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Foreword by the Exercising the Function 
of the Vice-Chancellor, Universiti Sains Malaysia 
(USM) 

Worldwide there is increasing awareness of the global challenges that face us all— 
ranging from preventing conflict, to feeding an expanding population, to helping 
the poor, to fostering health, and protecting the environment in particular global 
warming and ecosystem degradation. These challenges are at the heart of sustainable 
development—meeting the needs of the present without compromising the ability 
of future generations to meet their own needs. With the full realization that environ-
mental problems are closely linked to economic and socio-cultural problems, a great 
change is required in the stewardship of the earth and the life on it to move away 
from paradigms that rely exclusively on concepts of continuous economic growth, 
corporate profit, and consumer avarice. We must redirect our intellectual enterprise 
to develop the capacity to understand, anticipate, and act on the basis of global 
challenges. 

Convinced that building capacity for making decisions that consider the long-term 
future of the economy, ecology, and equity is a key task of education Universiti Sains 
Malaysia (USM) has embraced the vision of becoming a sustainability-led university 
of world-class standing as part of its APEX initiative. While the APEX award is a 
fitting recognition for the university’swide-ranging and remarkable accomplishments 
of the past, it is also a call to excel in addressing the sustainability challenges of the 
future. To achieve the broad APEX vision, USM has embarked on a range of missions 
which through their specific objectives and activities are expected to contribute to 
the achievement of the overall sustainability vision 

“Microbial Fuel Cell (MFC) Applications for Sludge Valorization” is a book 
that gathers all the experts in renewable energy research from diverse biomass which 
would benefit all the readers who are eager to know more about MFC technology 
capability. USM is aware that MFC technology has attracted so many potential collab-
orators as the technology has gained numerous awards at an international exhibition 
and was awarded a research grant from the Ministry of Higher Education (MOHE) 
and the Ministry of Science, Technology and Innovation (MOSTI). It is such a great 
accomplishment for the team to publish the book under the prestigious publisher 
of Springer Nature’s Books. This book also presents the visibility of networking 
between USM represented by Dr. Muaz Mohd Zaini Makhtar as the main editor
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viii Foreword by the Exercising the Function of the Vice-Chancellor, …

together with Dr. Hafiza Shukor from Universiti Malaysia Perlis (UniMAP) and 
Assoc. Prof. Dr. Abu Zahrim Yaser from Universiti Malaysia Sabah (UMS) through 
the editing of the book. Publishing a research work or chapter in the book is also 
a great tool for making your research content more visible. This will increase the 
chances of your research being noticed, used, and having an impact that can increase 
your reputation and chances of success in your academic work. Congratulations 
to the APEX Young Scholars research team for the effort and I look forward to 
more book publications from USM experts that should greatly benefit many, espe-
cially lecturers, researchers, policymakers, and matters relating to environmental 
sustainability in Malaysia. 

Thank you and enjoy reading the book. 
Best wishes, 

Prof. Dato’ Gs. Dr. Narimah Samat 
Vice Chancellor 

Universiti Sains Malaysia (USM) 
Gelugor, Malaysia



Foreword by Director of Centre for Innovation 
and Consultation (CIC) Universiti Sains 
Malaysia 

The management of sludge from wastewater treatment facilities is one of the most 
critical environmental concerns in Malaysia, due to the very fast increase in sludge 
production as a result of sewerage extension, new installations, and upgrading of 
existing facilities. In Malaysia, approximately 327,479 m3 of sludge was produced 
annually and is expected to reach upto10 million cubic meters of sludge by the year 
2035. Therefore, sludge dewatering is the practice of minimizing waste by volume 
to prepare for its effective disposal. The dewatered sludge contains a significant 
amount of energy that is hidden in the form of biodegradable organic materials 
and it can be retrieved with appropriate technology. They are the most favorable 
substrate for bioconversion since they are abundant and renewable. Besides, the waste 
industries can improve their financial and environmental efficiency by utilizing the 
energy found in sludge. Instead of harming the environment, sludge can be used as 
a substrate for value addition. Indeed, it is necessary to develop a new emerging 
green technology to address this issue. Thus, this book brings together experts from 
a variety of disciplines; including pure and applied sciences, engineering, health, and 
social science to elaborate on the new emerging green technology innovation, most 
importantly on the microbial fuel cell (MFC). 

MFC works by bioremediating the sludge and recovering the energy within it. The 
information in the book offers the reader a variety of viewpoints on how MFC can be 
utilized as an advanced waste treatment technique while simultaneously producing 
energy. The book then discussed people’s perceptions in green technology and how 
that can be incorporated into school curricula through the science, technology, engi-
neering, and mathematics (STEM) syllabus. This book is also foreseen as one of 
our efforts toward achieving Sustainable Development Goals 4 (quality education), 
6 (clean water and sanitation), and 7 (affordable and clean energy). It might also 
serve as a reference guidebook for undergraduates and postgraduates pursuing study 
in wastewater treatment and biofuel engineering technologies. 

I would like to express my sincere gratitude to all the authors who have worked on 
this book. I would like to convey my heartfelt thanks to the APEX Young Scholars, 
the School of Industrial Technology, the Center for Innovation and Consultation 
(CIC), the Research Center Management Office (RCMO), USM, and the publisher
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for providing direct and indirect assistance towards the publication of this book. I 
would like to express my sincere gratitude to Dr. Muaz Mohd Zaini Makhtar, Dr. 
Hafiza Shukor, and Assoc. Prof. Abu Zahrim Yaser for their rigorous editing. Finally, 
it is hoped that this book will be useful to our readers. We would value comments 
and suggestions 

Prof. Ir. Dr. Srimala Sreekantan 
Director 

Centre for Innovation and Consultation 
(CIC) 

Universiti Sains Malaysia (USM) 
Gelugor, Malaysia



Preface 

This book focuses on the current activities and research in microbial fuel cell (MFC) 
related to the simultaneous bioremediation of sludge and energy recovery. Jiei Kobe 
et al. reported that the sludge has the potential to be converted into valuable products 
The sludge generation rate and other site-specific factors influence the sludge treat-
ment technology to be used. The findings from the chapter reveal that a variety of 
technology nowadays can be used to exploit the sludge such as into fuels (“Overview 
of Sludge in Waste Treatment Plant”). Nur Azzalia Kamaruzzaman et al. have 
provided an overview of the various effects of untreated and treated sludge on human 
health, the environment, plants, and animals. Depending on a few factors, the effects 
of sludge can be negative and positive. Plants and animals were also affected in 
terms of phytotoxicity and mortality respectively. However, it is equally important to 
note that sludge also has profound beneficial properties, as it contains high content 
of nitrogen, phosphorus, organic matter, and plant nutrients, which was the reason 
for its extensive use in agriculture (“Effects of Treated and Untreated Sludge Appli-
cations on Human Health, the Environment and Other Ecological Factors”). The 
scientists could exploit the sludge and harvest many advantages such isolated certain 
suitable microbe to be used in polluted areas for the bioremediation method. The 
usage of microbiological approach is a greener method for solving environmental 
pollution. Muhammad Najib Ikmal Mohd Sabri et al. has extended the adoption of 
environmentally friendly technology not limited to the bioremediation process, the 
fundamental knowledge of microbe presence allows the scientist to purify useful 
chemical compound which could be obtained via the implementation of certain 
species isolated from the sludge (“An Insight of Component and Typical Mecha-
nism of Sludge Degrader Microbes in Dewatered Sludge”). A potential technology 
of sustainable and renewable energy that can be exploited is the MFC technology. 
While MFC promises a clean, zero-emission energy technology for a sustainable 
source of energy, it is constrained by costs, durability, complexity as well as opera-
tional safety. Despite these limitations, MFC technology is gaining traction globally 
as one of the most sustainable ways to treat wastewater, an alternative source of 
renewable energy, and by extension, reduce carbon intensity. Nevertheless, there 
is a need to understand public attitudes towards global issues and multiple energy
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xii Preface

technologies. Indeed, public acceptance is necessary for the successful implemen-
tation of an energy transition towards renewable energy sources, and this is further 
discussed by Aziatul Waznah Ghazali’s research team (“Microbial Fuel Cells (MFC) 
as an Alternative Energy Source: The Perceptions and Attitudes Towards Sustain-
able and Renewable Energy in Malaysia”). “Application of Microbial Fuel Cell 
for Bioremediation of Sewage Sludge” authored by Farhan et al., summarized that 
MFC technology high energy content of sewage sludge waiting to be tapped, applica-
tion of sewage sludge represents an emerging source of renewable energy, of which 
MFCs are primed to take advantage of given their numerous advantageous over 
other alternative approaches. “Microbial Fuel Cell Technology as Advanced Sewage 
Sludge Treatment” written by Muhammad Najib Ikmal Mohd Sabri et al. addresses 
the advantages of MFC as an advantage technology that has the ability to further 
treatment of sludge helped by electrogenic bacteria (EB) in transferring the elec-
tron to complete the redox potential thus created a high voltage for energy recovery. 
The research team led by Amira Suriaty Yaakop described the detail of EB with 
their role in bioremediate the sludge. The team also elaborates on the importance 
to have heterogenous EB hence fastening the bioremediation and energy (“Utiliza-
tion of Electrogenic Bacteria Consortium for Sewage Sludge Treatment via Organic 
Compound Degradation”). 

Mohamad Farhan Mohamad Sobri et al. explained the application of sludge in 
MFC has extended several purposes ranging from simple mixed culture inoculum 
towards studies on the degree of bioremediation and enhancement of MFC compo-
nents. To each aim, EIS represents a value-added approach for elucidation of the 
numerous internal resistances at play and the resultant effect each experiment has 
on the resistance components within. Such an approach offers a promising outlook 
for further understanding and enhancement of sludge-based MFC in the years to 
come (“Assessment of Sludge-Based Microbial Fuel Cell Performance via Electro-
chemical Impedance Spectroscopy”). Mohamad Danial Shafiq et al. described the 
Colloidal behaviour of sludge particles as a pivot key in the selection and determi-
nation of the biomass purification and recovery processes. The underlying origin of 
sludge colloidal stabilization can be described by the classical DLVO theory, and 
is largely dependent on the physical properties of the water bodies, key chemical 
components, and origin of the sludge particles. A proper understanding of sludge 
colloidal behaviour is vital to ensure that abundant biomass can be fully utilized 
for a more sustainable and healthy future (“Sewage Sludge Particle Surface Inter-
actions: Technology and Purification Approaches”). Ana Masara Ahmad Mokhtar 
et al. described the fundamentals of AMR and the possibility for wastewater to act 
as a carrier of AMR in the environment. Compared to other conventional wastewater 
treatment procedures, MFCs can help minimize AMR by boosting antibiotic removal 
rates. Nonetheless, it is vital to improve the current design of MFCs and comprehend 
their operation, and doing so will reduce AMR transmission in the environment 
(“Antimicrobial-Resistant Microorganisms and the Possibility of Using Microbial 
Fuel Cell Technology to Reduce Their Transmission in the Environment”). Soliha 
Sanusi et al. have provided the economic perspective where it has been noted that 
MFCs are accepted for their benefits to replace the conventional electrical supply.
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Still, the capital and operational cost is haunting it to spread the application in many 
industries. However, the market of MFCs as large as billions of monies were spent 
on catering to the water sludge. MFCs are widely accepted in many countries that 
plan to replace their scarce natural energy supply with other substitutions (“Micro-
bial Fuel Cell (MFC) Innovation in Wastewater Treatment Plant: From Economic 
Perspective”). 

Nor Asniza Ishak et al. detailed up from the educational perspective of green 
technology’s curriculum syllabus. The chapter emphasizes the importance of making 
environmental education (EE) well accepted among young generations as informal 
learning and close to nature and including helping change attitudes and mind-
sets of human resources, particularly among young generations (“The Environ-
mental Education Element of Secondary School Science Curriculum in Malaysia: 
Enhancing Students Awareness in Microbial Fuel Cell (MFC) as Green Tech-
nology in Treating Dewatered Sludge”). The book ended with “Potential Biodegrad-
able Product from Dewatered Sludge” by highlighting the clear path to improve 
the sustainability of the bioplastics market through the utilization of compounds 
extracted from dewatered sludge. The chapter presents the potential of many different 
types of sludge that can offer a promising nutrient that would reduce pollution, 
decrease oil consumption, improve environmental impact, and in some cases even 
improve bioplastic performance. Overall, the book comprehensively elaborates on 
the importance of valorization of sludge via MFC, therefore accomplishing the goals 
listed in Malaysia’s Sustainable Development Goals. 

Penang, Malaysia 
Arau, Malaysia 
Kota Kinabalu, Malaysia 

Muaz Mohd Zaini Makhtar 
Hafiza Shukor 

Abu Zahrim Yaser
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organic and inorganic contaminants. The production of sewage is a result of the 
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water. The production of sewage is a result of contributions from various sources, 
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in wastewater treatment, the constituents of sludge, rules and regulations governing 
WWTPs, and current methodologies employed for handling sewage sludge. The
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chapter provides insight into the complexities of managing sewage sludge, which 
is a crucial aspect of wastewater treatment, as it poses environmental and health 
hazards. The chapter highlights the importance of effective management of sewage 
sludge, emphasizing the need for sustainable approaches that ensure safe disposal 
and minimize environmental impact. 

Keywords Sludge biosolid · Biomass conversion · Bioprocessing · Affordable 
and clean energy · Renewable energy 

1 Introduction 

1.1 Terminology 

In a wastewater treatment plant (WWTP), sludge is a common solid by-product 
composed of heavy metals, and organic and inorganic substances originating from 
municipal and industrial wastes [1]. WWTP combines various multi-processes of 
chemical, physical, and biological methods for organic waste degradation, phos-
phorus, and nitrogen removal, and mitigation of pathogen risk before being released 
to the environment [2, 3]. In general, reclaimed wastewater is clean for agricultural 
irrigation and contains a slightly higher concentration of dissolved solids than the 
source water [4]. The waste residue generated from the wastewater treatment process 
is known as sludge [2]. 

In a general sense, sludge is a watery solid yield from wastewater treatment 
that contains suspended particles of mainly organic matter. The exact composition 
of sludge is primarily dependent on the origin of the sludge, where carbon and 
other organic matters dominate the overall composition. Physical observations and 
characterizations revealed that sludge has a highly viscous and mud-like texture, 
whereas the rheological properties of sludge obey the non-newtonian behavior [5]. 
The density of activated sludge solids varies (approximately 1.02 to 1.06 g/cm3) [6] 
and is typically close to the density of water (1.0 g/cm3). Although, many works 
reported that the characteristic of sludge is complex and majorly influenced by the 
sludge composition, affecting the physico- and biochemical properties of the sludge 
[7]. Figure 1 exhibits the air-dried sludge appearance. Table 1 tabulates the main 
sludge origins, its major components, and final uses after treatment.

Apart from its origin, sludge can be also categorized by its processing stage 
during waste treatment. Primary sludge (PS) is generated via a mechanical process 
during the screening of insoluble substances such as grit, grease, and scum from 
wastewater prior to coagulation and sedimentation processes [18]. The screening 
process yields water and settleable solids of organic matter that are volatile, highly 
putrescible, and odorous [19]. Primary sludge is readily and easily to be digested 
anaerobically. Secondary sludge (SS) is treated via biological means and is sometimes 
referred to as activated sludge (AS). The organic matter in secondary sludge is fed
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Fig. 1 Air-dried sludge. 
Reprinted with permission 
from [8] (Permission: 
CC-BY) 

Table 1 Major types of sludge based on their origin 

Main sludge origins Major composition End uses 

Sewage sludge (SS) from 
municipalities, residential, 
industrials, and street runoffs 
WWTP and industrial wastewater 
sludge from manufacturing and 
production industries 

Heavy metals [9, 10], 
pathogens, Nitrogen, 
Phosphate [11] 

Agricultural fertilizer [12] 

Drinking water treatment sludge 
(DWTS) 

Fine sand, Alumina, 
Silica, Ferric Oxide, and 
Lime [13] 

Landfill disposal [14] 

Fecal sludge from septic tanks Ash, Carbon, Nitrogen, 
Hydrogen [15] 

Soil conditioner, and renewable 
energy production [16, 17]

to microorganisms and used as a nutrient substrate for microbial cultivation under 
aerobic conditions [20]. During this process, the fed microorganisms grow upon the 
oxidizable materials in wastewater and produce suspended flocs [21]. Treated and 
dried sludge is widely used as agricultural fertilizers or is disposed of in landfills 
[22]. 

Figure 2 shows the typical flowchart of wastewater and sludge treatment processes 
[23]. The production of primary sludge is owing to mechanical treatment and separa-
tion processes, where secondary sludge is produced via a biological treatment. Sludge 
treatment is an essential procedure to ensure the safe use of reclaimed sludge. The 
chosen method of sludge treatment is controlled by the technology availability, cost 
efficiency, and final uses of the treated sludge [24] (Table 2).

Factually, sludge is a mixture of concentrated solids and liquid, where the disposal 
of these concentrated solids is essential from the wastewater treatment plant. The 
biosolid-liquid separation process is a vital procedure in wastewater treatment plants 
to remove suspended solids of high amounts of COD, nitrogen, phosphorus, and 
organic and inorganic substituents in a high volume of water body [28]. The disposed
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Fig. 2 Typical flowchart of wastewater and sludge treatment. Reprinted with permission from [23] 
(Permission: CC-BY) 

Table 2 Differences between primary and secondary sludges 

Primary sludge Secondary sludge 

Content High carbon-to-nitrogen ratio [25] 
Two predominant types of organic 
compounds are protein and 
carbohydrate [26] 

Complex activated floc structure [18] 

Drawbacks Large particle sizes, thus biological 
degradation can be a challenge, and 
pretreatment is needed [27] 

Aeration is required for the formation of 
activated sludge

of sludges are commonly dewatered or thickened to increase the solid content ulti-
mately reducing hassles during transportation and disposal. During the sludge thick-
ening procedure, the presence of bound water exists, but it is minimized, and the 
sludge is still behaving like liquid [29]. The thickening process employs the gravita-
tional method, where the disparity between solid and liquid densities is conceptual-
ized to achieve solid compaction [29, 30]. This sludge treatment is also commonly 
referred to as the gravity-thickening process [31]. The thickening process of sludge 
also can be achieved by the centrifugal method. This method is performed using a 
high-speed rotating cylindrical vessel that migrates the solid particles to the vessel’s 
wall controlled by centrifugal force [32]. Another method that is commonly used to 
thicken activated sludges is air flotation. This method floats sludge particles by air 
under pressure or vacuum, thus separating the solid content from the bound liquid 
[33]. 

Meanwhile, sludge dewatering is a process of eliminating water from the sludge 
without evaporation and the yield of this process is often referred to as dewatered 
sludge (DS). The filtration process is aided by chemical conditioning to produce 
flocs before the dewatering process [34]. The common conditioners used are synthetic 
organic polymers and metal ions. The underlying concept of the conditioning process 
is based on the coagulation of colloidal particles in water [35]. Thermal conditioning



Overview of Sludge in Waste Treatment Plant 5

such as direct heating and wet air oxidation can also be utilized before the dewatering 
process, while the freezing/thawing method can be efficient in cold climates [34]. 

2 Impact of Global Wastewater Regulations 
on Environment and Health 

Regulations and policies on wastewater treatment are essential and ubiquitous across 
the globe, especially in urbanized areas. The regulations set by lawmakers are targeted 
to address and mitigate environmental and health concerns arising from the detri-
mental effects caused by untreated wastewater. Saimy and Yusof (2013) compiled the 
statistic outlined by the Food and Agricultural Organization (FAO) that revealed the 
dominancy of daily water usage is for agricultural uses (62%), followed by industrial 
and domestic uses at 21% and 17% respectively [3]. United Nations disclosed that 
80% of wastewater goes back to ecosystems without treatment. Population growth 
and rapid global urbanization intensify the need for efficient wastewater treatment 
with minimal downsides for holistic water supply and distribution. 

As the world is moving towards the circular economy, wastewater management 
and operations are also directing activities towards sustaining the environment and 
health. The wastewater discharges to surface waters and municipal sewage plants 
are mandated to obey the Effluent Guidelines as outlined by the United States Envi-
ronmental Protection Agency (EPA). The water quality guidelines concerning health 
standards are also outlined by the World Health Organization (WHO). These stan-
dards are vital points for policies implemented to govern, reduce, and prevent inputs 
of hazardous and risky substances and pollutants penetrating aquatic ecosystems 
[36]. 

Table 3 tabulates general impacts and targeted impacts of wastewater regula-
tions in some countries. The specific regulations are tailored based on the origin 
of the water and the end uses of the discharged, treated, or reclaimed water. Water 
quality criteria (WQC) is designed based on scientific research data predominantly 
for water and wastewater management for the benefit of health and the environmental 
[38]. However, most countries outlined proper WQC where several main factors are 
taken into consideration such as the number of chemicals and pollutants that can 
cause a toxicological effect on the water. Although, the development of WQC and 
regulations is essential to cater to current trends of emerging and new pollutants 
such as microplastic and microfiber particles. Figure 3 illustrates the economic and 
environmental assessment of four approaches in outlining guidelines for discharged 
wastewater quality. The approaches are [37]:

A. Allowed concentrations of pollutants in wastewater, and the efficiency reduction 
rates achieved at national, regional, and local demographics 

B. Uniform quality standards for reclaimed wastewater throughout the countries 
C. Receiver’s water quality that takes account of environmental standards that must 

not be jeopardized due to the discharge of treated wastewater



6 J. Kobe et al.

Table 3 General targeted impacts and impacts of wastewater regulations in some countries 

Wastewater regulations Country/region (references) Targeted impacts/impacts 

Urban Wastewater Treatment 
Directive 

European Union 
(EU)(European 
Commission) 

• Improvement of water quality 
from the reduction of organic 
matter and various pollutants 
in treated wastewater 

• The directive needs to address 
new concerns of 
pharmaceutical and 
microplastic pollutants in the 
wastewater system 

Effluent Water Quality 
Standards for Sewage System 

Japan (Water Environment 
Partnership in Asia) 

• Specific pH, biological oxygen 
demands, iodine consumption 
and, cyanide amount based on 
facilities scale 

Environmental Protection Act Australia (Department of 
Environment and Science) 

• Minimization of contaminants 
strength 

• Minimization of water used 

Environmental Quality 
Act-Industrial Effluent 

Malaysia (Department of 
Environment) 

• Industrial and mixed effluent 
at specific minimum 
concentration parameters and 
substances such as heavy 
metals, free chlorine, sulfide, 
oil, and grease 

Municipal wastewater Switzerland [37] • Minimum amount of 
biological and chemical 
oxygen demands, total 
suspended solids, and three 
nutrients; ammonium, nitrates, 
and orthophosphates 

Fig. 3 Economic and 
environmental assessments 
of current methodological 
approaches to designing 
quality requirements of 
discharged wastewater 
Reprinted with permission 
from [37] (Permission: 
CC-BY)
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D. Technological standards suggest the use of technological procedures without 
allocating the permissible values of pollutants in reclaimed wastewater 

3 Health and Environmental Concern in Sludge 
Management 

Despite the nutrient-enriched (N and P) sludge and their amenability for different 
applications, they are seen generally as deposits of organic contaminants and heavy 
metals. Public concerns of sludge application exist for these potentially toxic 
elements or organic compounds’ long-term effects. The risk of sludge application 
to individuals and the environment is also small if appropriately handled under 
European Union directives’ strict measures and rules. However, when unauthorized 
vegetable cultivation occurs on soils containing sewage sludge or irrigated with 
sewage sludge admixtures, excessive accumulation of heavy metals in agricultural 
soils can lead to increased heavy metal uptake by crops, affecting food quality and 
humans. Sewage sludge components indicated a high carcinogenic risk for humans 
according to RISK value. 

World health organization issues specific guidelines that state direct or indirect 
contact to wastewater and sludge results in microbial and chemical contaminants 
which frequently cause negative health outcomes. Various pathogenic bacterial and 
viral strains can cause health problems such as diarrhea, respiratory infections, and 
skin infections. Human pathogenic bacteria discharged in the fecal matter are gener-
ally found in biosolids. Salmonella spp., Listeria spp., Escherichia coli (enterotox-
igenic and enteropathogenic varieties), Campylobacter spp., Clostridium spp., and 
Yersinia spp. are among the intestinal pathogenic bacteria detected in biosolids. A 
high percentage of these bacteria are both human pathogenic and zoonotic, which 
implies they may infect both humans and animals. Furthermore, these creatures have 
a strong ability to adapt to changes in their environment throughout time. 

In developing countries, reusing wastewater for agricultural use is a widely used 
practice. Although this technique may help farmers maintain their livelihoods, there 
are health problems linked with the treatment and reuse of wastewater and sludge. 
There is a risk of eating vegetables grown on these plots that the vegetables appear to 
be healthy and growing well despite heavy metals accumulations in these vegetables 
that far exceed the maximum amounts considered safe for human consumption. 

In general, excessive nitrogen compounds applied to land can have an adverse 
effect on aquatic systems, causing eutrophication and the death of aquatic vegetation 
and wildlife. Algal blooms are a symptom of eutrophication, as are clogged water 
treatment process filters, a foul odour and taste to drinking water, animal and human 
health issues, and ecological and economic obstacles. 

The risk of chemicals in sewage sludge being applied to land was investigated by 
a Working Group created by the World Health Organization’s Regional Office for 
Europe. Due to bioaccumulation from the soil by food plants, cadmium appears to be 
the most significant pollutant. If sludge applications lie between the nitrogen needs
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of the crops, other metals in sludge are insufficient to cause health issues. Sewage 
sludge exhibited significant amounts of Zn, Cu, and Cr, according to the data [14]. 

According to the mean pollution index, Cu, Zn, As, and Cr in sewage sludge 
were all linked to probable ecological issues (PI). Ibuprofen, 17-ethinylestradiol, 
and 17-estradiol in sewage sludge pose a significant ecotoxicological risk to aquatic 
and terrestrial ecosystems, according to an environmental risk assessment. After the 
disposal of wastewater in the sludge disposal onto soils, a significant decrease of 
the ecotoxicological risk occurs. Current concern about the environmental impact 
of releasing sewage sludge on agricultural land has focused attention on the broad 
range of organic pollutants that can enter sewage treatment operations and end up in 
biosolids for disposal. Organic pollutants have the potential to harm the soil, crop, 
and animal systems in areas where biosolids are applied to the ground. However, 
because of the low amounts present and the numerous transformations (particularly 
biodegradation) that may occur in soils, the relative danger of organic compounds in 
biosolids is typically regarded to be minimal. 

4 Sludge Constituents 

Most of the sludges are the by-products of municipal wastewater treatments. The 
sludge content is approximately 50% organic and 50% inorganic material such as 
silica. In general, the physicochemical characteristics of the biosolids contain 20% 
content of fat, 50 carbohydrate content (sugar, starch, and fiber), 30 to 40% content 
of organic matter, 3% total nitrogen, 1.5% total phosphorus, 0.7% total potassium 
content, 10 to 20% C/N ratio, high levels of heavy metal ions: Cu, Zn. The heat 
value (Ho) of the dry sludge is about 12.000 kJ/kg. However, sludge generally varies 
in characteristics and contains organic and inorganic chemicals, toxic metals, and 
pathogens and depends on treatment technology and retention time in wastewater 
facilities. 

5 Physical Characteristic 

The important physical properties of sludges are floc size, density, fractal dimension, 
specific gravity (1.0 equal to water), solids fraction as the relative fraction of solids, 
sludge volume index (SVI), water in the slurry [19, 21]. After the process of mechan-
ical dewatering, sludges are masses showing a lumpy structure and a bulk density 
in the range of 650–800 kg m−3. The dry solid fraction of biosolids ranges between 
2 and 12% by weight and is one of the crucial parameters when considering waste-
to-energy management. The fractal dimension, flocs size, and filament index are the 
main parameters related to Zone settling velocity (ZSV) and the sludge volume index 
(SVI) is determined by the parameters (fractional dimension, flocs size, and filament
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index). The sludge characteristics of SVI and ZSV largely depend on the filament 
index of sludge flocs and the fractal dimension. 

6 Chemical Characteristic 

Chemical parameters are associated with the existence of nutrients and toxic 
compounds Table shows a typical chemical composition of untreated and digested 
sludge. The total solid content of sewage sludge contains dissolved and suspended 
solids. The organic chemicals in sludge volatile solids (VSs) are reduced during the 
sludge being heated to 550 °C (1,022°F) during oxidation. Pathogen concentration 
and its control are the main reasons to adjust pH in sewage sludge. Sludge with low 
pH (<pH 6.5) increases the leaching of heavy metals and that with high pH (>pH 
11) kills many bacteria. Sludge application rates depend on nutrient concentrations. 
Excessed levels of nutrients from high sludge application rates potentially lead to 
environmental pollution of groundwater and surface water, which should be avoided. 
Amounts of metals in sludge may change due to the different sources of sludge and 
some metals may be toxic to humans, animals, and plants at high levels [23]. 

7 Inorganic Nonmetallic Constituents 

Sludge’s inorganic contents, as assessed by ash content, typically range from 30 to 
60%. Local soil and sediment materials, stormwater drains, inorganic residues in 
human feces (e.g., relatively high levels of SiO2 seen in foods originating from plant 
material; 1–4%), cosmetics, and other products washed down residential drains are 
the main inorganic components of sludges. The bulk of essential macronutrients, such 
as nitrogen and phosphorus, were found to be present in their organic and inorganic 
forms, respectively. Organic and inorganic C, organic N, and inorganic Ca, P, and 
Mg fractions were consistent during the whole study period. However, Inorganic N, 
organic P, K, and the other metals showed fluctuation in concentration. The biggest 
differences for trace elements were Cd, Zn, Cu, Ni, and Pb. The bulk of odorants 
in sludge were volatile sulfur compounds, and these odor emissions from biosolids 
hinder their beneficial reuse through land application. Table 4 shows a comparison 
of the physiochemical properties of biosolids in different countries.

8 Metallic Constituents 

Heavy metal is a term commonly used for a group name of metals and semimetals 
and is usually defined as having an atomic number greater than 20 or 21 that is 
associated with contamination and potential toxicity to animals or plants. Common
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Table 4 A comparison of the physicochemical properties of biosolids of different countries [1] 

Properties India China Australia Spain 

pH 6.16–7.5 6.86–8.73 4.4–8.3 7.1–8.1 

EC(ms cm−1) 2.28–2.7 0.667–5.01 1.6–7.9 1.2–3.9 

Org.C (%) 5.52–12.6 – – – 

TotalN (%) 1.6–1.73 2.23–6.50 0.60–2.5 3–4.1 

TotalP (%) 0.49–1.3 1.06–2.18 0.28–0.83 2–3.6 

Av.P (mg kg−1) 132–716.7 – – 13,900 

TotalK (%) 0.8–1.26 0.46–0.62 0.18–0.45 0.24–0.47 

Ex.K (mg kg−1) 208.9 593 – – 

Ex.Na (mg kg−1) 483 – – – 

Ex.Ca (mg kg−1) 154.1 – – – 

Total metals 

Fe (mg kg−1) 6059–14,390 0.46–2.40 13,824–18,026 31,200 

Ni (mg kg−1) 47.17–60 52.5–202 166 <25–71 

Mn (mg kg−1) 186.2–260 0.35–537 173 165–233 

Zn (mg kg−1) 161–2050 0.21–1350 210–3060 560–1100 

Pb (mg kg−1) 28.5–240 49.1–186 323 43–219 

Cr (mg kg−1) 35.5–60 52.8–288 308 1–210 

Cd (mgkg−1) 32.3–154.5 2.23–7.61 0.70–13.6 <0.2–3 

Cu (mgkg−1) 186–330 0.27–975 92–1996 149–230

elements of heavy metals are Cu, Zn, Co, Ni, Pb, Hg, Cd, Cr, Se, and As. The main 
contaminants in biosolids are heavy metals. Industrial wastewater is often the major 
source of these contaminants. Wastewater from surface treatment processes (e.g., 
electroplating, galvanizing) is a potential source of metals like Cu, Zn, Ni, and Cr 
while industrial products may be disposed of as wastes at the end of their life. The 
main urban inputs are drainage waters, business effluents (e.g., car washes, dental 
uses, and other enterprises), and traffic-related emissions brake linings, tires, asphalt 
wear, vehicle exhausts, petrol/oil leakage, etc.) that are carried with stormwater into 
the sewage system. The analysis on sludge showed that metals concentrations in 
biosolids Mn>Zn>Ba>Cu>B>V>Cr>Ni>Pb>As>Co>Mo>Hg>Cd (Table 5).

9 Aggregate Organic Constituents 

About 50% of biosolid’s components are organic material and the other 50% are 
inorganic material. The organic percentage of sludge contains fats, proteins, carbo-
hydrates, lignin, amino acids, sugar, celluloses, humic materials, and fatty acids. The 
organic matter content of secondary sludge (62–82%) is usually more than that of
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Table 5 Metal concentration 
in common wastewaters 
(mg/L) [2] 

Name Symbol Municipal treatment plant 

Aluminum Al 

Antimony Sb 

Arsenic As 0–0.0019 

Barium Ba 

Bismuth Bi 

Cadmium Cd 0–0.0033 

Calcium Ca 

Chromium Cr 0.04–0.56 

Cobalt Co 

Copper Cu 0.079–0.58 

Gold Au 

Iron Fe 0.48–3.9 

Lead Pb 0–0.039 

Magnesium Mg 

Manganese Mn 0.067–1.16 

Mercury Hg 0–0.0002 

Molybdenum Mo 

Nickel Ni 0.0067–0.77 

Potassium K 

Silver Ag 0–0.0014 

Sodium Na 

Strontium Sr 

Tin Sn 0–0.028 

Vanadium V 

Zinc Zn 0.26–0.75

primary sludge (47–70%) because many insoluble inorganic matters are removed 
by primary sedimentation. The organic matter in sludge contains two spatially and 
chemically main components originated in plant material degraded partially and 
bacterial residues, respectively. 

The exponential development of synthetic organic compounds for industrial use 
has resulted in an increase in the presence and concentration of organic pollutants 
in effluent sewage and sludge for the past 50 years. The occurrence and concentra-
tion of organic pollutants in biosolids are influenced by the character of wastew-
ater, numerous local point sources, the physiochemical features of certain organic 
compounds, and the functioning of wastewater treatment plants. In general, indus-
trial sewage has larger levels of organic pollutants than domestic sewage. There are



12 J. Kobe et al.

143,000 chemicals for industrial purposes registered in the European Union and 
potentially observed in sludge. Here are the ranked selected chemicals based on 
human toxicity and negative impacts on the environment and the result showed the 
ranking in decreasing order of priority as below (the highest score is 11).

• perfluorinated chemicals (10)
• polychlorinated alkanes (9), polychlorinated naphthalenes (9)
• polybrominated diphenyl ethers (7), organotins (7), triclosan (7), triclocarban (7)
• benzothiazoles (6)
• antibiotics and pharmaceuticals (5)
• synthetic musks (3)
• bisphenol A (2), quaternary ammonium compounds (2), steroids (2)
• phthalate acid esters (1), polydimethylsiloxanes (1) 

The analysis of organic pollutants in sludge reveals several difficulties because 
extraction produces a complex mix of organic compounds, and the different organic 
fractions must be separated before analysis. The organic molecules are attached 
chemically and/or physically to the sludge in the solid phase and need to be removed 
using somewhat harsh reagents and methods before being analyzed. Furthermore, 
contamination concentrations are frequently low, and sometimes even below the 
limitations of current analytical procedures. As a result, before analysis, preconcen-
tration is frequently required. Soxhlet extraction, rotary evaporation concentration, 
and column chromatography cleanup are all common treatments. 

10 Sludge Reclamation and Reuse 

Contaminants and pathogens abound in sludge, posing a major hazard to the environ-
ment. The sludge treatment comprises the addition of a microorganism inactivator. 
The biggest issue with this treatment is that inactivating all germs and microor-
ganisms takes a long time. Sludge treatment describes the process used to manage 
and dispose sludge produced during sewage treatment. In this context, sludge is 
referring to residual, semi-solid material left from industrial/municipal wastewater. 
Meanwhile, sewage treatment refers to the process of removing contaminants from 
wastewater. The household wastewater treatment process uses physical–chemical 
and biological methods to remove particles, organic compounds, pathogens, and 
nutrients from sewage, resulting in two major products: treated water and sewage 
sludge. The treatment and disposal of sewage sludge account for up to 60% of total 
costs, with transportation costs dominating. In the past, the wastewater treatment 
plant (WWTP) (Fig. 4) was designed to remove floating, settleable, and suspended 
solids. As well as soluble organic materials (BOD, COD, and TOC) and pathogenic 
bacteria from the water.

Sludge treatment and disposal usually includes several activities such as collection 
of sludge, transportation of sludge, processing of sludge, and disposal of sludge as 
shown in Fig. 5. Most sludge treatment and disposal efforts are focused on removing
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Fig. 4 Conventional WWTP activation process. Reprinted with permission from [38] (Permission: 
CC-BY)

liquids and decomposing organic and inorganic chemicals to limit the volume of 
solids that must be handled. The aims of sludge treatment, disposal, and reuse are as 
follows:

i. Volume reduction: Includes thickening and dewatering process. 
ii. Elimination of pathogenic germs: If used in agriculture as fertilizer or compost 
iii. Stabilization of organic substances: For gas production, reduction of dry content, 

and improvement of dewatering 
iv. Recycling of substances: reduction of odor, production of gas, fertilizer. 

11 Treatment Methods and Current Status 

The treatment of sludge is quite expensive for wastewater treatment plants. Because 
of the presence of dangerous pollutants and environmental pollution, sludge disposal 
is also a difficult task. To address these issues, a variety of sludge treatment techniques 
have been developed, including composting, landfilling, anaerobic digestion (AD), 
pyrolysis, and incineration. AD is the most widely employed of these technologies 
due to its numerous advantages, which include low environmental effect, low cost, 
minimal solid residue, and high bioenergy production, among others [40]. Environ-
mental protection procedures for sludge treatment and disposal are critical due to the
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Collection of 
Sludge 

Disposal of 
Sludge 

Transportation 
of Sludge 

Processing of 
Sludge 

Fig. 5 Sludge treatment and disposal activities. Reprinted with permission from [39] (Permission: 
CC-BY)

presence of residual organic pollutants, toxic metals, and pathogenic microbes that 
can cause health problems and must be removed. At the same time, they consume 
a significant amount of energy (with accompanying environmental consequences), 
with the cost of sludge treatment accounting for nearly half of the total operating 
costs of WWTPs [41]. 

For treating sludge production or reducing its production entirely, numerous phys-
ical, chemical, and biological techniques have been invented. For the disposal of 
excessive sludge, the most often employed methods are incineration, landfilling, 
ocean dumping, reuse in agriculture (either directly or after composting), and reuse 
in the manufacture of cement, bricks, and asphalt [42]. The costs of gas scrubbing for 
air pollution control, the release of heavy metals into the environment, and the need 
for incineration should all be considered when choosing the best sludge manage-
ment strategy. Incineration should be used when there are large WWTPs or when the 
quality of the sludge is not good enough for land application, or when there is a lot 
of sludge and it can’t be used on the land, for example. However, there has been a lot 
more attention paid to the environment and strict laws, which has led to the thought 
of other ways to reduce and treat sludge. This has led to the thought of other ways 
to reduce and treat sludge. Figure 6 shows the Possibilities for reclaiming materials 
and energy from wastewater sludge based on selective treatment technologies.

To limit the amount of non-processed sludge entering the environment, most coun-
tries have adopted sludge-processing systems. The basic sludge treatment principles 
are (i) volume reduction, (ii) stabilization, (iii) energy and nutrient recovery, and 
(iv) beneficial use of end products. To achieve the goals of primary sludge treatment 
principles, the usual process for the essential treatment consists of primary operation, 
thickening, stabilization, conditioning, dewatering, drying, and combustion.
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Fig. 6 Material and energy recovery for sludge treatment processes [42]. Reprinted from “A review 
on wastewater sludge valorization and its challenges in the context of circular economy,” Journal 
Clean Production, vol. 228, pp. 244–263, 2019

Although there are numerous treatment options available, anaerobic digestion 
(AD) has always played and continues to play a critical role because it allows for 
pathogen removal, the conversion of volatile solids into biogas (and then into energy), 
as well as the production of stable sludge for mechanical dewatering. Stabilizing 
sludge, reducing organic compounds, and recovering bioenergy in the form of biogas 
are all benefits of an anaerobic digestion process. Another by-product of anaerobic 
digestion is anaerobically digested (AD) sludge, which is generated in addition to 
biogas. soil retention, organics, and nutrients are all improved by using AD sludge 
as a soil amendment for land application [43]. 

During anaerobic digestion (AD), biogas is produced that contains a high concen-
tration of methane and can be utilized to heat the tank as well as to power motors 
or microturbines for other on-site processes. This method can be used to generate 
enough energy in large treatment plants to generate more electricity than is required 
by the equipment. In the anaerobic process, methane is produced, which is a signifi-
cant advantage. The process can take up to 30 days, which is a significant drawback, 
as is the large initial investment necessary. Because of the drawbacks of the AD 
process, the researcher comes out with the development of pretreatment technologies 
to improve the AD process. The example of pretreatment methods before undergoing 
AD process are thermal hydrolysis, alkaline pretreatment, ultrasonic pretreatment, 
ozonation, alkaline hydrolysis, enzymatic lysis, freezing and thawing, mechanical 
disintegration, high-pressure homogenizers, ultrasound, microwave irradiation, and 
photocatalytic pre-treatment. These pretreatments basically, aim to break microbial
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cell walls, liberate extracellular, and intracellular organic molecules, and reduce the 
solid retention time necessary for sludge digestion [42]. 

Because AD sludge has a lot of water, it can make land unsuitable for farming 
because of its high organic and odor content, as well as the potential for toxic metal 
and organic contaminants. There are a few technologies that can be used to make 
AD sludge even cleaner before it is disposed of to the ground. Therefore, currently 
most of the researchers looking forward to the current and future prospects of post-
treatment for AD sludge. There are three primary goals for post-treatment tech-
nologies, which are to improve dewaterability, stabilize sludge, and promote metal 
solubilization. To enhance the dewaterability mechanisms of AD sludge, the usual 
post-treatment technologies used are based on employing chemical, physical, and 
biological methods. 

In addition, to altering the physical features of activated sludge, reactive radical 
species such as hydroxyl radicals (•OH) and sulfate radicals (SO4•) can break EPS 
fractions and even damage cells to liberate intracellular water, all of which promote 
dewaterability [43]. Both hydroxyl and sulfate radicals, on the other hand, necessi-
tate the use of additional chemicals, which invariably raises the expense of sludge 
treatment. Meanwhile, to enhance sludge stabilization and reduction, the usual tech-
nologies that are being used are physiochemical treatment, biological treatment, and 
combination of physiochemical and biological. Lime and fly ash are two chemicals 
that are usually used to stabilize AD sludge. But the use of lime or fly ash may result 
in an increment in total sludge production [44]. 

On the other hand, anaerobic or aerobic conditions can be used for biological 
post-treatment for AD sludge. Aerobic digestion is another sludge stabilization 
process that depends on system temperature and retention period. The process is 
either mesophilic or thermophilic, with mesophilic conditions being the most often 
used. But thermophilic is by far the most satisfactory. The study done by [45] revealed 
that by adopting the thermophilic aerobic treatment (>50 ˚C) with sludge retention 
time (SRT) of 16 days may reduce the volatile solid (VS) up to 54% and efficiently 
reduce the human bacteria pathogen from 2.42% to 0.77%. Nevertheless, when the 
temperature rises above 35 ˚C, ammonium nitrogen builds up in the system because 
the nitrification and denitrification processes are slowed down. This will set back the 
bacteria’s activity and stabilization of the post-sludge treatment [46]. However, Wang 
and team [47] found that the acidic condition (pH < 5) of aerobic post-treatment at 
the ambient temperature of AD also may improve AD sludge management in terms 
of reduction and stabilization [48]. 

