal 
blooms, the decline in water quality, loss of economic as well as the esthetic value of 
the water body.
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Abstract

Industries play a major role in the development of countries′ economy. However, 
they are known as the biggest source of water pollution in the whole world. In fact, 
several industries use a huge amount of water in their manufacturing operations, and 
then, they reject a large volume of wastewaters such as tanneries, brassware, olive 
mills … etc. The sewage of these industries may contain organic/inorganic matters 
or toxic components that harm human health and the environment. Therefore, 
the treatment of these effluents is necessary. For that, there are many treatment 
processes, including biological and physicochemical processes or both. The choice 
of adequate process is depending on many reasons, especially on the biodegrad-
ability degree of each effluent, as well as the presence of recalcitrant pollutants. 
Nevertheless, biological technologies, particularly bioremediation, are recently 
an emerging technology for the elimination of recalcitrant pollutants like heavy 
metals. Furthermore, these biotechnologies are simple, efficient, eco-friendly and 
inexpensive. Therefore, this environmental biotechnology may be a new approach 
for the treatment of industrial sewage, so, it can successfully replace physicochemical 
technologies that are very expensive.

Keywords: Industries, sewage, biological technologies, physicochemical processes

1. Introduction

Water is so essential in our daily life. However, water resources and their quality 
are progressively decreasing because of human activities, and then several countries 
are threatened by water scarcity, including Morocco. So, the rational manage-
ment of these water resources is a big challenge in the whole world. Nowadays, the 
treatment and reuse of wastewater are known as the best solutions to deal with 
this lack of water. The constraint of this issue is pollution, especially industrial 
pollution, because industries generate high toxic substances, which may reduce 
the performance of the treatment [1]. For example in Morocco, the large hydraulic 
basin ‘Sebou’ receives more than 40% of pollution from industries of Fez city such 
as tanneries, textiles, brassware, olive mill … etc.
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Industries release organic and inorganic pollutants namely heavy metals, dyes, 
polyphenols … etc. Heavy metals are toxic, in which their toxicity depends on sev-
eral factors, particularly the metal dose and the time exposition. Arsenic, cadmium, 
chromium, lead, and mercury, have ranked as carcinogenic metals, because they 
may damage multiple organs even at lower exposure doses [2]. Likewise, textile 
dyes are highly toxic and potentially carcinogenic [3]. Thus, they can lead to various 
animal and human diseases, as well as the environmental degradation. Therefore, 
recalcitrant substances harm the environment and human health, and then their 
removal from wastewaters is mandatory.

The literature has shown several physicochemical and biological processes for the 
treatment of industrial sewage. Among physicochemical processes, there is coagula-
tion [4], electrocoagulation [5], forward osmosis [6], chemical precipitation [7], 
adsorption [8], and oxidation [9]. As for biological systems, there are many technolo-
gies such as sequencing batch reactor [10], bioaugmentation [11], biosorption [12], 
membrane bioreactor [13], anaerobic digestion [14]… etc. In fact, each process has its 
advantages and disadvantages; hence the process performance is highly dependent on 
the nature of the effluent and the flow to be treated. For example, physical–chemical 
treatments are known for their high performance, but they are very expensive and 
can generate another serious pollution. Biological treatments are also efficient and 
ecological, but the presence of recalcitrant substances in huge amount can decrease 
their efficient. So, the issue is complex, because it is necessary to find a treatment 
process that will be eco-friendly, efficient, and economical at the same time.

Taking into account the above, this chapter focuses on various physicochemi-
cal and biological processes for the treatment of industrial sewage. Moreover, this 
chapter will show the effectiveness of biological technologies for the removal of 
toxic substances.

2. Treatment of industrial wastewaters

The treatment of industrial effluents is essential before their discharge into the 
natural environment. Several physicochemical and biological treatments of these 
effluents have been studied in the literature. These techniques have been considered 
simple, efficient, or even advanced, but each system has certain advantages over the 
other. Moreover, these treatment systems can be applied independently or combined.

2.1 Physicochemical treatments

2.1.1 Membrane filtration

2.1.1.1 Reverse osmosis

This technology is based on the use of a semi-permeable membrane, wherein 
pollutants will be captured. This treatment system is known for its high purification 
rate, and it may be used for the treatment of all industrial sewage [15]. A study has 
shown that reverse osmosis is an advanced and promising technique for industrial 
wastewaters. Despite the qualities of this treatment system, it presents certain 
disadvantages, particularly the high cost.

2.1.1.2 Membrane filtration

Currently, this technique is well developed; it is based on the physical separa-
tion of pollutants under hydraulic pressure. This treatment system is very efficient 
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for industrial sewage treatment such as pharmaceutical [16], textile [17], pulp and 
paper effluents [18]…etc. The separation is based on three principles, which are 
adsorption, electrostatic phenomenon, and sieving [19].

According to the membrane′s pore size, there are three filtration types:

• Microfiltration: it refers to remove substances with a size greater than 10 μm 
through a membrane with pores between 0.1–10 μm. It is characterized by the 
tangential passage, and it is done under low pressure gradient of 1–3 bars. This 
technique is effective for sewage purification and the elimination of microor-
ganisms, especially bacteria.

• Ultrafiltration: the pores of the membrane are between 0.001 and 0.1 μm. 
Thanks to these small pores, only water and small molecules (Ions) can pass 
through this membrane, while macromolecules such as proteins, polymers, 
bacteria, and viruses, will be retained [20].

• Nanofiltration: the pore size of the membrane is less than 1 nm. This technique 
is effective for industrial sewage treatment. It may remove heavy metals and 
ions as chromium and nickel [21]. It can also retain organic substances with a 
molecular weight fewer than 300 daltons. Nevertheless, it could not produce 
demineralized water as the reverse osmosis technique.

Otherwise, the membrane can be mineral (metallic, ceramic, etc.) or organic 
(polyamides, cellulose acetate, etc.). Its structure can be uniform (Isotropic) or 
composite (Anisotropic). Indeed, organic membranes are the most used because of 
their low cost, but mineral membranes can resist extreme conditions (Temperature, 
pH, etc.).

Consequently, membrane filtration has several qualities, namely the removal 
of micro-organisms, heavy metals, turbidity, dyes, and also odors from industrial 
sewage. Despite these advantages, the technique has also some limits such as rapid 
membrane fouling, production of high amount of sludge, high investment costs, 
and high energy consumption.

2.1.2 Coagulation-flocculation

The coagulation-flocculation process involves the use of coagulant and floccu-
lant agents that can regroup the pollutants together as heavy flocs. These flocs will 
be eliminated by precipitation or filtration. These agents may be iron or aluminum 
chemicals. According to Junio et al. [4], coagulation-flocculation is a simple, fast, 
and effective technique for removing pollutants from industrial wastewaters. In 
this study, ferric chloride was used as a coagulant agent for the treatment of tannery 
sewage, wherein the abatement rates of COD and suspended solids were above 
80%. Nevertheless, this technique has several disadvantages, namely the produc-
tion of high sludge and the increase of acidity and conductivity within the treated 
effluent. On the other hand, the use of bio-coagulants and bio-flocculants is a new 
approach of this technique in order to reduce the massive use of chemicals and their 
harmful effects. According to previous study, cactus juice can be used as a bio-floc-
culant to reduce chromium, in which chromium VI removal was around 98% [22].

2.1.3 Electrocoagulation

Electrocoagulation has considered as a new alternative of chemical coagulation, 
and it is a promising process for the treatment of industrial sewage [23]. This technique 
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is based on the principle of soluble anodes, and it induces the electrochemical separa-
tion of pollutants. These anodes are often made of aluminum or iron, from where 
metal cations (Fe3+ or Al3+) are generated by imposing an electric current between 
these anodes. These metal cations react as a coagulant to destabilize the suspended 
particles, and then, the formation of flocs that will subsequently precipitate. Indeed, 
this technique has several advantages, but the production of sludge in high amount and 
the consumption of high energy are its main disadvantages.