To improve the biodegradability of sludge, a combination of physiochemical and 
biological treatment can be applied. When used in conjunction with thermal treat-
ment, alkalis allow for significant solubilization and improvement in biodegradability 
performance [38]. Hence, the usual combination of physiochemical and biological 
treatment has been studied using different methods such as alkaline, heat, ozone, 
or ultrasound. However, this combination of techniques need to be further study 
because it may require technical and economic practicability. As example, when
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using chemical-based procedures, additional chemicals, such as ammonium, nitrite, 
and lime, must be added to the sludge before it can be treated biologically. The use of 
ultrasound, ozone, and heat requires a lot of energy. Additional equipment is required 
for each of these physiochemical techniques, which increases expense and obscures 
management. 

12 New Trends and Concerns 

As an alternative to traditional treatment technology that focuses on dewatering, 
reduction, and stabilizing operations, researchers are now focused on treatment to 
remove and reclaim harmful or precious metals from sludge that has accumulated 
over time. The presence of heavy metals such as Zn, Ni, Pb, Hg, Cr, Cu, and Cd in 
sewage sludge constrains its usage for land application due to the possibility of soil 
and groundwater pollution, which can further impair human and animal health [49]. 
For this reason, many procedures for recovering heavy metals have been investigated 
by some researchers, with the ultrasonication process being one among them. In the 
end, the data revealed that the recovery rate was greater than 90%. In order to extract 
the metals, other researchers also have turned to thermal treatments such as pyrolysis, 
gasification, and microwave. 

The sludge dewatering through H2O2 lysis and ultrasonication and recycled for 
energy by torrefaction found that rich protein and hydrocarbon can be recovered 
as a nutrient source for the activated sludge unit [50]. Among other effects, they 
conclude that the proposed technique has environmental and economic benefits, 
including the ability to handle sludge disposal issues, create biochar at a reasonable 
cost for renewable energy production, reduce global climate change, and recover 
supernatant for use as fertilizer feedstock. Meanwhile, after studying the possible 
bioavailability of Cu, Cd, Pb, and Zn in sewage sludge, [50] discovered that pyrolysis 
increases the stability of these metals when the temperature is raised to particular 
levels. On the other hand, some metals like Cu, Zn, and Pb can be retrieved in the 
char produced by sewage sludge gasification, while Hg and Cd are depleted from the 
sewage sludge and end up in different downstream flows [42]. 

Sulfides, oxides, hydroxides, silicates, and other organic chelate complexes are 
the most common forms of metals found in activated sludge (AD sludge). Ph is 
the most important factor affecting the solubility of precipitates. Some of the tech-
niques that are widely used to remove these contaminants from sludge are chemical 
leaching and bioleaching. The use of the chemical leaching method to recover metals 
from ad sludge has been implemented at several large-scale wastewater treatment 
facilities. Sulfuric acid is used in this process. However, this technique comes with 
several drawbacks, including high running costs and the development of secondary 
contamination because of the usage of chemicals in its production. Because it is 
a more affordable and environmentally friendly method, the usage of bioleaching 
techniques is becoming increasingly popular. The usual techniques for bioleaching
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use either organic acids-based bioleaching or sulfur-, iron- and ammonium-based 
bioleaching. 

13 Future Trends in Technology 

Recent and existing technologies for sludge treatment, reclamation, and reuse are 
mainly focused on the dewaterability properties of sludge. It was very seldom 
researched and proven that those procedures could achieve other parallel objec-
tives, such as solids reduction, stability, and metal solubilization. Meanwhile, due 
to stringent environmental regulations and public pressure, the use of conventional 
sludge disposal methods such as landfilling, ocean disposal, land application, and 
incineration is being curtailed. As a result, selecting an effective and environmentally 
friendly method of sludge management is a difficult task for wastewater treatment 
authorities. The circular economy, in which sludge is no longer considered a waste 
but rather a useful resource for energy and material recovery, is a good example. 

For example, the future AD sludge treatment methods are expected to be multi-
faceted in nature, given the current state of the art. Examples of promising technical 
routes are proposed including iron-based accelerated oxidation and acidic aerobic 
digestion. Although both systems could meet the three objectives in a single proce-
dure, they are both still hindered by a number of restrictions. [43] concluded that for 
iron-based advanced oxidation, the optimal conditions for achieving the three objec-
tives (treatment, reclamation, and reuse) concurrently must be investigated. Addi-
tionally, economic feasibility must be determined by upscaling studies. Meanwhile, 
the dewaterability of acidic sludge digestion processes has never been examined 
previously. Additionally, improving the capacity and linking Ferrous, Sulfur, and 
Nitrogen oxidation are both basic and practical concerns. 

The transformation of sludge into a useful resource opens up a new, more sustain-
able path for sludge management that goes further than treatment and proper disposal. 
Because of its multi-functional working mechanisms, which include electrooxida-
tion, electrodialysis, and electromigration, the electrochemical technique is attracting 
scientific attention for sludge resource recovery. When it comes to the recovery of 
sludge materials, the electrodialysis procedure is gaining popularity. One of its main 
features is excellent recovery efficiency. The in-situ electro-dialytic extraction of 
ammonia from the digestate can further improve the process stability by reducing the 
amount of toxic waste produced. Even though numerous hurdles, including energy 
consumption, total cost, process efficacy, and system stability, enhanced operation 
with novel electrode materials design provides light on the electrochemical process’s 
future applicability in sludge treatment and resource recovery [51]. 

The mobility and bioavailability of organic and inorganic pollutants in sewage 
sludge can be enhanced by some of the sludge treatment methods; as a result, when 
the final products are utilized for land application, they can pose a threat to humans 
and ecosystems. Hence, [52] suggested that the use of modern spectroscopic analyt-
ical techniques to investigate the geochemical transformation of pollutants during
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the processing of sewage sludge may need to be conducted [54]. Furthermore, to 
prevent potential toxicity to humans and animals, the long-term effects of continued 
application of biosolids on the accumulation of pollutants such as potential toxic 
elements (PTEs) and poly- and perfluoroalkyl substances (PFAS), as well as their 
subsequent uptake by plants, must be studied. Specifically, this area of research is 
significant because treated sewage sludge (biosolids) is becoming an increasingly 
important source of carbon and nutrients for agricultural lands as well as for land 
that is being replanted after mining operations. 

The fact that these developing technologies were implemented, and more impor-
tantly, that they provided good recovery yields, constitutes a crucial first step in the 
framework of the circular economy. Many wastewater treatment plants (WWTPs) 
still have difficulties in recovering materials and energy from urban biorefineries, 
owing to the complexity of the processes and the high costs associated with them. 
Future experiments should take a long-term strategy, integrating technical, envi-
ronmental protection, health, legal, economic, and social components into a single 
cohesive system. 

14 Conclusion 

In conclusion, the sludge generated during the sewage treatment process must be 
handled with care and disposed of properly due to its potential to be converted into 
valuable products. The rate of sludge generation and site-specific factors determine 
the appropriate sludge treatment technology to be employed. This book chapter 
has covered the terminology of wastewater treatment plants (WWTPs), the typical 
processes used in wastewater treatment, and the constituents of sludge. Addition-
ally, it has explored various technologies that can be used to exploit sludge for the 
production of fuels, syngas, fertilizers, and fine chemicals. Among the available tech-
nologies, Microbial Fuel Cell (MFC) is a promising option as it can be operated at 
ambient temperature and pressure, while providing dual functions of bioremedia-
tion and energy recovery. MFC has shown great potential as a sustainable approach 
for sludge treatment, offering the possibility of generating renewable energy while 
reducing the environmental impact of sludge disposal. The implementation of MFC 
technology in sludge treatment can contribute to achieving the goals of sustainable 
development and circular economy. Overall, this book chapter highlights the impor-
tance of effective sludge management and the need for innovative and sustainable 
approaches to address the challenges associated with sludge treatment. 
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Effects of Treated and Untreated Sludge 
Applications on Human Health, 
the Environment and Other Ecological 
Factors 
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Abstract The use of treated and untreated sewage sludge in agriculture has been a 
widespread practice due to its potential benefits. However, the presence of different 
contaminants in the composition of sludge such as microplastics, pharmaceutical 
active substances, heavy metals, organic pollutants and pathogens are eliciting 
various hazards. In relation to short-term and long-term impact on human health, 
there are reported adverse events which included toxicity, genotoxicity, mutagenicity 
and carcinogenicity. In addition, the environment is implicated by events of marine 
and freshwater eutrophication, potentially harmful nutrient leaching and emission of 
greenhouse gases which leads to climate change. Animals and marine life are also 
affected negatively by this practice such as abnormal growth, reproductive anomaly 
and accumulation of heavy metals and toxins, all of which ultimately affect mortality. 
Contradictory to its negative effects, sewage application is practised to improve soil 
productivity and fertility due to its high concentrations of organic matter and plant 
nutrients. This will increase plant yield, especially in fruit and vegetable produc-
tion as well as dairy pasture and forestry. It is important to understand that despite 
the negative implications of sludge treatment in agriculture, it is still considered an 
excellent fertilizer and a soil conditioner to sustain an optimized growth. Therefore, 
appropriate sludge treatment is imperative to ensure its safe application to the land. 
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1 Introduction 

Sewage sludge is the inevitable by-product of wastewater treatment and a sludge 
management system treats the sludge to reduce its volume and for stabilization. 
Sludge (untreated and treated) is widely used in agricultural land, landfills and incin-
eration [1, 2]. Its use in agricultural land can improve the physical property of poorly 
structured soil. Furthermore, in the European Union, 40% of the sludge produced 
is used to increase soil organic matter [3, 4]. In addition, sludge with high content 
of nitrogen and phosphorus is used as fertilizer. Apart from agriculture application, 
sludge with low organic matter and high organic substance is used in sanitary landfills. 
The sludge used in sanitary landfills must exhibit stability either with very slight or 
very slow degradation without emitting any putrefying odour [5]. In addition, sludge 
that is rich in carbon, hydrogen, and nitrogen can also be used as a fuel source via 
biogas degeneration or carbonization [6], whereby biogas produced can be used to 
generate electricity and heat [7]. 

Although many countries are using untreated and treated sewage sludge in 
several applications, there are concerns about the presence of various contaminants. 
According to Collivignarelli et al. [3], some of the adverse effects of sludge when 
used in various applications are the release of odour compounds, greenhouse gas 
emission and an increase in the level of persistent toxins [3]. Due to these concerns, 
there are regulations in many countries that require sufficient treatment to reduce the 
contaminants and to enhance the biological and physical stability of sludge [1]. 

The presence of different contaminants in sludge is largely dependent on the 
wastewater source, dewatering conditions, and treatment procedures employed to 
produce the treated sludge. Different sources of wastewater consist of different 
types of pollutants and need to be treated accordingly. Moreover, sludge generated 
from wastewater treatment plants should consist of a very minimal amount of pollu-
tants. This is because many of the pollutants have the potential to cause mutagenic, 
teratogenic and carcinogenic effects in humans [8]. 

The usage of chemicals during the chemical conditioning process of sludge 
imposes environmental and human health risks. As an example, the usage of polyacry-
lamide (PAM) as a flocculent introduces acrylamide, a toxic monomer into the sludge. 
This increases the risk for agricultural application. Furthermore, the usage of chem-
ical coagulants such as polymeric ferric chloride (PFC) and polymeric aluminium 
chloride (PACl) poses the risk of increasing dioxin concentration in the flue gas during 
the incineration of dewatered sludge [9]. Additionally, during chemical conditioning, 
toxic gases released during the chemical reactions at the wastewater treatment plant 
can pollute the air and disrupt human activities in the vicinity of the wastewater 
treatment plant [9]. 

The different technologies used to produce treated sludge can alter the sludge’s 
structure, increase the nutrient release, and influence the speciation of heavy metals 
contained in the sludge [9]. Heavy metals were discovered to migrate and convert 
as a result of the sludge condition process. The leaching of heavy metals from 
dewatered sludge into the soil can be dangerous to humans when the amount of
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Fig. 1 Chronology of 
sludge, from origin to 
treatment, uses and potential 
impacts to humans and the 
ecology. Adapted from [11] 
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heavy metals entering the food chain is higher than the limit that the human body 
can metabolize [6]. 

Even though sludge brings benefits through its various applications, the compo-
sition of sludge has to be strictly monitored. Therefore it is important to understand 
the processes as depicted in Fig. 1, as various factors such as the origin of sludge, 
treatment of sludge and applications of sludge will ultimately determine the impacts 
imposed by the sludge [10]. This chapter outlines the possible toxic components 
present in the sludge, and the numerous implications of untreated and treated sludge 
on human health and ecology. 

2 Potentially Toxic Composition of Sludge 

The composition of sludge is ever-changing as the composition is highly dependent 
on the source of the wastewater and the treatment technologies used to produce the 
treated sludge. Many researchers have carried out analyses to identify the composition 
of sewage sludge and treated sludge. Regulations are in place in many countries to 
ensure that the composition of sludge used in different applications is safe for the 
environment and poses no harm to human health. The most commonly found toxic 
elements in sludge are microplastics, pharmaceutical active substances, heavy metals, 
organic pollutants and pathogens [12].



26 N. A. Kamaruzaman et al.

2.1 Microplastics 

Microplastics are one of the emerging pollutants and the presence of microplas-
tics in the environment is increasing rapidly due to the overuse of plastic mate-
rials in everyday life. Plastics are divided into primary plastics which are found in 
personal care products and clothes, and secondary plastics which are formed by the 
degradation of large plastics through mechanical erosion or photo-oxidative degra-
dation. Microplastics in wastewater have been found to diffuse into the environment 
via sludge, as sludge tends to retain microplastics [13, 14]. Microplastics can also 
adsorb heavy metals and organic pollutants, allowing them to be transported into the 
aquatic environment [15]. Some of the commonly identified microplastics in sludge 
are polyproylene (PP), acrylic, polyamide (PA), polyester (PE), polycarbonate (PC), 
polystyrene (PS) and polyethylene terephthalate (PET) [15]. Although treated sludge 
is capable of trapping the microplastics, it is plausible for the trapped microplastics to 
be released into the environment over an extended time. This is confirmed by Keller 
et al. [14] who reported that microplastics were retained in the sludge, but nanosized 
plastics were still released from the sludge into the environment [14]. Therefore, 
further treatment of the sludge is required to ensure that the number of microplastics 
present in the sludge is kept at a very minimal level. 

2.2 Pharmaceutical Active Substances 

In recent years, the presence of pharmaceutical active substances in the environ-
ment has triggered concern because these substances possess ecotoxicological risks 
once present in the environment. Pharmaceutical active substances can leach from 
sludge into the soil and finally enter the surface water [4]. Plants can take up these 
pharmaceutical active substances and introduce these contaminants to humans via 
involuntary intake [16, 17]. Based on mass balance studies, it was found that antibi-
otics, antihypertensives, lipid-regulating agents and cardiovascular drugs removed 
from wastewater were absorbed by the sludge [18]. Ivanová et al. [4] reported that 
wastewaters also consisted of illicit drugs such as amphetamine, cocaine, benzoylec-
gonine [4]. In addition, Mejías et al. [18] reported that only selected pharmaceutical 
active substances and metabolites present in the sludge were reduced upon treatment 
[18]. Thus, the usage of untreated and treated sludge consisting of pharmaceutical 
active substances in agricultural land should be done with caution as studies have 
shown that some pharmaceutical active substances exhibited potential toxic effects 
on the soil [18, 19] (Fig. 2).
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Fig. 2 Box-and-whisker plot on concentrations of pharmaceutical active substances in sludge [18] 
(CC by 4.0) 

2.3 Heavy Metals 

Researchers reported that sludge consists of high levels of heavy metals such as 
arsenic, cadmium, chromium, copper, lead and zinc. Currently, regulations in many 
countries require heavy metal testing to be carried out on sludge before it is used for 
various applications. Chen et al. [6] reported that dewatered sludge collected from 
32 wastewater treatment plants in Japan had high concentrations of heavy metals 
especially copper, zinc and nickel [6]. Guo and Wen [20] stated that the usage of 
inorganic coagulants such as aluminium and iron salts to remove phosphorus and to 
increase dehydration during the dewatering process might inadvertently increase the 
presence of these elements in the dewatered sludge [20]. You et al. [21] emphasized 
that the toxicity of heavy metals was linked to the morphology of the heavy metal [21]. 
Heavy metals in the oxidizable and residual states are considered more stable and 
are less harmful because these heavy metals are not easily absorbed by organisms. 
However, heavy metals in the exchangeable, acid-soluble and reducible states are 
found to be unstable and are easily absorbed by organisms. Therefore, it is important 
to assess the presence of heavy metals in the sludge before utilization to prevent 
human and ecological risks. 

2.4 Organic Pollutants 

Organic pollutants such as polycyclic aromatic hydrocarbons (PAHs), polychlori-
nated biphenyl (PCBs), and organochlorine pesticides (OCPs) are classified as persis-
tent organic pollutants which are commonly found in sludge [5]. These pollutants 
which are similar to heavy metals can accumulate in the soil and pollute the crops. 
Different cities and countries have different distributions of persistent pollutants in 
sewage sludge. PAHs are most commonly found in wastewater, are reactive, and 
can transform into oxygenated PAHs (OPAHs) and nitrated PAHs (NPAHs). These 
substitutes are given prominence due to their high toxicity in comparison to the parent
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PAHs [8]. Long-term exposure to PAHs can cause lung cancer risk [22]. PCBs, on 
other hand, have been banned worldwide for over twenty years. However, some prod-
ucts are found to produce PCBs such as paint, silicone-based rubber products and 
sealants in furniture [23]. Meanwhile, OCPs which are used for agricultural and non-
agricultural purposes such as pest control has been demonstrated to be an endocrine 
disruptor [24]. In comparison to PAHs, PCBs and OCPs are seldom detected in 
landfill sludge. However, the impact of both PCBs and OCPs on humans and the 
environment is highly damaging. 

2.5 Pathogens 

Wastewater treatment plants use biological processes to produce a large amount of 
anaerobically digested sludge, which will be dewatered before being used in applica-
tions. The anaerobically digested sludge has the potential to emit odour and contain 
pathogens [25]. Pathogenic microorganisms such as protozoa, viruses and parasites 
can cause diseases if humans are exposed to them directly or indirectly. In addition 
to pathogens, antibiotic-resistant bacteria are also enriched after the anaerobic diges-
tion of pre-treated sludge [26]. Therefore, this increases the risk of sludge spreading 
pathogens in the environment via landfill or agriculture application. Wang et al. [25] 
reported that coliforms and E. coli exhibited the highest regrowth rate during incu-
bation after various treatment processes [25]. This is because E. coli can tolerate 
low water content than other bacteria, thereby E. coli was able to regrow in treated 
sludge. Therefore, effective treatment is required to reduce pathogens prior to sludge 
application. 

3 Impact on Human Health 

Due to various potentially toxic pollutants present in untreated and treated sludge, it 
is important to investigate the risks that sludge application may impose to humans. 
Health hazards in terms of short-term and long-term toxicities should be identified 
to ensure that the practice of utilizing sludge for various applications is safe, and 
adequate treatment of sludge is necessary for a sustainable agricultural practice and 
disposal method. 

3.1 Toxicity Exposure 

The risk of toxicity from sludge towards human health is a critical issue that needs 
to be addressed. Due to the content of the sludge, there are probabilities that it can 
be a toxic agent that may be harmful to public health through a few pathways, either
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directly or indirectly. Therefore, sludge management options and technologies are 
being applied to focus on managing human toxicity (non-carcinogenic and carcino-
genic) as well as ecotoxicity [27]. There are many sludge treatment approaches 
being applied in the industry, such as dewatering of mixed sludge, lime stabilization 
of dewatered sludge, anaerobic digestion of mixed sludge, dewatering of anaerobi-
cally digested sludge, and incineration of dewatered anaerobically digested sludge. 
Dewatered sludge has the potential to be utilized in products that are beneficial to 
industries and communities. One of the examples is the utilization of dewatered 
sludge into fertilizers [28–30]. 

However, through the application of fertilizers, the content of heavy metals and 
organic compounds in dewatered sludge may expose humans to higher risks of 
hygiene and toxicity [30]. Due to the potential harmful risk to health and the envi-
ronment, its marketability is lower than normal fertilizer [29]. Human toxicity is one 
of the significant indicators being itemized when conducting a life cycle assessment 
on sludge management [29]. The process of sludge toxicity impacting human health 
is discussed in this part of the chapter by looking from the perspectives of source, 
pathway and receptor. 

In this process, sludge is the source of toxicity. Sludge produced by wastewater 
treatment contains heavy metals, putrescible content and pathogenic hazards which 
may be harmful to humans and the ecosystem [9, 31, 32]. The fate of pollutants 
depends on multiple factors including [33]: 

i. plant operational parameters 
ii. physicochemical parameters of pollutants 
iii. biochemical sludge parameters. 

The concept of a pathway leading to toxicity exposure to humans, in general, 
involves the chemical fate from an emission before being exposed to humans [34]. 
Human exposure can be divided into the following routes; inhalation, ingestion, 
dermal absorption or injection. In the case of sludge, the pathway to human toxicity 
involves toxic agents that have been emitted to the environment before being exposed 
to humans. The potential of human exposure could occur as the pollutants or toxic 
agents are released into the environment at the disposal stage and utilization of 
resources [29]. 

The final component is the receptor. For the receptor, which is humans, it is 
important to look at the vulnerability and the sensitivity factors when discussing 
this aspect. A receptor can be categorized as a group that requires protection, in this 
case, from toxicity. Different routes of exposure (dermal absorption, inhalation or 
ingestion) might affect different parts or organs of the body. Toxicity exposure may 
lead to carcinogenic and non-carcinogenic issues in humans. Moreover, the severity 
of toxicity exposure depends on toxicological potency (dose response). Detailed 
toxicological effects should be taken into consideration, as the following [35]:
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Fig. 3 Source-pathway-receptor model for sludge toxicity exposure in humans 

i. Uptake, distribution, metabolism and excretion of the substance in the human 
ii. The effects of the substance 
iii. Dose-response relationships 
iv. The biological mechanisms by which the substance exerts its effect. 

A simple diagram model depicting the process of sludge toxicity in humans is shown 
in Fig. 3. 

3.2 Genotoxicity and Mutagenicity Effects 

Increasing world population and widespread urbanization lead to vast amounts of 
human waste. Thus, efficient wastewater treatment is required to produce sewage 
sludge, which requires further treatment. While treated sludge is applied on land, 
concerns arise about its effects on human health and the ecosystem [2]. Due to the 
possible toxic compositions of various types of untreated and treated sludge, many 
studies have looked into its potential to pose genotoxicity and mutagenicity effects 
on humans. 

According to the World Health Organization (WHO), genotoxicity, also known 
as genetic toxicity, is a broader term that includes DNA damage, which may be 
reversible by DNA repair cellular processes, results in cell death, or may not result 
in permanent alterations in the content of surviving cell. Mutagenicity, a component 
of genotoxicity, is referred to as a process of inducing a permanent change in the 
genetic material (e.g. DNA, RNA) of an organism (e.g. human) which can lead to 
heritable changes to functions [36]. 

A study was looking into conventional activated sludge from different municipal 
wastewater treatment plants (WWTPs) in the north of Italy. For WWTP of domestic 
wastewater with agro-food industrial discharge, the samples showed no mutagenic 
activity in Salmonella typhimurium strains (with and without exogenous S9 metabolic 
activation), as shown from the Ames test. However, high toxicity was reported, which 
could potentially mask the effect of mutagenic activity due to a lack of bacterial
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growth. In addition, no genotoxicity was reported using the Allium cepa root test. On 
the other hand, the samples showed DNA damage of the exposed human leukocytes, 
as evaluated by the Comet test. Similarly, toxicity was observed, albeit at higher doses. 
For WWTP which treated winery effluents, slight mutagenic effect was reported for 
Salmonella typhimurium TA98 strain in the absence of S9 metabolic activation, thus 
indicating potentially detoxifying action of S9. While significant DNA damages were 
reported from the comet test, Allium cepa test showed no genotoxicity effect [37]. 

Another study which was conducted in Sao Paulo, Brazil was looking into the 
genotoxicity effects of decontaminated sewage sludge by monitored natural atten-
uation [38]. The natural processes in detoxifying sewage sludge included mainly 
degradation by on-site microorganisms as well as volatilization, transformation, 
dilution and dispersion [39]. It was found from the Salmonella/microsome assay 
that sludge samples after 12 months of treatment showed no mutagenic activity in 
Salmonella typhimurium strains TA98 and TA100, both in the absence and pres-
ence of S9 metabolic activation. However, mutagenic activity was observed for the 
sludge samples which were treated at 0, 2 and 6 months. Micronucleus test which 
was conducted on HepG2 cells (human-derived hepatoma) showed no significant 
genotoxic effects for sludge samples treated at 6 and 12 months, though a significant 
genotoxic effect was reported for sludge samples treated at 0 and 6 months. This 
indicated the importance of completing the detoxifying process of sludge samples 
and that natural attenuation at 6 months or longer was most optimized to ensure the 
safe release of sludge to the environment [38] (Fig. 4). 

In addition to in vitro findings, an in vivo study was conducted whereby Wistar 
rats were utilized and the genotoxicity effects of treated sludge samples from a 
sewage treatment plant were observed through micronucleus test and comet assay. 
Results indicated that independent of rat gender and concentration of the treated 
sludge samples, no significant increase of micronucleated polychromatic erythro-
cytes (MNPCEs) in the femoral bone marrow and DNA damage in peripheral blood

Fig. 4 Graphical representation of natural attenuation of sewage sludge for various time periods, 
which showed genotoxic and mutagenic effects in human hepatoma cells (HepG2) and Salmonella 
typhimurium respectively in different settings. Reprinted from [38], with permission from Elsevier 
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leucocytes was observed. Moreover, no influence on the proliferation of normal bone 
marrow erythroid was reported as the ratio of polychromatic erythrocytes (PCEs) 
and normochromatic erythrocytes (NCEs) for the treated sludge was not significantly 
different from the negative control. Further analysis of the metal levels showed below 
the standard levels [40]. 

A few other studies have highlighted the importance of treating sludge for the 
purpose of decontamination prior to disposal in the environment. The mutagenic 
effect was significantly reduced in treated sludge [41, 42], and was 2–3 times less 
toxic than its untreated counterpart [43]. Mutagenic substances may persist in soils 
for a long time, though different types of sludge have different genotoxic or muta-
genic potentiality, which affects different degradation periods for which the toxic 
substances may decline to basal levels [38]. 

This section described various degrees of genotoxicity and mutagenicity findings 
for different types of untreated and treated sludge samples using varying test 
systems. It is therefore important to understand that the difference in results may 
depend on the type of influent of the sludge samples and the type of treatment that 
was conducted [10, 44]. In addition, with more than 150 assay systems developed 
to measure various endpoints of genotoxicity on a full spectrum of organism, from 
bacteria, to human cells and experimental animals, the complexity of these tests 
may affect the findings [45]. Therefore, studies so far have investigated these effects 
on a case-by-case basis [40]. 

3.3 Carcinogenic Potential 

Carcinogenesis is the induction of cancer which originates from the accumulation of 
genomic alterations, whereby such alterations may be genotoxic or non-genotoxic 
[46]. It is another important element of long-term toxicity that needs to be inves-
tigated. Activated sludge from MWTPs from the Eastern Cape Province of South 
Africa, which were of suburban and agricultural origins were assessed for its poten-
tially hazardous risks to humans. The levels of five metallic elements, iron, copper, 
cadmium, lead and zinc were shown to be at low concentrations and below the detec-
tion levels for hazards to human health. This followed the recommended limits of 
1500 mg kg−1, 39 mg kg−1, 300 mg kg−1 and 2800 mg kg−1 for copper, cadmium, 
lead and zinc respectively as stated in the United States Environmental Protection 
Agency (USEPA] [47], as well as maximum permissible levels of 450 mg kg−1, 
5 mg kg−1, 150 mg kg−1 and 700 mg kg−1 in South Africa [48]. Iron has no target 
limit due to its nature as an essential element [48]. Therefore, a risk assessment 
had indicated that all five metals did not pose any significant carcinogenic and non-
carcinogenic health hazards to humans, either by oral or skin exposures. However, it 
is interesting to note that the metallic levels, though low, are higher than wastewater 
and river water samples. This is unsurprising as 80–90% of heavy metals are known 
to accumulate in sludge samples. In addition, as heavy metals bioaccumulate, efforts
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must be made into reducing their levels upon treatment at MWTPs prior to release 
into the environment to ensure long-term safety for all consumers [49]. 

Based on the study by Bertanza et al. [37], tumour potential of conventional acti-
vated sludge from WWTPs was tested on IAR203 hepatic cells. The sludge samples 
showed carcinogenic potential by significantly inhibiting gap junction-mediated 
intercellular communication. However, the carcinogenicity was not as marked as 
the positive control used, which was TPA, a reference tumour promoter. In in vitro 
cell transformation assay, a significant number of malignant foci or transformed cells 
were reported in comparison to negative control, though the mean values were signif-
icantly lower than positive control 3-MCA. This provided evidence of potentially 
carcinogenic characteristic of activated sludge [37]. 

4 Ecological Implications from Agricultural Use 

Contradicting the presence of various hazardous agents in sludge as discussed earlier 
in this chapter, sludge also contains a myriad of beneficial substances that prompt its 
use in enhancing agriculture practice. The following sections described the effects 
of sludge application in agriculture and disposal from the perspective of ecology. 

4.1 Environmental Factor 

The environmental issue of sludge activities arises from wastewater treatment, solid 
waste and sludge management. The treated sewage water from sludge management is 
usually discharged to the nearest water ecosystem. Most of the treated sewage water 
regularly undergoes monitoring and assessment of water quality and is observed to be 
relatively clean. However, some studies still showed the long-term adverse effects of 
sewage water treatment [50–52] as not all of the applied water treatments managed to 
reduce the organic load that increased the nutrient compounds in the water ecosystem 
[27, 52]. This scenario will potentially cause marine and freshwater eutrophication. 

Eutrophication is a condition whereby the environment is enriched with nutrients 
like phosphorus, nitrogen and other plants nutrients [53]. Freshwater eutrophication is 
usually associated with increasing nitrogen, while marine eutrophication is associated 
with increasing phosphorus content [50]. The gradual increase of plant nutrients will 
cause algae bloom that triggers the structural change of the water ecosystem [54]. 
Eutrophication is a serious environmental problem as it results in the deterioration 
of water quality. When there is a significant increase of algae surface of the water, 
sunlight is blocked from reaching the bottom of the water, thus significantly reducing 
the rate of photosynthesis [54]. This occurrence will reduce the oxygen concentration 
in the water, thereby causing environmental imbalance due to its negative impact on 
the water ecosystem. A simple diagram illustrating the eutrophication process caused 
by sludge (applied as fertilizer) is shown in Fig. 5.
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Fig. 5 Eutrophication process by fertilizer (from sludge). Algae bloom prevents sunlight from 
reaching the bottom of the water, thus reducing photosynthesis and subsequently decreasing oxygen 
levels. This ultimately kills plants and fish living in the water. Adapted from [55] 

Apart from aquatic eutrophication, the rich organic matter in sludge has a risk 
of nutrient leaching, which can impact soil biodiversity [56]. The waste sludge is 
usually recycled as fertilizer in agriculture as the sludge is rich in nitrogen, phos-
phorus and total organic compound, which are suitable for plants [51]. The macronu-
trient in sewage sludge can increase the rate of growth of plant, however, in some 
cases, the sewage sludge might harm the soil. The two frequent toxic compounds 
that have been observed in the sludge is polychlorinated dibenzo-p-dioxins (PCDDs) 
and polychlorinated dibenzofurans (PCDFs) [51]. These two compounds have muta-
genic, carcinogenic and immunotoxin effects on living organisms and increase soil 
phytotoxicity. In addition, land application of sewage sludge may lead to the accu-
mulation of pathogenic and parasitic organisms in the soil [57]. However, the number 
of these organisms can be significantly reduced with proper treatment of sludge prior 
to application to the land [58]. 

Furthermore, the disposal of solid waste in sludge contributes to the emission of 
greenhouse gases during the treatment and recycling processes [59]. The increase in 
greenhouse gas emissions contributes to global warming and climate change. Most 
studies reported that sewage sludge potentially emitted greenhouse gases, methane 
and nitrous oxide [59, 60]. Although methane and nitrous oxide emissions are rela-
tively smaller than the emission of carbon dioxide, these two greenhouse gasses have 
multiplied potency for global warming and climate change [61, 62]. Methane is the 
second most abundant greenhouse gas with a shorter life span than carbon dioxide, 
and this gas has been found to be 100 times more extensive in warming the earth 
than carbon dioxide [62]. Additionally, nitrous oxide is 300 times more extensive 
than carbon dioxide in warming the atmosphere [61]. 

Climate change is a serious environmental problem as it affects the global 
ecosystem. Increasing global temperature causes a rise in sea levels, frequencies
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of droughts and forest fires and triggers extreme weather conditions [63, 64]. Subse-
quently, climate change disrupts food production, water supply, human health, human 
activity, natural resources and economics [65–67]. 

Contradictory to the negative implications of sludge application, it is also impor-
tant to note that sludge is extensively used in agriculture as it may improve soil 
productivity and fertility due to its high concentrations of organic matter and plant 
nutrients. Studies have shown that sludge application also significantly increased 
microbial biomass in the soil as well as important soil enzymes such as arylsulfatase, 
acid phosphatase and alkaline phosphatase, albeit utilizing low metal sludge and at 
an appropriate rate. This is because the highest rate of sludge application (200 t·ha−1) 
caused a significant reduction of the soil’s functional community diversity. Further-
more, the organic matter of sewage sludge is generally high at more than 50% dry 
matter. Therefore, this caused a profound positive impact on soil physical properties 
and soil conditioning effect by improving aeration and water infiltration as well as 
increasing soil aggregate formation stability [57, 68]. 

4.2 Plant Yield 

Treated sludge from MWTP is usually disposed of, and one sustainable and econom-
ical method for the disposal is reusing the sludge in agriculture as an organic fertilizer. 
This method is widely practised by developing and developed countries worldwide 
[57]. Sewage sludge has been reported to contain nitrogen, phosphorus and organic 
matter, which are beneficial for plants. Dewatered sludge has been reported to release 
nitrogen slowly, thus benefiting crops over a relatively long period of time. Phos-
phorus content has also been shown to be available at 50% concentration in the 
year of application. In addition, liquid-anaerobically digested sludge was reported 
to possess a high content of ammonia nitrogen, which is readily available to plants 
and is particularly useful in grassland. Furthermore, organic matter from dewatered 
sludge was found to improve soil structure and its water-retaining capacity, thus 
improving the growth of plants [69]. 

In fruits and vegetable production, organic manure alone is insufficient to sustain 
optimized growth. A study in Jordan found that lettuce growth was increased when 
applied with 40 tons·ha−1 sewage sludge, which was a concentration equivalent 
to the recommended fertilizer rate. However, higher plant metal content was also 
reported [70]. Another study reported increased lettuce growth in terms of yield, 
head circle, plant height and leaf number as well as high nitrogen, phosphorus, 
potassium and magnesium levels when the soil was applied with 20, 40 and 80 
t·ha−1 of sewage sludge [71]. In the Philippines, upland rice yield was increased 
when the land was applied with sewage sludge, whether alone or in combination 
with nitrogen fertilizer [72]. In Hawaii, maize biomass was increased when the land 
was treated with aerobically digested sludge, though the biomass was reduced when 
two undigested sludges were applied instead. This is because a higher rate of sludge 
caused phytotoxicity on the roots containing reducible manganese nodules [73]. In
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the UK, 26% of the crops treated with liquid sludge showed a significant increase in 
crop yield, through soil structure improvement. However, bed-dried sludge treated 
on clay soils caused 6–10% yield reduction of wheat grain, probably from excessive 
nitrogen content which caused crop lodging [58]. In Spain, sewage sludge use was a 
suitable replacement for chemical fertilizer, due to its potential benefits in fertilizing 
3–4-year-old citrus trees. However, it was also reported that its use must be cautioned 
against horticultural crops such as soft fruits or vegetable crop [74]. It was revealed 
that cauliflower, cabbage and potato showed growth deficit and phytotoxicity in some 
parts of the plants when the soil was applied with sewage sludge for long period of 
time, most likely from high content of heavy metals (e.g. chromium accumulation 
in potato) [75]. 

Similarly, sewage sludge application has been found to be beneficial for the growth 
of dairy pasture and forestry. Sludge has valuable plant nutrients such as nitrogen, 
phosphorus, iron, calcium, magnesium and various other macro and micronutrients, 
which are important for cow’s growth and milk production, though farmers should 
adhere to holding periods in which animals should be prevented from grazing sewage 
sludge-treated pasture to protect the animals from pathogens and risks of chemical 
contamination [57, 76, 77]. In forestry, sewage sludge application improved the 
soil’s physical, chemical and biological properties as well as fertility, thus creating 
a favourable condition for improved vegetation in the existing forests [10]. Though 
sludge is valuable to enhance crop growth due to its high organic matter content and 
rich macro and micronutrients, caution must be practised to prevent the presence of 
heavy metals and organic compounds in the food chain, and these pollutant load can 
also be phytotoxic [57]. 

4.3 Effect to Animals and Marine Life 

All animal species which are in contact with sewage sludge are somewhat affected 
negatively. The discharge of sewage sludge into tropical coastal seas releases 
hundreds of compounds, the most common ones included freshwater, inorganic nutri-
ents (ammonium, nitrite, nitrate, and phosphate), pathogens, endocrine disrupters, 
suspended solids, sediments, heavy metals and toxins [78, 79]. Coral mortality is 
affected by the toxicity effects caused by coral diseases and coral bleaching. In 
addition, nutrient enrichment is enhancing algal growth and phytoplankton shading, 
which increase coral reefs’ competitive ability for space and affect calcification rates, 
thereby destroying corals and removing the foundation species [80]. 

The presence of heavy metals in the water system leads to the accumulation of 
metals in plankton, algae and smaller prey, which are consumed by fish, leading 
to the build-up of heavy metals in fish tissues, in a process called biomagnification. 
Accumulation of toxic amounts of heavy metals can poison the fish. In addition, other 
animals, including humans may eat these fish with heavy metals, and the chain of 
heavy metal is transferred to the consumers. Furthermore, microplastics in sewage
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sludge are affecting marine life such as fish, mammals and crustaceans as these 
animals may eat them, living in or on them, or getting tangled in this litter [81]. 

Another study found that sewage sludge application to pasture caused significant 
spermatogenic abnormalities in adult male sheep when they were exposed to the 
sludge in utero and post-natal (until weaning and post-weaning). This was observed 
from their testes, as germ cell number reduced significantly, thus affecting sperm 
count and fertility among these sludge-exposed animals [82]. Reports have also 
revealed that DDT, one of the toxins contained in sewage sludge was affecting pere-
grine falcons in the US, causing thin eggshells that rendered incubation extremely 
difficult. In addition, amphibians were malformed due to the exposure of hormone-
disrupting chemicals in sewage sludge. Toxins were also found to accumulate 
in worms and insects after prolonged exposure to sludge, whereby subsequently 
mammals and birds ingesting these animals would accumulate the toxins as well in 
their bodies [83]. 

5 Conclusion 

This chapter described the various effects of untreated and treated sludge on human 
health, environment, plants and animals. Depending on a few factors, the effects 
of sludge can be negative and positive. The toxic composition of sludge consists of 
microplastics, heavy metals, organic pollutants, pharmaceutical active substances and 
pathogens, thus there were reports of toxicity, genotoxic, mutagenic and carcinogenic 
effects on human health. In addition, sludge application affected the environment 
in terms of aquatic eutrophication, soil phytotoxicity and climate change. Plants 
and animals were also affected in terms of phytotoxicity and mortality respectively. 
However, it is equally important to note that sludge also has profound beneficial 
properties, as it contains high content of nitrogen, phosphorus, organic matter and 
plant nutrients, which was the reason for its extensive use in agriculture. Plant growth 
was shown to be enhanced as sludge is an excellent fertilizer and a soil conditioner to 
sustain optimized growth and in some cases, no toxicity was reported among humans. 
Due to its potential, sludge application on land is part of a strategic and sustainable 
method of agricultural productivity. Therefore it is important to follow appropriate 
guidelines in treating sewage sludge prior to land application, either for agricultural 
use, disposal, or both, in order to maximize benefits and minimize health hazards to 
humans and the ecology. Lastly, understanding the effects of sludge application is 
imperative to ensure that sludge valorization can be optimized for a cost-effective 
and environmentally friendly sludge reduction and resource recovery method. 
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Abstract This book chapter provides insights into the potential of wastewater 
sludge and the characteristics of different types of sludge. Each type of sludge has 
unique characteristics, microorganism consortium, and reactions that occur within 
the sludge. The behavior of sludge, typical microorganism degraders, and reactions 
involved in the natural process transform complex substrates into simpler ones. The 
presence of microbial degraders is crucial for the exploitation of sludge valorization 
for future sustainability. The chapter explores the components and typical mecha-
nisms of sludge degrader microbes in dewatered sludge. The understanding of the 
microbial degraders present in sludge is essential for the development of sustainable 
approaches to sludge management. The exploitation of sludge valorization has the 
potential to provide renewable energy sources, contribute to the circular economy, 
and reduce the environmental impact of sludge disposal. This book chapter highlights 
the importance of microbial degraders in the transformation of complex substrates 
into simpler ones and the need for sustainable approaches to exploit the potential of 
sludge valorization. 
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1 Introduction 

Wastewater that has been treated and refined from the wastewater treatment plant 
(typically consisting of preliminary, primary and secondary treatment) has the poten-
tial to be valorized into valuable bioproducts such as bioenergy and biomaterials. The 
end waste at the treatment site is in the form of dewatered sludge (biosolid) which is 
composed of a lot of nutrient composition and tonnes of microbes. Table 1 tabulates 
the differences between sludge, sewage sludge, activated sludge and leachate. 

Table 1 Comparison of sludge, activated sludge, sewage sludge, and leachate 

Sludge Activated sludge Sewage sludge Leachate 

Definition • Formed during 
both primary 
sewage treatment 
and secondary 
treatment 

• Sludge form and 
growth in the 
biological 
treatment 
process that is 
composed of 
microorganisms 

• Agitated and 
aerated 

• Sludge that is 
produced in form 
of residual and 
semi-solid for 
both municipal 
and industrial 
wastewater 

• Also known as 
biosolids 

Liquid squeezed 
out from the waste 
as well as the water 
(solvent) which 
infiltrates into the 
waste and 
percolates through 
it carrying 
substances 
dissolved from the 
waste (solutes) 

Position/ 
Location 

• Preliminary 
treatment; 
biological, 
chemical and 
physical 

• Secondary 
treatment; 
further biological 
process 
(anaerobic 
digestion) 

• After  the  
secondary 
treatment; the 
product 

• Closed 
biological 
reactors are 
known as 
anaerobic sludge 
digesters 

• Located at the 
effluent 

• Municipal and 
industrial 
wastewater 

• Dump  area  

Benefit • Can be converted 
to biogas through 
anaerobic 
digestion process 

• Microorganisms 
are used to 
consume organic 
matter in WW 

• Aeration is 
required in this 
treatment 

• Good source of 
plant nutrients 
(macronutrients); 
soil conditioner 
or fertilizer 

• Electron transfer 
(microbial fuel 
cell) 

• Carbonization as 
energy 
generation 

Fermented leachate 
can be used to 
recover and adsorb 
acetic and butyric 
acid 

References [4] [5, 6] [7] [8]
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2 Overall Reaction and Type of Microbe Degraders 

2.1 Sugar Degrader 

The source of sugar came from lignocellulosic material which can be found in plant-
derived residue and waste such as paper mill sludge [1]. Research conducted by 
Ducan and team [2], found that the conversion of mill sludge to sugar later can be 
used as either isoprene or ethanol. Based on Yildiz et al. [3, 6], microorganisms are 
used due to their ability to remediate the sugar industry effluent. The application of 
microorganisms is eco-friendly because they do not require any chemicals during 
the sludge treatment. Basically, lactic acid bacteria (LAB) that are used as sugar 
degrader reacted can be monitored by the reduction of pH. There are several types of 
LAB strains that are used as sugar degraders, for example, Lactobacillus plantarum, 
Lactobacillus casei, and Streptoccuslactis. The production of lactic acid in the early 
fermentation stage suppressing the growth of putrefying bacteria while enhancing 
the availability of inorganic compounds which are being used by these lactic acid 
bacteria for growth and reproduction. 

Besides, Saccharomyces cerevisiae is the most useful microorganism for ethanol 
production through alcoholic fermentation by metabolizing sugar in the absence of 
oxygen which leads to the production of ethanol and carbon dioxide [9]. 

The metabolic reaction of sugar degradation is further described below: 

C6H12O6 → 2CH3CH2OH + 2CO2 (1) 

where C6H12O6 is glucose, CH3CH2OH is ethanol and CO2 is carbon dioxide. 

2.2 Amino Acid Degrader 

Amino acid is a soluble monomer from a breakdown of complex organic matter 
dependent upon syntropic interaction of a consortium of microorganism in anaerobic 
digestion [10]. Amino acids vary significantly in size and structure and are fermented 
via different pathways to a range of products where these products are built up by 
amphoteric substances that contain amino and carboxyl groups. These amino acids 
are comprised of a four-step process of hydrolysis; amino acid fermentation, acid 
production and methanation of the anaerobic degradation process of proteins. 

The degradation of amino acids produces organic compounds such as ammonia, 
carbon dioxide and small amounts of hydrogen and sulphur compounds. Amino acids 
are degraded in two ways that include deamination through a Stickland reaction; 
injection of two types of amino acids. One side of the amino acid (containing the 
majority of the carbon atoms) acts as an electron accepter, while the other (containing 
one or only a few carbon atoms) acts as an electron donor.
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The reaction that takes place is the deamination by bacteria within the Clostridium 
species (obligatory species). The second type of amino acid decomposition occurs 
through the general fermentation process of single amino acids that requires the pres-
ence of hydrogen-utilizing bacteria. The fermentation of amino acids by the Stickland 
reaction; a chemical reaction that involves the coupled oxidation and reduction of 
amino acids to organic acids, is known to be the dominant reaction among these two 
types [11, 12]. 

Based on Table 2, there are five classifications of the bacteria based on their 
involvement in Stickland reactions and the amino acids that they typically utilize [11]. 
Group I bacteria are organisms that carry out the Stickland reactions. Fermentation 
process intermediately utilize proline and produce δ-aminovalerate, α-aminobutyrate 
or γ -aminobutyrate by these enzymes were accumulated with Clostridial species. 
While Groups II, III, IV and V do not carry Stickland reactions but ferment 
amino acids. These classifications mainly form obligate spore-formers (Clostridial 
species) and some non-sporing obligate anaerobes, for example, Peptostreptococcus 
(Micrococcus) spp.

Table 3 summarizes the amino acid metabolic degradation. All of the reactions 
are described either as Stickland or non-Stickland where there are five amino acids 
involved in Stickland reaction. These reactions can act either as an electron donor or 
electron acceptor.

2.3 Long-Chain Fatty Acid (LCFA) Degrader 

Long-chain fatty acid (LCFA) is generated from the hydrolysis of lipids in sludge 
[13]. Fatty acids are organic molecules composed of a hydrophilic head, a carboxyl 
group and a hydrophobic aliphatic tail. The absence or presence of double bonds in the 
fatty acid aliphatic chain makes them saturated or unsaturated. Saturated and unsat-
urated LCFA are palmitate and oleate, respectively, thus they become the most abun-
dant constituents [14]. The Prime way to identify the differences between saturated 
and unsaturated LCFAs are the presence of double bond in the fatty acid aliphatic 
chain, respectively. Table 4 showed the common unsaturated and saturated LCFA 
found in wastewater.

Hydrogen transfer between microorganisms plays a central role in LCFA degrada-
tion in methanogenic environments. This degradation through obligation syntrophic 
communities of proton-reducing acetogenic bacteria, converting LCFA to acetate 
and hydrogen/formate, acetoclastic methanogenic archaea, and hydrogen/formate-
consuming methanogenic archaea as shown in Table 5.

The degradation of saturated LCFA follows the classic β-oxidation pathway while 
the unsaturated LCFA may require a preliminary step of hydrogenation or an alter-
native degradation pathway. The coculture of Syntrophomonas and Methanospir-
illumhungatei can degrade palmitate in LCFA [15, 16]. There are 14 fatty-acid-
degrading syntrophic bacteria that have been obtained in pure culture and coculture 
with hydrogen-consuming microorganisms, all belong to Syntrophomonadaceae and
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Table 2 Classification of anaerobic bacteria which degrade amino acids [11] 

Group 
species 

Enzyme production Amino acids 
utilized 

Characteristics 

I C. bifermentans proteo/saccharolytic proline, serine, 
arginine, glycine 

organisms that carry 
out Stickland 
reaction 

C. sordellii proteo/saccharolytic leucine, 
isoleucine, 
valine 

reaction 

C. botulinum types 
A, B, F 

proteo/saccharolytic ornithine, 
lysine, alanine, 

prolineutilised by all 
species 

C. caloritolerans – cysteine, 
methionine, 
aspartate 

δ–aminovalerate 

C. sporogenes proteo/saccharolytic threonine, 
phenylalanine 

α-aminobutyrate and 
γ -aminobutyrate are 
produced 

C. 
cochlearium– one 
strain 

specialist tyrosine, 
tryptophan and 
glutamate 

C. difficile saccharolytic 

C. putrificum proteo/saccharolytic 

C. sticklandii specialist 

C. ghoni proteolytic 

C. mangenotii proteolytic 

C. scatologenes saccharolytic 

C. lituseburense proteo/saccharolytic 

C. aerofoetidum – 

C. butyricum saccharolytic 

C. caproicum – 

C. carnofoetidum – 

C. indolicum – 

C. mitelmanii – 

C. saprotoxicum – 

C. valerianicum – 

II C. botulinum types 
C 

proteo/saccharolytic glycine, arginie, 
histidine and 
lysine 

glycine is used by all 
species; 
δ-aminovalerate not 
produced 

C. histolyticum proteolytic

(continued)
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Table 2 (continued)

Group
species

Enzyme production Amino acids
utilized

Characteristics

C. 
cochlearium– one 
strain 

specialist 

C. subterminale proteolytic 

C. botulinum types 
G 

– 

P. anaerobius – 

P. variabilis – 

P. micros – 

III C. 
cochlearium– one 
strain 

Specialist glutamate, 
serine, histidine, 

δ–aminovalerate not 
produced; 

III C. tetani Proteolytic arginine, 
aspartate, 
threonine 

histidine, serine and 
glutamate 

C. tetanomorphum Saccharolytic tyrosine, 
tryptophan and 

used by all species 

C. lentoputrescens – cysteine 

C. limosum proteolytic 

C. malenomenatum specialist 

C. microsporum – 

C. perfringens proteo/saccharolytic 

C. butyricum saccharolytic 

P. asaccharolyticus – 

P. prevotii – 

P. activus – 

IV C. putrefaciens proteolytic serine and 
threonine 

δ-aminovalerate not 
produced 

V C. propionicum specialist alanine, serine, 
threonine, 
cysteine and 
methionine 

δ-aminovalerate not 
produced

Syntrophaceae within the phyla Firmicutes and Deltaproteobacteria, respectively. 
During fatty acid degradation, these syntrophic bacteria are working together with 
hydrogenotrophicarchaea or hydrogen-consuming sulphate-reducing bacteria [14].
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Table 3 Stoichiometry for amino acid fermentation (catholic reactions only) [11] 

No Reaction Type 

1 C6H13O2N (Leu)  + 2 H2O → C5H10O2 (3-methylbutyrate) + NH3 + 
CO2 + 2H2 + ATP 

Stickland 

2 C6H13O2N (Leu)  + H2 → C6H12O2 (4-methylvalerate) + NH3 Stickland 

3 C6H13O2N (Ile) + 2H2O → C5H10O2 (2-methylbutyrate) + NH3 + CO2 
+ 2H2 + ATP 

Stickland 

4 C5H11O2N (Val)  + 2H2O → C4H8O2 (2-methylpropionate) + NH3 + 
CO2 + 2H2 + ATP 

Stickland 

5 C9H11O2N (Phe)  + 2H2O → C8H8O2 (phenylacetate) + NH3 + CO2 + 
2H2 + ATP 

Stickland 

6 C9H11O2N (Phe)  + H2 → C9H10O2 (phenylpropionate) + NH3 Stickland 

7 C9H11O2N (Phe)  + 2H2O → C6H6 (phenol) + C2H4O2 (acetate) + NH3 
+ CO2 + H2 + ATP 

Non-Stickland

2.4 Valerate and Butyrade Degrader 

Butyrate and valerate are two compositions which can be found in a typical volatile 
fatty acid of an acidic anaerobic digestion reactor of sludge [17]. The degradation 
kinetics of normal and branched chain butyrate and valerate are important in protein-
fed anaerobic systems, as a number of amino acids degrade to these organic acids. 

Based on Table  6, the degradation for both n-buytrate and n-valerate is via β-
oxidation to acetate and acetate + propionate, respectively. The organisms that 
are capable to degrade butyrate are Syntrophaceae sp, Tepidanaerobacter sp. and 
Clostridium spp. Typically, if one of these substrates can be degraded by these organ-
isms then it may potentially degrade the others. I-butyrate is also oxidized by the same 
organisms, and reciprocal isomerism between the two forms of butyrate has been well 
established [18, 19]. Both neo-valerate and i-valerate are more complex and difficult 
to access in environmental situations, as they are lumped in gas chromatography 
measurements.

Clostridium bryantiisp. can oxidize neo-valerate to acetate and propionate via 
β-oxidation while i-valerate degrades to acetate as the only organic acid product 
[18]. 

. 

2.5 Propionate Degrader 

Abundance of Smithella spp. among Syntrophotbacterales indicates syntrophic 
degradation of propionate and butyrate. The syntrophy of bacteria (illustrated 
in Fig. 1) is responsible for carrying out degradation of amino acids, aromatic
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Table 5 Gibbs free energy 
changes for some of the 
acetogenic and methanogenic 
reactions (presumably) 
involved in syntrophic 
conversion of different fatty 
acids [14] 

Reactant Equation 

Fatty acids oxidation reactions 

Linoleate (C18: 2) Linoleate + 16H2O → 
9acetate + 14H2 + 8H+ 

CH3(CHCH)COOH + 2H2O → 
2CH3COOH + 2H2 

Oleate (C 18:1) Oleate + 16H2O → 
9acetate + 15H2 + 8H+ 

Stearate (C 18: 0) Stearate + 16H2O → 
9acetate + 16H2 + 8H+ 

Palmitate (C 16: 0) Palmitate + 14H2O → 
8acetate + 14H2 + 7H+ 

Butyrate (C 4: 0) Butyrate + 2H2O → 
2acetate + 2H2 + H+ 

Methanogenic reactions 

Hydrogen H2 + 1/4HCO− 
3 + 1/4H+ → 

1/4CH4 + 3/4H2O 

Acetate Acetate + H2O → HCO− 
3 + CH4

Table 6 Butyrate and valerate degradation reactions [18] 

Reaction Substrate Reaction 

1 n-buytrate CH3CH2CH2OOH + 2H2O → 
2CH3COOH + 2H2 

2 i-butyrate CH3(CHCH)COOH + 2H2O → 
2CH3COOH + 2H2 

3 n-valerate CH3CH2CH2CH2COOH + 2H2O → 
CH3COOH + CH3CH2COOH + 2H2 

4 neo-valerate CH3CH2(CHCH3)COOH + 2H2O → 
CH3COOH + CH3CH2COOH + 2H2 

5 i-valerate CH3(CHCH3)CH2COOH + CO2 + 2H2O → 
3CH3COOH + H2 

6 i-valerate CH3(CHCH3)CH2COOH + 4H2O → 
2CH3COOH + CO2 + 5H2

compounds and propionate and butyrate which ultimately leads to the formation 
of CH4 [20].
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Fig. 1 Schematic representation of anaerobic carbon mineralization in sewage sludge with the 
microbial communities. Adapted from [20] (Created with Biorender) 

2.6 Acetate Degrader 

The source of acetate in sludge is originated from the conversion of volatile fatty acid 
in dark fermentation: acetogenesis [17]. Acetotrophic is a condition in which methyl 
groups are reduced by Methanosarcinales genus which uses simple compounds 
(acetate) for their growth. Acetotrophic methanogens are obligatory anerobes that 
transform acetate to methane and carbon dioxide. It was found that, during the anaer-
obic processing of sewage sludge and manure, the number of Methanosaeta genus 
increased with decreasing acetate in environment, simultaneously intensive growth 
of bacteria which are acetotrophic methanogens [21, 22]. Research conducted by 
Detman et al. [23] highlighted that Methanosaeta genus can be evaluated based 
on MAGs phylogenetic tree which shows Methanothrix soehngenii had the most 
abundant (12.1%) [23]. 

Stoichiometry reaction degradation of acetate: 

Acetate + H2O → HCO− 
3 + CH4 (2) 

where H2O is water, HCO
− 
3 is bicarbonate and CH4 is methane.
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CH3COO
− + SO2− 

4 → 2HCO− 
3 + HS− (3) 

where CH3COO− is acetate and SO2− 
4 is sulphate. 

2.7 Hydrogen Degrader 

The anaerobic microorganisms produce hydrogenase enzyme which is capable to 
evolve and taking up hydrogen (H2 [24]. Hydrogen production by fermentative 
microorganisms is an expectable method compared with photosynthetic bacteria 
due to its high utilization of organic compounds or wastes as substrate to produce 
hydrogen day and night. The production of molecular hydrogen (fermentation 
process) is generally associated with intracellular iron–sulphur protein, ferredoxin, 
which is an electronegative electron carrier [24]. The electrons transfer from ferre-
doxin to H+ is catalyzed by hydrogenase enzyme. Two classes of fermentative 
bacteria are capable of producing hydrogen at a high rate and yield, including 
strictly anaerobic and facultative anaerobic bacteria. First Clostridium butyricum 
largely utilized in the biotechnological hydrogen production and secondly Klebsiella 
pneumonia typically a facultative anaerobic bacteria as nitrogen fixing [24]. 

Reaction 4summarized stoichiometry for both Sporomusasphaeroides and Wolin-
iela for reduction of CO2 to acetate. 

Metabolism degradation of hydrogen: 

H2 + fumarate ↔ Succinate (4) 

Clostridium butyricum strict anaerobic bacterium, is known as a classical acid 
producer and usually ferments carbohydrates to butyrate, acetate, carbon dioxide, 
and molecular hydrogen [25, 26]. Based on Fig. 2, there are two pathways to produce 
hydrogen, one is via the cleavage of pyruvate to acetyl-CoA and the other to NAD+ 

to generate NADH2.
The production of 2,3-butaediol, ethanol and lactate from pyruvate by NADH2 

as a reductant, but not for H2 [27].While Klebsiella pneumonia; a facultative anaer-
obic and nitrogen-fixing bacteria also has the ability to produce hydrogen in high 
quantities. Nitrogen is mainly associated for hydrogen production by K. pneumonia. 

2.8 Sulphate Degrader 

Sulphate ion (S02− 
4 ) is one of the most universal anions occurring in rainfall, espe-

cially in air masses that have encountered metropolitan areas (During anaerobic 
conditions, sulphate is reduced to sulphide by sulphate-reducing bacteria [SRB]).
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Fig. 2 Metabolic pathway of glucose by Clostridiumbutyricum under anaerobic conditions. (1) 
Pyruvate: ferredoxinoxidoreductase (PFOR); (2) Hydrogenase; (3) NADH: ferredoxinoxidoreduc-
tase. Adapted from 24 (Created with Biorender)

This SRB play a fundamental role as sulphate bioremediator through the conver-
sion of sulphate to sulphide in the stabilization process [5]. Additionally they can 
compete with other anaerobic bacteria for a wide range of carbon sources and electron 
donors such as glucose, lactate, propionate, acetate, butyrate and ethanol. SRB found 
famously to grow at pH range 6–8 or called as neutrophilic condition [28]. Sulphate 
reducers that degrade carbon can be divided into two groups: (i) bacterial group that 
can completely degrade the carbon to carbon dioxide and (ii) bacterial group that 
catalyze partial carbon degradation to acetate which can be clearly figure in Table 
7. The SRB can generate twice as much energy during the incomplete oxidation of 
lactate compared with its complete oxidation [29].
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Table 7 Reduction of 
sulphate only partially 
oxidized [30] 

Reaction 

2Lactate− + S02 4 ↔ 2acetate− + 2H2 O + 2CO2 + S2− 

2Ethanol + 3S02 4 ↔ 6H2 O + 4CO2 + 3S2− 

2Malate2− + 3S02 4 + 4H+ ↔ 6H2 O + 8CO2 + 3S2− 

3 Conclusions 

This book chapter provides an insight into the fundamental components of sewage 
sludge, including the natural microbe degraders present in the sludge. The knowledge 
of the microbial community in the sludge allows for the exploitation of the sludge 
and the isolation of suitable microbes for bioremediation purposes. The microbio-
logical approach is a greener method for solving environmental pollution and has 
the potential to provide a sustainable solution.In addition to bioremediation, the 
chapter highlights the potential for the purification of useful chemical compounds 
from sewage sludge, such as expensive fatty acids that can be obtained through 
the isolation of certain species found in the sludge. This demonstrates the potential 
for the valorization of sludge in new emerging green technologies.One such tech-
nology is the microbial fuel cell (MFC), which requires a comprehensive and effective 
microbial degrader to accelerate the degradation process and increase the oxidation 
process, resulting in higher current density for energy recovery. The understanding of 
the microbial degraders in sewage sludge is essential for the development of effec-
tive and sustainable approaches to sludge management.Overall, this book chapter 
provides an insight into the components and typical mechanisms of sludge degrader 
microbes in dewatered sludge and highlights the potential for the exploitation of 
sludge valorization in sustainable approaches to sludge management. The utiliza-
tion of natural microbe degraders can provide solutions to environmental pollution, 
produce valuable chemical compounds, and contribute to the development of new 
emerging green technologies such as the microbial fuel cell. 
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Abstract Due to the exponential rate of waste production worldwide, the devel-
opment of newly emerging technologies is rising and advancing proportionately. 
Entailed instalment of sophisticated sustainable and renewable energy development 
is constantly expanding to meet the socio-economic demands of communities and 
industries. Innumerable advanced technologies have been introduced to acquire for 
alternative energy sources and to minimise waste pollution while reducing emissions 
of greenhouse gases hence, combatting the impact of global warming. Among the 
energy conversion technologies includes gasification, pyrolysis, incineration, land-
fill, and bioelectrochemical technologies mainly microbial fuel cell (MFC), micro-
bial electrolysis cells (MECs), and microbial electrosynthesis (MES). This chapter 
starts off with an overview of the current trend of sustainable and renewable energy 
in Malaysia. Next, the application of MFC is being discussed in the context of 
wastewater treatment and its potential application as an alternative source of renew-
able energy. Finally, the public acceptance and perceptions towards sustainable and 
renewable energy are also considered and discussed. 
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1 Introduction 

As the world population grows, the demand for energy especially for electricity is 
also on the rise. Coal is the most widely used source of electricity today, accounting 
for 41% of total electricity generation. However, due to the high degree of pollution 
(water and air pollution during mining and air pollution when burning) and deplorable 
working conditions, certain energy source is not considered as sustainable source. 

Generally, there are four types of renewable energy (RE) sources which are solar, 
wind, hydro, and biomass. Although these sources are renewable, their sustain-
ability may be unfeasible. Sustainability is determined by three different parame-
ters: environmental sustainability, social sustainability, and economic sustainability. 
According to the United Nations (UN), environmental sustainability is about acting 
in a way that ensures future generations have the natural resources available to live 
an equal, if not better, way of life as current generations. Being a net consumer of 
energy, if a renewable energy device costs more energy than it produces during its 
lifetime, it does not conform as being sustainable. 

2 Revolution of Malaysia’s Policies 

On the other hand, social sustainability calls for safe working conditions and decent 
wages. As a whole, social sustainability revolves around the fact that we all live on 
the same planet and have access to enough food and energy to support ourselves. 
Therefore, it is essential to use the planet’s resources effectively and efficiently. 
Economic sustainability is concerned with policies that promote long-term economic 
growth without jeopardising the community’s social, environmental, and cultural 
characteristics. Greatly influenced by the aftermath of the 1973 and 1979 oil crises, 
Malaysian policymakers have shown a remarkable enthusiasm for developing timely 
and visionary energy plans and policies. Table 1 provides a summary of various 
energy policies in Malaysia.

Nevertheless, despite the government’s effort to diversify the energy mix in the 
country, energy consumption in Malaysia is still excessively relying on the non-
renewable energy sources compare to renewable energy sources. This could be 
owing to the current availability of natural resources and the high cost of renew-
able energy. Another reason could be a lack of strategic deployment of renewable 
energy resources. For example, the insufficient and unrealistic net-metering tariff 
for solar energy producers, the high priority placed on biomass energy production, 
the electrical system’s incapacity to accept intermittency, and insufficient backup 
mechanisms to stabilise the electric grid. Figure 1 presents the total primary energy 
production while Fig. 2 presents the total primary energy supply to Malaysia by fuel 
type.

To date, the share of RE in Malaysia remained below the global and regional 
average [2]. As of the end of 2020, RE accounted for 23% of the national power
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Table 1 A summary of various energy policies in Malaysia [1] 

No Year Policies Objectives 

1 1974 Petroleum Development Act Provide rights to PETRONAS for 
exploration, development, and 
production of petroleum 

2 1975 National Petroleum Policy To manage the downstream oil and gas 
industry through Petroleum 
Regulations 1974 

3 1979 National Energy Policy Three objectives, i.e., enhanced 
sufficiency, safety, and 
cost-effectiveness have been proposed 
along with the promotion of efficient 
energy utilisation to curb negative 
environmental issues 

4 1980 National depletion policy To prolong oil reserves to secure future 
energy requirements 

5 1981 Four fuel diversification strategy To enhance the lifetime of natural 
resources of Malaysia by introducing a 
balanced utilisation policy of oil, NG, 
hydro, and coal 

6 2001 Five fuel diversification strategy Renewable energy sources (most 
highlighted solar and biomass) have 
been included in the primary energy 
mix to improve the security of natural 
resources and the 
environment-friendly nature of RE 
technology 

i 2005–2030 Hydrogen energy roadmap Generation of hydrogen using RE 
resource, development of H2 network 
for H2 fuel cell vehicles 

ii 2006 National biofuel policy To promote palm oil demand and 
utilisation of biomass resources to 
produce electricity 

iii 2010 National RE policy and action plan Development of indigenous RE 
technologies and their enhanced 
utilisation

installed capacity compared to the global average of 37% and the Southeast Asia 
regional average of 30%. Hence, there is a crucial need to accelerate RE deployment 
in Malaysia to meet the committed RE and climate targets, by strengthening existing 
programmes and introducing new approaches, in parallel with the Government’s 
practices in future-proofing existing electricity market regulations and power sector 
industry practices. 

Recently, the Ministry of Energy and Natural Resources kicks off a new Malaysia 
Renewable Energy Roadmap is introduced to realise the Government’s future sustain-
able and renewable energy aspiration with an anticipated cumulative investment of 
MYR 53 billion and 46,336 numbers of job opportunities. Malaysia Renewable
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Fig. 1 Total primary energy 
production in Malaysia. 
Reprinted from Energy 
Strategy Reviews, Vol.35, 
Ahmad M.S., Ali M.S., 
Rahim N.A., Hydrogen 
energy vision 2060: 
Hydrogen as energy Carrier 
in Malaysian primary energy 
mix—Developing P2G case, 
1–12, Copyright (2021), with 
permission from Elsevier 

Fig. 2 Total primary energy 
supply to Malaysia by fuel 
type. Reprinted from Energy 
Strategy Reviews, Vol.35, 
Ahmad M.S., Ali M.S., 
Rahim N.A., Hydrogen 
energy vision 2060: 
Hydrogen as energy Carrier 
in Malaysian primary energy 
mix—Developing P2G case, 
1–12, Copyright (2021), with 
permission from Elsevier

Energy Roadmap (MyRER) is a formulation of a strategic framework that aimed to 
achieve 31% RE share in the national capacity mix by 2025 and attain decarbonisation 
of the electricity sector by 2035. 

The MyRER vision is upheld by 4 technology-specific pillars and 4 enabling 
initiatives. The strategic framework calls for concerted and coordinated actions from 
collaborations between various stakeholders in allowing Malaysia to tap into the 
huge potential made available through RE projects to promote improved economic, 
environmental, and social outcomes. With the said pillars, it is hoped to ensure the
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full capacity of the usage of renewable energy as well as the sustainability of these 
sources. 

It is now widely accepted that the world’s energy supply must become more 
sustainable. Thus, it is critical to ensure that the Malaysia Energy Vision 2060s mile-
stones are backed up by state-of-the-art and faultless research schemes. At present, 
renewable energy accounts for less than 7.8% of the global primary energy supply 
including wind power, hydropower, solar energy, geothermal energy, and biomass. It 
is predicted that about half of the global energy demand could be met by renewable 
sources by the year 2050. Organics in wastewater used in MFCs could be an impor-
tant renewable resource in the transition from fossil to sustainable fuels as discussed 
in the next section. 

3 Microbial Fuel Cells (MFC) as an Alternative Energy 
Source 

Sustainability has become a global challenge as natural resources such as fresh water 
and fossil fuels are depleting rapidly. It is imperative to have an effective and efficient 
water management to ensure its long-term sustainability and meet the needs of future 
generations [2]. Current wastewater treatment technology consumes between 1 and 
3% of the total electrical energy output of a country [3], of which would require a 
20% of public utilities’ electrical energy consumption for its operation [4]. Moreover, 
energy consumption is expected to rise significantly soon. For example, the energy 
use by water utilities in Australia is estimated to grow between 130 and 200% above 
existing levels due to an expected population growth of 25% by 2030 [5]. Conse-
quently, water treatment industries would have a significant carbon impact, posing a 
serious threat to the environmental sustainability. 

Environmental sustainability encompasses all aspects of life. It is intimately 
related to humanity’s future, defining how we should conserve and manage natural 
resources, air quality, water quality, and the ecosystems. It also aids in the preven-
tion of environmental damage caused by technological advancement. Among the 
way to achieve environmental sustainability is to have effective wastewater treat-
ment. Globally, around 80% of wastewater is being released back into the environ-
ment [6] without being treated or reused. This indicates that over 1.8 billion people 
in the world are consuming contaminated water, a potential health hazard. Hence, 
wastewater treatment is pivotal in fulfilling the growing demand for clean water in 
rapidly expanding cities, enhancing energy production and industrial development, 
and promoting sustainable agriculture. 

Societal and environmental pressures over recent years have led to a growing 
movement for the industry to reduce its wastewater and treat it before discharge. 
Wastewater is now seen as a potential resource and its use, or recycling after suitable 
treatment, can provide economic and financial benefits. Societal and environmental 
pressures over recent years have led to a growing movement for the industry to reduce
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its wastewater and treat it before discharge. Wastewater is now seen as a potential 
resource and its use, or recycling after suitable treatment, can provide economic and 
financial benefits. 

In Malaysia, there are 8147 sewage treatment plants and network pumping 
stations nationwide which are managed by the Indah Water Konsortium Sdn Bhd 
(IWK). Owned by the Minister of Finance Incorporated, IWK is Malaysia’s national 
sewerage company which has been entrusted with the task of developing and main-
taining a modern and efficient sewerage system for all Malaysians. The national 
operator of sewerage services operates and maintains more than 6800 sewage treat-
ment plants across more than 19,400 km of sewer pipelines. Currently, IWK provides 
sewerage services to approximately 26 million population. IWK has been practicing 
the reuse of sewage by-products at 13 of their regional plants as an initial effort 
to conserve water, energy, and the environment. The reuse of the treated effluent 
is currently confined to internal housekeeping or non-potable use, such as sewage 
treatment plants compound cleaning, vehicle cleaning, and watering of plants for 
landscaping purposes. 

Sewage treatment is the process of removing contaminants from wastewater, 
primarily from household sewage. It includes physical, chemical, and biological 
processes to remove these contaminants and produce environmentally safer treated 
wastewater. A by-product of sewage treatment is usually a semi-solid waste or slurry, 
called sewage sludge that has to undergo further treatment before being suitable 
for disposal or land application [3]. Overall, the processes of wastewater treat-
ment consume a substantial portion of energy. Nevertheless, the wastewater influent 
contains a large amount of energy contents in the form of organics. Therefore, to 
maintain a sustainable society, it is clearly beneficial to efficiently extract energy 
from wastewater to compensate energy use of the treatment process which can be 
realised by anaerobic processes to produce methane, hydrogen, or bioelectricity. 

Recently, a bioelectricity processing method known as microbial fuel cells (MFCs) 
has gained increased interest for their promising and potentially alternative renewable 
energy source. Initially, MFC emerged as an alternative energy-added wastewater 
treatment technology which can produce electricity during wastewater treatment. 
The recent advancement in the field of MFC provides promising technology not 
only to obtain energy but also to treat organic content wastewater at the same time. 
Moreover, the use of MFC as an alternative source for power generation is considered 
a reliable, clean, efficient process, which utilises renewable methods and does not 
generate any toxic by-product. MFC is also considered an environmentally friendly 
conversion technology due to its capability of converting the chemical energy stored 
in the organic matter to electricity assisted by microorganisms. Figure 3 shows the 
graphical application of MFC.

MFC is a process where microbes convert chemical energy generated by the oxida-
tion of organic/inorganic molecules into adenosine triphosphate through sequential 
reactions. In this process, electrons are transported to a terminal electron acceptor to 
generate an electrical current. The MFC system consists of an anode and a cathode 
and an external load connecting the two electrodes. During MFC operation, the 
bacteria switch their electron-donating direction from the natural electron acceptor
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Fig. 3 Graphical application 
of MFC. Reprinted from Sci 
Total Environ, Munoz-Cupa 
C, Hu Y, Xu C, Bassi A., An 
overview of microbial fuel 
cell usage in wastewater 
treatment, resource recovery 
and energy production, 
Copyright (2021), with 
permission from Elsevier

in the bulk wastewater, mainly oxygen or nitrate, directly to the anode via a redox 
reaction of electron mediators on the anode surface. Figure 4 shows the concept of 
MFC towards the production of renewable energy.

MFC offers several advantages over other renewable energy. Mainly, its direct 
conversion of chemical energy within the substrate to electricity allows a higher 
energy conversion efficiency without any combustion process [7]. It uses low energy 
consumption while offering significant cost savings since the process of MFC does 
not require any energy input to drive the system for its operation. The system can be 
operated at ambient temperature, thus avoiding huge energy consumption to stabilise 
the temperature of the system. Additionally, the use of microorganisms in MFC for 
electricity generation eliminates the high cost of constructing the MFC compared 
to the cost of using a metal catalyst or extracted enzymes. Prior empirical studies 
have shown that energy from MFC is able to power up small devices like sensors, 
low-voltage capacitors, and small direct current (DC) motors. 

Figure 5 depicts a comparison of the findings of the studies by Ge and He [8] and 
Li, Yu [9]. In the first part (section a), it shows that from Ge and He [8] findings, the 
input energy is 0.15 mW/m3 and the energy generated by MFC is 0.081 mW/m3. 
Meanwhile in the second part (section b), in the findings of Li, Yu [9], the energy 
required for the process is 0.076 mW/kg COD and a power of 0.026 mW/kg COD is 
produced. In comparison, there was an energy consumption of anaerobic sludge of 
0.6 kW/kg COD indicating that MFC application for renewable energy is sustainable.
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Fig. 4 The concept of MFC towards the production of renewable energy. Reprinted from Process 
Safety and Environmental Protection, A. Nawaz, Ikram ul Haq, K. Qaisar, B. Gunes, S.I. Raja, K. 
Mohyuddin, H. Amin., Microbial fuel cells: Insight into simultaneous wastewater treatment and 
bioelectricity generation., 357–373, Copyright (2022), with permission from Elsevier

Fig. 5 Comparison of Energy Balance of MFC (a) Municipal wastewater with dual MFC (redrawn 
from Ge and He [8]; (b) municipal wastewater with single MFC and conventional activated sludge. 
Reprinted with permission from Li, Yu [9] 

Furthermore, several studies have examined its application in wastewater treat-
ment in terms of energy consumption and operational costs. The ability of the electro-
active microbial communities to harvest and extract clean energy from waste organic 
sources rather than filtering the contaminants has allowed MFC to utilise many
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different types of wastewaters, ranging from domestic wastes, industrial wastes, agri-
cultural waste, and animal waste. Furthermore, the fuels for MFCs are flexible in that 
they can be different kinds of biodegradable waste, reduced carbohydrates, glucose, 
sucrose, acetate, lactate, starch, and some other complex substrates in municipal or 
industrial wastewater, and in the form of liquid or sludge. In comparison with other 
wastewater treatment systems such as anaerobic digestion [10] or activated sludge 
[11], MFC offers a much lower cost to manage and dispose of sludge. Therefore, 
MFC is seen as an ideal and potential green technology that can generate clean and 
renewable electricity from the treatment of wastewater. 

However, MFC technology is still in its infancy and has yet to be scaled up for 
mass operations due to several limitations and challenges. High internal resistance, 
high energy losses, high costs for construction and operation, and difficulty of scaling 
up are among the issues that need to be further addressed to facilitate an economi-
cally feasible operation of MFC. To overcome some of the present limitations, the 
combination of separation methods and new configurations for MFC needs to be 
investigated for further application in wastewater treatment for continued improve-
ments in fuel cell design and efficiency as well scale-up with economically practical 
applications tailored to local needs. Future studies are needed to increase the power 
output to decrease the operational cost and have a better renewal value because of 
the high capital cost. Further investigation also should consider recovery or other 
high-value products such as nutrients or pharmaceutical products by MFC. 

4 The Public Perceptions and Attitudes Towards 
Sustainable and Renewable Energy 

Advances in new technologies and the desire to achieve a sustainable and safe energy 
supply, enable communities to transition from conventional to renewable resources. 
Although the transition to renewable energy is gaining popularity globally, its devel-
opment is constrained by several challenges, most notably social resistance. Public 
perception of alternative energy sources is considered one of the most important 
factors influencing the development of renewable energy facilities and technologies. 
Other significant challenges include low acceptance in different social sectors, lack 
of knowledge, and negative public perceptions. 

It is critical to understand the interdependence of technology, society, and govern-
ment, as every change in one is likely to influence the others. As such, their inter-
dependence affects the acceptance of the society in terms of change and technology, 
an aspect that plays a significant role in the evolution of renewable energy develop-
ments. According to Jasanoff [12], the relationship between science and technology 
is mutually beneficial, in that science has an effect on society and society has an 
effect on science. Therefore, entrepreneurs, scientists, and policymakers working 
on sustainable and renewable energy technology should continuously look for new 
ways to engage the public in innovation [13]. Research in sustainable and renewable
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energy should prioritise problem-solving, interdisciplinarity, and social inclusive 
studies [14, 15]. 

Renewable energy acceptance is shaped by three dimensions: market, socio-
political, and community, thereby distinguishing a universal and homogenising sense 
of acceptance (often reflected in ‘positive’ national opinion polls) from its representa-
tion in policies and the varied reactions of local communities [16]. Public acceptance 
and perception can help to prevent, or at least anticipate, possible future controversies, 
to provide ideas for new and better products and services, and to increase the openness 
and transparency of scientific and technological developments, which is a prerequi-
site for a trust relationship between different actors [17]. Public involvement has also 
demonstrated that they can be proactive and come up with interesting suggestions, 
such as including energy and environmental issues in educational programmes, from 
elementary school to universities [18]. One tool that enables the connection between 
different actors involved in the development of a project is the communication of 
the environmental issues and energy technologies that shape public opinion, change 
policies, and affect our world [19]. 

Adequate communication techniques for renewable energy transition initiatives 
would transpire a positive or negative effect, depending on how those projects are 
being understood and accepted. Hence, it is critical to effectively communicate 
technical and scientific knowledge, keeping the pertinent information as simple to 
understand as feasible. Additionally, the timing of communication is also important, 
communication strategies should be implemented prior to initiating any project devel-
opment. Volken, Xexakis [20] found that public acceptance can increase or decrease 
during the communication process for new technologies depending on the informa-
tion load received. For example, in Switzerland, the acceptance of geothermal energy 
decreased with increasing knowledge, most likely as a result of learning about past 
accidental impacts, such as induced seismicity [21]. In another study, Pellizzone, 
Allansdottir [22] found that while the public’s perception of renewable energies 
is positive and optimistic at the beginning, the public’s favourable perception may 
decrease when the project is considered in the immediate environment, resulting in 
the phenomenon known as ‘not in my backyard.’ 

Additionally, the media play a critical part in creating awareness and providing 
microbial fuel cell technology information to the public, as analysed by Stauffacher, 
Muggli [23], who highlighted the requirement of transparency and diligent moni-
toring of communication and public engagement. Numerous factors influence public 
opinion about microbial fuel cells as a sustainable and renewable energy, including 
the ability of the technology to solve the groundwater contamination, water resource 
sustainability, uncertainty regarding reversibility, seismic activity, cost–benefit ratio, 
level of knowledge about the technologies, dissemination channels, and the integra-
tion of various actors in project planning and public consultation exercises [24]. 
Renewable energy projects in the microbial fuel cell are generally discussed in 
different social sectors in terms of their environmental, economic, and political impli-
cations [17]. Therefore, creating awareness and providing adequate information of 
microbial fuel cell at the right time is crucial to ensure a continuous public support
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on the agenda of sustainable and renewable energy movement in Malaysia especially 
in this promising green technology. 

As per sustainable development goal number seven on affordable and clean energy 
and 7(a) on enhancing international cooperation to facilitate access to clean energy 
research and technology by 2030, renewable energy development and improvement 
are critical for MFC to move forward. Investment from interested investors such 
as angle investors, government, society, NGO, and the public is most welcome to 
achieve this spirit. Cooperation and collaboration among those parties will swift the 
process tremendously. 

Nevertheless, there is a need to understand public attitudes towards global issues 
and multiple energy technologies. Indeed, public acceptance is necessary for the 
successful implementation of an energy transition towards renewable energy sources. 
Although the global benefit of renewable energy is well known, some concerns 
still exist on their impact on local environment. Hence, the role of the government 
and media on rising the public awareness of sustainable and renewable energy is 
crucial. Supportive government policies and financial incentives such as subsidies, 
competitive pricing of energy technologies, and tax rebate would also improve public 
acceptance and perception of renewable energy adoption. Moving forward, it is 
reasoned that the policymaker should observe the development of a sustainable and 
renewable energy policies based on an effective coordination and collaboration with 
key stakeholders to ensure that the change towards sustainable and renewable energy 
is successful. 

5 Conclusions 

This chapter demonstrates that the transition from conventional ways of energy 
sources producers had slowly moved to renewable energy due to its scarcity. 
However, the transition from fossil fuels to renewable energy sources (microbial fuel 
cells) provides significant challenges and opportunities for various energy sectors. 
Although various efforts and strategies have been created to increase the adoption of 
renewables and other efficient technologies, including but not limited to information 
programmes and financial incentives, the concept of renewable energy in Malaysia 
is still in its infancy. 

Continuous exploitation of non-renewable resources of energy would significantly 
impact the climate change and create vulnerabilities in future global energy secu-
rity and sustainability, due to the fact that these resources will eventually decrease. 
Malaysia has a great potential to venture for sustainable and renewable energy as it 
is blessed with a vast supply of solar, wind, hydro, biogas, and biomass. Although 
these natural resources are readily available substantially, a dive towards the era of 
sustainable of renewable energy development is unavoidable. 

A potential technology of sustainable and renewable energy that can be exploited 
is the MFC technology. While MFC promises a clean, zero-emission energy tech-
nology for a sustainable source of energy, it is constrained by costs, durability,
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complexity, as well as operational safety. Despite these limitations, MFC technology 
is gaining traction globally as one of the most sustainable ways to treat wastewater, 
alternative source of renewable energy, and by extension, reducing carbon inten-
sity. Numerous large-scale research and development programmes are being funded 
globally to overcome these difficulties and to establish an industrial scale for MFC. 
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Application of Microbial Fuel Cell 
for Bioremediation of Sewage Sludge 

Mohamad Farhan Mohamad Sobri and Muaz Mohd Zaini Makhtar 

Abstract This chapter provides a comprehensive overview of the potential appli-
cation of microbial fuel cell (MFC) technology for the bioremediation of sewage 
sludge. The abundance of sewage sludge and its associated contaminants presents a 
significant challenge to environmental sustainability, necessitating the development 
of innovative approaches for its treatment. The implementation of MFC technology 
offers a promising alternative approach that can simultaneously provide bioreme-
diation and power generation benefits. The chapter highlights current research and 
studies on the utilization of MFC for sewage sludge treatment, including an overview 
of the mechanisms involved in the adaptation of the technology to address environ-
mental issues associated with sewage sludge pollution. The chapter also discusses 
parameters for enhancing MFC performance, such as the combination of inoculum, 
substrate pretreatment, sludge concentration, and the effect of nitrate and sulfate. 
The earliest applications of MFC technology for sludge treatment are also discussed, 
including the configuration of the system, the use of sludge as a substrate, and the 
adjustment of pH to suit the system. Early MFC research also focused on nutrient 
recovery. Overall, the chapter aims to provide a comprehensive understanding of the 
potential contribution of MFC technology to sustainable wastewater management. 
By utilizing MFC technology for the bioremediation of sewage sludge, researchers 
can develop innovative solutions for addressing environmental challenges, thereby 
enhancing environmental sustainability. 
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1 Introduction 

Sewage sludge may be attributed to solid, semi-solid or liquid residue generated as 
the bulk of the residual material removed during the wastewater treatment process 
from society-based liquid wastes following aerobic biological treatment, with the 
potential to contain unfavourable trace pollutant contaminants. Periodic removal 
has been imperative in preventing excessive biomass concentration in the system or 
possible pass through rivers and other surface waters. As such, developed countries 
have outlined regulations for the safety of the public and the environment via each 
of the following methods [1]. 

1. Application to the land as soil conditioner, or fertilizer in agricultural use 
2. Disposal to the sea 
3. Disposal on land at a surface disposal site 
4. Placing on municipal solid waste landfill unit 
5. Application as ‘bio-soil’, production for sale in marketplace, composting, land 

reclamation, etc. 
6. Incineration 
7. Sludge to energy. 

Two main strategies for sewage sludge management involve disposal or reuse, such as 
for agricultural and for landscaping purposes [2]. However, even with reuse options 
available, there remain restrictions in place prior to application. With respect to 
current legislation, characterization, ecotoxicology and waste management routes, 
treatment and disposal remain the most popular approach for application. To assist in 
decision making, tools such as ‘end-of-waste criteria’ and ‘Life Cycle Assessment’ 
has been invaluable in proper assessment of the probable environmental, technical 
and economical evaluation between different systems. Sewage sludge treatment at 
wastewater treatment plant (WWTP) is seen in Fig. 1 [3]. 