2.1.4 Oxidation

Oxidation is based on electrochemical reactions between the oxidizing agent 
and the pollutant by changing the electrons. This technique aims to modify the 
characterization of refractory pollutants by making them insoluble to facilitate their 
elimination, or soluble but non-toxic. The most commonly used chemical oxidants 
are oxygen, hydrogen peroxide, chlorine, ozone, potassium permanganate, and 
ferric chloride. This system is known for its strong elimination of bad odors, either 
natural or produced during anaerobic conditions. In addition, the combination of 
ozone with ultraviolet rays (UV) or hydrogen peroxide produces free radicals that 
are powerful oxidants and can eliminate a large part of the COD [24]. The advan-
tages and disadvantages of this process are depending on the oxidant agent and the 
type of pollutant (Table 1).

According to the literature, several types of research have shown the efficiency 
of this process for the elimination of sulfides, of which hydrogen peroxide is the 
most used. This oxidant can eliminate 85–100% of sulfides by using 1.3 to 4.0 mg/L 
of H2O2 for 1 mg/L of sulfides [26].

In recent decades, this process has been developed using the combination of 
two powerful chemical oxidants (H2O2/Fe2+ and H2O2/O3), photo-catalysis (UV), 

Oxidant Advantages Disadvantages

Oxygen Low investment costs.
Simple process

Incomplete oxidation.
Production of colloidal sulfur and poly-sulfides.
Difficult to control and build.
Increase of the turbidity.

Chlorine Low investment costs.
Simple process

Incomplete oxidation.
Use of high dose.
Lack of security.
Increase the turbidity

Ozone Easy process
Production of high 
water quality

Expensive process
Increase the turbidity
Ozone concentration is low than 2 mg/L

Potassium
Permanganate

Easy and economical 
process

Requires the use of filters for the removal of residual
MnO2.
Increase the turbidity.
Use of a large quantity of the product.
Expensive product.

Hydrogen 
peroxide

Easy and economical 
process

Incomplete oxidation.
Increase the turbidity
Use of high amount of products.
Requires a long contact time.

Ferric chloride Economical and 
powerful oxidant

This process has not been demonstrated on a pilot scale 
for the treatment of drinking water.

Table 1. 
Advantages and disadvantages of oxidation agents [25].
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sonochemical oxidation, or electrochemical oxidation. As a result, this oxidation is 
called advanced oxidation (POA), which is considered an innovative process and 
an emerging technology for the treatment of industrial sewage. The principle of 
advanced oxidation is based on the production of hydroxyl radicals, which are very 
active and react rapidly on organic and inorganic compounds [9]. This advanced 
process has several qualities like high removal rates in a short time and minimal 
sludge production. However, it also has some disadvantages namely the high operat-
ing and investment costs, as well as the treatment efficiency depends on nature and 
pollutant concentration.

2.1.5 Adsorption

Adsorption is well known for the treatment of industrial sewage, so it is char-
acterized by its high purifying capacity [27]. This process is based on the use of a 
material that will retain pollutants. This material can be applied as a fixed bed or can 
be used in suspension with the effluent (Fluidized Bed). The adsorption material 
can be inorganic (rocks, ashes …), or organic (fruit, vegetables, wood, bacteria ….). 
Moreover, it can be used natural or activated.

The activation of a material can be carried out with a physical process 
(Pyrolysis, calcination, carbonization), a chemical process (Acids, bases), or 
the both. Physical activation involves high temperatures (800–1000°C), whereas 
chemical activation requires low temperatures. The most commonly used chemical 
agents are potassium hydroxide, sodium bicarbonate, sodium hydroxide, zinc chlo-
ride, sulfuric and phosphoric acids. However, phosphoric acid is frequently used 
comparing to other agents because of its low cost and activation temperature, as 
well as this acid can be recoverable (< 600°C) [27]. On the other hand, the activa-
tion of materials with potassium hydroxide is considered as the most effective [28]. 
In fact, chemical activation has several advantages, especially the increase in the 
specific exchange surface and the material porosity [8]. Although the activated car-
bon is a powerful adsorbent, its use is so limited due to its high cost. For that, this 
technique will be very attractive and promising if the material will be efficient and 
inexpensive at the same time. Thus, several attempts have been made to find novel 
materials such as organic waste, fly ash [29], olive pomace [30], and sawdust [31].