Fig. 1 Sewage sludge treatment processes at wastewater treatment plant. Reprinted with permission 
from [3] (CCBY)
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2 Abundance of Sewage Sludge 

Sewage sludge usually represents 1–2% of the treated wastewater [3]. Despite these 
low proportions, current production and subsequent abundance of sewage sludge 
cannot be understated. In excess of 10 million tonnes of dry solids (DS) of sewage 
sludge were produced in 26 EU Member States as of 2008 [4], while as per UN-
Habitat’s statistics, the existing wastewater treatment plants (WWTPs) in the United 
States, for example, produce over 6.5 million tonnes of dry solids annually; while it is 
estimated to be around 2.0 and 3.0 Mt per annum produced in Japan and, respectively. 
Such figures are figures are naturally anticipated to further increase as applications 
of WWTP in developing countries continue to grow [5]. Table 1 exemplifies the 
production and disposal methods of selected countries as of 2012. 

Table 1 Sewage sludge production and disposal within selected countries as of 2012. 

Country Produced 
sewage 
sludge 

Total 
disposal 

Agricultural 
use 

Compost 
and other 
applications 

Landfill Dumping 
at sea 

Incineration 

Austria 266 266 40 74 14 0 139 

Belgium 157 107 19 n.d n.d 0 89 

Czech 
Republic 

263 263 72 154 13 n.d 8 

Denmark 141 115 74 n.d 1 0 34 

Estonia 16 16 14 n.d 2 0 n.d 

Finland 141 141 7 93 10 0 32 

France 987 932 684 n.d 40 0 207 

Germany 1849 1844 542 294 0 0 1009 

Greece 119 119 14 0 40 0 39 

Ireland 72 72 68 4 0 0 0 

Israel 118,350 n.d 0 69,311 3928 45,111 0 

Luxembourg 8 5 4 n.d 0 0 1 

Netherlands 346 325 0 0 0 0 321 

Poland 533 533 115 33 47 0 57 

Portugal 339 113 102 n.d 11 0 0 

Slovenia 26 26 0 2 1 0 13 

Spain 2757 2577 1922 n.d 384 0 100 

Sweden 207 196 48 67 7 0 1 

United 
Kingdom 

1137 1078 844 n.d 5 0 229 

Source Rorat et al. [6]
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3 Characteristics of Sewage Sludge 

In general, sewage sludge is a heterogenous mix of microorganisms, undigested 
organics such as paper, plant residues, oils, faecal material, inorganic materials and 
moisture [6]. Depending on stabilization processes, dewatered sewage sludge (dry) 
may contain an average of 50–70% organic matter, 30–50% mineral components 
(including 1–4% incorganic carbon), 3.4–4.0% N, 0.5–2.5% P and significant amount 
of additional nutrients [7–9]. Organic matter present within sewage sludge mineral-
izes quickly owing to the small content of lignin or cellulose, with following rapid 
degradation potentially generating a peak in the nitrate and pollutant concentration 
in soil. 

Presence of large concentrations of nitrogen and phosphorus makes it suitable for 
application as fertilizer for plants [7]. However, presence of numerous contaminants, 
both inorganic (including heavy metals) and organic (such as polycyclic aromatic 
hydrocarbons (PAHs), polychlori-nated biphenyls (PCBs), adsorbable organohalo-
gens (AOX)), surfactants, pesticides, hormones, pharmaceuticals, nanoparticles and 
several others [10]. In addition to this, several pathogenic species of living organisms 
such as bacteria, viruses and protozoa as well as other parasitic organisms present 
a health hazard for humans, animals and plants [11, 12]. With appropriate sludge 
treatment (such as lime treatment), the number of pathogenic and parasitic organ-
isms within sludge may be sufficiently reduced prior to application into land, thereby 
mitigating the health risks present [13, 14]. Different types of sewage sludge and their 
inherent characteristics are seen in Table 2.

4 Case for Energy Recovery 

The finiteness of fossil-based energy resources continues to be a concern as globaliza-
tion and localization of technologies and manufacturing capacities are coupled with 
a high speed of energy consumption growth [15]. Globally, rising energy consump-
tion has been noticeable at an increasingly rapid rate, within a 10-year period, from 
8,588.9 million tonnes oil equivalent (Mtoe) in 1995 to 13,147.3 Mtoe in 2015, with 
fossil fuels providing approximately 86.0% of the global total energy needs [16]. In 
BP Statistical Review of World Energy (2020), China was highlighted as the domi-
nant country pushing global energy markets with renewables recording the biggest 
percentage growth yet in primary energy, with levels of power generation exceeding 
nuclear energy for the first time. On a more localized perspective, wastewater treat-
ment technologies suffer from drawbacks such as energy demand, large amount of 
residual generation and low effectiveness in catching energy potential from wastew-
ater [17]. Usage of inexpensive, renewable energy from sludge is expected to become 
more essential as the cost of sewage treatment continues to rise [15]. 

Evaluation of sludge as a source for energy recovery involves consideration of 
its respective compositions, of which the energy content of sludge is inherent in the
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Table 2 Characteristics of 
municipal sewage sludge 
Kacprzak et al. [3] 

Parameter Type of sludge 

Untreated 
primary 
sludge 

Digested 
primary 
sludge 

Secondary 
sludge 

Total dry solids 
[TS] (%) 

2.0–8.0 6.0–12.0 0.8–1.2 

Volatile solids (% 
of TS) 

60–80 30–60 59–88 

Grease and fats 
(% of TS) 

7–35 n/a 5–12 

Protein (% TS) 20–30 15–20 32–41 

Cellulose (% of 
TS) 

8.0–15.0 8.0–15.0 7–9.7 

Phosphorus (% of 
TS) 

0.8–2.8 1.5–4.0 2.8–11.0 

Nitrogen (% of 
TS) 

1.5–4 1.6–6.0 2.4–5.0 

Potassium (% of 
TS) 

0–1 0–3.0 0.5–0.7 

pH 5.0–8.0 6.5–7.5 6.5–8.0

volatile solids, which is subdivided into two components: readily degradable (50% in 
primary sludge and 25% in WAS) and not readily degradable (30% in primary sludge 
and 55% in WAS) [1]. Analysis has revealed the energy contained within wastewater 
sludge is substantial, reaching as much as 3–10 times higher than the energy required 
for wastewater treatment itself [18]. As per the sludge characteristics mentioned 
prior, considerations must be taken when deciding if sewage sludge is applicable to 
be salvaged for energy recovery, along with the approach to be considered. 

As a conventional approach, sewage sludge is often incinerated with the exhaust 
gases and ashes treated, albeit its complexity and costs make it applicable only in large 
plants. Another established approach involves biogas production through anaerobic 
digestion of sewage sludge. Here, organic matter in sludge is converted by bacteria 
into a mixture of methane (60–60%), carbon dioxide (35–40%) and trace gases, with 
the resultant biogas directly applied in combined heat and power (CHP) systems for 
utilization in sewage treatment plants. This approach also reduces the solid content 
of sludge by up to 30%, further reducing the associated energy costs involved in 
transportation [15]. Low sludge yield may also prove to be advantageous given its 
accounts for approximately 25–65% of total plant operating costs [19].
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5 Necessity for Bioremediation 

With the potential untapped resources present in sewage sludge, many countries have 
recognized the value of sludge by-product for substrate in fertilization of agricultural 
lands as well as remediation of polluted areas. However, the potential harms must also 
be recognized as sewage sludge applications on agricultural land might lead to the 
dispersal of numerous unwanted constituents on soils possibly used for food produc-
tion. Such undesirable contaminants (potentially toxic elements (PTE) such as metals, 
trace organic compounds (TrOC), and pathogenic organisms) may pose sanitary and 
environmental risks. Processes to reduce pathogens involve composting, autothermal 
thermophilic aerobic digestion, alkaline stabilization, pasteurization, incineration, 
thermal drying and wet oxidation while approaches to remove heavy metal presence 
include activated sludge, aerated lagoon and facultative pond to mention a few, each 
with differing importance in terms of implementation and operation [20]. 

6 Microbial Fuel Cells 

As the search for renewable energy gains pace, microbial fuel cells (MFC) have 
emerged as a rapidly expanding field of science and technology which associate 
biological catalytic redox activity with abiotic electrochemical reactions and physics. 
By definition, MFCs form a branch of biological fuel cells, where electroactive 
microbes are utilized within devices, for the degradation of organics and subsequent 
conversion from chemical to electrical energy, by means of electrochemical reactions 
[21]. MFCs have been recognized for its versatility in providing direct power, as 
well as feedstock treatment, nutrient recovery and sensing for continuous parallel 
observation of processed substrates [22]. 

7 Mechanism of MFC 

At its basic form, MFCs are made up of an anodic and a cathodic compartment 
separated by the presence of an ion exchange membrane (IEM), which functions in 
preventing the migration of electrolytes between chambers [23]. Separation of envi-
ronmental conditions allows for maximization of potential differences between both 
anodic and cathodic electrodes, thereby optimizing power generation [24]. Organic 
matter is supplemented to the anode compartment to act as fuel once oxidized as 
substrate by anaerobic microorganisms, liberating electrons (e−) and protons (H+) 
[25]. In the cathode compartment, electrons are released to the cathode electrode 
surface and combined with protons and oxygen via reduction to form water [26]. 
Figure 2 outlines the basic configuration of an MFC.
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Fig. 2 Basic configuration 
of microbial fuel cells. 
Reprinted with permission 
[27] (CCBY) 

8 Advantages of MFC 

As an alternative power generator, microbial fuel cells are advantageous in compar-
ison to conventional fuel cells by having a breadth of materials, substrates and system 
architectures applicable to bacteria for bioenergy production, albeit at relatively low 
power levels [28]. MFCs also have the potential as sustainable long-term power 
applications though potential issues in health and safety following bacterial usage 
must also be addressed prior [29]. 

9 MFC in Wastewater Treatment 

By applying microorganisms as catalysts for energy recovery in the form of elec-
tricity, MFC has been identified as a promising anaerobic waste treatment device from 
a range of organic wastes such as domestic wastewater [30], industrial wastewater 
[31] and excess sludge [32]. 

10 Integration of MFC into Wastewater Treatment 

Integration of MFC reactors into existing wastewater treatment plant trains can be 
done as a replacement to the existing biological treatment unit, such as an activated 
sludge reactor, for accomplishing carbon oxygen demand (COD) removal, electricity 
production and reduction in sludge production relative to those of an aerobic process 
such as activated sludge. However, a secondary process would be required to further 
remove COD to levels acceptable for discharge, as the current generation is minimal 
once the COD is less than∼100− 150 mg/L. [33]. While the activated sludge process
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is currently commonly applied for the treatment of domestic and industrial wastew-
ater, there remains inherent limitations within such as high energy consumption and 
waste sludge production [34]. An adaptable and sustainable technology capable of 
simultaneous wastewater treatment and resource recovery is therefore favoured [35]. 

11 Advantages of MFC Application in Wastewater 
Treatment 

MFCs can prove advantageous for wastewater treatment by (1) direct conversion 
of chemical energy within substrates to electricity, (2) relatively lower amount of 
activated sludge production compared to other methods, (3) environmentally friendly, 
(4) additional gas treatment not required and (5) aeration made unnecessary. MFC 
application also allows for use of various types of wastewaters [18]. Direct conversion 
into electricity by MFC bypasses the need for separation, purification and conversion 
of the energy products which along with the mild operating conditions suggest as to 
a relatively more environmentally friendly approach [36]. 

Simple substrates such as sucrose, glucose and protein to undefined and complex 
substrates such as wastewater from domestic and municipal, brewery, dairy, pharma-
ceutical, food processing, agro-processing livestock, petroleum and paper recycling 
industry may be utilized with MFC technology. Operation of MFC differs from 
conventional bioremediation as organic compounds are converted to H2O and CO2 

under aerobic conditions [37]. As the example with high strength wastewater, with 
the integration of MFC and bioremediation, synergy between both processes may 
result in enhanced energy and resource recovery with higher pollutant removal [38]. 
In certain cases, sludge disposal rate and treatment efficiency attained with MFC 
technology is comparable and even surpassed conventional technologies [39]. 

12 Proposed Reactions from Breakdown of Chemical 
Composition of Sludge 

Utilization of sewage sludge as inoculum in MFCs introduces a mixed culture of 
microorganisms for substrate consumption and bioelectricity generation. As bioelec-
tricity is generated with a transfer of electrons, relating the phenomenon towards 
the understanding of metabolism of microorganisms (in aerobic and anaerobic 
conditions) is considered essential. 

Aerobic bacteria prevent the transfer of electrons from organic compounds to 
electron acceptors such as O2, while on the other hand, anaerobic bacteria in the 
absence of O2 utilize alternative electron acceptors such as nitrate and solid elec-
trodes. Reduction of electrons occurs on the extracellular wall where the cytochromes
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reduce extracellular electrons from the substrate, upon which energy in the form of 
ATP can be produced for bacterial growth and reproduction. 

In the respiration pathway of microorganisms, the metabolism involved utilizes 
nicotinamide adenine dinucleotide (NADH) as the energy source. By relating the 
biological standard potential (EOJ’[V ]) to NADH and with O2 as an electron acceptor, 
a theoretical potential difference may be constructed, as seen in Eqs. 1, 2 and 3 [40]. 

NAD+ + H+ + 2e− → NADH EOJ
' = −0.320V (1) 

O2 + 2H2O + 4e− → 4OH− EOJ
' = +0.820V (2) 

+0.820V − (−0.320V) = 1.14 V (3) 

In the absence of electron acceptor, electrons from the microbes are transferred 
directedly to the surface of the anode, which may prove complicated as several 
surfaces are incapable to do so. 

Electricity is generated with the use of substrates as fuel for microbes in the 
anode chamber, upon which electrons released are passed to the cathode to reduce 
the electron acceptors (O2). Protons from the anode chamber are then transferred 
through a membrane to the anolyte for reduction. Hence, the substrate of choice 
must be considered in determining the electricity output from the MFC. An example 
is as given by Das and Mangwani [40] on the proposed consumption of acetate and 
sucrose where present, as seen in Eqs. 4, 5 and 6, 7, respectively. 

Anode: CH3COO
− + H2O → 2CO2 + 2H+ + 8e− (4) 

Cathode: O2 + 4e− + 4H+ → 2H2O (5)  

Anode: C12H 22O11 + 13H2O → 12CO2 + 48H+ + 48e− (6) 

Cathode: O2 + 4e− + 4H+ → 2H2O (7)  

13 Application of MFC for Bioremediation and Electricity 
Generation 

Substrates are significant in any biological processes as carbon and energy source. 
Key towards determining the efficiency and economic viability of converting organic 
wastes as fuel to bioenergy are the characteristics, chemical composition and concen-
trations of the material to be used [41]. In the process of wastewater treatment and
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subsequent sludge stabilization, a significant amount of energy and high cost is 
required. However, this pales in comparison to the energy content within wastew-
ater which is approximately 9 times higher than the energy applied for treatment 
[42]. Given the abundance of energy contained within sludge following treatment, it 
has been argued that MFCs are essential in the extraction of energy in organics for 
possible reduction of energy demand and expenses in a wastewater treatment plant 
[43]. Table 3 outlines several selected applications of sewage sludge as substrate in 
MFCs for bioremediation and electricity generation.

14 Earliest Sludge Treatment Using MFC Technology 

Application of sludge in MFC began with work by Dentel et al. [44], which repre-
sents the earliest attempt at the conversion of organic matters in digested sludge to 
electricity under ambient temperature, atmospheric pressure and neutral pH upon 
which a maximum electrical current of approximately 0.065 mA and a maximum 
voltage of 0.517 V, while concluding that current is restricted to degree of degrada-
tion of organic matter. 16s rDNA analysis identified the presence of Geobacter as 
a natural constituent of microbial population in the anaerobic sludge utilized albeit 
not directly involved in electricity generation, by the lack of biofilm formed. Instead, 
it was suggested that more than one or more redox mediator may be involved in 
electron cycling between the anode and the solution, carried out by strains such as 
Aeromonas, Geovibrio, Clostridium and Desulfotomacum reducens, albeit none were 
positively identified in this study. 

14.1 MFC Configuration 

Another study by Hu [43] introduced the application of a baffle for mixing, in a 
membraneless, single chamber MFC with anaerobic sludge as fuel. Such a design 
was constructed to reduce mixing in the vicinity of the cathode and attain thick 
biofilm formation (>1 mm) on the cathode upon the addition of anaerobic/biomass 
sludge, thereby contribute to maintaining anaerobic conditions inside the reactor 
by minimizing oxygen diffusion through the cathode. Initial recorded electricity 
generated was low at 0.3 mW/m2 under endogenous decay conditions, which suggests 
anaerobic sludge to be difficult for conversion into electricity. Maximum power of 161 
mW/m2 instead was only attained and attributed to glucose degradation as fuel. The 
baffle-chamber membraneless MFC was concluded to be effective in restricting fluid 
mixing within the anode chamber, with inoculation of the anaerobic sludge at a final 
concentration of approximately 4000 mg CODL−1 promoted thick (>1 mm, via COD 
analysis) biofilm formation on the cathode. Presence of strict anaerobic conditions 
allows for fuel (glucose) retention that would have been consumed aerobically for 
prolong electricity generation.
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Table 3 Selected applications of sewage sludge as substrates in microbial fuel cells for bioreme-
diation and electricity generation 

Sludge MFC configuration Bioremediation Electricity 
generation 

References 

Anaerobically 
digested sludge 

Membraneless, 
single chamber, 
with graphite foil 
electrodes and 
aerated cathode 

n.a Max. current = 
0.065 mA 
Max. voltage = 
0.517 

Dentel et al. 
[44] 

Anaerobic 
sludge 

Membraneless, 
baffle-chamber, 
carbon anode with 
gas diffused Pt 
cathode 

n.a Anaerobic 
sludge: 0.3 
mW/m2 

Glucose: 161 
mW/m2 

Hu [43] 

Desilter based 
sludge 

Membraneless, 
single chamber, 
graphite electrodes 
with 
floating-cathode 
configuration 

n.a Maximum power 
density: 220.7 
mWm−2 

Zhihua Liu 
et al. [45] 

Raw sludge 
from second 
clarifier 

Dual chamber, 
Nafion membrane, 
graphite fibre brush 
as electrodes 

Maximum TCOD 
removal: 46.4% 
from initial TCOD 
of 10,850 mg/L 

Maximum power 
density: 8.5 
W/m3 

Jiang et al. 
[31] 

Raw sewage 
sludge 

GORE-TEX cloth 
and conductive 
paint catalyst as 
membrane, 
insert-type, carbon 
felt anode 

Maximum TCOD 
removal: 13,167 − 
6280 mgL−1 at pH 
10.0, representing 
53% 
removal efficiency 

Maximum power 
density: 73 ± 5 
mWm−2 at pH 
10.0 

Yuan et al. 
[46] 

Digested 
sewage sludge 

Dual chamber, 
carbon felt 
electrode with 
Nafion membrane 
on cathode 

n.a Maximum 
power: 
3.1 µW 

Fischer et al. 
[47] 

Primary and 
digested sludge 

Cation exchange 
membrane, tubular, 
carbon cloth and 
brush as electrodes 

Primary sludge 
removal: 69.8 ± 
24.1% TCOD 
removal & 68.4 ± 
17.9% of volatile 
suspended solids 
(VSS) 
Digested sludge 
removal: 36.2 ± 
24.4% of TCOD 
and 46.1 ± 19.2% 
of VSS 

Primary sludge: 
1.43 kWh/m3 

Digested sludge: 
1.8 kWh/m3 

Ge et al. [48]

(continued)
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Table 3 (continued)

Sludge MFC configuration Bioremediation Electricity
generation

References

Sludge from 
secondary 
sedimentation 
tank 

Cloth electrode 
assembly, carbon 
anode with 
Pt-PTFE coated 
carbon cathode, 

n.a Maximum power 
density: 1200 
mWm−2 

Abourached 
et al. [41] 

Activated 
sludge 

Cell A 
—non-coated 
carbon electrodes 
Cell B—Fe2O3 
coated carbon 
anode with 
Pt-coated carbon 
cathode 
Cell C—Fe2O3 
coated anode and 
cathode 

Cell A—TCOD 
removal: 39% 
Cell B—TCOD 
removal: 60% 
Cell C—TCOD 
removal: 51% 

Cell A— Power: 
6.72 mW.m−2 

Cell B—Power: 
73.16 mW.m−2 

Cell C—Power: 
30.18 mW.m−2 

Nandy et al. 
[49] 

n.a—not available

14.2 Sludge as Substrate and Inoculum 

Work by Zhihua Liu et al. [45] focused on the application of surplus sludge as both 
inoculum and substrate in a single chamber floating-cathode MFC for electricity 
production. Maximum voltage of 440.7 mV was obtained with external resistance of 
1000 Ω [44]. A periodic time of MFC was divided into 4 phases as seen in Fig. 3, 
beginning with a rapid fall phase due to the mass decomposition of biodegradation 
matter such as volatile fatty acid. 

Fig. 3 Electricity generation 
over time in steady state 
from surplus sludge-based 
MFC. Phase I: rapid fall 
phase; Phase II: stationary 
phase; Phase III: fall phase; 
Phase IV: stationary phase of 
low voltage. Reprinted with 
permission [44] (CCBY)
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Following this, SCOD concentration of substrate stabilizes during the stationary 
phase and upon reaching stationary phase of low voltage, the SCOD concentration 
was found to be high still, a finding contrary to that argued by Dentel et al. [44]. 
Across the four phases, output voltage range of 150–300 mV persisted for 107 h in 
stationary phase. Recorded maximum power density was 220.7 mWm−2 and internal 
resistance of 368.13 Ω in the MFC. 

In another application of sewage sludge as both inoculum and substrate, a study 
conducted by Jiang et al. [31] constructed a two-chambered MFC with potassium 
ferricyanide as electron acceptor. Here, stable electrical power production during 
operation for 250 h was demonstrated along with TCOD removal by 46.4% from 
the initial TCOD of 10,850 mg/L. Several parameters such as substrate concentra-
tion, cathode catholyte concentration and anodic pH were also tested to determine 
their effects on bioremediation and electrical output upon which although the afore-
mentioned parameters did not affect significantly, power production was found to 
be closely related to soluble chemical oxygen demand (SCOD) of sludge. Recog-
nizing immobilization of organic matter within sewage sludge constitutes organic 
matter hydrolysis as the rate-limiting step [49], further ultrasonic pre-treatment of 
sludge applied also managed to increase TCOD removal rate albeit without additional 
significant enhancement on power output. 

Another study by Nandy et al. [49] utilized activated sludge as inoculum and moni-
tored for remediation with the application of Fe2O3 coating on carbon electrodes as 
an alternative. Cell C labelling MFC with coated anode and cathode (30.18 mW.m−2) 
exhibited 78% higher power output in comparison to those in Cell A with non-coated 
carbon electrodes (6.72 mW.m−2), albeit still lower than that of Cell B, containing 
Fe2O3 coated carbon anode with Pt coated carbon cathode (73.16 mW.m−2). Micro-
bial community analysis on both the biofilm formed and liquid electrolyte for all cells 
highlighted the presence of bacterial Peptostreptococcaceae as dominant in Cell A, 
but shifted through Cells B and C to reduced Firmicutes population, and enhanced 
Gammaproteobacteria and methanogens. COD removal efficiency was recorded at 
about 60% for cell B, 51% for cell C and 39% for cell A. 

14.3 Parameter Adjustment (pH) 

Work carried out by Yuan et al. [46] elucidated as to the effects of pH on electricity 
production from sludge-based MFC. Here, an insert-type air-cathode microbial fuel 
cell was constructed as pH adjustment to alkaline pH was conducted to enhance 
sludge substrate bioavailability and suppression of methane production. Maximum 
power density of 73 ± 5 mWm−2 attained from sludge at pH 10, which was higher 
than that of 33 ± 3 mWm−2 at pH 8 and 4 ± 0.5 mWm−2 at pH 6. Soluble chemical 
oxygen demand (SCOD) which was attributed to protein and carbohydrate content 
meanwhile increased with increasing pH as the alkaline condition proved favourable 
for enhancing the substrate bioavailability of sludge by assisting in the dissolu-
tion of insoluble organics into a soluble form. TCOD reduction from 13,167 to
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6280 mg L−1 at pH 10.0, representing a 53% TCOD removal efficiency, was also 
higher than those at pH 8.0 and 6.0 (42% and 20% TCOD removal, respectively). 
Finally, increased coulombic efficiency from increased pH was attributed to complete 
methane production suppression under such conditions, thereby suggesting alkaline 
pH to be a successful approach for the enhancement of electricity from MFC. 

14.4 Nutrient Recovery 

Another example of MFC application involves the recovery of value-added elements 
from sewage sludge, using MFC. Work by Fischer et al. [47] focused on the recovery 
of orthophosphate, of which phosphor, an essential element sought globally for agri-
cultural and industrial purposes may be extracted. Here, MFC has proven advanta-
geous for application in ambient temperatures while serving as a power source deliv-
ering not only electrons, but also the needed protons to reduce electrochemically 
insoluble FePO4. Liberated electrons are able to reduce the iron cations and charges 
are then replaced by protons, which results in orthophosphate (H3PO4, H2PO

− 
4 , 

HPO2− 
4 , and PO

3− 
4 ) motility into the aqueous supernatant solution. 

15 Long-Term Application 

As a substrate to MFC, another study by Ge et al. [48] sought to investigate the 
long-term performance of sludge treatment by application of two MFCs, each with 
primary sludge and digested sludge respectively, over a period approaching 500 days. 
In preliminary Phase I, MFC fed with primary sludge managed to remove 69.8 ± 
24.1% of total chemical oxygen demand (TCOD) and 68.4 ± 17.9% of volatile 
suspended solids (VSS); while the MFC with digested sludge achieved 36.2 ± 24.4% 
of TCOD and 46.1 ± 19.2% of VSS reduction, respectively. Further application in 
Phase II as a two-stage system recorded TCOD removal by 60% and VSS removal 
by 70% from the primary sludge. Recorded energy obtained from primary sludge 
MFC and digested sludge MFC were up to 1.43 kWh/m3 from a primary sludge or 
1.8 kWh/m3, respectively. As energy analysis revealed electrical energy generated 
from MFC was minimal in proportion of total energy compared to energy released 
as methane gas, MFCs were suggested as a polishing step to effluent from anaerobic 
digesters, as opposed to energy recovery from primary sludge. 

16 Pretreatment Method Prior MFC Usage 

Application of pre-treatment methods on sludge substrate was also conducted with 
the aim of enhancing dissolved organic concentrations [41, 50]. Work by Jiang
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et al. [31] mentioned prior applied sonication of sewage sludge [31] and in work by 
Abourached et al. [41], fermentation of sewage sludge was applied as pre-treatment 
within a novel cloth electrode assembly MFC. Maximum power density of 1200 
mW/m2 was achieved after a fermentation time of 96 h. At the time, the recorded 
power density was an enhancement by 275% over MFCs reported prior. Even then, 
given known energy efficiency of MFCs treating sludge is only at 11.5%, MFCs 
represent an exciting modification to existing wastewater treatment infrastructure. 
Table 3 shows the application of MFC for bioremediation and electricity generation. 

17 Sludge as Inoculum 

Applications of sludge in MFC studies involve several perspectives as seen in 
Table 4. A popular approach is to utilize sludge as mixed culture inoculum within 
the anode compartment. MFCs inoculated with mixed cultures have been argued to 
produce significantly greater power densities than those of pure cultures [51]. Within 
anaerobic sludge applied as mixed culture inoculum, the simultaneous presence of 
electrophiles/anodophiles and groups utilizing natural mediators within the same 
chamber allows for wider substrate utilization [29]. Table 4 details several strains 
of note identified present within inoculum sludge. As an undefined inoculum, recy-
cled activated sludge point of an aeration tank from a local municipal wastewater 
treatment plant was used by Liang et al. [52] in efforts to elucidate the composi-
tion and distribution of internal resistance from three separate MFC configurations. 
Another study by Zhidan Liu et al. [53] used mesophilic anaerobic sludge to focus 
on identifying the effect of operational performance and electrical response of a 
mediator-less MFC fed with either acetate as carbon-rich substrate or protein-rich 
synthetic wastewater in fed batch mode.

18 Bioremediation of Heavy Metals 

For this application, it is worth noting that metal ions present in wastewater do not 
biodegrade into harmless end products, thereby necessitating special approaches for 
treatment. With several metal ions having high redox potentials, it may therefore be 
advantageous for reduction and precipitation in MFC [56]. If implemented properly, 
MFCs can therefore serve not only as remediation of wastewater but along with 
concomitant metal recovery too [57]. 

To this aim lies the works of Li et al. [58] which utilized sewage sludge inoculum 
as a means of disposing Cr6+ from real electroplating wastewater with simultaneous 
electricity generation, using a dual chamber MFC. Chromium removal and power 
density were optimum at pH 2 and application of graphite paper as cathode electrode. 
Maximum power density of 1600 mW/m2 was generated at a columbic efficiency of 
12% at initial Cr6+ concentration of 204 ppm, with a further rise in Cr6+ capable of
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Table 4 Bacterial community composition identified from inoculum sludge 

Strain Note Reference 

Geobacter Natural constituent of microbial population in anaerobic 
sludge 

[29] 

Pseudomonas aeruginosa Known electrogen isolated from microbial population 
in anaerobic sludge. Isolated using BIOLOG gene III 
analysis 

[54] 

Actinobacillus capsulatus Natural constituent of microbial population in anaerobic 
sludge. Isolated using BIOLOG gene III analysisAcetobacter peroxydans 

Pseudomonas 
mendocina 

Acinetobacter 
schindleri 

Escherichia coli 

Clostridium Electrogenic, Gram-positive bacteria, proven activity 
without exogenous mediator necessary 

[55] 

Petrimonas Fermentative bacteria, having probably symbiotic 
relationship with electrogenic bacteria for enhancement 
of MFC performance 

Rhodocyclaceae Denitrifying bacteria, capable of bearing high dissolved 
oxygen concentrations in anode chamber 

Castellaniella Capable of alleviating high levels of nitrite 
accumulation 

Desulfovibrio Hydrogen consumer, capable of sulfate reduction 

Thiobacillus Capable of sulfide oxidation 

Delftia Related to the genus Pseudomonas, with possible iron 
reduction capabilities 

[27] 

Prolixibacteraceae Reported iron (Fe0) related redox metabolism

enhancing power density. Removal efficiency was at 99.5% Cr6+ and 66.2% total Cr 
through the reduction of Cr2O7 

2− to Cr2O3 precipitating on the surface of cathode 
electrode. 

Another example involves the removal of silver ions from wastewaters, as demon-
strated by Choi and Cui [59]. Using sludge as inoculum, following 8 h reaction, 
efficiency of silver metal recovery was recorded to be as high as 99.91–98.26% 
across initial concentration ranges of 50 ppm to 200 ppm. Energy output was calcu-
lated to be at a rate of 69.9 kg of silver per KWh of energy output, with maximum 
power attained of approximately 4.25 W/m2, maximum voltage of 0.749 V, maximum 
current density of 5.67 A/m2 and a fill factor of 0.626 was achieved at 1000 ppm 
initial silver ion concentration. 

In another study, Cu2+ was targeted for recovery with excess sludge as the anodic 
substrate within a MFC and CuSO4 solution as the catholyte. Here, Cu2+ was proven 
to be a viable cathodic electron acceptor, with a stable voltage output of 0.478 V
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and a maximum power density of 536 mW/m3 obtained at external resistance of 
1000 Ω and Cu2+ concentration of 6400 mg/L. For Cu2+ removal from wastewater, 
97.8% removal efficiency was achieved following 288 h of operation with no external 
resistance and initial Cu2+ concentration of 1000 mg/L. Final products attained were 
dependent on cathodic reducibility, with Cu2+ primarily deposited as Cu20 and a small  
part as Cu4(OH)6SO4. Excess sludge in particular was deemed crucial for supporting 
long-term operations, with the acclimation stage of exoelectrogenic bacteria on the 
anode key in determining MFC performance and cathodic reduction of Cu2+. 

19 Improvement Parameter for Enhancing MFC 
Performance 

As an inoculum, numerous efforts have since been conducted for the improvement 
of sludge inoculum to this purpose. 

19.1 Combination of Inoculums 

Sun et al. [60] investigated the effect of different combinations of sludge inoculums 
consisting of aerobic sludge (AES), anaerobic sludge (ANS) and wetland sediment 
(WLS) towards overall MFC performance in wastewater treatment. To this, it was 
found that the application of multiple sludge inoculums was advantageous whereby 
MFC inoculated with ANS + WLS produced maximal power density of 373 mW/m2 

with a low internal resistance of 38Ω. A similar observation was made with combina-
tions of ANS + AES and ANS + AES + WLS in comparison to single sludge inocu-
lation, with the former exhibiting the highest Coulombic efficiency. COD removal of 
more than 92% was recorded irrespective of the membranes and inoculums applied. 

19.2 Comparison of Inoculums 

In another study by Baranitharan et al. [61] a developed control inoculum (CI) was 
compared to that of anaerobic sludge as inoculum for use in MFC with palm oil mill 
effluent (POME). CI consisted of predominant microorganisms such as Pseudomonas 
aeruginosa, Azospira oryzae, Acetobacter peroxydans and Solimonas variicoloris 
isolated from palm oil anaerobic sludge in combination with a biofilm of MFC anode 
operated prior with anaerobic sludge. Maximum power density of MFC utilizing CI 
was found to be twice higher and with enhanced maximum Coulombic efficiency, 
albeit noticeable lower COD removal of about 32%, possibly due to the absence of 
necessary fermentative microorganisms within the CI for POME utilization.
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19.3 Substrate Pre-Treatment 

Xie et al. [62] have argued for pre-treatment of parent inoculum in anode chamber of 
MFC as a means of selective enrichment of a specific group of bacteria. Under-
standing the composition of bacterial associations to be dependent on substrate 
(wastewater) composition and of the symbiotic relationships within a given popula-
tion, application of low-frequency ultrasonication for a short duration was proposed 
as stimulant, by promoting enzyme activity, cell growth and cell membrane perme-
ability. Under stressful conditions such as high temperatures, extreme acidity and 
alkalinity, methanogenic bacteria without the capability of forming protective spores 
and with lower growth rate than hydrogen producing and electrogenic bacteria are 
at a disadvantage, thereby less likely to survive and thus leave the latter as dominant 
species in mixed culture of anaerobic sludge [63, 64]. In another study conducted by 
More and Ghangrekar [64], a low-frequency ultrasound pre-treatment was applied 
to anaerobic sludge inoculum to be used in MFC based on synthetic wastewater. 
Maximum power density was subsequently achieved following ultrasonication at 
40 kHz, 120 W for 5 min, which was 2.5 times higher than that of untreated inoculum 
sludge along with enhanced COD removal by 14%. 

19.4 Sludge Concentrations 

Another study conducted by Khan et al. [65] applied sludge of different concentra-
tions up to 200 ml/L to study the resultant effects on current generation and COD 
removal. With constant 100 Ω resistance applied, highest current generated of 314 
µA was from MFC batch utilizing 200 ml/L of drainage sludge after 35 h with 
concomitant highest degree of COD removal of up to 78%. Under these conditions, 
the maximum power density was 15.12 mW/m2 with current density at 97.34 mA/m2. 
This was further tested by Amin et al. [66] as electricity generation by a membraneless 
MFC operating in continuous mode was modified in several parameters, including 
sludge concentration. Sludge feed rate of 150 mL/L showed best current generation, 
with a maximum value of 250 µA after 24 h of operation, albeit with less stability 
than that of lower concentrations. The results thereby conclude that for a given 
fixed amount of substrate and salt, current generation can be expected to increase 
with the increase in sludge concentration, attributed to higher amounts of electricity 
generating microorganism. 

19.5 Effect of Nitrate and Sulphate 

In replicating concentrations of elements commonly found in industrial wastewater 
for application with MFCs, Seo et al. [35] sought to study the effect of adding
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nitrate and sulphate independently towards the bacterial community and perfor-
mance of a membraneless, single chamber microbial fuel cell. With anaerobic sludge 
from sewage treatment plant used as inoculum, bacteria of the genus Clostridium, 
Petrimonas and Rhodocyclaceae were found in abundance prior to addition. 

Nitrate addition resulted in consistent Clostridium proportions, albeit with 
lowered Petrimonas (20 → 6%) and concomitant increase by Rhodocyclaceae (6.2 
→ 17.1%) and Castellaniella (0.4 → 4.1%) on the anode surface. On the cathode 
surface, nitrate addition resulted in Rhodocyclaceae (25.5%) being most abundant, 
followed by Clostridium (10.4%), Castellaniella (7.3%) and Petrimonas (1.5%). 
Known denitrifying ability of Rhodocyclaceae suggests for both anodic and cathodic 
denitrification function in MFC with its relative larger presence on the cathode biofilm 
as opposed to the anode and other competing denitrifying bacteria to be most suitable. 
Castellaniella instead assists in autotrophic denitrification of MFC by alleviating 
build-up of intermediates such as nitrite. 

Addition of sulphate instead resulted in increase of Clostridium (23.1 → 43.2%) 
and decrease of Petrimonas (20.0 → 5.5%) proportions on the anode surface. 
A different proportion was noticeable on the cathode as Desulfovibrio (32.9%) 
increased significantly to abundance, followed by Clostridium (12.9%), Petrimonas 
(5.0%) and Thiobacillus (2.4%). Desulfovibrio and Thiobacillus function simultane-
ously as sulphate reducer and sulphide oxidizer respectively, which may explain the 
lower COD removal efficiencies as compared to that achieved following nitrate addi-
tion. Overall, nitrate addition resulted in higher electrical performances and higher 
nitrate removal efficiency (93%) while the opposite occurred following sulphate 
addition with concomitant lower sulphate removal efficiency (17.6%). 
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Abstract The microbial fuel cell (MFC) has emerged as an innovative and sustain-
able renewable energy technology, offering a potential alternative to address the 
global energy crisis. Operating through electrochemical processes, MFCs harness 
the power of electrogenic bacteria (EB) as biocatalysts to generate electricity. This 
chapter highlights the untapped potential of sewage sludge, derived from wastew-
ater treatment, as a valuable fuel source within the MFC system. Extensive research 
has demonstrated the abundance of organic components present in sewage sludge, 
making it highly amenable to degradation through microbiological pathways within 
the MFC. Despite the lack of large-scale commercial utilization of MFC technology 
in wastewater treatment plants, the significant progress and promising findings indi-
cate its effectiveness in addressing the challenges associated with sewage sludge 
management. The MFC system not only facilitates the simultaneous generation of 
energy but also contributes to bioremediation efforts. The redox potential inherent in 
MFCs enables this dual functionality, effectively integrating energy production with 
the treatment of sewage sludge. This chapter sheds light on the potential of MFC 
technology as an advanced approach for sewage sludge treatment. By harnessing the 
capabilities of electrogenic bacteria and capitalizing on the rich organic composi-
tion of sewage sludge, MFCs offer a sustainable solution that can simultaneously 
address energy needs and promote efficient waste management in wastewater treat-
ment plants. The abundant and promising data accumulated thus far underscore the 
viability and potential of MFCs in mitigating the challenges associated with sewage 
sludge waste.
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1 Introduction 

Dewatering process is the middle process that happens in sewage sludge manage-
ment after being pre-treated by digestion or conditioning, thickening before any 
further processing occurs such as incineration, landfill and composting. Generally, 
centrifuge involves in dewatering process hence about 20%–25% commonly a good 
dewatering performance practice in industrial scale [1]. In addition, total cost for 
managing through the process was estimated about US$ 0.33 billion per year [2]. 
Commonly incineration considered as a major solver for the lack of new space for 
sludge to be dumped in landfill. However, side effect of incineration has been argued 
as approximately 30% of solids from the sludge remain as ash [3]. There are several 
losses could be found from sludge process in which possible for power generation 
through biogas production. Data from Bunus Centralized Sewage Treatment Plant 
(Kuala Lumpur) highlighted the possible of biogas generation up to 2500 m3/days 
hence 15,000 kWh/m3 of power losses statistically [4]. 

Various types of energy recovery technique that had been through by recent 
researchers such as thermal hydrolysis, pyrolysis and water extraction through 
hydrate formation [5]. An attempt of several research to apply thermal hydrolysis 
onto dewatered sludge for improvement in anaerobic digestion performance which 
solid content from 10 to 20 wt% unfortunately has drawbacks which are high opera-
tion cost and large energy consumption [6, 7]. Next combustion–based technologies 
named as pyrolysis can be applied to dewatered sludge as well for energy recovery 
[8, 9]. Specifically, research that focuses on the effect of conditioning operation on 
pyrolysis performance is limited thus study by [10] on minimizing the bio-crude yield 
of sludge pyrolysis through attempted of Fe2(SO4)3 for producing Fe—amended 
char. 

2 Sludge Disposal Techniques 

The diverse disposal method of sewage sludge been implemented throughout the 
years for example thermal drying, wet air oxidation, incineration and landfill. Both 
thermal drying and incineration are included in the thermal processing of sewage 
sludge [11]. Thermal drying is an efficient stabilization, dewatering and pathogen 
removal process, involving short–term high temperatures, through which sewage 
sludge may reach sterilization. Incineration is a stabilization process that destroys 
organic substances and pathogenic organisms through combustion obtained in the 
presence of excess oxygen [12]. These two methods required enormous energy inputs 
moreover it has been assumed by Oladejo (2019) that the main purpose of incineration



Microbial Fuel Cell Technology as Advanced Sewage Sludge Treatment 99

Table 1 Sewage sludge disposal methods 

Methods Remarks References 

Thermal drying • Produce pellets for agricultural reuse, sanitary landfills 
disposal and fuel for boilers and industrial heater 

[11] 

Wet air oxidation • Suitable for high diluted of effluent 
• Improve sludge characteristic for anaerobic digestion 

[13] 

Incineration • Produce sludge ash; greatest volume reduction 
• Destroys organic substances and pathogenic organisms 
through combustion 

[13, 17] 

Landfill • Safe disposal and no damage to public health 
• Emit methane which 20 times more active than carbon dioxide 

[15, 16] 

is for burning off harmful elements from waste before final disposal not for electric 
power generation as conventional used. Wet oxidation is a method that is implemented 
when the effluent is too diluted to be incinerated thus can improve the sewage sludge 
characteristics for the anaerobic digestion [13]. Meanwhile, landfills are still retained 
by metropolitan areas directly after mechanical biological treatment of the unsorted 
waste [14]. The treated organic fraction when buried continues to emit methane, 
which is known to be a greenhouse gas effect [15, 16]. Lastly, disposal through 
landfills may become unsustainable in terms of environmental perspective due to a 
shortage of land in addition to rising health concerns with regards to the suitability 
of sludge constituents. Table 1 sums up techniques for sludge disposal. 

3 Current Usage of Sewage Sludge 

Generally,the sewage sludges are used widely as a source of nutrient for vegeta-
bles and plants. These sludges play a pivotal role as soil conditioner such reduces 
toxic levels and amendment raises pH without a doubt to improve the adsorption of 
nutrients and stimulates microbial activity. The sewage sludge also can be innovated 
through advance material inform of biochar. Biochar is a versatile carbonaceous 
porous product derived from various biomass which came with an appealing alterna-
tive for environment remediation as it has an enormous surface area and high porosity 
that empower it to utilize as an catalyst and adsorbent material in the removal of a 
wide range of organic and inorganic contaminants in wastewaters [18, 19]. Several 
researchers reported that the derivation of lipids from sewage sludge may use as 
biofuel production which lipids are converted to biodiesel by means of transesterifi-
cation or to bio-oil by pyrolysis [20]. Table 2 summarizes the benefit for each usage 
of sewage sludge.