2.1.5.1 Adsorption types

According to the literature, the principle of adsorption is based on the binding 
forces between ions of adsorbent and adsorbate. Consequently, the involved forces 
divide adsorption into two types:

• Physical adsorption or physisorption: this type of adsorption is characterized 
by the absence of electron exchange between the adsorbent and the adsorbate. 
However, the adsorbate is retained by the adsorbent through non-specific 
physical forces of Van der Waals type, where multiple layers can be formed. 
This adsorption type requires low heat and it is reversible and non-specific.

• Chemical adsorption or chemisorptions: it is based on the exchange of elec-
trons between the adsorbent and the adsorbate. This process requires high 
energy compared to physical adsorption. This energy corresponds to the 
eternal covalent bonds between ions of the adsorbent and the adsorbate, and 
then the phenomena of ion exchange and protonation/deprotonation are the 
main mechanisms. Moreover, a single layer could be only formed through this 
adsorption type, while other layers can be retained by physisorption.
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2.1.5.2 Adsorption isotherms and kinetics

The study of isotherms is essential because it expresses the static adsorption 
capacity for an adsorbent/adsorbate couple. There are four main types of isotherms, 
which are as follows (Figure 1):

• Type a, which reveals cooperative adsorption of the adsorbate molecules.

• Type b or “Langmuir type”, which is observed in the case of progressive 
microporous adsorption.

• Type c, which is observed in the case of a strong interaction between the 
adsorbate and the surface of the solid.

• Type d or linear isotherm, which occurs when the solutes penetrate more easily 
into the solid than into the solvent [32].

On the other hand, several mathematical models describe the adsorption mecha-
nisms, where Langmuir, Freundlich, and Temkin are widely used.

• Langmuir’s model: indicates that the adsorption is monolayer and into 
homogeneous surface. It is the oldest and the most common model. A limited 
adsorption capacity (qmax) is retained by the solid.

• Freundlich model: this empirical model reveals that the material surface is 
heterogeneous.

• Temkin’s model: It takes into account adsorbant-adsorbate interactions.

Adsorption kinetics allows also a better understanding of the adsorption 
mechanism. As well, it describes the adsorption rate that leads to the control of the 
equilibrium time. The mathematical models of the adsorption kinetics are numer-
ous and they can be used for the optimization of treatment models. Among these 
models, we quote pseudo-first-order, pseudo-second-order, and Elovich.

2.2 Biological treatments

Although the COD/BOD5 ratio reveals that physicochemical treatments are 
the most suitable for inorganic industrial sewage, the literature has shown that 

Figure 1. 
Main types of adsorption isotherms according to [32].
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biological treatments are also efficient and promising for the treatment of these 
effluents. Biological treatment involves the use of non-specific microorganisms 
(Activated sludge), well-selected microorganisms (Bio-augmentation), algae, 
or plants (Phytoremediation). These microorganisms can be bacteria, yeasts, 
fungi, etc.

Biological treatment consists of the use of pollutants of industrial sewage as a 
source of nutrition and energy by these microorganisms for their growth. This type 
of treatment has several advantages comparing to physicochemical treatments. 
Among these qualities, there are:

• Easy installation and control on a large scale.

• Attractive and economical processes.

• Ecological processes.

• Very effective for the removal of biodegradable organic matter, nitrogen, and 
phosphorus in particular.

Furthermore, the presence or absence of oxygen divides these biological treatments 
into two categories, which are aerobic and anaerobic treatments.

2.2.1 Aerobic treatments

2.2.1.1 Classical process of activated sludge

The activated sludge process is the most classic and most famous process since 
the 20th century. It is based on the treatment with aerobic micro-organisms. 
These micro-organisms are generally autotrophic or heterotrophic, and they are 
composed of several groups like bacteria (Gram-positive and/or Gram-negative), 
fungi, yeasts, protozoa, and metazoa. Consequently, activated sludge is composed 
of micro-organisms plus inert, organic or mineral matters. These elements are 
grouped through mucilaginous substances. In fact, those micro-organisms degrade 
the organic matter of wastewaters into carbon dioxide, water, new cells, and other 
non-toxic by-products. The separation between the treated effluent and the acti-
vated sludge takes place in a clarifier or decanter.