Microbial fuel cell (MFC) has been considered as one of the efficient alternative 
renewable bioenergy technologies since 1911 electrical generated by bacteria [24]. 
Moreover, through degradation of organic matter includes abundant of biomass in 
dewatered sludge can directly produce electricity [25].
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Table 2 Current usage of sewage sludge 

Type of usage Remarks References 

Biochar • Applicable as a nutrient source in refining soil fertility 
• Role as restoration of contaminated soils 

[21, 22] 

Soil conditioner • Suitable for high diluted of effluent 
• Suitable for agricultural purposes; increases the shoots and 
roots 

[13, 23] 

Biofuel • Potential feedstock; low cost and abundant accessibility [20]

4 Microbial Fuel Cell 

Microbial fuel cell (MFC) converts chemical energy to electrical energy by certain 
microorganisms. Regarding to this, MFC is a bio-electrical device that harness the 
natural metabolism of electrogenic bacteria (EB) to produce electrical energy (Ren, 
2014). Involvement of electrochemical interactions between the microorganisms 
called as electrogenic microbes which the electrons are transferred from the substrate 
to the anode electrode. Electron transportation phenomenon known as extracellular 
electron transport (EET) [26]. Later this MFC innovated with non-mediated where 
both chemical and electron shuttles mediators had been terminated. This MFC device 
generally configurates through two compartments; anode and cathode separated by 
an ion-permeable material. The configuration must innovate accordingly as adapta-
tion through times is hence suitable for all different applications. As shown in Fig. 1, 
both single chambered and double chambered MFC known as basic configuration 
and been used broadly in various applications [27]. 

Fig. 1 Basic configuration of MFC; (A) double chambered MFC, (B) single chambered MFC. 
Reprinted with permission [27] (CC-BY)
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4.1 History of Microbial Fuel Cell 

Early 1791, researcher named Luigi Galvani examined that current gave a twitching 
effect on dead frog legs hence there are relation between electric and biological [28]. 
Back in 1911 which idea for the implementation of microbial fuel cells to produce 
electricity was first conceived by Potter & Waller (1911). The idea showed that it is 
possible to generate electricity from cultures of the bacterium Escherichia coli. Later 
1931, Cohen (1931) added some significant knowledge when he reported that the 
creation of an assembly of microbial half fuel cells stack connected in series capable 
of producing over 35 V but the current generated through this stack was only 2 mA. 
A great impact factor held on early 1980s in the area of MFC research was received 
by the work of Allen and Peter Bennetto [29], power density improves by the usage 
of chemical mediators as electron shuttle which meant fuel cell would only function 
till the mediators were present. 

Most recently, MFCs contained various mediators in an oxidized state. These 
mediators can easily shorten by capturing the electrons from within membrane and 
released the electrons to the anode and became oxidized again in the bulk solu-
tion in the anodic chamber [30]. MFC capacity to clean wastewater and deliver 
clean drinking water while simultaneously generating electricity, would allow devel-
oping countries towards sustainable water treatment [31, 32]. Table 3 summarizes 
preliminary history of MFC started on 1791 until early 2000. 

Table 3 Preliminary history of MFC 

Year Description References 

1791 • Luigi Galvani 
• Applied current to dead frog legs, the legs twitching 
• Biological reactions and electric current are closely related 

[28] 

1911 • Publication by Potter about MFC report on the ability of 
microorganisms to transform organic substrate (chemical energy) 
into electricity 

• The production of electrical energy from living cultures either 
Escherichia coli or Saccharomyces 

• The first MFC proving that biological process produces 
bioelectricity 

[24, 33, 34] 

1980 • H. Peter Benneto 
• Succeed in extracting electric power from MFCs 
• Employed pure cultures to catalyze the oxidation of organics and 
utilizing artificial electron mediators; to facilitate electron transfer 

[29, 35] 

Early 2000s • Two robots were developed: Chew–Chew and EcoBot I 
• These two robots are powered by MFCs 

[36, 37]



102 M. N. I. Mohd Sabri et al.

5 Dewatered Sludge as MFC Feedstock 

It should be noted that most of the studies on MFC have been focused on wastew-
ater or activated sludge in municipal wastewater treatment plant (MWTP) but have 
overlooked the end product of MWTP, dewatered sludge. The sewage sludge is 
commonly taken to landfills or burned in incinerators. Handling sewage sludge is 
one of the largest contributors to the operational cost of MWTP and it indirectly 
elevates local environmental problems [4]. Furthermore, there are a few reports on 
the use of dewatered sludge from MWTPs for energy generation using MFC. There 
was a huge energy reserve in the sewage sludge without being recognized [38]. 

There were in the form of biodegradable organic matter and the energy could be 
recovered. It is reported that there is a conventional wastewater treatment plant in 
Toronto, Canada, which contained energy about 9.3 times more energy than was used 
to treat the wastewater. While the study by Logan (2006) stated that the processing 
of wastewater for domestic, animal and food approximately consist of 17 GW. This 
amount was equivalent to the energy needed to supply for the whole water infrastruc-
ture in the U.S. It is a promising energy and if the energy managed to be recovered 
that means the treatment plant could be run using its own energy supply [39]. 

Sewage sludge generated daily from the wastewater in Indah Water Konsortium 
(IWK) treatment plant were analyzed for its capability to support growth of the EB 
for the electricity generation. They can be used as value-added substrate instead 
of polluting the environment. Approximately 3 million cubic meters of sludge was 
produced annually, and it is also estimated that IWK will be producing 10 million 
cubic meters of sludge by the year 2035 [4] and make it the most favourable substrate 
for bioconversion as they are renewable and abundantly available. Their efficiency 
and economic viability of converting to bioenergy depend on their characteristic and 
components in it [40]. 

6 Advantages Compared to Anaerobic Digester 

Since the dawn of the twenty-first century, the awareness on the protection environ-
ment come out for alternative fuels around the world thus focusing on the MFCs due to 
greener and bioenergy production. Variety of biomass, rich in carbohydrates, protein, 
hydrocarbons, alcohols and organic acids, moreover polymeric carbohydrates such 
as cellulose and starch also could be used as a fuel for the MFC. Accordingly, there 
also aid to continuous monitoring of quality wastes and minimal investment on the 
fuels Click or tap here to enter text. Table 4 summarizes the advantages of MFC 
compared to anaerobic digesters in which MFC directly converted organic substrate 
into electrical energy and able to treat on low concentration of substrate [41].
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Table 4 Advantages of MFC compared to anaerobic digesters 

Advantages Remarks References 

Efficient conversion of substrates to 
electricity 

Roles of electrogenic bacteria (EB) 
inefficiently convert and consume 
substrate for electricity generation 

[26] 

Powerful exoelectrogens oxidize organic 
matter 

Utilization of a wide range of 
organic and inorganic matter into 
direct current (DC) electricity 

[42, 43] 

7 Electrogenic Microorganisms in MFC 

Electroactive or electrogenic microorganisms are the core of the MFC technology. 
Additionally there are various mechanisms of electron transfer such as mediated elec-
tron transfer and interspecies electron transfer besides direct electron transfer itself 
[44]. Electrogenic microorganism can be fractionating into anaerobic and aerobic as 
described below. 

7.1 Aerobic Electrogenic Bacteria 

Fundamentally aerobic bacteria can form biocathode which catalyze the reduction of 
oxygen at the cathodes [45]. Research conducted by Qu (2012) highlighted that bacte-
rial diversity and operating environment affect the biodegraded products generation. 
This phenomenon can be seen on the reductive breakdown of azo bonds been further 
degraded through aerobic condition by the presence of several oxidoreductases also 
called as oxidative degradation [46]. 

7.2 Anaerobic Electrogenic Bacteria 

Generation of electricity through microorganism by exchanging electrons with elec-
trodes while oxidizing organic also called as bacterial exocellular electron transfer 
principle plays a vital role in anaerobic microbial communities that degrade both inor-
ganic electron acceptors; iron- and manganese- oxide and organic matter for growth 
[45, 47]. Hence these exocellular bacterial can be isolated from anaerobic sludge 
and municipal effluent thus can be categorized into various functional groups based 
on types of anaerobic respiration [48]. Via anaerobic respiration, both purple non-
sulphur bacteria photosynthetic Rhodopseudomonas palustris DX-1 and Rhodoferax 
ferrireducens, non-photosynthetic found to generate electricity in MFC [48, 49].
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7.3 Fungi 

Fungi belonging to the group of white-rot—well known wood degraders—were 
found to have an extracellular oxidative ligninolytic enzymatic system; degrade 
lignin. For the last 10 years, fungi-based MFCs have appeared, their results have 
revealed the electrogenic potential. In addition enzyme of fungi has proven that been 
the best catalyst for oxidative reduction that can assure electrogenic activity in MFC 
activity meanwhile degradation of various xenobiotic compounds and dyes through 
enzymes of this system [50–51]. Yeast-based is the most intensively studied systems 
for fungi-based MFCs where direct electron transfer was proved via cytochrome 
c [52]. MFC that complied with fungi species for treating waste waters from the 
distillery industries, for example, are Aspergillusawamori, Trichodermaviride and 
Trichodermaatroviride while Pleurotusostreatus used as decolourisation of dye from 
textile industries effluent [53]. 

7.4 Algae 

Organisms that contain chlorophyll size range from unicellular to multicellular 
are called as algae. There are two different algal growth types, autotrophic and 
heterotrophic. Autotrophic termed by the growth system of algae that use carbon 
dioxide as a carbon source in the presence of light energy while heterotrophic termed 
as algae that grow in the absence of light, in photobioreactors (PBRs), by utilizing a 
carbon dioxide source from provided substrates. These two modes can be combined 
to form a mixed culture (mixotrophic) growth mode, photosynthesis and respiration 
metabolism simultaneously function to assimilate organic carbon and carbon dioxide 
[53, 54] 

Research outcome by Kruzic reported that metabolism of algae on bicarbonate and 
oxygen using solar energy may be integrated with aeration system to replace a sustain-
able photosynthetic one [55]. Subsequently, algae grown in cathode chamber of an 
MFC, produced electricity by a photosynthetic process [56]. The overall biochemical 
reaction that happened in both anode and cathode chamber where mediator was used 
had stated by Zhou (2012) below: 

C6H12O6 + 6H2O → 6CO2 + 24H
+ + 24e (1) 

6CO2 + 12H
+ + 12e → C6H12O6 (biomass) + 3O2 (2)
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7.5 Bacteria 

Wastewater is the popular power source of MFC thus at anode chamber should have 
similar functions to methanogenic anaerobic digesters microbial communities except 
for microorganisms that are capable of transferring electrons to the electrode. More-
over, there are two mechanisms for electron transport in MFC, firstly direct electron 
transfer: (a) c-cytochromes, (b) nanowire and (c) electron shuttle. Availability of c-
cytochrome in most archaea and eubacteria so a usefully role for electricity generation 
through electron transfer by electrogenic bacteria. Nanowire by bacteria was studied 
as a new way of transferring electrons to the electrode by electrically conductive pili 
(Das 2018). Electron shuttle secreted by most gram-negative bacteria, for example, 
flavin secretion that can be utilized by the organism as carbon resource although 
may be limited in field-applied MFC [57]. Secondly mediator electronic transfer; is 
essential for bacteria that cannot transfer electrons due to enabling of electron shuttle 
from cell membrane to electrode for example ferricyanide and benzoquinone usage 
to facilitate electron transfer from bacteria to electrodes [58–60]. 

8 Microbial Fuel Cell Concept 

The concept is a linkage between negative terminal (anode) and positive terminal 
(cathode). Anode terminal oxidized organic matter such as fuel and released CO2, 
electrons and protons while the cathode terminal received the electrons that produced 
via an external circuit as the result of electrophilic attraction at the cathode electrode. 
The migration of protons from the anode to the cathode through the separator or called 
mediated [61]. This mediated generally must possess the quality of high proton 
transfer rate, low gas permeability, good thermal stability and resistance against 
biofouling. 

8.1 Biological Concept 

The basic of molecular diversities are made up of chemical based which mostly of 
the element carbon. Carbon is unparalleled in its ability to form molecules that are 
large, varied and complex, making possible the diversity of organisms that evolved 
on Earth. 

Basically, there are seven chemical groups that are most important in biological 
processes which are carbonyl, hydroxyl, carboxyl, amino, phosphate, sulfhydryl and 
methyl groups. Major sources of energy in cellular processes are the phosphate group, 
it complicated name is adenosine triphosphate (ATP) [62]. This ATP will be split 
off when reacted with water and later becomes adenosine diphosphate (ADP), the 
reaction released energy then can be used by the cell. In MFCs energy production
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Fig. 2 The schematic diagram of electron transport chain (Reprinted with permission [63] (CC-
BY)) 

occurs when electrons were passed through an electron transport chain (ETC) and 
protons are translocated across the cell membrane to generate energy in the form of 
adenosine triphosphate (ATP). Roughly, this ETC mechanism had been illustrated 
in Fig. 2. 

8.2 Chemical Concept 

Chemical reaction that usually occurs in MFC system is reduction and oxidation 
popularly called as redox reaction which reduction of oxygen takes place at the 
cathode resulting in water molecule while oxidation for example hydrogen at the 
anode was helped by a conductive catalyst; platinum (Pt) [43, 59]. MFC developed 
as an anode catalyst where microorganism is used as a biocatalyst for the redox 
reaction. Capability of electrogenic bacteria for generating and transferring electrons 
through nanowires (Geobacter sulfurreducens) and electron shuttle (Pseudomonas 
aeruginosa) [59, 64].
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Fig. 3 The schematic 
diagram of standard redox 
potential (Reprinted with 
permission [66] (CC-BY)) 

Present of lowest redox of mediator theoretically lowest anodic redox thus maxi-
mize the redox difference between anode and cathode, affect the voltage different but 
it would not necessarily be the most efficient at pulling electrons away. A mediator 
with a higher E0 redox would give a higher overall power than a mediator with the 
lowest redox [65]. The schematic of standard redox potential is shown in Fig. 3. 

8.3 Electrical Concept 

In MFCs, bacteria as a living catalyst is used to decompose organic substrates into 
electricity. Electrical energy yield happened or occurred in MFC when biomass-
based materials oxidize by resulting in the generation of free electrons which pass 
through external circuit [67]. These phenomena occur during microbial metabolism 
which involved redox reaction. The electrons pass through an electron transport chain 
(ETC) and protons are translocated across the cell membrane to generate energy in 
the form of adenosine triphosphate (ATP) (Fig. 4). Production electrical power (W) 
based on the rate of electrons moving through the circuit; current (amps) besides 
electrochemical potential difference (V) across the electrodes [68]. Table 5 shows 
the MFCs with different substrate and the maximum current produced.
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Fig. 4 Schematic diagram 
of membraneless microbial 
fuel cell (Reprinted with 
permission from [69] 
(CC-BY))

9 Conventional Fuel Cell vs Microbial Fuel Cell 

Conventional or typical fuel cell provided with greater control for the designer over 
operating conditions. The realm of conventional fuel cell is packed with a variety 
of well-understood technologies that delivers high performance with respect to effi-
ciency and power density. There are reasons where conventional fuel cell may incom-
petent which were the demand for chemical selectivity and high-cost production 
correspond with technology and high performance. For example, current densities 
that produced by Direct Methanol Fuel Cells (DMFCs) are often lower by about 100– 
300 mA/cm2. Methanol oxidation owing to the high kinetic resistance as compared 
to hydrogen oxidation besides performance limited caused by methanol crossover 
from anode to cathode [67]. Table 6 tabulated the difference between conventional 
fuel cell and microbial fuel cell.

10 Microbial Fuel Cell Design 

Common microbial fuel cell designs consist of an anodic chamber and cathodic 
chamber separated by proton exchange membrane (PEM) chamber, fundamental 
for the construction of MFC in a diversity of architecture to produce high power 
density and coulumbic efficiencies. Power output, coulombic efficiency, stability 
and longevity are usually evaluated in MFC. Not only the cost of materials but 
feasibility scaling up also been considered in the real application of MFC. Popular 
MFCs designs are single chamber, double chamber, tubular membrane, stack design 
and lastly flat-plat.
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Table 5 MFCs with different substrate and the maximum current produced [70] 

Types of 
substrate 

Concentration Source inoculums Type of MFC Current 
density 
(mA/cm2) 

Starch 
processing 
wastewater 

10 g/L Starch processing 
wastewater 

One chamber air 
cathode MFC with 
carbon paper anode 
(25 cm2) 

0.09 

Starch 10 g/L Pure culture of 
Clastridiumbutyricum 

Two chambered 
MFC with woven 
graphite anode (7 
cm2) and  
ferricyanide 
catholyte 

1.3 

Acetate 1 g/L Pre-acclimated bacteria 
from MFC 

Cube shape one 
chamber MFC with 
graphite fibre brush 
anode (7170 m2/m3 

brush volume) 

0.8 

Corn stover 
biomass 

1 g/L Domestic wastewater One chamber 
membrane-less air 
cathode MFC with 
carbon paper anode 
(7.1 cm2) and carbon 
cloth electrode 

0.15 

Landfill 
leachate 

6000 mg/L Leachate and sludge Two chambered 
MFC with carbon 
veil electrode (30 
cm2) 

0.0004 

Domestic 
wastewater 

600 mg/L Anaerobic sludge Two chambered 
mediator-less MFC 
with plain graphite 
electrode (50 cm2) 

0.06

The architecture of the optimizations of MFCs aimed to reduce the internal resis-
tance and increase the cell power output. Roughly all of the designs stated above 
had an addition either PEM or assisted chemical for electron transportation through 
media. Along the appropriate optimization of architecture, these microbial fuel cells 
are able to power a wide range of devices such as power sensors for environmental 
parameters monitoring at various intervals, store energy in external storage device; 
capacitor and power devices placed under water environment [71]
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Table 6 Conventional fuel cell and Microbial fuel cell 

Subject Conventional fuel cell Microbial fuel cell 

Mediator Artificial 
Abiotic fuel cells 
Comprise of inorganic catalyst 

Natural 
Biotic fuel cells 
Assist of microorganism such as 
Geobacter sulfurreducens; nanowires and 
Pseudomonas aeruginosa; electron 
shuttle 

Advantage Aeration consumes more energy 
Enhance power generation, short 
half–life and instability limit 

Higher affinity for oxygen with cathode 
Enhance the chemical oxygen demand 
removal 
Inexpensive catalyst and cheap substrate 
Can operate at ambient temperature and 
atmospheric pressure 

Disadvantage Expensive catalyst substances Systematic configuration undetermined 

Example Solid oxide fuel cell and proton 
exchange membrane fuel cell 

Up-flow reactor and stacked MFC 
Pseudomonas aeruginosa and Geobacter 
sulfurreducens

10.1 Single Chamber MFC 

This type of MFC design is purposely to solve scale-up problems on two chambers 
MFCs due to complex design and cost even can be operated in either batch or contin-
uous mode [72]. The design was used to characterize the performance of either anodic 
or cathodic chambers separately. A common single chamber possessed aeration on 
an anodic chamber without including a cathodic chamber. The reduction of internal 
resistance of MFCs thus enhances electricity production [73]. Schematic diagram of 
the single chamber that is provided with proton exchange membrane (PEM) layered 
on the cathode (Fig. 5). 

Fig. 5 The schematic 
diagram of single chamber 
microbial fuel cells 
(Reprinted with permission 
from [73] (CCBY))
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10.2 Double Chamber MFC 

Fundamental or conventional design for microbial fuel cells often run and investi-
gated in batch mode with a defined medium such as acetate or glucose solution to 
generate electricity. They were built by one cathode chamber and one anode chamber, 
connected by a bridge and separated by a proton or cation exchange membrane to 
allow protons to move across to the cathode while blocking the diffusion of oxygen 
into the anode. Chemically the plain carbon cathode was catalyst and coated in 
ferricyanide due to platinum expensively [72, 73]. 

Plain carbon electrode immersed in ferricyanide solution as the electron acceptor 
and the cathodic reaction is Fe(CN)3− 

6 + e = Fe(CN)4− 
6 . Reaction in the cathode 

chamber reduced ferricyanide to ferrocyanide, addition of chemical compulsory after 
it is depleted. Because of that ferricyanide are not environmentally friendly and not 
economic to use on cathodes. That is the reason some researcher stated that power 
densities in two-chamber MFCs are possible to be increased by enhancements of 
cathode such as concentration increment of dissolved oxygen. 

According to He (2005), dual chamber and cylindrical shaped of microbial fuel 
cells suitable and useful in powering autonomous sensors for long-term because they 
are relatively easy to scale up. Maximum power generated about 1530 kWh/day of 
electricity by 24-hour operation perpendicular with 0.204 kWh/m3 closed to aerobic 
trickling filter consumed. Schematic diagram of various architecture of dual chambers 
that provided with PEM as bridge layered on different shapes such as cylindrical, 
rectangular and miniature (Fig. 6).

10.3 Tubular Membrane MFC 

Architecture working of tubular membrane commonly designed in continuous flow 
mode, initial flow moving through anode chamber and directly up into the cathode 
chamber in the same column. Although this design has high possibility to be scaled 
up but there is drawbacks for this design. Based on the implementation of tubular 
design in wetlands by Wetser (2017) indicated that electricity generation was not 
optimal due to complication of oxygen crossover from cathode to anode. Practically 
orientation of anode and cathode tube that been placed as closely as possible inside the 
reactor developed 112–240 mV higher than outside the reactor. Schematic diagram 
of tubular membrane built in granular anode that also provided with PEM (Fig. 7).

10.4 Stack MFC 

Both parallel and series circuits can be investigated using stack microbial fuel cell. 
The usage of copper wires in this system is interconnected in series or parallel to
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Fig. 6 The schematic diagram of various double chamber microbial fuel cell (Reprinted with 
permission from [72, 74] (CCBY))

the electrodes and held each other by screw bolts. Both Aelterman (2006) and Li 
(2008), observed from their research that the effect of maximum power output per 
MFC unit was no visible adverse which Coulombic efficiency diverged greatly in two 
arrangements with parallel connection giving about six times efficiency more when 
both the series were operated at the same volumetric flow rate. Again both research 
by [75] and [76] supported previous research thus highlighting that the performance 
of stacked MFC is low caused by voltage reversal in individual cells, increase ohmic, 
inactive surface area on the cathode, kinetic and transportation resistances. Schematic



Microbial Fuel Cell Technology as Advanced Sewage Sludge Treatment 113

Fig. 7 The schematic 
diagram of tubular 
membrane microbial fuel cell 
(Reprinted with permission 
from [72] (CCBY))

Fig. 8 The schematic 
diagram of stack microbial 
fuel cell (Reprinted with 
permission from [77] 
(CC-BY)) 

diagram of stack MFC built in six individual units of granular graphite anode that 
also provided with PEM (Fig. 8). 

10.4.1 Flat–Plat 

Basically the structure of flat-plat similar to chemical fuel cell whose designed by 
[78]. Hot pressed method on cathode with PEM sandwiched between two non-
conductive (polycarbonate) plates and placed on top of anode. Coulombic efficiency 
diverged greatly in two arrangements with parallel connection giving about six times 
efficiency more when both the series were operated at the same volumetric flow rate. 
Maximum power density for domestic wastewater obtained was about 72 mW/m2
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Fig. 9 The schematic 
diagram of flat-plat 
microbial fuel cell 
(Reprinted with permission 
from [80] (CC-BY)) 

increment, 2.8 times compared to single chambered MFC. However this design draw-
back is high in anodic resistance [79]. Schematic diagram (upper, side view; top, 
lower view) of flat-plat MFC (Fig. 9). 

11 MFC Technology: World Energy’s Paradigm 
as a Driven Force 

Non-renewable energy sources such as oil, natural gas and coal account for 85 per 
cent of global energy. Oil provides over 40% of the world’s energy [81]. Linearly 
from 2012, rising transportation fuel consumption and robust industrial demand 
have resulted in an increase in non-renewable energy usage [81]. About 1.3 billion 
people in the globe do not have access to electricity, and another three billion rely on 
traditional fuels, which can have negative consequences for their health, ecosystems 
and development. According to what is known about global energy demand, it is 
expected to grow at a pace of 1.6 per cent per year on average from 2008 to 2030 
[82]. 

Non-renewable energy is the most frequently stated problems with constant incre-
ment of prices and CO2 emission which both coal and natural gas is the major impact. 
Along with this statement is evidence that oil prices are expected to remain between 
US$ 50.0 and US$ 80.0/barrel until 2030 as stated. Moreover, the increase in the 
market is due to structural changes and energy efficiency gains in the market. Besides 
European oil consumption will be reduced by 3.0% over the next 15 years. In addi-
tion, oil supply globally is increasing by 14.0 mb/d to 104.0 mb/d by 2040 even 
though the drift timely expenditure specifically [83].
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There is a large volume of published studies describing on greenhouse gases 
(GHG) which cause by reradiated infrared radiations by CO2, CH4, O3, NO2 and NO 
slightly by water vapours thus significantly to maintain Earth’s temperature by 33°C 
(Kumar et al. 2018). Between 2000 and 2010 annual anthropogenic GHG emissions 
have increased directly coming from energy supply (47%), industry (30%), building 
(3%) and transport (11%) [83, 84]. Emission of greenhouse gases continuously will 
cause further warming called as global warming which is irreversible and gives 
pervasive impacts for people and ecosystems. It has been reported that major drivers 
of increment in CO2 emissions are from both fossil fuel combustion and coal impacted 
by economic and population growth globally [83, 84]. Furthermore, according to 
Ahmad (2011), Malaysia’s petroleum resources are very limited compared to other 
international areas, at roughly 5.5 billion barrels, with petroleum output peaking in 
2004 at roughly 861.8 thousand barrels per day. Nevertheless, these resources will 
be consumed and become more expensive in the long run. 

Effect of oil and natural gas usage can be shown in Fig. 10, CO2 emission has 
doubled since early 1970s, accelerating environmental change and climate degrada-
tion [83, 84]. Most countries occur a sustained increase due to global economic shift 
perpendicularly with power consumption clearly world economy is booming which 
gross domestic product (GDP) growing 2.5 times over the past three decades [85]. 

Figure 11 explained about the statistic of world’s total electricity generation since 
1990 and overview of the percentage increase/decrease in world energy, oil, gas, 
coal, CO2 emissions and the share of renewable energy in electricity generation 
respectively. The natural gas, oil and coal cover up to 84% of world’s primary energy 
consumption in 2019 [87]. The increment came from both public and private utilities 
hence China; Asia significantly contributing almost half of the increase in 2017 due to

Fig. 10 CO2 emissions from fuel combustion (MtCO2) (Reprinted with permission from [86] 
(CC-BY)) 
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Fig. 11 World’s total 
electricity generation (TWh) 
(Reprinted with permission 
from [86] (CCBY)) 

the high demand for electricity combined to accelerate the development of production 
capacity (Ahmad and Zhang 2020). According to the New Policy Scenario (NPS), 
global primary energy requirements increased by 37% between 2012 and 2040 which 
considers existing government initiatives. As a result, by 2040, oil, coal and natural 
gas were expected to account for around a third of total demand. Various states 
declared new initiatives to decrease CO2 emissions at a long-term climate summit 
named the Paris Agreement in 2015; nonetheless, emissions continue to rise by 20% 
(Ahmad and Zhang 2020). Meanwhile, Climate Change Conference 2021 (COP 
26) that had been conducted by United Nation (UN) also highlighted on several 
circumstances that are better than Paris Agreement in which almost 90% had been 
covered by a net–zero target (Lord, et al. 2021). 

In the EU, the United States, India, Japan and China, stringent environmental 
policies have a significant impact on solar and wind energy development. Without a 
doubt, the share of renewable energy in the entire generation of electricity is gradually 
increasing daily [86]. As well as that bulk of employment sources is increasing 
perpendicularly with a large number of renewable energy sources. The major issue 
arises when non-renewable energy becomes completely reliable, causing prices to 
skyrocket and as previously stated, negatively impacting the environment. As a result, 
a new solution with a better conclusion from green energy is required. Microbial fuel 
cells (MFCs) which convert biochemical energy consisted in the substrate to electrical 
energy can be a part of it. This green energy technology is capable of utilizing any 
type of carbon waste that is seen to be impactful on community, government and 
environment.
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12 Conclusion 

This chapter summarizes the utilization of sewage sludge in MFCs for electricity 
production and waste treatment. While simple substrates like acetate and glucose 
were commonly used in the early years, recent research has focused on utilizing 
more unconventional substrates, such as sewage sludge, with the aim of both waste 
utilization and enhancing MFC output. The generation of bioenergy, in the form of 
electricity, from renewable sources like sewage sludge through MFCs holds signif-
icant development potential. It not only contributes to energy self-sufficiency but 
also addresses concerns about competition with food production that are associ-
ated with conventional biofuels. The findings presented in this chapter highlight 
the evolving landscape of MFC technology and its potential for sustainable sewage 
sludge treatment and renewable energy generation. 
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Utilization of Electrogenic Bacteria 
Consortium for Sewage Sludge 
Treatment via Organic Compound 
Degradation 

Amira Suriaty Yaakop, Ooi Kah Hong, and S. M. Salman 

Abstract Electrogenic bacteria (EB), also known as electrigens and exoelectrogens, 
can transmit electrons extracellularly beyond the cell membrane to or from electron 
acceptors such as electrodes, oxide minerals, and other bacteria under anaerobic 
or microaerobic conditions. These bacteria catalyze electrochemical oxidations or 
reductions at an anode or cathode, respectively, to generate an electric current in 
microbial fuel cells. Originally, these fuel cells were inefficient and could only be 
used as a battery in isolated locations. Microbial fuel cell (MFC) has been used 
as one of the green technology sources and one of the promising approaches for 
green energy production. Currently, few studies highlight the electron production 
ability of bacteria found in MFC and the application also is underexplored. Hence, 
this chapter will discuss the EB ability, characteristic, and mechanism in producing 
electrons. How EB can be utilized in sludge degradation and what are the secondary 
metabolites produced by the EB that can benefit the environment. 

Keywords Electrogenic bacteria (EB) · Renewable energy · Microbial fuel cell ·
Bacteria enzymes · Secondary metabolites 

1 Introduction 

In recent decades, chemical use has increased due to increased industrial, agricultural, 
and human activities. In addition, human social growth and a false sense of personal 
safety produce a large number of chemicals in both the aquatic and terrestrial environ-
ments. For example, river water is used for agriculture, bathing, and drinking in many 
areas worldwide. Furthermore, sewage water is used for cultivation in many impov-
erished nations without being treated. As a result, untreated agricultural wastewater
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introduced a slew of contaminants into the environment and required urgent solu-
tions for their removal. Chemical and physical methods for removing pollutants 
are extensively used and successful. However, these technologies have certain draw-
backs, including cost, efficiency, and the creation of secondary pollutants. As a result, 
biological therapy appears to be more favourable and is regarded as a green removal 
method. One of the methods for wastewater treatment is using microbial fuel cells that 
involve the utilization of Electrogenic Bacteria (EB). These bacteria are also reported 
to have various hydrolytic enzymes that can work well in degrading complex carbon 
compounds, including sludge. 

2 Mechanisms of Electrogenic Bacteria 

Electrogenic bacteria (EB) are a group of bacteria capable of converting chemical 
energy into electrical energy by carrying out the respiration process [1]. The oxidation 
of organic substrates would thereby generate electrons that could be received by 
external electron acceptors such as metal oxides, other bacteria, or even electrodes 
for electricity production [2, 3]. EB could be broadly classified into two categories, 
namely electricigens and electrotrophs [4]. Electricigens contain a subset of bacteria 
with the ability to completely oxidize organic compounds to carbon dioxide (CO2) 
and donate electrons directly to an electron acceptor whereas microorganisms that 
can act to reduce terminal electron acceptors are known as electrotrophs [4]. Electron 
transfer from the electrogenic bacteria to the electron acceptors primarily utilized 
two main mechanisms (Fig. 1), namely (i) Direct or non-mediated transfer as well 
as (ii) mediated transfer [2].

Direct electron transfer (DET) requires a direct contact between the anode surface 
and the microorganism’s outer membrane, whether through direct cell attachment 
or nanowires (pili). Pili are nanowires that connect the membrane of the microor-
ganism to the anode surface. The benefits of pili development include the ability for 
many layers of biofilm microorganisms to participate in electron transfer while bulk 
microorganisms do not [4]. 

Indirect electron transfer through external or internal mediators. In this type, a 
redox-active material (mediator) is responsible for the electron transfer between the 
microorganism and the anode surface. This redox can either be exerted naturally 
by the microorganisms (internal) or can be added from outside (external). These 
mediators whether internal or external will be responsible for the electron transfer 
from the bulk microorganisms to the anode surface. The electron transfer in the 
mediated electron transfer is higher than that in the DET [4].
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Fig. 1 Mechanism of electron transfer from the electrogenic bacteria (EB) to the electron acceptors

3 Flagella 

Direct transfer of electrons would involve the establishment of physical contact 
between the electron acceptors and the electrogenic bacteria themselves. Micro-
sized, protein-based biological extensions of electrically conductive flagella or pili 
known as bacterial/microbial nanowires which are found on the outer membrane 
of electrogenic bacteria play the vital role of transporting the electrons [2]. The 
nanowires are typically found in the genus of Geobacter sp. and Shewanella sp. for  
long-range electron transfer into the cytosol [2]. One type of nanowire known as Type 
IV pili are crucial in the secretion systems for effectors, microbial adherence, and 
locomotion in addition to making contact between the bacterial species and electron 
acceptors [2]. Bacteria such as Geobacter sulfurreducens were a model organism 
studied showing that Type IV pili were involved in the attachment of the bacteria 
and subsequently the translocation of the electrons during the reduction of iron (III) 
ions (Fe3+) [2]. 

4 Extracellular/Mediated Transfer 

Mediated transfer, on the other hand, is a condition where the electrogenic bacteria 
forfeits physical contact with the electrodes and rely on endogenous redox medi-
ators/electron shuttles instead, commonly in the forms of secondary metabolites 
produced by the bacteria, that shuttles the electrons produced to an external electron 
acceptor [2]. Electrons in mediated-transfer-utilizing bacteria are first transported to
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the cell surface as an aftermath of metabolic pathways. Subsequently, they are trans-
ferred into potential mediators residing in either the periplasm or outer membrane 
that’s capable of diffusing into the extracellular environment and finally received 
by external electron acceptors [2, 5]. Several compounds currently known to effec-
tively mediate electrons would include thionine, methyl viologen, 2-hydroxy-1,4-
naphtoquinone, methylene blue, humic acids, anthraquinone-2,6-disulfonic acid, and 
flavin [2]. Among them, flavin has been demonstrated by Marsili et al. (2008) and 
Velasquez-Orta et al. (2010) as a class of secondary metabolite vital in the mediation 
of electrons using Shewanella oneidensis as a model organism where higher concen-
trations and removal of flavin increased peak current by four-fold and decreased 
electrons transfer rate by more than 70% respectively [2]. 

5 Biofilm/Redox-Active Proteins 

Membrane-bound redox-active proteins known as cytochromes are another compo-
nent that helped in facilitating the short-range direct transfer of electrons generated 
by electrogenic bacteria to the electron acceptors [2]. Cytochromes, particularly 
cytochrome C (cyt-C) are among the key components in the adenosine triphosphate 
(ATP) synthesizing electron transport chain (ETC) process. Cyt-C acts as an inter-
mediatory protein that passes down electrons in a serial redox reaction until they 
encounter a terminal electron acceptor. Cyt-C such as OmcS, OmcE, and OmcB 
found on the surface of Geobacter sulfurreducens are some common manifestations 
of the role of redox-active protein in transferring electrons which are crucial in the 
reduction of iron (III) oxides, an example of naturally occurring terminal electron 
acceptors [2]. Electron transfer occurs through biofilm formation by electrogenic 
bacteria where the electrons travel through the biofilm to the electron acceptors 
using the nanowires linked to the cytochromes. 

6 Light-Dependent Direct Transfer 

Photosynthetic bacteria, a group of solar energy harnessing bacteria through the 
use of chlorophyll in order to produce sugars [6], were also found to have electro-
genic properties, with particular attention given to cyanobacteria. Cyanobacteria, a 
group of microorganisms having the oxygenic photosynthetic pathways of photo-
systems I and II (PSI and PSII) [7], were discovered to possess conserved light-
dependent electrogenic activity where they own the innate ability to transfer elec-
trons to their surroundings in response to illumination [8]. They are able to utilize 
the electrons from the photolysis of water by PSII which would be transmitted to 
extracellular electron acceptors via plastoquinone and cytochrome bd quinol oxidase 
during the occurrences of photosynthetic electron transport chain (P-ETC) [9]. Such 
an activity is driven by red and blue but not green light which shows consistencies
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in the predominant role of phycobilisomes, pigment-protein complexes comprising 
phycocyanins and allophycocyanins that absorb red light in cyanobacteria [8]. 

Photosynthesis in cyanobacteria begins with photolysis, a reaction where water 
is split into hydrogen ions, oxygen, and electrons, aided by the catalysis of proteins 
in PSII and driven by light energy [9]. Electrons acquired from the photolysis reac-
tion are transported along the P-ETC from PSII to plastoquinone (P.Q.), then to 
the cytochrome b6f (cyt-b6f) complex, plastocyanin (P.C.), and eventually to PSI [9]. 
However, under a high light condition where bd quinol oxidases are maximally active 
to prevent the reduction of quinol pool, electrons at P.Q. would instead divert to bd 
quinol oxidase before being released into the surrounding medium [9]. The mecha-
nism of the movement of electrons from the bd quinol oxidases to the environment 
remains unknown despite the conclusion of the study by Pisciotta et al. (2011) [9]. 

7 Bacteria Genera Involve as Electrogenic Bacteria (EB) 

Electrogenic bacteria are organisms that can transfer electrons to extracellular elec-
tron acceptors and have the potential to be used in devices such as bioelectrochem-
ical systems. In 2009, Logan BE wrote a review and list some of the well-known 
electrogenic bacteria (Table 1) [10]. Besides the reported bacterium, this subtopic 
highlighted some other bacteria genera that were also used extensively in microbial 
fuel cells (MFC).

7.1 Bacillus 

Bacillus is a Gram-positive, sporulating, rod-shaped bacterium genus belonging to 
the Firmicutes phylum. It has around 266 named species. The plural Bacilli is the 
name of the bacterial class to which this genus belongs, and the term is also used to 
describe the form (rod/cylindrical) of specific bacteria. Bacillus species can either 
be obligatory aerobes, meaning they require oxygen to survive, or facultative anaer-
obes, meaning they can survive without it. If oxygen has been utilized or is present, 
cultured Bacillus species will produce the enzyme catalase [1]. Only one spore is 
produced by each bacterium, and it is resistant to heat, cold, radiation, desicca-
tion, and disinfectants. Most bacilli are saprophytes meaning that they live on dead 
or decaying organic matter. Bacilli have a diverse array of physiologic properties 
that allow them to thrive in a wide range of environments, including desert sands, 
hot springs, and Arctic soils. Bacillus species can be thermophilic, psychrophilic, 
acidophilic, alkaliphilic, halotolerant, or halophilic, meaning they can thrive at pH 
values, temperatures, and salt concentrations that few other organisms can. Bacillus 
insolitus may thrive at temperatures as low as 0° Celsius. The Bacillus cell wall is 
a structure on the outside of the cell that serves as a second barrier between the 
bacteria and the environment while maintaining the rod shape and withstanding the
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Table 1 Exoelectrogenic bacteria that power microbial fuel cells [10] 

Year Microorganism Comment 

1999 Shewanella putrefaciens IR-1 Direct proof of electrical current generation in 
an MFC by a dissimilatory metal-reducing 
bacterium (Gammaproteobacteria) 

2001 Clostridium butyricum EG3 First Gram-positive bacterium was shown to 
produce electrical current in an MFC (phylum 
Firmicutes) 

2002 Desulfuromonas acetoxidans Identified in a sediment MFC community and 
shown to produce power (Deltaproteobacteria) 

Geobacter metallireducens Shown to generate electricity in a poised 
potential system (Deltaproteobacteria) 

2003 Geobacter sulfurreducens Generated current without poised electrode 
(Deltaproteobacteria) 

Rhodoferax ferrireducens Used glucose (Betaproteobacteria) 

A3 (Aeromonas hydrophila) Deltaproteobacteria 

2004 Pseudomonas aeruginosa Produced low amounts of power through 
mediators such as pyocyanin 
(Gammaproteobacteria) 

Desulfobulbus propionicus Deltaproteobacteria 

2005 Geopsychrobacter electrodiphilus Psychrotolerant (Deltaproteobacteria) 

Geothrix fermentans Produced an unidentified mediator (phylum 
Acidobacteria) 

2006 Shewanella oneidensis DSP10 Achieved a high power density (2 W per m2 or 
500 W per m3) by pumping cells grown in a 
flask into a small (1.2 mL) MFC 
(Gammaproteobacteria) 

S. oneidensis MR-1 Various mutants identified that increase current 
or lose the ability for current generation 
(Gammaproteobacteria) 

Escherichia coli Found to produce current after long acclimation 
times (Gammaproteobacteria) 

2008 Rhodopseudomonas palustris DX-1 Produced high power densities of 2.72 W per 
m2 compared with an acclimated wastewater 
inoculum (1.74 W per m2) 
(Alphaproteobacteria) 

Ochrobactrum anthropi YZ-1 An opportunistic pathogen, such as P. 
aeruginosa (Alphaproteobacteria) 

Desulfovibrio desulfuricans 56 Reduced sulphate when growing on lactate; 
resazurin in the medium was not thought to be a 
factor in power production 
(Deltaproteobacteria) 

Acidiphilium sp. 3.2 Current at low pH and in the presence of oxygen 
in a poised potential system 
(Alphaproteobacteria)

(continued)
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Table 1 (continued)

Year Microorganism Comment

Klebsiella pneumoniae L17b The first time this species produced current 
without a mediator (Gammaproteobacteria) 

Thermincola sp. strain JR59 Phylum Firmicutes 

Pichia anomalab Current generation by a yeast (kingdom Fungi) 

aAir cathode microbial fuel cells (MFCs), except where noted [10 ] 
bFerricyanide cathode

pressure created by the cell’s turgor. Teichoic and teichuronic acids make up the cell 
wall. B. subtilis is the first bacterium to discover the involvement of an actin-like 
cytoskeleton in cell shape determination and peptidoglycan synthesis, as well as 
the complete collection of peptidoglycan-synthesizing enzymes. The cytoskeleton 
plays a crucial role in the formation and preservation of shape. Bacillus species 
like Bacillus cereus, Bacillus subtilis, and Bacillus megaterium have the ability to 
produce electricity in microbial fuel cell (MFC). Islam et al. prove that by using 
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), the 
CV of B. cereus MFCs displayed a significant redox peak, indicating that B. cereus 
exhibits electrogenetic characteristics. Furthermore, the addition of B. cereus to acti-
vated sludge (AS) increased the MFC’s power generation (4.83 W/m3) and C.E. 
(22%) as compared to the comparable values for an MFC infected simply with AS 
(1.82 W/m3, 12%) [11]. 

7.2 Geobacter 

Geobacter is a genus of Proteobacteria. It is rod-shaped bacteria with flagella. 
Geobacter is known for its remarkable electron transfer and environmental restora-
tion abilities, which lends itself to a variety of industrial applications. The sequencing 
of Geobacter sulfurreducens has revealed additional information about the bacteria’s 
capabilities. Geobacter has been discovered to be able to transition towards metallic 
substances because of this sequencing. Geobacter also contains genes that allow it to 
operate in the presence of oxygen, according to previous studies Geobacter appears 
to have approximately 100 genes that code for distinct c-type cytochrome forms. 
Geobacter’s ability to reduce metals and generate power is due to its wide range of 
c-type cytochromes [2]. Geobacter was initially discovered in the Potomac River 
in 1987 [3]. G. sulfurreducens was later discovered in a hydrocarbon-contaminated 
soil sample in Oklahoma [2]. Geobacter species have also been discovered to be 
able to breathe through a graphite electrode. Geobacter species are anaerobic respi-
ration bacterial species with bioremediation properties. Geobacter was discovered 
to be the first organism capable of oxidizing organic chemicals and metals, such as
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iron, radioactive metals, and petroleum compounds, into ecologically friendly carbon 
dioxide utilizing iron oxide or other readily accessible metals as electron acceptors. 