Even this process is very effective in the degradation of organic sewage like 
agri-food sewage; it also has some disadvantages, particularly the bulking phenom-
enon, the presence of high amount of recalcitrant pollutants, as well as nitrogen and 
phosphorus are not reduced at the same time and in the same reactor. This requires 
the addition of another tank to remove them, and subsequently the increase of 
installation and operation costs.

2.2.1.2 Sequencing batch reactor

The Sequencing Batch Reactor (SBR) is an emerging approach that has been 
well developed recently. This technique has the same treatment principle as the 
previous process, so it is based on the treatment by activated sludge under aerobic 
conditions. However, this process differs from the other one, because all treat-
ment steps are performed in a single reactor, including nitrogen and phosphorus 
removal. In addition, the separation liquid/solid is done in the same reactor, 
where the good separation is linked to the presence of an adequate quantity of 
filamentous bacteria.
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The treatment through this system is by cycle that involves four successive 
phases, which are:

• Phase one is the supply of the reactor with the effluent to be treated.

• Phase two is the aeration or treatment phase. In this phase, the effluent is 
brought into contact with the activated sludge in the presence of oxygen. 
During this stage, the effluent will be degraded by micro-organisms.

• Phase three is the settling phase during which the treated effluent will be 
separated from the activated sludge.

• Phase four is the withdrawal phase, from which the treated effluent will be 
withdrawn and the new cycle will be started.

The performance of this system depends on many parameters such as the volu-
metric organic load, daily cycle number of the treatment, level of dissolved oxygen, 
sludge index, sludge age, and time of the settling phase. The optimization of these 
parameters leads to very high abatement rates.

The reference [33] showed that SBR is a promising technique for the treatment 
of several types of sewage such as agri-food, pharmaceutical, pulp/paper, textile, 
tannery, chemical, and petrochemical effluents, … etc.

Another study shows the efficiency of the SBR system compared to the con-
ventional activated sludge process (Table 2). So, the SBR is the most efficient due 
to very high removal rates, and also the system is capable to remove nitrogen and 
phosphorus at the same time. Thus, this system is inexpensive and useful than the 
classic process. Furthermore, aerobic denitrification was highlighted within this 
reactor [10, 35]. In recent decades, this phenomenon has been very attractive and 
advanced according to various studies. The literature showed more than 37 aerobic 
denitrifying bacteria, where Bacillus pulminus, Arthrobacter sp., and Streptomyces 
lusitanus were the latest shown [36].

Heavy metals could also be removed by this biological system. The reference [11] 
has shown that this system is capable to remove chromium from a tannery effluent 
with a removal rate of 96.1% using a low volumetric organic load. As well, [37] has 
indicated that several heavy metals (Nickel, chromium, cadmium, cobalt, zinc, 
and silver) were eliminated from brassware effluent through this system with high 
removal rates that reached more than 60%.

This system has many advantages such as low cost, short treatment time com-
pared to the classic process, high removal of organic and mineral matter, simplicity 
of the process, the possibility of spreading excess sludge, limitation of bad odors, 

Parameters Abatement rate (%)

Sequencing batch reactor Classic process of activated sludge

BOD5 89–99 85–95

Suspended solids 85–97 85–90

Total nitrogen >75 Untreated

Phosphorus 57–69 Untreated

Total coliforms 99 90–96

Table 2. 
Average abatement rates obtained by the sequential batch reactor and the conventional activated sludge  
process [34].
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etc. … Despite all these advantages, it also has some shortcomings like the bulking 
phenomenon.

2.2.1.3 Membrane bioreactor

The membrane bioreactor is a new alternative to the classic activated sludge 
process, so it is based on the same principle of activated sludge treatment. However, 
the solid/liquid separation is done through membrane column instead of clarifier. 
Consequently, this technique is the combination of an activated sludge biological 
reactor and a membrane process such as microfiltration. It is widely used for the 
treatment of industrial sewage [13]. Furthermore, the use of membrane filtration 
increases the rate of effluent purification due to its removing capacity of high con-
centrations of suspended solids, nitrogen and phosphorus, as well as bacteria and 
viruses. However, membrane cleaning or regeneration after plugging is essential, so 
it increases considerably the process cost.