7.3 Klebsiella 

Klebsiella is a Gram-negative, oxidase-negative genus of rod-shaped bacteria with 
a polysaccharide-based capsule. Klebsiella species may be found all over the world. 
This is assumed to be owing to different sublineages generating niche adaptations 
and biochemical adaptations that make them more suited to a certain environment. 
They can be found in various environments, including water, soil, plants, insects, and 
people. Edwin Klebs, a German-Swiss scientist, and was given the name Klebsiella. 
For many years, Klebsiella bacillus was known as Friedlander bacillus named after 
Carl Friedlander, who characterized it. Klebsiella bacteria are found in the typical 
flora of humans and animals’ noses, mouths, and intestines. Klebsiella is a Gram-
negative bacterium that is normally non-motile. When compared to other members 
of the Enterobacteriaceae family, they are shorter and thicker. The cells are rod-
shaped and range in size from 0.3 to 1.5 µm width by 0.5–5.0 µm long. They 
come in singles, pairs, chains, and end-to-end links. Like the other members of the 
Enterobacteriaceae family, Klebsiella may grow on conventional lab media and has 
no particular growth needs. The species is aerobic but anaerobic in nature. Their 
optimal growing temperature is from 35° to 37° Celsius, with a pH of around 7.2 [4]. 

Although certain species create a visible capsule or slime layer that may be 
utilized for serologic identification, molecular serotyping may eventually replace 
this approach. On their cell surfaces, certain species of this genus often express two 
kinds of antigens. The first, O antigen, is a component of lipopolysaccharide (LPS), 
which comes in nine different types. The second is K antigen, a capsular polysac-
charide with over 80 variants [5]. Both have a role in pathogenicity and serve as the 
foundation for serogrouping. Several vaccines have been developed based on these 
two key antigenic determinants [6]. Some Klebsiella species like Klebsiella pneu-
moniae and Klebsiella variicola are used in microbial fuel cells (MFC); however, 
there was not much explanation on its electrogenic mechanism can be found. 

7.4 Pseudomonas 

Pseudomonas is a Gram-negative Gammaproteobacteria genus that belongs to the 
Pseudomonadaceae family and has 191 validly recognized species [7]. Species of this 
genus display some characteristics: Rod-shaped, Gram-negative, flagellum one or 
more providing motility, aerobic, non-spore-forming, catalase-positive, and oxidase-
positive. Members of the genus exhibit a wide variety of metabolic diversity, allowing 
them to colonize a wide range of habitats. Pseudomonas aeruginosa in its role as an
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opportunistic human pathogen, Pseudomonas syringae as a plant pathogen, Pseu-
domonas putida as a soil bacterium, and plant growth-promoting Pseudomonas fluo-
rescens, Pseudomonas lini, Pseudomonas migulae, and P. graminis are among the 
best-studied species [8, 8]. 

The pseudomonads were discovered early in the history of microbiology due to 
their extensive prevalence in water and plant seeds such as dicots. Walter Migula 
classified Pseudomonas as a genus of Gram-negative, rod-shaped, polar-flagellated 
bacteria with some sporulating species in 1894 and 1900 in hazy terms [10, 11]. The 
latter assertion was eventually proven to be erroneous due to the reserve materials’ 
refractive grains. Pseudomonas pyocyanea (basonym of Pseudomonas aeruginosa) 
proved to be the most accurate descriptor [12]. 

With a few exceptions, the production of pyoverdine, a luminous yellow-green 
siderophore under iron-limiting circumstances, is another feature associated with 
Pseudomonas species. Certain Pseudomonas species, such as Pseudomonas aerugi-
nosa and Pseudomonas fluorescens, can create other forms of siderophores, such as 
pyocyanin and thioquinolobactin. Pseudomonas species also typically give a positive 
result to the oxidase test, which indicates the absence of gas formation from glucose. 

One extensively use Pseudomonas species in MFC is P.aeruginosa [1]. It is 
exoelectrogenic bacteria that can generate secondary metabolites like pyocyanin 
(PYO) and 1-hydroxy-phenazine (OHPHZ) and use them as redox-active metabo-
lites for facilitating the extracellular electron transfer between bacterial cells and 
electrodes in MFCs [12, 13]. 

7.5 Lysinibacillus 

Lysinibacillus are motile, Gram-positive bacteria with rod-shaped cells that generate 
ellipsoidal or spherical endospores [13]. Previously, Lysinibacillus species were cate-
gorized as Bacillus species. Two previously listed species, Bacillus sphaericus and 
Bacillus fusiformis, were reclassified to the new genus Lysinibacillus, together with a 
unique species (Lysinibacillus boronitolerans). In 2007, Ahmed, Yokota A, Yamazoe, 
and Fujiwara suggested Lysinibacillus as a separate genus from Bacillus based on the 
discovery of lysine, aspartic acid, alanine, and glutamic acid in its peptidoglycan [14]. 
Since then, other Bacillus species have been proposed to be reclassified as Lysini-
bacillus. Tests for oxidase and catalase are positive, while indole and H2S generation 
are negative. A4 is the peptidoglycan type found on the cell wall (LyseAsp). Iso-C 15: 
0 is the most abundant fatty acid in cells. MK-7 is the most abundant menaquinone, 
whereas diphosphatidylglycerol, phosphatidylglycerol, and ninhydrin-positive phos-
phoglycolipid are the most common polar lipids. The amount of G C in the sample 
is 35e38 mol% [14]. 

Lysinibacillus is well-known for its insecticidal effect against a variety of 
insects, including mosquitos, which are known to transmit several human illnesses. 
Furthermore, some Lysinibacillus species can remove heavy metals from the envi-
ronment. Lysinibacillus spp. have recently grabbed researchers’ interest as plant
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growth promoters and disease control agents that might be employed instead of 
agrochemicals. 

The use of Lysinibacillus spp. in MFCs is a relatively new addition to the long 
list of biocatalysts that have been studied for their potential in power generation. 
Lysinibacillus sphaericus has been shown to generate a maximum power density of 
85 mW/m2 and current density of ≈270 mA/m2 using graphite felt as an electrode. 
The species has also been found to be efficient in utilizing proteinaceous material 
which is useful to treat a specific type of wastewaters like wastewater from slaugh-
terhouses or from meat packaging industry [14]. Lysinibacillus macroides is another 
Lysinibacillus spp. that has been found to be electrogenic bacteria. Uma et al. (2017) 
investigated the adhesion of bacteria as a biofilm on pencil graphite lead using a 
fluorescence microscope and a scanning electron microscope (SEM) [15]. 

8 Sludge as Carbon-Rich Sources for EB 

Global water contamination issues have stemmed from rapid industrialization and 
urbanization worldwide. Sludge is produced in large quantities by traditional wastew-
ater treatment plants. In 2005, the United States produced 7.6 million tonnes of dry 
sludge; by 2010, this figure is expected to rise to 8.2 million tonnes [16]. In 2005, 
the EU generated 10 million tonnes of dry sludge [17]; from 2007 to 2013, China 
significantly produced 6.25 million tonnes of dry solids (DS) sludge, with output 
expected to rise to 3.6 million tonnes in 2010 [18]. Malaysia is no exception to the 
global trend of sewage sludge volume increasing annually as a developing country. 
Malaysia produces roughly 3 million metric tonnes of sewage sludge each year, 
with that number predicted to rise to 7 million metric tonnes by 2020. (Indah Water 
Konsortium Sdn Bhd, 2010). Due to various pollutants such as organic contaminants, 
pathogens, and a portion of heavy metals [19, 20], sewage sludge is considered a 
potential source of secondary environmental contamination. These pollutants can 
enter the natural ecosystem through improper disposal methods, posing a risk to 
human health and the environment [21]. For example, when agricultural land is 
treated with sewage sludge, the concentration of organic contaminants (OCs) rises 
above that of reference soil, and some OCs enter inhabited plant and animal tissues 
[22]. On the other hand, the high levels of heavy metals in sludge ash, which is 
utilized as a construction material, pose a significant risk of contamination. Such 
sludge cannot be disposed of until it has undergone the necessary treatments. There-
fore, it will benefit sludge to be converted into a simpler organic compound that does 
not give a thread to the environment.
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8.1 Composition of Sludge 

During wastewater treatment, a considerable number of contaminants are removed 
from the liquid phase and transported to the semisolid phase, which is known as 
sludge. Sludge disposal standards are governed by European legislation, namely, 
the Urban Wastewater Treatment Directive (91/271/EEC). However, the definition 
varies in every country. Table 2 shows the definitions of sewage sludge according to 
various legal acts [23].

As a result of expanding population, industrialization, and wastewater treatment 
requirements, sludge generation in wastewater treatment plants (WWTP) and landfill 
accumulation has increased in many countries [13]. The long-term management 
of this hazardous waste has become a major environmental challenge due to the 
potential for detrimental ecological repercussions. [14]. The end product of the sludge 
treatment is the dewatering process to reduce the waste volume to prepare it for 
disposal. Before disposal, drying the sludge with a dewatering filter press reduces its 
weight and volume. 

The organic concentration of dewatered sewage sludge (about 84% moisture 
content, organic content: 33.4% protein, 6.6% lipid, and 3.3% carbohydrate on an 
organic basis) is high, and its volume is about one-tenth that of sewage sludge. The 
consistency of dewatered sewage sludge is solid. As a result, anaerobic digestion is 
not possible. Compared to dewatered sewage sludge, the volume of the liquidized 
sludge remains unchanged. The number of proteins in the liquidized sludge (27.6%) 
decreased through liquefaction, but the ammonium content increased. The amount 
of lipids in the liquidized sludge rose (13.8%). According to these findings, proteins 
were hydrolysed and degraded to volatile acids and ammonia via amino acids. 
The liquid phase (6.9% VS concentration) contains adequate anaerobic digesting 
substrates (15.5% lipid and 9.2% carbohydrate) [24]. These findings suggest that 
anaerobic liquid phase digestion could result in a higher digestion ratio and higher 
methane generation. The solid phase, which had a low moisture content (77.0%), 
may be composted and used for various purposes, including pipeline transportation 
and anaerobic digestion (Chapter ‘Microbial Fuel Cells (MFC) as an Alternative 
Energy Source: The Perceptions and Attitudes Towards Sustainable and Renewable 
Energy in Malaysia’, Table 3) [25].

9 Sludge Utilization by EB in MFC 

Using biological decomposition of organic matter to produce energy, wastewater 
treatment with MFCs has been researched for the removal and recovery of contami-
nants such as Chemical Oxygen Demand (COD), heavy metals, and ammonia (NH3) 
[26]. MFCs can be used to recover high-value products such as silver (Ag) or 
chromium (Cr), which can improve the sustainability of the process for large-scale 
operations [27]. The anaerobic method is used to remediate wastewater and relies
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Table 3 Properties of 
dewatered sewage sludge, 
liquidized sludge, and its 
centrifuged phases [24] 

Moisture 
content (%) 

Organic 
content (%) 

Ash content 
(%) 

Dewatered 
sewage sludge 

83.8 12.4 3.8 

Liquidized 
sludge 

84.8 11.4 3.8 

Liquid phase 92.5 6.9 0.6 

Solid phase 77.0 18.0 5.0

on bacteria to transport the electrons [28]. The high organic concentration shown in 
Table 3 of dewatered sewage sludge serve as good carbon source for the electrogenic 
bacteria. 

9.1 Enzyme Utilization in Wastewater Treatment 

Wastewater is the source of growth of several anaerobic and facultative anaerobic 
bacteria, which have the ability to transfer electrons to an anode as a terminal electron 
acceptor and are thus classified as electrogenic bacteria [2]. At the anode of an 
MFC, the organic substrate is oxidized by electrochemically active microorganisms. 
Subsequently, the microorganisms transfer the electrons resulting from this oxidation 
of the anode, which then passes through an external circuit to the cathode, thus 
generating electricity. 

Traditional activated sludge can remediate most pollutants effectively, while resis-
tant contaminants like oil, grease, pharmaceuticals, pesticides, and plastics are diffi-
cult to be eradicated. Pharmaceuticals, insecticides, plastics, and personal care items, 
all of which are micropollutants, are referred to as emerging pollutants or emerging 
concern contaminants [29, 30]. These pollutants mainly include oil, grease, and 
organic micropollutants (Fig. 2). Oil and grease-containing wastewater are usually 
produced by dairies, oil mills, slaughterhouses, and food waste [20, 21]. The transfer 
rate of substrates, products, and oxygen will be harmed if oil and grease float on 
water surfaces [31]. The floating oil and grease may induce a filamentous microbe 
bloom, resulting in floating sludge, poor sedimentation, and sludge biomass loss, as 
well as poor performance of activated sludge [31]. 

Enzyme is a powerful biocatalyst that can destroy compounds in a controlled 
environment [32, 33]. Enzymes contain active sites that bind to specific substrates, 
lowering the activation energy during enzymatic operations. As a result, the reaction 
kinetics and specificity of these processes are quite high. There are six enzymes, and 
the most used ones in wastewater treatment are hydrolases and oxidoreductases [34, 
35]. These two enzymes can biocatalyst most pollutants in wastewater due to their 
wide range of substances. Currently, commercially available enzymes include lipase,
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Fig. 2 Typical resistant pollutants in wastewater and their classification. Reprinted with permission 
from [38] (CC-BY) 

laccase, and peroxidase. Laccase and peroxidase are commonly used to remove 
organic micropollutants [36, 37]. 

9.2 Enzyme Production by Bacteria 

Extracellular hydrolytic enzymes such as amylases, proteases, lipases, DNases, 
pullulanases, and xylanases have a wide range of potential applications in the food, 
feed, biomedical, and chemical industries [39, 40]. Concerns over the accumula-
tion of micropollutants in the aquatic environment inspired a flurry of studies into 
biological micropollutant degradation in wastewater treatment systems. [41]. Some 
organic micropollutants may be hazardous and bioaccumulative, posing serious risks 
to human health and the environment. This bioaccumulation is usually linked to a 
compound with high lipid solubility and the capacity to accumulate in living crea-
tures’ fatty tissues for an extended time. These persistent compounds migrate up the 
food chain, and their concentration rises as they’re absorbed and degraded in certain 
organs, increasing their environmental toxicity [42]. 

Physiochemical and biological approaches are the most common wastewater 
treatment technologies nowadays. Physiochemical procedures such as chemical 
oxidation, distillation, membrane-based separation techniques, and adsorption have 
been used for wastewater treatment [34]. These are treatment-oriented options, but 
they are exceedingly expensive and may cause more pollution and harm [35]. The 
three common microbial enzymes use in wastewater treatment are oxygenases,
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Laccases, and Cellulases. Microbial oxygenases belong to the oxidoreductase family 
of enzymes and are involved in the oxidation of reduced substrates by transferring 
oxygen from atomic oxygen (O2) to a cosubstrate such as FAD/NADH/NADPH. 
These enzymes play an important role in the metabolism of organic molecules 
by increasing their reactivity or dissolvability in water or causing the aromatic 
rings to be cleaved. In conjunction with multifunctional enzymes, oxygenases also 
intervene in the dehalogenation reactions of halogenated methanes, ethanes, and 
ethylenes [43]. 

Microbial Laccases (p-diphenol: dioxygen oxidoreductase) are multicopper 
oxidases produced by plants, fungi, insects, and microorganisms that catalyze the 
oxidation of a wide range of reduced phenolic and aromatic substrates while also 
reducing sub-atomic oxygen to water. Aromatic compounds, including phenols and 
aromatic amines, are among the most common types of poisons and are heavily 
regulated in many countries. Coal conversion, oil refining, resins and plastics, wood 
safeguarding, metal coating, colours and other synthetic chemicals, textiles, mining 
and dressing, and pulp and paper are just a few of the industries where they can be 
found in wastewater. During enzymatic hydrolysis, cellulose is debased by the cellu-
lases to reducing sugars that yeasts or microorganisms can ferment to ethanol. In 
addition, Cellulases cause the removal of cellulose microfibrils, which are produced 
during washing and the utilization of cotton-based materials. In the paper and pulp 
industry, cellulase is utilized to remove ink during the recycling of paper. For as far 
back as a decade, there has been an interest in the enzymatic hydrolysis of cellu-
lose. This intrigue comes from the benefits that such a procedure would offer, in 
particular, the conversion of lignocellulosic and cellulosic waste to a helpful energy 
source through the creation of sugars, ethanol, biogas, or other vigorous end products 
[43]. Beside the three common enzymes used in wastewater treatment, selection of 
electrogenic bacteria can be based on substrate specificity. For example, Nandy et al. 
(2013) used Lysinibacillus sphaericus in its MFCs using high protein waste due to 
its enzymes ability to utilize substrates mainly rich in protein components like beef 
extract and produce good electricity [14]. 

Incorporation of EB that produce hydrolytic microbial enzymes will help to treat 
wastewater. Industrial chemicals, pesticides, and petroleum hydrocarbons pollute 
water and are discovered as environmental pollutants in various aquatic and terres-
trial environments due to their widespread use. The main process in the hydrolysis of 
organic contaminants is bacterial activity (Table 4). Only substances with a molec-
ular mass of less than 600 Daltons can pass through cell pores. Therefore, extracel-
lular enzyme activity is an important step in the breakdown and use of the organic 
compound [46].

In sludge degradation, bacteria tend to aggregate and create sludge flocs in the 
activated sludge process, which are made up of microbial, prokaryotic (bacteria, 
archaea), and eukaryotic (algae, fungal) microorganisms held together by extracel-
lular polymeric molecules (EPS). Various studies reported that sludge flocs constitute 
60%–70% of the organic fraction [45] and are further utilized by the bacteria. 

Cell fractionation begins with killing microbial cells, which is done by a hydrolytic 
enzyme (mainly protease). An improvement in lysis efficiency can thus contribute to
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Table 4 Applications of microbial enzymes [44] 

S.I. No Enzyme Substrate Reaction 

1 Oxidoreductase 

1.1 Oxygenase 

1.1.1 Monooxygenase Alkane, steroids, fatty 
acids, and aromatic 
compounds 

Incorporation of oxygen 
atom to substrate and utilize 
substrate as reducing agent. 
Desulfurization, 
dehalogenation, 
denitrification, 
ammonification, and 
hydroxylation of substrate 

1.1.2 Dioxygenase Aromatic compounds Introduction of two oxygen 
atoms to the substrate results 
in intradiol cleaving and 
extradiol cleaving with the 
formation of aliphatic 
product 

1.2 Laccase Ortho and paradiphenols, 
aminophenols, polyphenols, 
polyamines, lignins, and 
aryldiamines 

Oxidation, decarboxylation, 
and demethylation of a 
substrate 

1.3 Peroxidase 

1.3.1 Lignin peroxidase Halogenated phenolic 
compounds, polycyclic 
aromatic compounds, and 
other aromatic compounds 

Oxidation of substrate in the 
presence of cosubstrate H2O2 
and mediator-like veratryl 
alcohol 

1.3.2 Manganese peroxidase Lignin and other phenolic 
compounds 

In  the presence of Mn2+ and 
H2O2 the cosubstrate 
catalyzes the oxidation of 
Mn2+ to Mn3+ which results 
in an Mn3+ chelateoxalate, 
which in turn oxidizes the 
phenolic substrates 

1.3.3 Versatile peroxidase Methoxybenzenes and 
phenolic aromatic 

The enzyme catalyzes the 
electron transfer from an 
oxidizable substrate, with the 
formation and reduction of 
compound I and compound II 
intermediates 

2 Hydrolase 

2.1 Lipase Organic pollutants such as 
oil spill 

The hydrolysis of 
triacylglycerols to glycerols 
and free-fatty acids 

2.2 Cellulase Cellulosic substance Hydrolyses the substrate to 
simple carbohydrates

(continued)
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Table 4 (continued)

S.I. No Enzyme Substrate Reaction

2.3 Protease Proteins Enzymes that hydrolyze 
peptide bonds in an aqueous 
environment

a reduction in overall sludge output and play a key role in lowering investment and 
operational costs and optimizing the current sewage treatment system. Sludge hydrol-
ysis can be aided by hydrolase. Previous research has revealed that several micro-
bial strains with extracellular hydrolytic enzyme secretions and other commercial 
hydrolytic enzymes are frequently utilized directly in reactors to accelerate sludge 
lysis [31]. Hydrolysis enzymes, including protease, amylase, and lipase enzymes, are 
the primary agents of deflocculation, hydrolysis, and oxidation of sludge-activated 
sludge flocs to be broken down into simpler carbohydrate molecules. The first step 
in protein degradation involves breaking the protein down into peptides, or into two 
peptides and amino acids. Next, amino acids can be transformed into organic acids 
with low molecular weight, ammonia, and carbon dioxide [31]. 

10 EB Consortium Potential for Sludge Degradation 

Currently, although the key principles of MFC design and operation are well under-
stood, the microbiological aspects remain unclear. In an MFC system, the electron 
transfer from the bacteria to the anode can proceed directly from their cell membrane 
to the anode or indirectly by means of a mediator [4]. The direct transfer method or 
MFC inoculated with the mixed culture exhibited significant potential for harvesting 
energy from organic matter and degrading organic matter [1]. Thus, the selection of 
a highly performing microbial consortium (either pure or mixed culture) is crucial. 

Consortium or co-culture electrogenic bacteria have been shown to improve the 
performance in MFCs. The ecological networks between the microorganisms in a 
specific co-culture system containing P. aeruginosa and Klebsiella variicola were 
studied by Islam et al. (2018) [46]. Compared to these two bacteria alone, the co-
culture showed a 3 times higher current density in MFCs. Metabolite study revealed 
that the fermentative metabolite (1,3-propanediol) produced by K. variicola stim-
ulated P. aeruginosa to create more pyocyanin, resulting in improved performance 
of co-culture MFCs fed with palm oil mill effluent through synergistic interactions 
(POME). This research shows that “interspecies ecological communication” based 
on metabolites can improve MFC electrochemical activity [46]. 

Other studies also reported some outstanding performance of co-culture bacteria 
in MFC. For instance, Venkataraman et al. (2011) [47] reported that the fermentation 
product (2,3-butanediol) produced by Enterobacter aerogens stimulated the produc-
tion of mediator by P. aeruginosa that boosted up the current density by 14-fold 
in co-culture MFC compared to their monocultures. In another study, Wang et al.
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(2015) [48] reported that the metabolite-enabled mutualistic interaction between 
Shawanella oneidensis and E. coli helped to achieve higher power generation in co-
culture MFC compared to the monocultures in MFC. Thus, there is huge potential 
that the utilization of a perfect EB consortium could help the MFC performance in 
degrading the sludge and at the same time produce good current generation. 

11 Conclusion 

The chapter represents how electrogenic bacteria (EB) play essential parts in MFC, 
the potential of this microbe in converting the organic sources of any pollutants could 
benefit the world in handling the continuous waste production. The optimization of 
EB as a single or consortium bacteria should be explored especially in managing 
sludge problems. This is due to the versatility of the MFCs in converting any organic 
source to the current generation which is very suitable for sludge valorization. More 
detailed analyses should also be done in exploring the potential of the EBs as well, 
there were still undiscovered mechanisms that need to be understood despite the 
significant advancements. Up until now, there are still many EB that has not yet 
been identified and characterized. More discoveries are likely to be made due to an 
accurate analysis of the microbial diversity within EB that emerged in various habi-
tats and advancements in culture conditions and analytical equipment. Additionally, 
employing inocula from harsh settings will help scientists find new electrogenic 
bacteria and possibly new ways to transmit electrons to electrodes. Future tools such 
as genomic and transcriptomic analyses could help to understand the amount and type 
of genetic changes that accumulate in evolving populations on electrodes over several 
generations. Over evolution, mutation rates can fluctuate, favourably accumulating 
genetic variations that are better suited to the MFC environment. Genetic differences 
between derived and ancestor organisms can be detected on a whole-genome level. 
This will absolutely help the researcher to set up the MFC more efficiently. 
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Assessment of Sludge-Based Microbial 
Fuel Cell Performance 
via Electrochemical Impedance 
Spectroscopy 
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and Muaz Mohd Zaini Makhtar 

Abstract The effective, non-destructive method known as electrochemical 
impedance spectroscopy (EIS) can be a useful supplement to the methods currently 
being used to examine microbial fuel cells (MFCs). Its use in MFC research should be 
investigated further, such as in the examination of MFC internal resistance, electrode 
materials, catalyst coatings on electrodes and growth of biofilms. Specifically, this 
chapter details the application of EIS in comprehending electro-chemical processes 
involved in sludge-based MFC, the biological and/or abiotic variables that restrict 
power production, with the goal of comprehending and overcoming them. 
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1 Introduction 

EIS is an effective technique for researching chemical and physical processes in both 
solids and liquids. For many years, EIS has been used to investigate various corrosion 
processes, batteries, and fuel cells. However, application of EIS by MFC researchers 
to investigate resistance in the microbial fuel cell is relatively recent. Using a device 
known as a potentiostat, a MFC can be linked either in a three-electrode mode 
or a two-electrode mode, depending on the goal of the measurement required [1]. 
An individual electrode is examined using the three-electrode mode. The working 
electrode is either the anode or the cathode, while the counter electrode is the other 
electrode. The third lead is connected to a reference electrode that has been inserted 
into either the cathode or anode compartment, such as Ag/AgCl. When a cell voltage 
is applied, the Rin of the entire cell is measured using the two-electrode mode [2]. The 
working electrode is one electrode, while the reference and counter electrodes are 
on the other electrode. In the two-electrode mode, no additional reference electrode 
is required. The opposite electrode serves as a counter electrode to the working 
electrode. A reference is connected to the third lead. The potentiostat may be set to 
determine impedance spectra across a large frequency range, such as from 100 kHz to 
1MHz, using  the EIS  function [3]. The lowest frequency limit for MFC investigations 
should be 1 or 5 MHz in order to obtain valid results. 

The analysis of electrochemical reactions on electrodes, bacterial metabolism, as 
well as the surface and material properties of electrodes are all made possible by the 
EIS measurement of a single electrode. These analyses are crucial to understanding 
the electricity-generating process and enhancing the power output of MFCs. A few 
studies have used the EIS approach to look at some of these MFC elements, but 
further study is unquestionably required. 

2 Resistances Within MFC 

a. Internal Resistance and Constituents 

MFC performance and efficiency are generally viewed in terms of electrical 
parameters (power density, current density, potential difference, and internal resis-
tance) as well as biodegradation efficiency (removal of organics). Both parameters 
are combined as the Coulombic efficiency (CE) defined as the ratio of amount of elec-
trons harvested as currents and total equivalents present in organic matter available 
to microbial oxidative metabolism (recognized as chemical oxygen demand (COD)) 
[4]. In a given MFC, the power generated is quantified in terms of power output, with 
voltage (V ) and current (I) as per the following equation: 

P = Vcell × I
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In the absence of current generation, the voltage of an MFC is known as open 
circuit voltage (OCV) while the thermodynamic value between the cathode and 
anode, represented as potential difference, is known as overall cell electromotive 
force (Eemf) [5, 6]. In theory, OCV value should be close to the cell emf; however, 
this is inapplicable in practice with OCV value often significantly lower, owing to 
Eemf not considering the internal potential losses of the system. As per Logan et al. [5] 
the difference in value, known as overpotential, is quantified as the sum of respective 
overpotentials at the anode (∑ηa) and cathode (∑ηc) and ohmic losses (IRΩ) of the  
system, as seen in the equation below. 

Ecell = Eem f − (∑ηa + |∑ηc| + IRΩ) 

Polarization is the change of a given electrode potential (or MFC voltage) from 
its equilibrium state upon application of a current [6]. ∑ηa + |∑ηc| represents 
polarization of a cell at the anode and cathode, respectively [4]. For efficient MFC 
performance, minimization of the magnitude of polarization element is crucial. 

Internal resistance (Rint) of electrochemical cells such as microbial fuel cells 
primarily consist of three components; (i) charge-transfer/polarization/activation 
resistance (Rct), (ii) ohmic/solution resistance (RΩ), and (iii) concentration/diffusion 
resistance (Rm) [6]. In general, the internal resistance of MFCs originates from 
electrode materials, catalyst coatings on electrodes, undeveloped biofilm and 
electrochemical reactions on both anode and cathode [4]. 

b. Charge-Transfer Resistance 

Polarization resistance, particularly at the anode, represents one of the major 
components in the internal resistance of MFC [7]. Activation polarization may be 
attributed to the activation energy required to be overcome by the reacting species and 
may prove to be the rate-limiting step when the rate of an electrochemical reaction 
on an electrode surface is dictated by slow reaction kinetics. The processes involved 
the adsorption of reactant species, transfer of electrons across the double-layer cell 
membrane, desorption of product species, and physical nature of the electrode surface 
[8]. Rct occurs on the interfaces between the electrode and surrounding electrolyte [9, 
10]. On the anode, the reduction of charge-transfer resistance has been managed by 
the proper development of biofilm on the anode surface [7] as well as the addition of 
mediators for microbes that do not readily release electrons to the anode. Activation 
polarization on the cathode has instead been managed by the preference of certain 
electrodes such as platinum (Pt) over graphite, owing to the lower energy barrier 
required to overcome in the cathodic oxygen reaction, producing water. In general, 
activation polarization is dominant at low current density with the electronic barriers 
necessary to be overcome prior to the flow of current and ions [8].
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c. Ohmic Polarization 

Ohmic losses or ohmic polarization account for the resistances from the flow 
of electrons across the electrodes and interconnections and flow of ions through a 
cation exchange membrane (CEM) including anodic and cathodic electrolytes [11, 
12]. Reduction of such losses focuses on minimizing electrode spacing, application of 
membrane with low resistivity, ensuring proper contacts are achieved and where prac-
tical, increasing solution conductivity to the limits tolerable to the bacteria applied 
[5]. In this context, proton exchange membranes (PEM) generate a transmembrane 
potential difference that forms a major resistance [8]. 

D. Concentration/Diffusion Resistance 

Concentration polarization can be defined as loss of potential attributed to the 
inability to retain the initial substrate concentration in the bulk fluid, of which slow 
mass transfer rates for reactants and products are often the cause [8]. Cathodic over-
potential attributed to a lack of dissolved oxygen gradient for the cathodic reaction 
has limited the power density output of several MFCs [13]. Hence, for mitigation of 
concentration polarization, mass transfer should be improved by measures such as 
stirring and bubbling for the reduction of concentration gradient in an MFC. Never-
theless, given the energy investment necessary may outweigh the power outputs of 
the MFC, a balance must be struck should this approach be required [8]. 

3 Electrochemical Impedance Spectroscopy as Method 
of Assessment of Resistance 

Compared to conventional fuel cells, MFCs power outputs are relatively of lower 
production with maximum power output largely dependent and attributed to their high 
Rint [14, 15]. Thus, for improvement of power output from MFCs, reduction of Rint is 
considered key, particularly by affecting anodic and cathodic charge-transfer resis-
tances, electrolyte resistance, and membrane resistance (if present) [9, 16]. Appli-
cation of a suitable method for measuring and assessment of Rint would provide 
researchers with a better comprehension of the limitations within a particular MFC 
[9]. 

For measurement of internal resistance (Rint) of an MFC, either a resistance calcu-
lation method applying the slope of the V-I curve collected through a discharge test, 
known as electrode potential slope analysis (EPS) or electrochemical impedance 
spectroscopy (EIS) may be used [1]. 

In general, polarization (voltage vs. current) curves represent the standard form 
of demonstrating MFC performances. In addition to showing the maximum current 
and open circuit voltage of the cell, characteristics of voltage–current behaviour 
also allow for major indications of internal resistances [4]. Alternatively known as 
electrode potential slope analysis (EPS), Rint is calculated from the slope of the V-I



Assessment of Sludge-Based Microbial Fuel Cell Performance … 149

curve and has proven reliable for MFCs having ohmic resistance (RΩ) which involves 
solution/contact resistance and other primary resistances within the cell [1]. 

It must be highlighted however that EPS is limited in distinguishing key resistances 
within, such as Rct of each electrode, mass transfer resistance, solution resistance, and 
membrane resistance along with difficulties in determining the values of each Rct, RΩ, 
and Rm using the peak power point calculation approach [17]. Thus, the application 
of electrochemical impedance spectroscopy (EIS) using alternating current (AC) 
and with an appropriate equivalent circuit constructed, represents a complementary 
method for quantification of the different components constituting internal resistance 
[16, 18]. 

Similar to EPS, EIS has been a significant non-intrusive tool in the study of phys-
ical and chemical processes in both solutions and solids, applied for stability assess-
ment, characterization, and performance diagnosis of fuel cells [3, 19]. Its popularity 
can be attributed to its capacity of separating influences of different cell components, 
and in particular its high surface sensitivity, which allows for the detection of changes 
unforeseen in other techniques (www.palmsens.com). Known applications include 
identification of electrochemical phenomena present on electrodes, recording elec-
trode transfer resistance, detection of the role of mediators in anodophilic electron 
transfer, and conduct real time monitoring of biofilm formation [7]. As an electro-
chemical method, EIS is advantageous in that it is a steady-state technique, utilizes 
small signal analysis, able to probe signal relaxations over a large breadth of applied 
frequency, all while using commercially available electrochemical working stations 
(potentiostat) [3]. 

4 Basic Concept of Electrochemical Impedance 
Spectroscopy 

For measurement, the MFC is first connected to the potentiostat coupled with 
Frequency Response Analyzer. Application of EIS involves the introduction of a 
small current as a perturbation signal, enough to not create a large over-potential to 
disrupt operation of the system. The AC signal introduced is of amplitude 5–10 mV 
over a frequency range between 100 kHz and 1 MHz, sufficient to initiate a current 
response from the MFC. Connection of the MFC to the potentiostat can be done 
in either three-electrode mode or two-electrode mode. For analysis of individual 
impedance present at each electrode, the three-electrode mode is to be applied of 
which given an example of anodic impedance, anode acts as the ‘working’ electrode, 
cathode as ‘counter’ electrode, and a ‘reference’ electrode (Ag/AgCl) is placed near 
the anode. In turn, the positions of working and counter electrodes are switched, 
with the reference electrode placed near the cathode instead for measurement of 
cathodic impedance. The two-electrode configuration instead measures impedance 
of the cell as a whole. Here, one of the electrodes serves as a working electrode while 
the other electrode serves as both a counter and reference electrode. Nevertheless,

http://www.palmsens.com
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care must be applied in this mode as such measurements assume that the potential 
of the counter/reference electrode remains the same throughout, which may be an 
impractical assumption to make when working with MFCs. 

4.1 Impedance and Representation via Nyquist and Bode 
Plots 

In response to the perturbation signal, the current, I, and the voltage, U, of the cell 
are measured and exemplified as impedance, Z, via the relationship Z = dU/dI 
[20]. Measurement of impedance spectra over a range of voltages in turn allows for 
the determination of Rint [21]. Expression of impedance is divided into a real and 
imaginary parts. Plotting of ‘real impedance’ (Zreal) on X-axis against ‘imaginary 
impedance’ (Zimag) on Y-axis forms a ‘Nyquist Plot’, as seen in Fig. 1, as a semicircle 
[21]. Each point on the plot represents an impedance value at a given frequency, with 
Zimag being negative. Low-frequency impedance is located on the right of the X-axis 
while impedances of high frequency are generated on the left. [3]. Impedance at the 
high frequency limit may be attributed to RΩ with the diameter of the semicircle 
representative of Rct [21]. 

On the Nyquist plot, impedance may also be represented as a vector (arrow) of 
length |Z| with the angle between the arrow and the X-axis known as the phase 
angle, ϕ [3]. However, the Nyquist plot is limited by the inability to ascertain the 
frequency directly by looking at the plot [23]. The Bode plot represents an alternative 
form of representing impedance where two separate logarithmic plots consisting of 
phase angle vs. frequency as well as impedance vs. frequency, respectively [21], are 
included, as seen in Fig. 2.

Measurement of impedance involves application of a potential wave to the working 
electrode and recording the resultant current wave. From the two waves, Z, ϕ, Zreal, 

and Zimag are obtained and sketched with the spectrum obtained plotting impedance

Fig. 1 Nyquist plot with 
phase angle (ϕ) and radial 
frequency (ω) illustrated. 
Figure adapted from [21] 
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Fig. 2 Bode plot with 
Randles equivalent model of 
an electrochemical interface 
comprising both 
non-Faradaic and Faradaic 
phenomena. Equivalent 
model adapted from Magar 
et al. [3]

across different frequencies [3]. Generally, Nyquist plot allows for analysing the 
resistive processes while plotting frequency against phase angle on the Bode plot 
allows for the determination of capacitance within the electrochemical systems [24]. 

4.2 Equivalent Circuit 

Fitting EIS spectra with an electrical equivalent circuit give the values of resistance, 
capacitance, and impedance associated with physical and chemical processes [25]. 
As seen in Fig. 2, most of the circuit elements in the model are typical electrical 
elements such as resistors, inductors, and capacitors, of which a Randles circuit is 
one of the most often used cell models and a starting point for other complex models. 
For an ideal resistor, the impedance will be purely real and in phase with the voltage 
across it whereas for an ideal inductor and capacitor, the impedance will be purely 
imaginary. As the frequency is raised, an inductor’s impedance increases while the 
capacitor’s impedance decreases. Connection between elements can be done in either 
series or parallel combinations, collectively forming a nested circuit allowing for the 
calculation of equivalent impedance [23]. 

5 Electrochemical Parameters of Effect to Impedance 

5.1 Electrolyte Resistance 

Electrolyte resistance represented by the ionic solution (electrolyte) and microorgan-
isms present within form a significant factor contributing to overall cell impedance. 
Resistance of ionic solution is dependent on the type of ions, ionic concentration, 
temperature, and geometry of the projected area with conductivity largely requiring 
the determination of the current flow path and geometry of the electrolyte solution. 
As such, both ionic solution resistance and the resistance from microorganisms may
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be represented as two resistances in parallel at the electrolyte level, and calculated 
by the fitting of EIS analysis to an equivalent circuit mode [23]. 

5.2 Double-layer Capacitance 

Double-layer capacitance is indicative of instances in charge separation within 
a system, such as an interface between electrode and electrolyte, ion exchange 
membranes, across the bacterial membrane in the maintenance of proton motive 
forces, and others, representative of a capacitor in an electrical circuit. Its value 
is dependent on factors such as electrode polarization, ionic concentration, types 
of ions, temperature, electrode roughness, oxide layers, and others. In particular, 
biofilm formation on the electrode surface may affect the thickness of the double 
layer, thereby resulting in concomitant significant effect on double-layer capacitance 
of a given system [23]. 

5.3 Polarization Resistance 

For a given electrode, should an applied electrode potential be shifted from 
equilibrium potential, the electrode is said to be polarized and thus leading to 
oxidation/reduction of a species on the electrode’s surface [23]. 

5.4 Charge-transfer Resistance 

Transfer of electrons from the ionic species within the solution to solid metal 
is defined as charge-transfer reaction, in turn dependent on the type of reaction, 
temperature, potential, and concentration of the reactants [23]. 

5.5 Diffusion 

Diffusion forms a significant part of mass transfer processes from bulk electrolyte 
through to the biofilm. Specifically, substrates diffuse through the biofilm, are 
oxidized and the resultant products diffuse back to the bulk electrolyte. Neverthe-
less, only at lower AC frequency is such an impedance appreciated as at higher 
AC frequency, the impedance is considered negligible as the reactants will not 
have enough time to move from bulk to the surface for electrochemical reactions. 
Once diffusion thickness is infinite, the diffusion element is simplified to Warburg
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impedance, appearing as a 45° slope diagonal on the Nyquist plot and a plane shift 
of 45° on the Bode plot [23]. 

6 Concept and Assumptions of EIS 

In contrast to voltage vs. current polarization curves, EIS represents a superior 
approach where separation and identification of different loss mechanisms in a fuel 
cell are made by the association of each to particular frequency ranges [26]. At 
very high frequencies, the impedance is attributed to ohmic losses, primarily the 
membrane ionic resistance. Within intermediate frequencies, charge-transfer resis-
tance coupled with double-layer capacitor, contributes to the impedance while at low 
frequencies, diffusion/mass-transport losses contribute to the fuel cell impedance 
[27]. Ohmic losses in particular can be singled out from other internal MFC resis-
tances using EIS, with charge-transfer resistance and diffusion resistance of a greater 
challenge, owing to the three-dimensional nature of an anode in an MFC, particularly 
with the presence of a biofilm and the relatively larger electrode spacing [16]. 

7 Applications of EIS for Assessment of Sludge-Based 
Microbial Fuel Cell Performance 

7.1 Inoculum Sludge Choice 

Applications of EIS with sludge-based MFCs have been demonstrated across several 
studies. In a study by Cetinkaya et al. [28], using different sludges as inoculums, EIS 
was utilized to elucidate the electrochemical properties of each anode. From this 
study, gum industry sludge was found to be the best in comparison to anaerobic 
brewery sludge and anaerobic phosphate sludge, with a maximum power density 
of 406 mW m−2, by having the best electron transfer efficiency and subsequently, 
the smallest charge-transfer resistance. Variation in power production was attributed 
to the diverse biochemical and electrochemical interactions present in microbial 
communities in the inoculum, where an electrogenic bacteria in isolated culture 
inoculum present in the biofilm may prove to be non-electrogenic in the mixed-culture 
inoculum. In modelling, double-layer capacitance of the biofilm (CPE) was used in 
place of a capacitor, accounting for surface roughness and speed of reactions across 
the electrode surface, affecting the overall kinetics of the reaction. The equivalent 
circuit model and fitting parameters obtained are shown in Fig. 3 and Table 1(a), 
respectively.

EIS was also further applied with a choice of anaerobic gum industry sludge as 
inoculum following application of different industrial wastewaters (slaughterhouse 
industry, gum industry, and chocolate industry wastewaters) on MFC performance.
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Fig. 3 Equivalent circuit 
diagrams of the MFC anodes. 
Adapted from [28] (CCBY)

Here, slaughterhouse industry wastewater was found to have relatively higher double-
layer capacitance, suggesting the presence of a thick biofilm on the surface of the 
electrode. Coupled with lower solution resistance, electron transfer is suggested to 
be easier thereby resulting in a maximum power density of 267 mW m−2. 

In another study by Baranitharan et al. [29], a developed control inoculum (CI) 
was compared to that of anaerobic sludge as inoculum for use in MFC with palm 
oil mill effluent (POME). While the maximum power density of MFC utilizing CI 
was twice higher and with enhanced maximum Coulombic efficiency, there was 
noticeable lower COD removal of about 32%, possibly due to the absence of neces-
sary fermentative microorganisms within the CI for POME utilization. EIS analysis 
further revealed a significant reduction of charge-transfer resistance by as much 
as 40% during operation with CI, indicating substantial improvements in electron 
transfer between the microorganisms and anode from CI use. 