2.2.1.4 Bioremediation

The presence of a high concentration of heavy metals, salts, or other toxic 
substances, reduces or prevents the treatment by the activated sludge because 
of these extreme conditions. This issue allows us to highlight biotechnological 
technique that is bioremediation. This biotechnology regroups some processes 
like bio-augmentation, biosorption and phytoremediation. These techniques use 
a powerful microorganism, consortium, or plant, which can resist these extreme 
conditions.

Bioaugmentation is based only on the use of living microorganisms, whereas 
biosorption involves living or non-living microorganisms. Moreover, biosorp-
tion is one of the various mechanisms of bioaugmentation. For biosorption, the 
microorganisms can replace the activated carbon, and then reduce process cost. 
This method depends on cell wall compositions such as polysaccharides, which 
include amino, carboxyl, phosphate, and sulfate groups. According to a previous 
study, the biosorption method was applied to remove heavy metals using natural 
microorganisms [38], or as a bio-nanocomposite material, which were synthesized 
from microorganisms [39]. Biosorption depends on some mechanisms, namely 
adsorption, ion exchange, chelation, and complexation. While bioaugmentation, 
it is based on the metabolic capabilities of microorganisms for the detoxification of 
several compounds, including recalcitrant pollutants. Therefore, microorganisms 
can resist these toxic substances of industrial sewage through some mechanisms, 
among which figure biosorption, bioaccumulation, enzymatic reduction, SOS 
response, and enzymatic DNA repair system… etc. [40]. So, these mechanisms can 
be an effective way to remove the toxicity of the industrial sewage.

Furthermore, there are three approaches of bioaugmentation depending on the 
origin of these added microorganisms:

• Autochthonous bioaugmentation: It indicates that the microorganism is iso-
lated from the same contaminated medium to be treated (native or indigenous 
microorganism).

• Allochthonous bioaugmentation: where the medium of isolation is different 
from the contaminated medium to be treated (endogenous microorganism).

• Gene bioaugmentation: this is when the inoculated microorganism is genetically 
modified to have certain functions.
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Tannery effluents are known for their high salinity, due to the high use of salts 
during the tanning process. Therefore, [41] added a consortium of halophytic 
bacteria in the sequencing batch reactor to treat this tannery sewage. Despite the 
use of a high salt concentration of 34 g/L, the treatment achieved great abatement 
rates of 95%, 93%, 96%, and 92% respectively for COD, orthophosphate ions, NTK, 
and suspended solids.

Enterobacter sp. DU17 was isolated from the tannery effluent [42]. This bacte-
rium was used to reduce hexavalent chromium. Indeed, the reduction rate of Cr(VI) 
could reach 100% when the initial chromium VI concentration is around 100 mg/L, 
and when glucose or fructose are carbon source. This high Cr(VI) reduction 
capacity by Enterobacter sp. DU17 has been justified by the presence of chromium 
reductase enzyme.

Several bacterial have shown their capacity to biosorb heavy metals such as chro-
mium. Likewise, [11] showed that Bacillus sp., Enterobactera erogenes, and Bacillus 
pumilus are also chromate bacteria.

In conclusion, this biotechnology may be the most efficient and inexpensive 
technique for the treatment of industrial sewage because it involves the use of the 
most efficient microorganisms for each pollutant type.

2.2.2 Anaerobic treatments

Anaerobic treatments are generally the same as aerobic treatments but in the 
absence of oxygen. So, they consist of the degradation of effluents by anaerobic 
microorganisms. Although these anaerobic treatments have a low removal of 
COD and BOD5, anaerobic co-digestion produces biogas from the organic matters. 
Indeed, biogas production passes through four stages under the intervention of fer-
mentative bacteria, then acidogenic bacteria, followed by acetogenic and methano-
genic bacteria [43]. The produced biogas contains a mixture of methane (50–75%), 
carbon dioxide (30–40%), and some traces of other components [43].

This anaerobic process can treat industrial sewage such as mill olive, agrifood, 
domestic, and tannery effluents [44]. According to several studies, sulfides inhibit 
the proliferation of methanogenic bacteria [45]. Nevertheless, a study has shown 
that tannery effluents can be anaerobically degraded [44]. In this study, tannery 
effluents were mixed with the plant of Phragmites karka, and then they were incu-
bated in the SBR under anaerobic conditions using different concentrations of the 
plant. This co-digestion of this mixture produced 0.26 L of methane per 1 g of COD 
eliminated (71%), where the plant percentage was about 25%. This rate of produced 
biogas decreased when the concentration of the plant increases.

In conclusion, anaerobic treatment becomes very attractive due to its production 
of renewable energy.

2.3 Coupled treatments

Although physicochemical and biological treatments are efficient, certain limits 
reduce their performance. Industrial sewage is very complex and toxic, so a physico-
chemical or even biological process is unable to eliminate the entire pollutant load, 
especially inorganic pollutants. For this reason, several researchers have combined 
two processes or more in order to increase the purification of these effluents and to 
obtain an effluent that fully meets discharge standards.

In the reference [46], they coupled the chemical process of ozone oxidation with 
the membrane bioreactor for the treatment of tannery effluents. The coupled treat-
ment of these two processes produced a small amount of sludge (0.03 Kg sludge/kg 
COD removed), which was considered to be the lowest.
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On the other hand, [47] has combined chemical coagulation using ferric chloride 
with advanced oxidation techniques (photo-oxidation, homogeneous oxidation, 
and photo-fenton) for the treatment of industrial sewage, where the coagulation 
coupled to photo-fenton is considered the best.

In another study, aluminum sulfate and ferric chloride were used to remove 
organic carbon and chromium before biological treatment of tannery effluents 
by the SBR. This study showed that aluminum sulfate is more effective than ferric 
chloride in terms of COD removal [48]. However, [36] has used ferric chloride as a 
coagulant following by the treatment through the SBR. This combined treatment 
gave 99.89%, 99.98%, and 99.99% respectively for the COD, the sulfide ions, and 
the total chromium, and then the treated effluent was well conformed to standards.

In [49], they have coupled coagulation with activated carbon adsorption to treat 
industrial effluents, where lime was used as a coagulating agent. This combined 
treatment removed 97% of suspended solids, 99% of color and turbidity, 98% of 
total phosphorus, and 99.7% of chromium.

On the other hand, [50] has studied the treatment of tannery effluents by cou-
pling 3 processes: 2 anaerobic bioreactors, followed by ozone oxidation, followed by 
biofiltration. The filtration is carried out under aeration into ceramic-lined column, 
which is inoculated with activated sludge. The optimization of this system has led to 
the production of a satisfactory rate of biogas and a good elimination of COD, total 
chromium, chromium VI, total nitrogen, and suspended solids.

3. Conclusion

The pollution generated by industries has harmful impacts on the environment 
and human health. In addition, their effluents were classified as very dangerous due 
to the presence of recalcitrant pollutants. This imposes a prior treatment of these 
effluents before their discharge into the environment. In this regards, different 
physicochemical and biological techniques for the treatment of these effluents have 
been shown in this chapter such as reverse osmosis, membrane filtration, oxidation, 
adsorption coagulation, classic activated sludge, sequencing batch reactor, mem-
brane bioreactor, bioremediation, and anaerobic processes. Indeed, each technique 
has advantages but also has certain limits. For that, the choice of a treatment system 
is linked to numerous criteria namely the nature of the effluent, the presence of 
toxic substances, the operating and investigation costs and the possibility of its 
application at a large scale. Generally, although physicochemical techniques are 
very efficient and well adapt with industrial sewage, they are expensive and could 
generate other pollutants. Otherwise, the presence of huge amount of recalcitrant 
pollutants is the main limit of biological but they are also more efficient, simple, 
eco-friendly and especially inexpensive.

Based on this study, we considered further investigating the treatment of indus-
trial sewage through biological processes, bioremediation techniques in particular, 
because they are promising, attractive and emerging technologies.
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