7.2 Bioremediation Studies 

In another study, Huang et al. [30] focused on the utilization of anaerobic sludge from 
anaerobic tank in a wastewater treatment plant as inoculum in MFC for remediation 
of cadmium (Cd) contaminated soil, coupled with studies on degree of remediation 
across differing Cd concentrations and electrode spacing. While results showed that 
Cd concentrations had no effect on the output voltage and internal resistance, EIS 
analysis carried out in two-electrode configuration with AC signal set at an open 
circuit potential of ± 10 mV and frequency range from 100 to 10 MHz further 
managed to support Cd concentration as having no effect on the charge-transfer on 
the anodic biofilm. However, the same cannot be said of electrode spacing, of which 
the resultant Rct and internal resistance has been found to be proportional to, given 
the larger ion migration path necessary.
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7.3 MFC Variant Assessment 

Another study by Meng et al. [31] has focused on the application of a new variant of 
MFC designed for low-cost, energy-saving desalination from resultant bioelectricity 
generated from dewatered sludge, known as microbial desalination cell (MDC). The 
introduction of a middle chamber between the anode and cathode allows for the 
migration of anions and cations within to the adjacent chambers upon oxidation of 
organics in the anode chamber subsequently promoting electron transfer. Dewatered 
sludge acted as an anodic inocula and substrate with EIS applied at three typical open 
circuit voltages in the frequency range of 105 to 0.01 Hz with sinusoidal perturbation 
of 5 mV amplitude in a three-electrode configuration. Ohmic resistance between 
anode and cathode electrodes was found to be unchanged. Rct for both electrodes on 
the other hand reduced significantly with an increase of OCV with Rct of cathode 
slightly higher and decreased slowly upon startup suggesting the cathode reaction 
to be the rate-limiting step for reactor startup. Warburg impedance changed slightly 
with OCV change while for double-layer capacitance (Cdl), a decreased trend was 
noticed in the anode with an increased trend present in the cathode. 

Meng et al. [32] further developed a microbial capacitive desalination cell 
(MCDC) to address the difficulties current MDC systems encounter with salt accu-
mulation in anodic wastewater and sludge. Under similar analysis conditions, the Rs, 
Cdl, Rct, and W constitute the main energy loss in the MCDC, of which Rs has been 
argued to be the key factor. An increase in OCV resulted in an increase in Rs between 
the anode and cathode electrodes, possibly due to the rise in membrane resistance 
from the growth of biofilm on ion exchange membranes. On the other hand, Rct of each 
individual electrode was substantially reduced with increased OCV, indicative of the 
rise in electrode activity, and enhanced ease of electrochemical reactions proceeding, 
thereby increasing electricity generation. Rct of cathode was as prior, slightly higher 
and decreased slowly upon startup which suggests the cathode reaction to be the rate-
limiting step for reactor startup. Warburg impedance of the anode reduced slightly 
while that of the cathode remained relatively consistent with increasing OCV. For 
double-layer capacitance (Cdl), a decreased trend was noticed in the anode, attributed 
to thickening of the electric double layer by the multiplication of adsorbed organic 
on the anode surface with an increased trend present in the cathode suggestive of 
the increased active cathode surface area. Taşkan et al. [33] evaluated the capability 
of utilizing sewage sludge with sediment MFC (SMFC) using Ti-TiO2 electrode. 
Along with a maximum power density of 187 mW/m2, the application of EIS in 
three-electrode configuration within the frequency range of 0.1 Hz to 100 kHz at the 
applied potential of 5 mV resulted in Rct and Rs of 84.7 Ω and 338.1 Ω, respectively. 
High value of Rs was predicted prior due to the low ionic conductivity of the anode 
while low charge-transfer resistance suggests as to the rapid electron transfer from 
the bacteria to the anode surface, allowing for enhanced power generation.
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7.4 Optimization Studies 

Work by He et al. [34] focused on discovering the effect of electrolyte pH on the rate 
of anodic and cathodic reactions in an air-cathode MFC. Using wastewater sludge as 
inocula, it was found that the MFC could tolerate initial pH of up to 10 with optimal 
pH for power generation between 8–10. Bacterial metabolism caused a buffer effect 
and a change in electrolyte pH. Specifically, EIS analysis revealed power output 
to be restricted most by polarization resistance, with higher cathodic polarization 
resistance suggesting cathodic reaction to be the rate-limiting factor. Cathodic Rs was 
also higher than anodic Rs, attributed to high ohmic resistance caused by waterproof 
layer. The impedance spectra of anode and cathode of the MFC at the open circuit 
potential (OCP) revealed that the anodic microbial is preferential towards a neutral 
pH and microbial activities decreased at higher or lower pH, while the cathodic 
reaction was improved with rise in pH. 

7.5 Electrode Coating 

Work by He et al. [35] demonstrated plasma-based ion implementation for modi-
fication of carbon paper anode for enhancement of electricity generation in MFC. 
Pre-acclimated anaerobic sludge was utilized as inoculum for use with acetate-laden 
synthetic wastewater as substrate, of which application of EIS elucidated as the 
consistency of ohmic resistance between the experimental and control electrodes but 
a noticeable reduction of charge-transfer resistance at the electrode/electrolyte inter-
face post N+ ion implementation. Enhanced anode performance was attributed to 
changes in the microstructure of the electrode surface following nitridation, thereby 
resulting in enhanced electron transfer. 

In another study by Nandy et al. [22], Fe2O3 was introduced as a coating of 
carbon electrodes in MFCs owing to its easy availability, high surface area, physical 
and catalytic properties, non-toxicity, low cost, and stability. With activated sludge 
applied as inoculum, MFC with coated anode and cathode resulted in 78% higher 
power output in comparison to those with non-coated carbon electrodes. EIS analysis 
was done on a two-electrode mode and carried out every 15 days, recognized as cycle 
1 (immediate post-inoculation), cycle 2 (day 15), and cycle 3 (day 30), respectively. 
Results indicate the resistance of unmodified electrodes to be higher than those coated 
with Fe2O3 but with significant reductions for all cells for cycle 2 in comparison to 
cycle 1 as the biofilm develops, resulting in the reduction of Rct. Reduction was 
more significant in MFC with coated electrodes, attributed to more efficient biofilm 
formation. However, increased impedance in cycle 3 compared to cycle 2, along with 
consistent ohmic resistance across all cycles, suggests the presence of thicker and 
aged biofilm reducing the efficiency of electron transport and depletion of available 
substrates by electroactive biofilm members in the reactor. COD removal efficiency
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was recorded at about 51–60% for cells with Fe2CO3-coated electrodes and 39% for 
uncoated carbon electrodes. 

Understanding the advantage of utilizing electrodes that promote attachment of 
electrogenic bacteria on the anode surface for enhancement of electron transfer and 
reduction of electrode resistance, work by Neethu et al. [36] focused on the feasi-
bility of stainless steel mesh cage filled with sodium alginate beads containing either 
bacterial inoculum (Ic) from anaerobic sludge of septic tank, activated carbon (AC) 
or a combination of both (AC-Ic). Anode with AC-Ic beads embedded exhibited a 
maximum power density of 2.6 W/m3 and enhanced COD removal efficiency of 91.6 
± 2.1%, owing to enhanced bacterial-electrode interaction. With a three-electrode 
mode configuration, EIS analysis highlighted the lower solution resistance within 
MFC with Ic, AC, and AC-Ic added electrodes compared to control bare carbon felt 
and stainless steel mesh electrodes. This has been attributed to the higher concen-
tration of electrogenic bacteria in an anodic chamber of MFC, thereby resulting in 
more metabolites and mediators produced in the anolyte. Lowest Rct was exhibited 
by MFC with stainless steel-based anodes containing AC-Ic beads, presumably due 
to the increased surface area of anode, resulting in improved microbial attachment. 

7.6 Substrate Utilization 

In a study by Bhowmick et al. [37], anaerobic mixed bacterial consortia collected 
from the septic tank were used as inoculum for experiments on the application of fish 
market wastewater with high ammonium nitrogen content for in-situ suppression of 
methanogenesis within MFC. In comparison to synthetic wastewater, the application 
of fish market wastewater led to lower specific methanogenic activity and higher 
power recovery. Utilization of EIS isolated charge-transfer resistance to be at 4.8
Ω and 102.2 Ω, respectively, for undiluted fish market wastewater-based MFC in 
comparison to synthetic wastewater-based MFC, suggestive as to the higher electron 
shuttling present in the former. Rct values of 10.5 Ω and 28.0 Ω for 3 times and 5 
times diluted fish market wastewater-based MFC is suggestive of the higher rate of 
electrochemical response at the interface of anolyte to the anode by lowering the 
activation barrier to facilitate enhanced growth of electrogenic bacteria as compared 
with that of synthetic wastewater. 

Recognizing the intensive energy necessary to be invested for the treatment 
of petrochemical wastewater (PCW) to reduce its high chemical oxygen demand 
(COD), Sarmin et al. [2] looked to achieve simultaneous PCW treatment with elec-
tricity generation with anaerobic sludge as biocatalyst in MFC. This was successfully 
demonstrated with a maximum power density of 0.75 Wm−3, current density of 412 
mAm−2, and 0.45 V open circuit voltage. From PCW with initial COD of 45,000 
mgL−1, COD removal efficiency was recorded at 40%. EIS analysis later revealed Rct 

for the electrode/biofilm interface is slightly higher than Rct across biofilm/solution 
interface on day 3. On day 7, maximum capacitance and constant phase element were 
achieved, thereby demonstrating its charge-holding capacity. On the other hand, mass
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transfer resistance was found to be significantly lower on day 7, with good diffu-
sivity attributed to a lower diffusion path, thereby reducing the total resistance of the 
system. 

7.7 Anode Additives 

In a study by Wang et al. [38], mechanisms and performances of biochar additive 
in promoting volatile fatty acids (VFA) oxidation via extracellular electron transfer 
pathway (EET) pathway was looked into. Using food waste sludge as inoculum and 
typical VFAs of acetate and propionate as substrates, maximum current density was 
enhanced by 69–200% compared to control groups, with the microbial community 
on the biofilm of biochar-assisted groups dominated by electroactive Geobacter-
aceae, associated with its enrichment in relative abundance from 4.6% to 31.7% 
in propionate-added groups. Application of EIS under open circuit potential with a 
measured frequency range from 1 Hz to 100 kHz and amplitude of 5 mV resulted in 
an elucidated reduction of Rct in comparison to control groups, indicating the accel-
eration of electrochemical rate from anolyte to in biofilm-anode interface by biochar 
assistance, due to higher extracellular electron transfer activity of electroactive 
microbes on anode surface. 

Aside from additives, another study by Bagchi and Behera [39] also looked 
into bioaugmentation of mixed anaerobic sludge inoculum with the introduction 
of complementary Pseudomonas aeruginosa for pyocyanin production under inter-
mittent aeration within the anode compartment of an MFC. MFC introduced with 
P. aeruginosa under aeration (MFCP+A) was found to produce more electricity than 
MFC with P. aeruginosa without aeration (MFCP) and without P. aeruginosa entirely 
(MFCc) by as much as 4% and 31%, respectively. Application of EIS after steady 
state has been reached showed MFCc to have the highest solution resistance (7.43
Ω) compared to both augmented MFCs (MFCP—3.6 Ω, MFCP+A—1.07 Ω). Capac-
itance was also highest in MFCP+A (5.5 mF) compared to MFCP (3 mF) and MFCc 

(1.5 mF), suggesting better electron holding capacity of biocatalyst in augmented 
MFCs as opposed to the control. 

7.8 Catholyte Choice Assessment 

Work by Ghadge et al. [40] assessed the choice of hypochlorite as catholyte in 
comparison to oxygen for waste-activated sludge (WAS) digestion and power produc-
tion. With WAS as substrate and inoculum, power production achieved (8.7 W/m3) 
was two times higher than that of oxygen (4.2 W/m3) as well as a higher reduction of 
total chemical oxygen demand, total suspended solids, and volatile suspended solids. 
Specifically, the application of EIS over a frequency range of 100 kHz to 1 MHz with
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an AC signal of 10 mV amplitude led to the elucidation of reduced solution resis-
tance (Rs) at high frequency range (from 33 Ω to 20.6 Ω), owing to better electrical 
conductivity of hypochlorite. Polarization resistance (Rp) was also reduced from 9.6
Ω to 5.9 Ω, primarily due to an increase in the rate of electrochemical reactions as 
well as lower Warburg diffusion resistance for MFC with hypochlorite as catholyte. 

8 Conclusion 

The chapter covers the application of sludge as fuel in MFC and has extended several 
purposes ranging from simple mixed-culture inoculum to studies on the degree of 
bioremediation and enhancement of MFC components. To each aim, EIS represents a 
value-added approach for elucidation of the numerous internal resistances at play and 
the resultant effect each experiment has on the resistance components within. Such 
an approach offers a promising outlook for further understanding and enhancement 
of sludge-based MFC in the years to come. 

Acknowledgements The authors would like to thank the Universiti Sains Malaysia for the financial 
support of this study via APEX Era Grant (1001/PTEKIND/881004). The authors have declared no 
conflict of interest for the manuscript. 

References 

1. Kim B, Chang IS, Dinsdale RM, Guwy AJ (2021) Accurate measurement of internal resis-
tance in microbial fuel cells by improved scanning electrochemical impedance spectroscopy. 
Electrochim Acta 366:137388. https://doi.org/10.1016/j.electacta.2020.137388 

2. Sarmin S, Ideris AB, Ethiraj B, Amirul Islam M, Yee CS, Rahman Khan MM (2020) Potentiality 
of petrochemical wastewater as substrate in microbial fuel cell. IOP Conf Ser Mater Sci Eng 
736(3):032015. https://doi.org/10.1088/1757-899X/736/3/032015 

3. Magar HS, Hassan RYA, Mulchandani A (2021) Electrochemical impedance spectroscopy 
(EIS): principles, construction, and biosensing applications. Sensors 21(19):6578. https://doi. 
org/10.3390/s21196578 

4. Roy S, Marzorati S, Schievano A, Pant D (2017) Microbial fuel cells, vol 3. Elsevier 
5. Logan BE et al (2006) Microbial fuel cells: methodology and technology. Environ Sci Technol 

40(17):5181–5192. https://doi.org/10.1021/es0605016 
6. Zhao F, Slade RCT, Varcoe JR (2009) Techniques for the study and development of microbial 

fuel cells: an electrochemical perspective. Chem Soc Rev 38(7):1926–1939. https://doi.org/10. 
1039/b819866g 

7. Kumar SS, Kumar V, Basu S (2019) Electroanalytical techniques for investigating biofilms in 
microbial fuel cells. In Bioelectrochemical interface engineering, 1st edn. Wiley, Hoboken, NJ, 
pp 149–163. https://doi.org/10.1002/9781119611103.ch9 

8. Du Z, Li H, Gu T (2007) A state of the art review on microbial fuel cells: a promising technology 
for wastewater treatment and bioenergy. Bioenergy Adv 25(5):464–482. https://doi.org/10. 
1016/j.biotechadv.2007.05.004

https://doi.org/10.1016/j.electacta.2020.137388
https://doi.org/10.1088/1757-899X/736/3/032015
https://doi.org/10.3390/s21196578
https://doi.org/10.3390/s21196578
https://doi.org/10.1021/es0605016
https://doi.org/10.1039/b819866g
https://doi.org/10.1039/b819866g
https://doi.org/10.1002/9781119611103.ch9
https://doi.org/10.1016/j.biotechadv.2007.05.004
https://doi.org/10.1016/j.biotechadv.2007.05.004


Assessment of Sludge-Based Microbial Fuel Cell Performance … 161

9. He Z, Wagner N, Minteer SD, Angenent LT (2006) An upflow microbial fuel cell with an 
interior cathode: assessment of the internal resistance by impedance spectroscopy. Environ Sci 
Technol 40(17):5212–5217. https://doi.org/10.1021/ES060394F 

10. Khan MJ, Iqbal MT (2005) Modelling and analysis of electrochemical, thermal, and recetant 
flow dynamics for a PEM fuel cell system. Fuel Cells 5(4):463–475. https://doi.org/10.1002/ 
fuce.200400072 

11. Hoogers G (2003) Fuel cell technology handbook. CRC Press, London 
12. Larminie J, Dicks A (eds) (2003). Wiley, Hoboken, NJ 
13. Oh S, Min B (2004) Cathode performance as a factor in electricity generation in microbial fuel 

cells. Environ Sci Technol 38(18):4900–4904. https://doi.org/10.1021/es049422p 
14. Liang P, Huang X, Fan MZ, Cao XX, Wang C (2007) Composition and distribution of internal 

resistance in three types of microbial fuel cells. Appl Microbiol Biotechnol 77(3):551–558. 
https://doi.org/10.1007/s00253-007-1193-4 

15. Varanasi JL, Veerubhotla R, Das D (2018) Diagnostic tools for the assessment of MFC. In: 
Microbial fuel cell. Springer, Berlin, pp 249–268. https://doi.org/10.1007/978-3-319-66793-
5_13 

16. Fan Y, Sharbrough E, Liu H (2008) Quantification of the internal resistance distribution of 
microbial fuel cells. Environ Sci Technol 42(21):8101–8107 

17. Cheng S, Liu H, Logan BE (2006) Increased power generation in a continuous flow MFC with 
advective flow through the porous anode and reduced electrode spacing. Environ Sci Technol 
40(7):2426–2432. https://doi.org/10.1021/es051652w 

18. Aelterman P, Rabaey K, Pham HT, Boon N, Verstraete W (2006) Continuous electricity gener-
ation at high voltages and currents using stacked microbial fuel cells. Environ Sci Technol 
40(10):3388–3394. https://doi.org/10.1021/ES0525511 

19. Petrone R et al (2013) A review on model-based diagnosis methodologies for PEMFCs. Int J 
Hydrogen Energy 38(17):7077–7091. https://doi.org/10.1016/j.ijhydene.2013.03.106 

20. ter Heijne A, Schaetzle O, Gimenez S, Navarro L, Hamelers B, Fabregat-Santiago F 
(2015) Analysis of bio-anode performance through electrochemical impedance spectroscopy. 
Bioelectrochem 106:64–72. https://doi.org/10.1016/j.bioelechem.2015.04.002 

21. Fan LP, Li JJ (2016) Overviews on internal resistance and its detection of microbial fuel cells. 
Int J Circuits Syst Signal Process 10:316–320 

22. Nandy A, Sharma M, Venkatesan SV, Taylor N, Gieg L, Thangadurai V (2019) Comparative 
evaluation of coated and non-coated carbon electrodes in a microbial fuel cell for treatment of 
municipal sludge. Energies 12(6):1034. https://doi.org/10.3390/en12061034 

23. Sekar N, Ramasamy RP (2013) Electrochemical impedance spectroscopy for microbial fuel cell 
characterization. J Microb Biochem Technol 5(2). https://doi.org/10.4172/1948-5948.s6-004 

24. Lasia A (2014) Electrochemical impedance spectroscopy and its applications. Springer, New 
York 

25. Sindhuja M, Kumar NS, Sudha V, Harinipriya S (2016) Equivalent circuit modeling of microbial 
fuel cells using impedance spectroscopy. J Energy Storage 7:136–146. https://doi.org/10.1016/ 
j.est.2016.06.005 

26. Springer TE, Zawodzinski TA, Wilson MS, Gottesfeld S (1996) Characterization of polymer 
electrolyte fuel cells using AC impedance spectroscopy. J Electrochem Soc 143(2):587–599. 
https://doi.org/10.1149/1.1836485 

27. Page SC, Anbuky AH, Krumdieck SP, Brouwer J (2007) Test method and equivalent circuit 
modeling of a PEM fuel cell in a passive state. IEEE Trans Energy Convers 22(3):764–773. 
https://doi.org/10.1109/TEC.2007.895857 

28. Cetinkaya AY, Ozdemir OK, Demir A, Ozkaya B (2017) Electricity production and characteri-
zation of high-strength industrial wastewaters in microbial fuel cell. Appl Biochem Biotechnol 
182(2):468–481. https://doi.org/10.1007/s12010-016-2338-7 

29. Baranitharan E et al (2015) Enhanced power generation using controlled inoculum from palm 
oil mill effluent fed microbial fuel cell. Fuel 143:72–79. https://doi.org/10.1016/j.fuel.2014. 
11.030

https://doi.org/10.1021/ES060394F
https://doi.org/10.1002/fuce.200400072
https://doi.org/10.1002/fuce.200400072
https://doi.org/10.1021/es049422p
https://doi.org/10.1007/s00253-007-1193-4
https://doi.org/10.1007/978-3-319-66793-5_13
https://doi.org/10.1007/978-3-319-66793-5_13
https://doi.org/10.1021/es051652w
https://doi.org/10.1021/ES0525511
https://doi.org/10.1016/j.ijhydene.2013.03.106
https://doi.org/10.1016/j.bioelechem.2015.04.002
https://doi.org/10.3390/en12061034
https://doi.org/10.4172/1948-5948.s6-004
https://doi.org/10.1016/j.est.2016.06.005
https://doi.org/10.1016/j.est.2016.06.005
https://doi.org/10.1149/1.1836485
https://doi.org/10.1109/TEC.2007.895857
https://doi.org/10.1007/s12010-016-2338-7
https://doi.org/10.1016/j.fuel.2014.11.030
https://doi.org/10.1016/j.fuel.2014.11.030


162 M. F. Mohamad Sobri et al.

30. Huang G, Zhang Y, Tang J, Du Y (2020) Remediation of Cd contaminated soil in microbial 
fuel cells: effects of Cd concentration and electrode spacing. J Environ Eng 146(7):04020050. 
https://doi.org/10.1061/(asce)ee.1943-7870.0001732 

31. Meng F et al (2014) Bioelectrochemical desalination and electricity generation in microbial 
desalination cell with dewatered sludge as fuel. Bioresour Technol 157:120–126. https://doi. 
org/10.1016/j.biortech.2014.01.056 

32. Meng F et al (2017) Bioelectricity generation and dewatered sludge degradation in microbial 
capacitive desalination cell. Environ Sci Pollut Res 24(6):5159–5167. https://doi.org/10.1007/ 
s11356-016-6853-4 
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Sewage Sludge Particle Surface 
Interactions: Technology 
and Purification Approaches 

Amir Muhammad Noh Amin Abdul Rahman, 
Muhammad Naziff Ahamad Said, and Mohamad Danial Shafiq 

Abstract Interparticle surface interactions between the sludge are a dominant factor 
in the development of purification technology. The interplay between coagula-
tion/flocculation and stabilization is heavily dependent on the colloidal characteris-
tics of the sludge in water, where when the surfaces possess charges, the interactions 
can be summarized by the classical DLVO theory. The basis of this theory considers 
many factors including the chemical composition of the sludge particles and water 
components such as extracellular polymeric substances and heavy metals. Sludge 
stabilization is an essential procedure in anaerobic digestion, where polymeric coag-
ulants are commonly added to convert the sludge into priceless energy sources. This 
green energy can also be generated through microbial fuel cell technology by utilizing 
sludge waste. 

Keywords Interparticle surface interaction · Colloidal · Sludge stabilization ·
Polymeric coagulant · Sewage sludge treatment 

1 Introduction to Colloids in Wastewater 

Among the characteristics of industrial wastewater are turbidity and high percentage 
of biochemical oxygen demand (BOD) where the colloidal behavior of the biosolids 
in water is essential [1]. Figure 1 shows an example of typical wastewater treatment 
in an industrial plant. The remainder of the treated waste is a dilute suspension of 
solids that have been recovered during the treatment process, where these wastew-
ater treatment solids are referred to as sewage sludge [2]. At a colloidal scale, the 
kinetics of sludge particles in wastewater are influenced by the random Brownian 
motion, which bombards the particles of the dispersed phase with the molecules of the 
dispersing continuum [3]. These particles are essentially “non-settleable” because of
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Fig. 1 Example wastewater treatment of industrial mineral oil wastewater treatment DA—dis-
dissolved air; O/D—oil droplets. Reprinted with permission from [4]. Copyright 2018 African 
Journal Online (CCBY) 

their significant surface charges, small sizes, and low particle weights. Destabilizing 
the colloidal particles is critical in removing sludge particles from the wastewater 
before they enter into water streams, therefore one must understand the interactions 
between the sludge particles in wastewater at a colloidal scale. 

Sewage sludge water treatment is a basic necessity of the present society, and 
there are various methods of treatment available including photocatalysis, adsorp-
tion, membrane technology, ultrasonication, biological techniques, and coagula-
tion/flocculation [5–8]. Coagulation or flocculation is one of the primary recovery 
and purification processes of wastewater utilized in treatment plants. This is due to 
its effectiveness, ease of implementation, simple design, and low processing cost [9]. 
The process employs aggregation of microscopic suspensions when a coagulant of 
flocculent is added to the water system, where the assembly of aggregates is known 
as flocs or micro flocs [10, 11]. 

Coagulation and flocculation occur in successive steps, allowing particle collision 
and the growth of floc. The process is followed by sedimentation. Several types of 
coagulants are used in water and wastewater treatment settings such as synthetic and 
natural coagulants [12]. Aluminum sulfate (alum) is the most common coagulant 
used for water purification. Other salts, such as ferric sulfate and sodium aluminate 
are also commonly used in wastewater purification. However, each type of coagulant 
has its unique properties, where the positive ions will entrap the negatively charged 
organic matter to destabilize the electrostatic charge to facilitate agglomeration. Table 
1 shows the typical coagulant used in wastewater treatment.

Polymeric-based coagulants are used to assist inorganic coagulants, where these 
species can be anionic, cationic, or approaching the neutral charge composed of 
extremely high molecular weight structure. Cationic polymers, such as low-to-
medium weight polymers, can be used alone or in combination with aluminum ferric 
coagulants to attract colloid particles via surface charge neutralization. According 
to Ravina and Moramarco [21], a dual-polymer coagulant system can be used to 
improve coagulation efficiency [21]. Meanwhile, a high molecular weight anionic 
polymer may be used to mechanically bridge the micro flocs into large and rapidly
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Table 1 Type coagulant and its chemical formula 

Type of coagulant Coagulant Chemical formula 

Aluminum Series Aluminum sulfate Al2(SO4)3·18H2O [13] 

Poly aluminum chloride [Al2(OH)nCl6−n]m [14] 

Polyaluminum Silicate 
Sulfate 

Ala(OH)b(SO4)c(SiOx)d [15] 

Iron Series Ferrous sulfate FeSO4·7H2O [16] 

Poly ferric sulfate [Fe2(OH)n(SO4)3−n/2]m [17] 

Ferric chloride FeCl3·6H2O [18] 

Organic Series Polyacrylamide (C3H5NO)n [19] 

Polyamine (NH2−(CH2)n–NH−(CH2)n−NH2) [20]

Fig. 2 Scheme of polymeric 
coagulant (the curved lines 
represent polymer chains 
adsorbing to the spherical 
colloidal particles): a charge 
neutralization and b polymer 
bridging. Reprinted with 
permission from [23]. 
Copyright 2020 MDPI 
(CCBY) 

settling flocs. Kamizela and coworkers [22] mentioned that typical polymers used 
for sludge conditioning are water-soluble, high molecular weight compounds, whose 
high flocculating efficiency results mainly from their structure (mostly linear), high 
molecular weights (up to several million), functional groups (e.g., *OH, *COOH, 
*NH2, *SO3H), and adsorptive properties [22]. Figure 2 illustrates the schematic 
presentation of polymeric coagulant affecting the interactions of colloidal particles 
via charge neutralization and bridging mechanisms. 

According to Shokri and Fard [24], when metallic coagulants polymerize, they can 
form strong bonds between colloids through dipole–dipole interactions and hydrogen 
bonding. As a result, the bridging bonds between colloids become more robust, 
causing the particles to lose their stability. However, they both also noted that adding 
polymer and fast mixing materials over the optimal point can lead to the separation 
of the particle bridges and recovery of colloidal stability [24]. 

1.1 Theory of Colloids 

Generally, the stability of colloidal sludge particles can be explained by the Derjaguin, 
Landau, Verwey, and Overbeek (DLVO) theory. In DLVO theory, the total energy 
of adhesion is the result of the van der Waals attractive forces and the electrostatic
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repulsive interactions due to the interpenetration of the double layer [25–27]. The 
electrostatic repulsion becomes significant when two colloidal particles approach 
each other, subsequently interfering with their electrical double layer. Surface charge 
neutralization is achieved when the bound surface ions (charge) are attracted to the 
counter ions [28]. This mechanism is based on the addition of coagulant molecules 
containing ionizable groups to the colloidal particles. The charge of the dissociated 
molecules must be opposite to the electrostatic signature of the colloid [29]. As 
the coagulant molecules dissociate in water, the charged molecules can effectively 
interact with the colloid’s Stern layer, thereby replacing the counter ions originally 
present in this layer [30]. In turn, the depletion of electrostatic charges allowed van 
Der Waals forces to become dominant, resulting in the coagulation of the colloidal 
particles [31]. 

2 Interparticle Interactions 

2.1 Chemical and Surface Composition of Sewage Sludge 

In the earlier chapter, the composition of sludge has been extensively discussed. 
This chapter focuses on the surface composition of sludge as a whole, which is 
contributed by the aforementioned sludge constituents and classes of material. Sludge 
is a common by-product of water and wastewater treatments, where the production 
of an abundance of organic and organic wastes is expected. The interactions between 
sludge particles are often complex as sludge is produced from numerous industrial 
and residential systems, which consequences in different compositions of sludge 
particles and their qualities [32]. The exploration of sludge particle composition 
and interactions is critical in considering the fate of this abundant waste for energy 
generation, construction, and agricultural uses [33]. The pre-treatment process and 
parameters before sludge conversion are also influenced by the characteristics of 
the sludge [34]. The composition of sludge is highly dependent on the surrounding 
temperature as it is a vital criterion for the living condition of organic matter, and the 
kinetics of sludge particles in water. 

For example, the enzymatic activity of sludge extracts can be enhanced at a moder-
ately elevated temperature, although the temperature range is varied depending on 
the specific types of enzymes present in the sludge particles. This also correlates 
with the amount of enzymatic extractable portion in sludge, as heavy metals and 
other inorganic contaminants are significant too in sludge [35]. Meanwhile, the pH 
and ionic strength of the water system are equally essential in determining the inter-
actions between sludge particles. The strength of sludge flocs can be altered by the 
ionic composition in the water system, where a small amount of ions results in weak 
sludge flocs [36].
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2.2 Heavy Metals 

Heavy metals are profoundly present in sludge especially those from sewage and 
industrial wastewater treatment plants, which are predominantly produced from 
sewers corrosion. These heavy metals are considered environmental threats due to 
their non-biodegradability and may react with living tissues, eventually causing dire 
health hazards. The most common toxic heavy metals found in sewage sludge are 
cadmium (Cd), chromium (Cr), copper (Cu), zinc [37], lead (Pb), nickel (Ni), and 
mercury (Hg) [38]. These heavy metals are mobile and biologically available to be 
interacted with the natural and organic matter within the sludge and in water. The 
degree of toxicity caused by the heavy metals present in water varies depending on 
the physicochemical properties of the water such as pH and salinity, which affected 
the geochemical behavior of heavy metals [39]. The geochemical behavior of heavy 
metals is also influenced by nutrients present in the aquatic ecosystem such as phos-
phorus (P), nitrogen (N), and organic matter. Importantly, the interaction is driven 
by the heavy metals’ selectivity for various binding and adsorption sites, depending 
on the ionic characteristics of both metals and other matters such as ionic radii, elec-
tronegativity, and hydrolysis constant [39, 40]. The sorption and desorption of heavy 
metals onto organic matter are also varied based on water electrical conductivity 
[41]. Metal-binding on activated sludge surfaces also increases with pH from acidic 
to neutral [42]. 

Zykova and coworkers reported that the optimum heavy metals adsorption on two 
microorganisms, Pseudomonas and Micrococcus, are 293 K. They also added four 
possible mechanisms involved in the resistance of microorganisms to heavy metals. 
The first one is biosorption; a process caused by metals binding on the cell surface via 
its functional groups. The second mechanism is bioaccumulation; a process arising 
from an interaction between metals with the cytoplasm components and enzyme 
active groups. Then, the redox reaction in the cytoplasm yields a less toxic product, 
and finally, the accumulation of the metal in the cytoplasm decreases through the 
efflux system [37]. 

2.3 Extracellular Polymeric Substances (EPS) 

EPS is abundant in activated sludge, which represents up to 80% of the total mass 
of activated sludge [43]. Initial findings reported that EPS consists of carbohydrates 
and recent findings reported that EPS is evidently composed of protein and humus-
like substances such as uronic acids, and deoxyribonucleic acid (DNA) [44, 45]. 
EPS is crucial in the formation of activated sludge flocs, where EPS is negatively 
charged, originated by ionizations of anions from carboxylic and phosphate [46]. 
The presence of cationic substituents such as calcium and potassium are responsible 
for the formation of flocs by linking the negatively charged EPS. Many discussions 
suggested that the formation of flocs is caused by intermolecular interactions between
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surfaces with net charge with another, forming larger aggregates. The classical DLVO 
theory is one of the well-acknowledged fundamentals owing to the organization of 
activated sludge flocs. Although, this theory is only valid for water with low ionic 
strength in which the flocs stability is jeopardized at ionic concentrated water [47]. 

However, there are conflicting findings reported on the decline of sludge floc-
culation with EPS generation. The bioflocculation ability is highly dependent on 
the total carbohydrates, protein, and uronic acid content. The process is inhibited 
when the system is acidic, owing to the reduced polymeric interactions and electro-
static repulsion [48]. The authors also added that when the fraction of uronic acid to 
EPS is high, the microorganisms have negatively charged surfaces, thus inhibiting 
bioflocculation. Polymeric interactions are enhanced when the protein and carbohy-
drate concentration in EPS is high, enabling flocculation [49]. Figure 3 compares 
two types of interactions (a) ionic and (b) hydrogen bonds between EPS in a reactor. 
Samples in Fig. 3 (a) were added with EDTA to initiate the formation of complex ions. 
The addition of EDTA did not influence the aggregation behavior of EPS (similar to 
the control sample). Therefore, this present finding suggests that the ionic interaction 
is not the dominant driving force of EPS aggregation. Meanwhile, in Fig. 3 (b), urea 
was added to the sample to evaluate the hydrogen bonding-driven sludge aggrega-
tion. The ability of urea to break the hydrogen bonding between EPS is proven when 
the increasing urea concentration causes a reduction of sludge aggregation over time 
[48]. The authors also conclude that the bioflocculation of EPS in sludge is mainly 
controlled by hydrogen bonding between tightly bound-EPS fractions. 

Sewage sludge interparticle interactions are vital in many processes including 
sewage separation and treatment, metabolic activity, and densification and dewa-
tering [50]. These processes are affected by the sewage sludge morphologies and

Fig. 3 Average sludge particle diameter when added with a EDTA and b urea. Reprinted with 
permission from [48]. Copyright 2016 Nature (CCBY) 
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particle sizes [50, 51]. Chemical separation is a vital method in treating colloidal 
wastewater and water systems. The underlying concept behind this method is the 
way of balancing out the stability of sludge particles in water by adding coagu-
lants, flocculants, and surfactants, converting the fine particles into settable flocs 
and agglomerates [18]. This is an efficient practice for fine solid waste treatment 
in water, where this process is employed as a pre-process for water treatment prior 
to filtration [52]. The underlying origin of coagulant and flocculent effectiveness in 
treating sludge waste relies on the net surface charge of the sewage sludge particles, 
where the surface charge is contributed by the presence of the element as described 
in the earlier subchapter. The coagulant-sludge adsorption characteristics determine 
the effectiveness of the coagulant and the formation of multicharged complexes [53]. 
The multicharged complexes embody net interactions of numerous charged species 
and are controlled by the pH and ionic (co-ions and counter ions) presence in the 
overall system [54]. 

The coagulation and flocculation processes would require particle charge neutral-
ization, where the resulting neutralization reaction is simply counterbalanced by 
the interactions between the charges involved. Typical coagulation and flocculation 
processes are described in Fig. 4. The optical properties of the sewage sludge-laden 
water such as turbidity and UV absorption are critical in determining the effective-
ness of the coagulant types and dosages. The size of the flocs can be determined using 
the laser diffraction method, where the intensity of the scattered laser determines the 
distribution of flocs sizes [50]. 

Fig. 4 The coagulation–flocculation processes. Reprinted with permission from [54]. Copyright 
2020 MDPI (CCBY)
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2.4 Sewage Sludge Stability 

Many sewage sludge treatments and managements employ stabilization techniques to 
convert biomass waste into a useful source of energy, crops, and biobased materials. 
The selection of an efficient treatment method is highly dependent on the target end 
product of the sludge conversion. In this subchapter, the technologies discussed are 
more dedicated to sludge particle stabilization on a colloidal scale. Anaerobic diges-
tion (AD) is the commonly used stabilization technology for the production of biogas 
by transforming sludge organic solids [55]. AD affects the particle size distribution 
of sewage sludge particles and dewatering ability by irreversibly transforming the 
structural matrix of sewage sludge particles and aggregates [56]. The efficiency of AD 
biological treatment is compromised due to several factors including complex struc-
tural components of sewage sludge, presence of extracellular polymeric substances 
(EPS), and recalcitrance on their cell walls. The sludge AD process typically aims 
to degrade EPS produced from sewage sludge and eventually modifies the particle 
size distribution. 

Chemical coagulants or flocculants are usually incorporated into the sewage 
sludge to aid the sedimentation rate prior to the AD procedure. Among the notable 
coagulants used to improve the process is cationic and anionic polymers. Cationic 
polymers are a class of charged polymers or polyelectrolytes with ionic charges 
along their chain. Chu et al. [57] compared the performance of cationic, anionic, and 
non-ionic polyacrylamide on the effect of AD of wastewater sludge. They revealed 
that the zeta potential value for all sludge systems was gradually converged to the 
− 20 mV regime after 10 days of AD procedures. The cationic polymer-flocculated 
sludge witnessed surface charge tendency towards the negative value, while the 
anionic counterpart became less negative [57]. Sludge flocs aggregated by cationic 
polyacrylamide showed larger floc size and denser structural morphology [57]. 

The usage of polyDADMAC in aiding AD has been recorded as a promising and 
efficient process. Adequate dosage of polyDADMAC can manage to maintain signif-
icantly large flocs size, while further addition of the cationic polyelectrolyte will alter 
the sludge particle size due to the adsorption of polyelectrolyte on sludge surfaces, 
resulting in an increase in electrostatic repulsion [58]. Apart from altering the size 
of the flocs, optimized dosages of polyDADMAC can remove a large proportion of 
lignosulphonate [59] and polyphenols [60]. The versatility of polyDADMAC has 
also improved and enhanced methane production in the AD process [61], suggesting 
its efficiency to be utilized in sludge stabilization and recovery procedures. 

3 Sewage Sludge Recovery Technologies 

Like any other biomass, sewage sludge is composed of energetic organic and inor-
ganic contents, making it renewable and recoverable. The principal aim of the utiliza-
tion of renewable sources for energy generation is to mitigate the carbon footprint,
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and environmental pollution in general, which eventually contributes to the estab-
lishment of sustainable living. Sludge is considered a green source of energy as many 
emerging technologies employ the utilization of various types of sludge of multiple 
origins with minimal energy leakage and environmental and health hazards. This 
concern arose when the stabilized sewage sludge for agricultural uses is constrained 
by stringent legislation, worrying about the trace amounts of toxic content in sludge 
[62]. 

Electricity is one type of energy that is extensively produced from sewage sludge. 
Microbial fuel cells (MFCs) are one developing method to produce electricity from 
sludges. MFCs convert organic matter in sewage sludge into electrical power, which 
employs microorganisms in sludge as catalysts to oxidize organic and inorganic 
substances into electrical energy via the bioelectrochemical catalytic activity of 
microbes [63, 64]. Muaz and coworkers used dewatered sludge as a substrate for 
electrical power generation via MFCs and reported that the highest chemical oxygen 
demand (COD) removal and voltage generated from the biomass were 149.2 mg/L 
and 852.7 mV [65]. They also revealed that the yield for these two outputs can 
be optimized to up to 15% by setting the cell electrode distance at 2.93 cm; the 
moisture content was brought up to 31.99 v/w. %, and operating temperature set at 
38.05 °C. The power generated by recent findings has significantly improved from 
the previous ones, which were evaluated a decade ago. This explains that MFCs tech-
nology is persistent and can still be developed to generate electricity using sludge 
from wastewater without high energy leakage. 

The sustainable approach of sewage sludge-recovered energy is essential in deter-
mining the sustainability of the process. Apart from generating power, MFCs can 
be utilized to enhance the sludge recovery process by acting as organic pollutants 
removal and extracting devices. The biomass energy extraction process hindered the 
production of sewage sludge waste. Recent technology used an integrated MFCs-
membrane bioreactor (MBR) system to reduce the production of sludge [66]. This 
integration enables synergistic and holistic approaches to utilize energy recovery 
and membrane fouling issues that are commonly reported in standalone systems. 
The electric field force generated in the integrated system reduced sludge deposition 
on the membrane, which can cause fouling as depicted in Fig. 5 [67, 68].

The production of biogas from sludge is also one of the extensively reported 
yields of sludge treatment and recovery. Sewage sludge-derived biogas (methane) 
is an energy-rich renewable gas manufactured via anaerobic digestion of sludge in 
an oxygen-absent condition with the aid of microorganisms [69]. The production 
of bio-derived methane is considered an economically and environmentally friendly 
approach of sewage sludge recovery technology. The methanization process is acces-
sible and the end digestion residue is inert, nutrient-rich, and odor-free and can be 
utilized as agricultural fertilizer [69, 70]. Recent works reported on the enhance-
ment of biogas yield when anaerobic co-digestion (ACD) process is employed. ACD 
combines two organic substrates: a major substrate such as sludge and manure and an 
additional substrate [71]. Figure 6 depicts the typical process for biogas production 
from biomass. The selection of appropriate co-digester is dependent on the optimal 
carbon-to-nitrogen (C-N) ratio for anaerobic digestion (20–30), in which sewage
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Fig. 5 Membrane sludge fouling hindered by electric force. Reprinted with permission from [67]. 
Copyright 2019 MDPI (CCBY)

Fig. 6 Typical process flowchart of biogas production from food waste. Reprinted with permission 
from [73]. Copyright 2019 MDPI (CCBY) 

sludge with lower C-N ratio can be co-digested with a substrate with a high C-N 
ratio [71, 72]. 

As tabulated in Table 2, the biogas production was enhanced when some fractions 
of biowastes co-substrate used in the anaerobic digestion of sewage, dewatered, acti-
vated, and fecal sludges. The volatile solids removal is also an indication of digester 
performance, where the volatile solids are degraded and converted into methane [74, 
75]. Other than the concentration of co-digester, the key factors that contribute to the 
digestion performance include mixing parameters, operating temperature, organic 
loading rate, and hydraulic retention time [71]. Other than MFC, various efficient 
techniques have been developed to increase power generation using sludge from 
wastewater. The conversion of sewage sludge into biogas substitutes another route 
to generate electrical power. Recent findings recapitulated that energy derived from
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Table 2 AD performance based on types of substrate used 

Main substrate Co-substrate Biogas production Digestion 
performance 

References 

Sewage sludge −5% Food 
waste 
5% Grape 
residue 
5% Crude 
glycerol 

~200 ml/l/d 
~600 ml/l/d 
~300 ml/l/d 
~1800 ml/l/d 

46.1% of volatile 
solids removed 
53.5% of volatile 
solids removed 
40.9% of volatile 
solids removed 
44.9% of volatile 
solids removed 

[74] 

Dewatered sludge 10% Food waste Improved 46% 
from 
mono-substrate 
system 

Volatile solids 
removal increased 
from 38 to 62% 

[80] 

Waste activated 
sludge 

30% Swine 
manure 

402 mL biogas/ g 
volatile solid 
added 

– [81] 

Fecal sludge Up to 50% of 
Garden waste 

50% greater than 
mono-substrate 
system 

Volatile solids 
removal increased to 
up to ~92% 

[82] 

biogas generates more power compared to landfill gas, predominantly due to the 
presence of abundant putrescible substances [76, 77]. The utilization of bioenergy 
has received tremendous feedback due to its advantages towards environmental and 
economical sustainability [78]. The European Union (EU) has achieved its target of 
having at least 20% of energy production within the member states be bio-derived 
[79]. 

Although biological (anaerobic digestion) and bioelectrochemical (MFC) tech-
niques are the most utilized techniques for sludge recovery into energy sources, 
thermochemical routes such as combustion, pyrolysis, and gasification are among 
the preferred methods too. One major drawback of thermochemical conversion is the 
critical demand for sludge with low moisture content, where sludge drying is also a 
mandatory process that requires an intense amount of energy [62]. The authors also 
mentioned that combustion yield of sludge can be used to generate electrical power 
via heating and aiding waste incineration by reducing the volume. The pyrolysis 
procedure of sludge is employed for biochar and bio-oil production, predominantly to 
mitigate environmental pollution and health hazards associated with sludge [83–85]. 

4 Conclusions 

The chapter covers the colloidal behavior of sewage sludge particles, which is a 
pivot key in the selection and determination of the biomass purification and recovery
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processes. The underlying origin of sewage sludge colloidal stabilization can be 
described by the classical DLVO theory, and is largely dependent on the physical 
properties of the water bodies, key chemical components, and origin of the sludge 
particles. Charged and uncharged polymeric coagulants or flocculants are commonly 
employed in sludge-laden wastewater system to efficiently increase the solid content 
and stabilize the sludge particles. The pre-treatment process is essential in converting 
the biomass into various sources of energy via microbial fuel cells and anaerobic 
digestion. Proper understanding of sewage sludge colloidal behavior is vital to ensure 
the abundant biomass can be fully utilized for a more sustainable and healthy future. 
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Abstract Antimicrobial resistance (AMR) is a severe problem in Malaysia and 
worldwide; the World Health Organization (WHO) ranks AMR among the top ten 
global threats to public health and development. Malaysia’s Antimicrobial Resistance 
Action Plan (MyAP-AMR) 2017–2021 describes AMR as a One Health concern 
requiring multidisciplinary collaboration across all sectors: humans, animals, plants, 
and the shared environment. Thus, it is vital to understand how it spreads in the 
environment and, concurrently, to discover feasible measures for reducing its spread. 
Among the environmental drivers of AMR is wastewater or sewage sludge. It is 
well established that exposure to sewage can promote the intake of AMR bacteria, 
resulting in the development of life-threatening infections such as sepsis in humans. 
As a result, prompt action is required to ensure the sludge is safe for human use. 
One possibility is to treat sludge with microbial fuel cell (MFC) technology, a bio-
electrical device that uses the natural metabolic activity of electrogenic bacteria (EB) 
to generate electricity. Current research in the laboratory focuses on the use of EB like 
Bacillus subtilis to catalyse the conversion of carbon sources in sludge to sustainable 
energy. However, no study has been conducted to determine the benefits of MFC 
technology in preventing the spread of AMR in the environment. Nonetheless, due 
to its potential to trigger the production of bacteriocins that can kill or deactivate 
AMR microorganisms, it is expected that MFC-treated sludge will reduce AMR 
transmission to the environment and eventually to humans. In general, this chapter
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will discuss the fundamentals of AMR and MFC and the additional benefits of MFC 
technology in reducing AMR transmission. 

Keywords Antimicrobial resistance ·Microbial Fuel cell · Infections 

1 Introduction 

Rapid urbanisation and industrialisation have contributed significantly to environ-
mental pollution and human dangers due to their hazardous contents, which include 
pathogens, irritants, carcinogens, flammable, explosive, and oxidising agents [1]. 
Thus, proper and efficient waste management should be a major priority today, as it 
has the potential to have a detrimental influence not only on the environment but also 
on our society [1]. Fortunately, current wastewater treatment appears to be one of 
the most effective methods for reducing environmental pollution and health hazard. 
Additionally, the treated sludge has also been regarded as a critical biological resource 
for managing successful agriculture by improving crop yields and benefiting society 
and the economy [2]. However, although the sludge has been sufficiently treated 
before being applied to the soil, it does not completely eliminate the pathogen, heavy 
metals, organic chemicals, or chemical irritants present in the sewage sludge. For 
example, while sewage treatment is known to reduce pathogens, some pathogens 
such as Clostridium perfringens and hepatitis A virus (HAV) persist in the treated 
sewage sludge for an extended length of time and are resistant to existing wastewater 
treatment methods [3–5]. 

Additionally, numerous studies have demonstrated the importance of wastew-
ater as an important reservoir of antimicrobial resistance (AMR), as it provides an 
excellent setting for the survival of AMR bacteria (ARBs) and AMR genes (ARGs). 
While the treatment process can assist in eliminating or reducing the ARB load, it 
has a negligible effect on ARGs. ARGs are not biodegradable and can be transferred 
through horizontal gene transfer to other bacteria, especially the Gram-negative 
bacteria [6]. Ultimately, it will promote the spreading of pathogenic AMR or ARBs 
to animals and humans via consumption of infected vegetables or water, inhala-
tion, or direct skin contact, negatively harming their health [7–9].  Thus, it is vital to  
develop novel strategies for limiting the spread of AMR or ARB to the environment, 
such as by the employment of viruses, bacteriocins, or predatory bacteria. Interest-
ingly, these alternatives can be applied using microbial fuel cell (MFC) technology, 
a bio-electrochemical system that employs microorganisms as catalysts to convert 
chemical energy stored in organic or inorganic substances to electrical energy [10, 
11]. Thus, the review will evaluate the adverse effects of ARB on humans and the 
potential for risk reduction through the application of MFC technology.
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2 Antimicrobial Resistance Microorganisms 
in the Environment and Its Implication to Humans 

AMR, often known as drug resistance, is widely recognised as a global threat to 
human health that demands immediate action in countries worldwide. AMR is a 
major concern because it could lead to a post-antibiotic era where antibiotics are 
no longer effective. AMR refers to resistance in a variety of microorganisms to 
various antimicrobials, including antibacterial, antiviral, antiparasitic, and antifungal 
medications [12]. It happens when bacteria, viruses, fungi, and parasites acquire 
resistance to most antimicrobials used to treat infections [13]. Antibiotics and other 
antimicrobial treatments become ineffective due to the formation and spread of drug-
resistant bacteria, resulting in antimicrobial resistance, which continues to undermine 
the ability to treat illnesses [14]. 

AMR is a natural occurrence aided by several variables: (a) Misuse and overuse 
of antimicrobials in clinics and animals’ healthcare; (b) poor access to clean water, 
sanitation, and hygiene for both humans and animals; (c) inadequate infection and 
disease prevention in healthcare facilities and farms; and (d) lack of awareness and 
knowledge of antimicrobials usage among the public are all driving factors in the 
development of antimicrobial-resistant pathogens [15, 16]. Increased antimicrobial 
resistance can lead to many issues: (a) some severe infections being more difficult 
to control; (b) remaining inside the body for long periods; and (c) more extended 
hospital stays, all of which significantly impact patients’ quality of life and place a 
strain on medical care, which is directly linked to high expenditures and high risk of 
infection-related mortality [17, 18]. 

3 Mechanism of Resistance 

AMR has multiple key mechanisms, including drug uptake restriction, drug 
target alteration, drug inactivation, and active efflux of a drug [19]. These processes 
can be classified as innate resistance and acquired resistance. Intrinsic resistance is the 
innate ability of bacteria to resist the efficacy of a certain antibiotic through inherent 
structural or functional characteristics, and the mechanisms involved are drug uptake 
limitation, drug inactivation, and active efflux of a drug [19, 20]. Whereas acquired 
resistance can be acquired through mutational alterations or horizontal gene transfer, 
the processes involved are drug target modification, drug inactivation, and active 
efflux of a drug [19, 21].
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3.1 Restricting drug’s Entry 

Antimicrobial chemicals must gain access to the bacterial cell to disrupt the bacteria’s 
regular functions. Microbes may acquire resistance mechanisms by restricting 
antimicrobial drug uptake [21] (Fig. 1). This method is frequent in gram-negative 
bacteria and involves changes in the outer membrane’s lipid composition, porin 
channel selectivity, and porin channel concentrations [19]. Lipopolysaccharide (LPS) 
is typically found in gram-negative bacteria to act as a barrier to particular compounds 
[19]. This layer gives inherent resistance to a subset of large antibacterial agents. 
However, the main pathway by which these antibiotics typically cross the Gram-
negative bacteria with large outer membranes is via porin channels [22]. Porin chan-
nels allow access to hydrophilic compounds such as β-lactam, tetracyclines, and 
certain fluoroquinolones in gram-negative bacteria [21]. However, porin alterations 
can impair drug uptake in two ways: decreased porin protein expression or mutations 
that alter the porin channel’s selectivity. For instance, gram-negative bacteria typi-
cally impede the uptake of certain antibiotics, such as aminoglycosides and ß-lactams, 
by altering porin channels’ frequency, size, and selectivity in the cell membrane [19]. 
Enterobacteriaceae and Pseudomonas aeruginosa develop resistance by altering the 
expression of the porin protein, whereas, in E. aerogenes, porin mutations were 
shown to alter the shape of the porin channel, imparting resistance to imipenem and 
some cephalosporins [19]. All these changes are necessary to prevent antibiotics from 
accessing the drug binding sites, such as ribosomes and penicillin-binding proteins 
(PBPs). 

3.2 Modification of Drug Targets 

Antimicrobial agents are typically directed against specific targets, and structural 
alterations might impair drug binding, rendering the drug ineffective. Certain resistant 
bacteria have the ability to change the antimicrobial drug’s target, hence conferring 
resistance. They may resist antimicrobials by reprogramming or concealing binding 
target sites to avoid detection. Additionally, bacteria have an evolutionary advan-
tage in that they can gain drug resistance due to spontaneous genes modification, 
promoting structural changes of these antimicrobial binding sites [22]. For example, 
genetic mutations will influence the active sites of PBPs, which are transpeptidases 
involved in the synthesis of peptidoglycan in the cell wall [19] (Fig. 1). As a result, 
this can impede the binding of β-lactam antibiotics and result in multidrug resis-
tance, which is frequently observed in gram-positive bacteria such as Streptococcus 
pneumoniae [19, 22]. 

On the contrary, Methicillin-resistant Staphylococcus aureus (MRSA) by gaining 
a new low-affinity PBP rather than structurally changing their existing PBPs [23]. 
Other examples of this type of resistance mechanism include alteration of peptido-
glycan subunit peptide chains, which confers resistance to glycopeptides; prevent
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drug interaction with the ribosome by affecting ribosomal subunits via ribosomal 
mutation or ribosomal protection, conferring resistance to macrolides, tetracyclines, 
and aminoglycosides; alteration in LPS structure of gram-negative bacteria, giving 
resistance to polymyxins; alterations in RNA polymerase, which provide resistance 
to fluoroquinolones; and alteration in metabolic enzymes, giving resistance to sulfa 
drugs, sulfones, and trimethoprim [19, 22]. As a result, the antimicrobial drugs’ 
capacity to bind to their target molecules will be diminished. 

3.3 Drug Inactivation 

Antimicrobial resistance genes or ARGs may encode enzymes capable of chemically 
altering or degrading the drug via hydrolysis (Fig. 1). Bacteria inactivate drugs in 
two ways: either by degrading the drug or by transferring a chemical group to the 
drug, so inactivating it. A common example is the hydrolytic deactivation of the 
ß-lactam ring in penicillins and cephalosporins by ß-lactamases, a drug hydrolysing 
enzyme [22]. When the ß-lactam bond is broken, the antimicrobial drug’s antibac-
terial activity is lost. On the contrary, drug inactivation via enzymatic transfer of a 
chemical group to the drug can result in drug inactivation by interrupting the drug’s 
interaction with its bacterial target. Acetyl, phosphoryl, and adenyl groups are the 
most common chemical groups implicated in this resistance mechanism [19, 22], 
with acetylation is the most diversely employed mechanism, and its efficacy against 
aminoglycosides, chloramphenicol, streptogramins, and fluoroquinolones have been 
demonstrated [19]. 

3.4 Active Efflux of a Drug 

Certain bacteria have membrane proteins that operate as an export or efflux pump 
for certain antimicrobials (Fig. 1), actively transporting the drug out of the cell and 
preventing the drug from building up in the cells to a level that would be harmful to the 
bacterium [19, 22]. This mechanism has been observed in E. coli and other Enterobac-
teriaceae against tetracyclines, Enterobacteriaceae against chloramphenicol, Staphy-
lococci against macrolides, and Staphylococcus aureus and Streptococcus pneumo-
niae against fluoroquinolones [19, 24]. There are five leading families of efflux 
pumps, classified according to their structure and energy source in bacteria. These 
five families are as follows: the ABC family; the multidrug and toxic compound extru-
sion (MATE) family; the small multidrug resistance (SMR) family; the major facil-
itator superfamily (MFS) family; and the resistance-nodulation-cell division (RND) 
family. Most of these efflux pump families are composed of a single component and 
function by transporting substrates through the cytoplasmic membrane [19]. 

The transfer of ARGs between bacteria has been described, and this process may 
contribute to the rapid spread of ARGs between bacteria [25, 26]. The majority
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Fig. 1 Possible mechanism of antimicrobial resistance. (A) Altered affinity or increased expression 
of efflux pump, (B) decreased membrane permeability through modified porins, (C) increased 
production of antimicrobial resistance genes (ARGs), (D) structural changes or mutations of PBPs, 
and (E) modification of drug targets may promote ABR among bacteria. Transfer of ARGs between 
bacteria can occur via conjugation, transduction, and transformation 

of ARGs are found on mobile genetic elements like plasmids or transposons, and 
they are transferred between bacteria via various mechanisms, including transfor-
mation, transduction, and conjugation [26–28] (Fig. 1). In transformation, bacteria 
acquire and incorporate an extracellular DNA segment, previously released into the 
environment by other organisms [29, 30]. Transduction involves the transmission 
of a DNA segment or plasmid harbouring ARGs between bacteria by a phage [31]. 
Finally, conjugation facilitates genetic exchange by elongating a pilus in Gram-
negative bacteria or producing sex pheromones in Gram-positive bacteria [32]. Once 
resistant, a bacterium can rapidly multiply and pass on the resistance determinants 
to its progeny [33]. 

4 Antimicrobial Resistance Transmission 
in the Environment Through Wastewater 

AMR has emerged as a significant global concern in recent years, affecting humans, 
animals, and the environment. The inappropriate and excessive use of antibiotics 
in a variety of sectors, including agriculture, veterinary medicine, and healthcare, 
is at the root of the global epidemic that has emerged in AMR transmission in the 
environment [34], implying that the environment serves as an AMR reservoir and is 
critical for transmitting AMR microorganisms with ARGs to animals and humans 
[34, 35]. AMR is facilitated by several factors, including antibiotics, antimicrobial 
genes, heavy metals, and biocides [34], and it can be transmitted to the environment
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in a variety of ways, including through wastewater from hospitals, healthcare-related 
companies, livestock farms, and agriculture [36]. 

Antibiotics are frequently used to treat human illnesses in the healthcare sector 
[37]. Antibiotic abuse and overuse in humans, on the other hand, may result in 
the selection of resistant strains [38]. Additionally, veterinary drugs used in animal 
husbandry were originally intended to prevent animal diseases but are now being 
inappropriately used for other purposes, such as feed additives and growth stimu-
lants [39]. As a result, humans and animals expel biologically active antibiotics in 
their urine and faeces, which are then discharged into wastewater treatment facilities 
(WWTPs) [40] (Fig. 2). Additionally, the pharmaceutical industry’s inappropriate 
disposal of unused or expired medicines may also contribute to the discharge of 
antibiotics and AMR microorganisms into the environment. Besides, antibiotics have 
a half-life of a few hours to hundreds of days, which means they will linger in wastew-
ater and be considered persistent pollutants in the environment [41]. To survive and 
grow in sewage, bacteria will develop resistance mechanisms to AMR drugs. Suscep-
tible bacteria will be killed, or their activity will be suppressed under the impact 
of these antibiotics. Meanwhile, bacteria that are intrinsically or acquired resistant 
to antibiotics have a better chance of survival and expansion [42]. The surviving 
AMR microorganisms with ARGSs will spread the genes to other microbes, thereby 
making wastewater a reservoir for AMR microorganisms. Besides, due to the antibi-
otic’s slow decomposition, it may find its way into groundwater or aquatic systems 
throughout the wastewater treatment process [35], where it can be disseminated to 
humans, animals, and the environment.

AMR microorganisms can be transmitted to the sewage system through infected 
human secretion, clinical or industrial settings. The ARBs will then transfer to the 
wastewater treatment plants (WWTPs) and eventually transmitted to sewage workers 
and residents who live near the WWTPs. This can be occurred either through drinking 
infected water, consume infected vegetables, or via recreational use 

Additionally, biocides are a factor in AMR. Biocides are antimicrobial chemical 
compounds frequently used in the home, industry, and healthcare to control infec-
tions and microbiological contamination [43]. Ethanol, formaldehyde, chlorhexi-
dine, triclosan, and quaterium ammonium compounds (QACs) are all examples 
of common biocides [34]. Improper biocide disposal in WWTPs can increase the 
number of biocides entering the environment, raising the likelihood of causing AMR 
in microorganisms residing in the WWTPs [40]. For example, chlorine resistance in 
Salmonella typhi demonstrates how improper biocide use can exert selective pressure 
on bacteria, which then respond by developing resistance mechanisms [43]. When 
mixed with other biocides such as QACs and chlorhexidine, triclosan has been proven 
to cause antibiotic resistance in microbes. Additionally, sub-lethal doses of biocides 
contribute to selecting mutations conferring antibiotic resistance [34]. 

Heavy metals are also a vector for AMR transmission in the environment. Heavy 
metals are non-antibiotic antimicrobial compounds that have been extensively used 
in agricultural and industrial applications for a variety of purposes [44]. Interest-
ingly, they can also act as a selector for ARGs, possibly by physically associ-
ated with plasmids or chromosomes containing ARGs [45]. For example, MRSA
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Fig. 2 Potential transmission of antimicrobial resistance microorganisms in the environment.

isolated from livestock possessed plasmids encoding resistance genes to Cu and Cd 
(copA, cadDX, and mco), as well as numerous antimicrobials such as Macrolides, 
Lincosamides, Streptogramin B, Tetracyclines, Aminoglycosides, and Trimethoprim 
(erm(T), tet(L), aadD, and dfrK) [46, 47]. Thus, incorrect disposal of heavy metals 
to WWTPs might increase metals entering the environment and the development of 
AMR microorganisms [40]. 

The environment is considered a route of transmission for ARBs to humans, 
facilitated by WWTPs. This finding is consistent with some studies demonstrating 
the occurrence of antibiotic-resistant bacteria such as E. coli against cephalexin, 
ciprofloxacin, and ampicillin in treated sewage produced by Penang WWTPs [36]. 
Additionally, humans may be exposed to these bacteria while participating in recre-
ational activities in contaminated surface water, ingesting contaminated drinking 
water, or consuming fresh fish products [48]. In agriculture, sludge is frequently 
applied as fertiliser due to its nutritional contents. However, this might also facilitate 
the spread of AMR microorganisms to animals or humans through the consumption 
of contaminated crops or direct skin contact [37]. Additionally, the leading cause of 
AMR emergence worldwide is the improper use of antimicrobial drugs by humans 
in hospitals to treat infections [13]. Although the primary purpose is to treat the 
infections caused by pathogenic microorganisms, these microorganisms continu-
ally mutate and evolve, enabling them to adapt to their environment and eventually 
develop resistance to specific antibiotic treatments. As a result, the antimicrobial-
resistant bacteria can spread from the infected patients to other people via unclean
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hands or contaminated objects. Patients who remain untreated for AMR bacteria will 
subsequently convey these resistant microorganisms to others, increasing the danger 
of disease spread, severe sickness, and even death. 

5 The Effect of Antimicrobial Resistance Microorganisms 
on Humans 

Usually, antibiotics, one of the antimicrobial agents, are prescribed to treat a wide 
range of illnesses and surgical procedures, including organ transplants, blood infec-
tions, pneumonia, and cancer treatment [13]. However, improper use of this drug 
may cause pathogenic microorganisms to evolve to become resistant to antimicro-
bial treatment, making infections more difficult to treat and raising the risk of disease 
spread, severe illness, and death [13]. In general, the more antibiotics used, the more 
bacteria adapt and develop new ways to survive, leading to antibiotic resistance. As 
a result, some bacteria live and multiply rather than being eradicated by antibiotics, 
causing significantly more harm and may impact patients’ quality of life, such as 
increased healthcare expenses, hospitalisation length, and mortality [49]. 

MRSA, one of the most well-known examples of AMR, has been linked to high 
mortality rates across the globe each year, rendering treatment ineffective [50]. 
Additionally, 4.1% of newly diagnosed tuberculosis cases are multidrug resistant. 
It is anticipated to grow dramatically by 2040, particularly in nations with a high 
prevalence of tuberculosis, such as India and the Philippines [49, 51]. Compared 
to non-resistant bacteria, resistant bacteria quadruple the likelihood of getting a 
severe medical issue and triple the possibility of dying. Naturally, these negative 
consequences will be magnified as the severity of resistant infections and the host’s 
sensitivity increase [52, 53]. This is consistent with the increased morbidity and 
fatality rates experienced by infected patients over time. It is estimated that if signif-
icant action against AMR is not taken by 2050, roughly ten million people will die 
[49, 54]. 

Additionally, AMR may result in inadequate treatment of sepsis, which is among 
the top cause of death in hospitals, with a mortality rate of 19.7 worldwide [55]. 
Sepsis is a potentially fatal organ dysfunction caused by an abnormal host response to 
infection [56]. This is a common complication seen in immunocompromised cancer 
patients and recipients of hematopoietic stem cell transplants [57]. As a result, the 
global spread of AMR microorganisms, particularly among immune-deregulated 
patients, may result in a delay in commencing effective empirical antibiotic therapy, 
potentially resulting in infection and hence sepsis [57]. Thus, it is vital to decrease 
AMR transmission in the environment, which can begin with appropriately managing 
sludge disposal and treatment; and ensuring that it is safe for human application.



188 A. M. Ahmad Mokhtar et al.

6 Microbial Fuel Cell (MFC) technology and Its 
Application in Minimising Antimicrobial Resistance 
Transmission in the Environment 

MFC technology is a relatively new biotechnology that can remediate wastewater 
while generating electricity. MFCs enhance electricity generation during wastew-
ater treatment by exploiting residual sludge substrates, such as acetate or glucose, 
using electrogenic bacteria’s (EB’s) enzymatic activity [58]. EB is a type of organism 
capable of transferring electrons extracellularly across the cell membrane to electron 
acceptors, such as electrodes and oxide minerals, both under anaerobic and microaer-
obic environments [59, 60]. These bacteria can utilise this extracellular electron 
transfer (EET) to get energy for development or facilitate cell-to-cell communication 
[61]. 

Under aerobic circumstances, microorganisms near the anode decompose organic 
materials, and the resulting electrons are either transported directly through cell 
components such as proteases or nanowires on the membrane surface or indirectly 
via the electron shuttle [62]. The cathode accepts electrons and protons from the anode 
and initiates a reduction process [63]. The equation below illustrates the reaction of 
a typical MFC at the anode and cathode when acetate is used [64]. 

Anode reaction : CH3COO
− + 2H2O −− > 2CO2 + 7H+ + 8e− 

Cathode reaction : O2 + 4e− + 4H+−− > 2H2O 

MFCs could generate energy from diverse substrates, from pure chemicals to 
complex mixtures of organic compounds present in wastewater. While substrates with 
a high concentration of complex organic matter could stimulate the growth of various 
active microorganisms, simpler substrates are believed to produce more immediate 
output. Acetate and glucose are often utilised as substrates in MFCs and power 
generation. Acetate is commonly used as a substrate for benchmarking novel MFC 
components, reactor designs, or operating conditions due to its inertness to alternative 
microbial conversions (fermentation and methanogenesis) at ambient temperature 
[65]. As for glucose, compared to anaerobic sludge with a limited substrate supply, 
the introduction of glucose can increase power output by up to 161 mW/m2 [66]. 

There are three basic reactor configurations: (a) uncoupled bioreactor MFC in a 
bioreactor followed by a chemical fuel cell, (b) integrated bioreactor MFC, and (c) 
MFC with bacteria-anode interaction (Fig. 3). In an uncoupled MFC, a biofuel, such 
as methane gas, is created in a bioreactor before a chemical fuel cell takes place. 
One of the major disadvantages of this configuration is mainly the low conversion 
efficiencies of the biological substrate to hydrogen and the requirement for high 
fuel cell temperatures to achieve sufficient hydrogen oxidation. The second design 
is identical to the first, except that the fermentation (mainly to hydrogen gas) occurs
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Fig. 3 Three basic reactor configurations: (A) uncoupled bioreactor MFC in a bioreactor followed 
by a chemical fuel cell, (B) integrated bioreactor MFC, and (C) MFC with bacteria-anode interaction. 
Adapted with permission from [58](CCBY) 

within the fuel cell. This type of MFC frequently employs catalysts to create the 
best environment for hydrogen gas conversion to electricity. The third configuration, 
dubbed the genuine MFC, involves direct electron transfer from the bacteria to the 
anode without an intermediate fermentation product [58]. 

MFC technology effectively displaces non-renewable fossil fuels such as natural 
gas and coal and reduces greenhouse gas emissions that contribute to global warming 
and climate change [67, 68]. However, despite its benefits in green energy produc-
tion, no study has been undertaken to determine its role in minimising the transmis-
sion of AMR bacteria found in sewage sludge to the environment. Yet, it has been 
demonstrated that several EB employed in MFC, such as Bacillus subtilis, release 
bacteriocin, which may substantially inhibit AMR transmission in the environment. 

6.1 The Application of Microbial Fuel Cells Technology 
in Reducing Antimicrobial Resistance in the Environment 

One possible alternative is to use MFC. As previously said, MFCs are well renowned 
for their ability to degrade pollutants while simultaneously generating significant 
amounts of electric energy. Notably, MFC is also known to break down antibiotics
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and ARGs, increasing the likelihood that it will help prevent AMR transmission in 
the environment. For example, MFC was demonstrated to remove 85.1% and 65.5% 
of sulfamethoxazole (SMX) and norfloxacin (NFLX), respectively [71, 72]. Addi-
tionally, the number of ARGs and integrons after MFC treatment was significantly 
less than that discovered in WWTPs. For example, the relative abundance of the intI1 
is between 63.11 and 652.00 copies/mL(g) in the MFC product, compared to 109 to 
1011 copies/mL in WWTPs [62, 73]. 

There are numerous approaches to increase the rate of AMR bacteria removal 
by MFC, which can be accomplished by adjusting the conditions that influence 
antibiotic removal: (a) raising the voltage, (b) selecting suitable substrates, and (c) 
including some additives into the system. For example, according to Yang et al. 
(2018), increasing the voltage from 0 to 1.5 V raised the degradation rate of sulfa-
diazine (SDZ) from 79.3 to 91.9% [74]. This increase in antibiotic removal may be 
because certain microbial communities, such as Methylococcus capsulatus, Dechlor-
monas, Byssovorax cruenta, and Longilinea arvoryzae are positively influenced by 
electrical stimulation, and this would promote their bacterial activity to accelerate 
biological metabolism [62, 75]. 

Additionally, the type of substrate may affect the rate of antibiotic clear-
ance. For example, the addition of acetate accelerates the breakdown of chloram-
phenicol by up to 96.53% [76]. Consistently, Zeshan and Ullah (2020) observed 
that acetate-fed MFCs generated maximum voltage and power densities faster than 
glucose- or sucrose-fed MFCs, implying that different types of substrates may affect 
MFCs performance and hence their potential to remove antibiotics [77]. Addi-
tionally, certain inorganic compounds, such as nitrite and copper aid in reducing 
ARGs. For example, it has been demonstrated that the addition of nitrite increases 
sludge’s hydrolysis rate and decreases the requirement for carbon sources, encour-
aging microorganism growth and metabolism and consequently improving MFC 
performance [78]. 

The presence of EB in MFC may potentially affect the antibiotic’s clearance 
rate. Bacillus species, for example, are capable of creating a variety of antimicrobial 
compounds (AMCs) that are useful in the food and pharmaceutical industries [79]. 
Additionally, strains of the Bacillus subtilis group have been recognised for decades 
to produce a vast array of secondary metabolites capable of mediating antibiosis. At 
least 4–5% of the genome of any strain of Bacillus subtilis is projected to be devoted 
to synthesising AMCs, which are primarily antimicrobial peptides (AMPs) [79]. 
AMPs are often cyclic and hydrophobic in structure, with unusual moieties such as 
D-amino acids (AA) or intramolecular thioether linkages. Along with AMPs, volatile 
metabolites are a wide class of antimicrobials that play a range of metabolic and func-
tional functions [79]. These peptides are referred to as “bacteriocins,” which are low 
molecular weight molecules that can inhibit the growth of bacteria closely related to 
the generating strain [80]. Alternatively, bacteriocins may operate as antimicrobial 
or lethal peptides, directly reducing competing strains or pathogens in the environ-
ment, such as Klebsiella sp., a capsulated bacterium, resulting in decreased AMR 
transmission/
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7 Malaysia’s Initiatives for Preventing the Spread 
of Antimicrobial Resistance in the Environment 

Antibiotic resistance is reaching alarmingly high levels all around the globe. New 
resistance mechanisms are evolving and spreading over the world, posing a danger to 
the health management to handle common ailments resulting from the AMR infec-
tion [81]. In addition to the escalating prevalence of debilitating diseases, augmenting 
cases of antibiotic resistance also cause major economic burden due to AMR contain-
ment and high cost of disease treatment [82]. Consequently, it is projected that AMR 
would put a total of 24 million people (particularly from the low-income countries) 
into extreme poverty by 2030 [83], further corroborating the urgency to combat the 
dissemination of AMR worldwide comprehensively. 

During an ASEAN meeting in 2017, it was recognised that anti-AMR efforts 
were still insufficient, and that multi-sectoral collaborations from different stake-
holders were required. During the summit, ASEAN leaders agree to tackle AMR 
using the One Health approach which is aimed to enhance the AMR containment 
activities, actively engage relevant stakeholders, develop defined objectives, and to 
implement monitoring and evaluation (M&E) systems [84]. In compliance with the 
declaration, Malaysia has implemented several actions to cut the AMR distribution by 
implementing different progressive approaches. These include the initiation of One 
Health concept involving pharmacist, physicians, patients, and other professionals 
that was established to allow effective communication among the communities thus 
achieving better public health outcomes for humans, animals, and the environment 
[85]. Malaysia government with the help from Ministry of Health (MOH) also initi-
ated the “National Surveillance of Antibiotic Resistance (NSAR)” [86] to monitor 
the occurrence of AMR in Malaysia as well as the protocol on Antimicrobial Stew-
ardship (AMS) Programme in the healthcare facilities to promote an appropriate 
utilisation of antibiotics in terms of right choice, route of administration, dosage, 
and duration for antibiotic prescription. 

Following the NSAR programme, the “National Surveillance on Antibiotic Utili-
sation (NSAU)” was also performed to assess the quantity and trajectory of antibiotic 
use in Malaysian hospitals of various settings and the potential links that contribute 
to specific antibiotic use. These statistics have aided local health workers in their 
clinical practice, particularly in the application of antimicrobial stewardship, at the 
hospital level [87]. In addition to those policies, the Malaysian Action Plan on 
Antimicrobial Resistance (MyAP-AMR) 2017–2021 has been conducted in collab-
oration with numbers of constituents and stakeholders including the Ministry of 
Health (MOH), Ministry of Agriculture and Agro-based Industry (MOA), Ministry 
of Higher Education (MoHE), Ministry of Defence (MINDEF), hospitals, profes-
sional organisations, the animal food industry, private healthcare facilities, commu-
nity pharmacists, academic institutions, the private sectors, international partners, 
NGOs, and civil society [88]. The action plan on antimicrobial resistance (MyAP-
AMR) is aimed to decelerate the emergence of AMR and prevent its dissemination via
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four priority areas: (i) public awareness and education, (ii) surveillance and research, 
(iii) infection prevention and control, and (iv) appropriate use of antimicrobials. 

While there is currently scarce or no report on the clinical assessment of the 
MFC function in reducing the AMR dissemination, its potential on the accomplish-
ment of AMR reduction is still promising. The inclusion of EB which simultane-
ously functioning as bacteriocin producer may antagonistically inhibit the resistant 
bacteria in the wastewater substrate hence attenuating the possibility of resistance 
genotype transmission among the microbial populations. This action will not only 
benefit the environment in terms of green renewable electricity generation, but it also 
represents as a contribution from the engineering sector (other than the healthcare 
organisation) to decelerate the AMR widespread as has been underlined in the MyAP-
AMR that promotes the involvement and collaboration from multiple stakeholders 
in combating this threatening circumstance. Indeed, restricting the AMR distribution 
in the community and environment via the function of MFC is interesting, however, 
an in-depth investigation is required to validate its potential in diminishing the AMR 
incidents. 

8 Conclusion 

Antimicrobial resistance (AMR) is a significant global public health problem, ranking 
among the top ten. This study covers the fundamentals of AMR and the possibility 
for wastewater to act as a carrier of AMR in the environment. Compared to other 
conventional wastewater treatment procedures, MFCs can help minimise AMR by 
boosting antibiotic removal rates. These antibiotics, which are frequently generated 
from hospitals, are greatly concentrated in sludge, favouring the growth of ARGs 
among the bacteria that live there. Additionally, this chapter discussed strategies to 
increase the performance of existing MFCs, primarily by increasing electrical stimu-
lation, selecting appropriate substrates, and incorporating some additives, all of which 
influence the microbial population and its metabolic activities. It is hypothesised that 
boosting antibiotics’ clearance efficiency may help prevent the creation of ARGs. 
Nonetheless, it is vital to improve the current design of MFCs and comprehend their 
operation, and by doing so will reduce AMR transmission in the environment. 
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Microbial Fuel Cell (MFC) Innovation 
in Wastewater Treatment Plant: From 
Economic Perspective 

Soliha Sanusi, Muaz Mohd Zaini Makhtar, and Aziatul Waznah Ghazali 

Abstract Non-renewable resources such as petroleum and fossil had reached their 
limit as the people’s population increased yearly. The scarce and limited resources 
will make these non-renewable assets more expensive in the future, and it is also 
limited to certain people. Hence, government and all related entities need to find 
an alternative solution to solve the problem. It is to ensure all people receive the 
necessity equally and fairly. The microbial fuel cell (MFC) is one of the alternatives 
in the market that is available to be explored in depth to replace the scarcity of 
resources. MFC is an innovative electrical power that treats wastewater and other 
applications through the organic substrates of bacteria-driven oxidation. MFCs are 
developed by using various materials and a diversity of configurations. It is a capable 
technology that could be implemented in many applications with broader market 
expansion. However, developing MFCs, especially the capital cost, is not as cheap 
as the conventional power supply. Hence, the MFCs manufacturers, producers, and 
researchers need to find ways to reduce the cost and increase their efficiency to 
sustain the market for a more extended period. This situation has been explored in 
the chapter. 
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1 Introduction to Microbial Fuel Cell 

Microbial Fuel Cells (MFCs) have been introduced in certain countries when the 
relevant bodies ignore so much sludge. Sludge is created from various industrial 
processes, on-site sanitation systems, or wastewater treatment. Industrial wastewater 
treatment plants develop biosolids, namely sludge, as leftovers. The first MFCs were 
established in the early twentieth century by using an intermediary, a chemical that 
transmits electrons from the microbes such as pioneer Shewanella and Geobacter in 
the cell to an anode. MFCs are advanced bioelectrochemical cells that generate elec-
tric power by redirecting electrons developed by the microbial oxidation of lowered 
composites on the anode to oxidized compounds on the cathode through an outer 
electrical circuit. 

It will convert leftover reserves into energy based on inoculated bacteria’s 
metabolic activities, called biocatalysts. The anode electrode is the most important 
because it generates energy and removes pollutants [1]. Anode will be responsible 
for the electron transfer rate from the electroactive bacteria to the anode’s surface. 
Nowadays, the material and cost of the anode electrode are pretty expensive in the 
MFCs field, and it may hamper efforts to expand the commercial use of MFC in 
the future [2]. In the twenty-first century, MFCs were employed commercially in 
wastewater treatment and have continued until now. 

Sewer water treatment required a superior expense and energy to manage due 
to contaminants generated by human activities in many commercial and residents’ 
usages. Due to that, biological wastewater treatments replace the current technologies 
to improve treatment efficiency. Concurrently, MFCs can also be used as a feasible 
resolution for chemical oxygen demand (COD) elimination and electric power inven-
tion [3]. For example, the MFCs can be used as a power supply for many activities, 
such as charging small electric equipment. Figure 1 shows a sample of schematic 
diagram for MFC experimental setup [4].

An increasing number of people worldwide has raised environmental problems 
such as air, water, and land pollution. The elevated power utilization required to 
operate the human activities and the operational cost to run the MFCs are significant 
challenges for expanding wastewater management technologies. It has been forecast 
that treatment expense account for around 3% of the world’s electricity spent, and 
sludge clearance costs are about 50% of sewer water care [5]. 

The other issue related to wastewater treatment is the unproductive care of the 
generated greenhouse gases (GHGs) and evaporated ingredients such as ammonia 
and phosphates. Additional technical problems need to be settled by conventional 
wastewater treatment [6]. Therefore, the improvement of high-value goods has been 
researched in MFCs due to the development of a few chemical contents such as 
hydrogen, hydrogen peroxide, and heavy metals [7]. Hence, MFCs have become the 
most promising solution in generating bio-electricity with various advantages such 
as effectiveness, cleanliness, less toxicity, and recyclability [8].
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Fig. 1 Scheme of the MFC experimental setup sample. Reprinted with permission from [19]. 
Copyright 2020 MDPI

2 The Type of Microbial Fuel Cell 

A. Single Chamber 

The design of single chamber MFC involves only the anodic chamber coupled with 
an air cathode to which the electrons and protons are [9]. In this design, the anode and 
cathode were placed in the same chamber and with no membrane installed. Single 
chamber MFC is the most preferable configuration to be scaled up for wastewater 
treatment due to its ability to produce high power output, easy structure, and cost 
effective [10]. 

B. Double Chamber 

Double Chamber MFC is the classical design of MFC that consists of two cham-
bers separated by an ion exchange membrane. The anode and cathode were placed in 
different chambers. This design has an ability to run in batch modes and continuous 
modes and currently used for laboratory scale [11]. It shows that double chamber 
MFC has the extra point compared to single chamber MFC due to its potential to run 
in batch and continuous modes.
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C. Tubular Membrane 

Tubular membrane has a lot of advantages compared to H-type MFC. The advan-
tages are it can reduce electrodes spacing and large proton exchange area, lower 
internal resistance, and improved system performance. The tubular membrane is 
packed with carbon-based materials such as graphite fibers, graphite felt, and graphite 
granules. These materials act as biocathode for high power generation and high 
efficiency for nitrate or oxygen reduction due to its high specific area [12] 

D. Stack MFC 

A stacked MFC is a group of MFCs linked with each other in series or in parallel 
connection [13]. The MFC can be stacked by reaching different configurations of 
both electrode as well as hydraulic flow. These can be of four forms of stacked 
MFC such as series electrode connections in parallel flow mode, parallel electrode 
connection in parallel flow mode, series electrode connections in series flow mode, 
and parallel electrode connections in series flow mode [11]. The stacked MFC in 
form of parallel electrode connections in series flow mode showed overall increase 
in chemical oxygen demand (COD) removal, Coulombic efficiencies, and maximal 
power densities while treating wastewater which was contributed to a higher stability 
of the oxidation–reduction potentials in overall cells. 

E. Flat-Plat MFC 

Flat-Plat MFC is designed with single electrode. The cathode electrode is made 
of a carbon cloth and platinum that act as catalyst which already hot pressed to a 
Nafion membrane. The cathode electrode is placed in contact with a single sheet of 
carbon paper that becomes the anode. Oxygen that acts as the electron acceptor is 
supplied from dry air that passed through the cathode chamber. This type of MFC 
is made to generate electricity continuously by using the domestic wastewater. The 
source of microbes to inoculate the MFC are come from the wastewater [14]. 

3 Cost and Benefits of Current MFCs 

Wastewater management and energy produced from MFCs is a technology that 
proposes numerous advantages to people, society, and industry. It is an environ-
mentally friendly process. During the MFCs activity, the electrical energy generated 
can be circulated in return to the process, and hence it may reduce the costs related to 
energy consumption. It also helps us avoid using fossil gases for heating activities. 

MFC output has been recognized as small power devices such as sensors, low 
voltage capacitances, and pocket-sized DC motors. Studies about the benefits of the 
MFC’s application in terms of power utilization and operating expenses have been 
conducted in numerous past research papers [2]. It helps the users on a small scale 
in the area generate power for further activities such as charging handphones and 
lighting purposes. It is beneficial, especially if the area is short of power or isolated
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from the main areas, such as a small island, remote village, or near a forest. Hence, it 
can be claimed that MFC is sustainable energy production. Among the critical drivers 
of MFCs worldwide are increasing initiatives for environmental sustainability, the 
increasing demand for potable water, and the growing focus on wastewater treatment. 

The future application of the MFCs has been mentioned by [15] in their research 
study. Among the benefits of MFCs are wastewater treatment, renewable power 
creation from biomass, biosensors or environmental sensors, and product renewal. 
MFCs can fuel an apparatus that gathers numbers in the ecological atmosphere, 
especially in waterways or seas. The device requires sufficient energy for day-to-
day operations, and consuming a battery by replacing it periodically might be trou-
blesome. Hence, researchers may develop residue fuel cells that can substitute the 
battery in the sea/river for an extended period. The power of the MFCs was natural 
and confined in the residue. However, the energy produced is at < 30 mW/m2 due to 
the minimal biological intensity and elevated inner endurance [15]. Yet, an adjust-
ment to the residue fuel cell circuit will allow the power to be stored and the minimal 
energy intensity to be compensated for and managed to release data to central sensors 
[16]. 

For product recovery, it had been testified that nearly all manure sludges stayed 
contaminated even after the recovery procedures[17]. Hence, several nations prohibit 
its application as compost in the agriculture industry. A vital nutrient element such 
as phosphorus is stuck within the mud. MFC may help to assist the challenge by 
applying two-chamber MFC with the Escherichia coli K12 as the biocatalyst. The 
electron is given through methylene blue on the anode side. The mud was warmed up 
and pounded at the cathode chamber, and at the same time, the electron and proton 
issued by the cathode will be utilized to release phosphate in the type of phosphoric 
acid from the ferric phosphate hydrate. Twenty-one days operation of this process 
may generate three percent of ferric phosphate by mass in the sludge and recover 
about 80% produces with 30 mW/m2 power. This process results in the phosphate that 
occurred from the cure of the improved phosphoric acid with magnesium chloride. 

Still, the capital cost of producing MFC is not as cheap as conventional wastewater 
treatment due to the cost of electrodes, membranes, and catalysts. The price can be 
about 30 times greater than the traditional wastewater treatment if the carbon-based 
substances are treated as conductors [6]. Nonetheless, it depends on the volumes 
and configurations of the materials being used. Some essential components are the 
minimum requirements for MFC to work. 

The MFC provider may decide on an exceptionally minimal budget for the material 
they want to use. For example, at the moment, the cost of the electrode assemblies 
such as stainless steel was calculated based on the manufacturer’s decision instead 
of by looking into the commodity market counter. However, the manufacturer will 
base on the market price when preparing a customer quotation. Therefore, the MFC 
producer should alert the commodity market and lock a transaction when the price 
decreases. As the price fluctuates daily, they may choose the best option at the specific 
time they need to make an order from the manufacturer. 

On the other hand, since the cathodic chamber is optional in MFC, they may 
withdraw it from the process as anodic alone as a single electrode assembly is enough
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to ensure the MFC runs. This withdrawal may reduce the cost of MFC, and it can be 
diverted to other expenses. 

There were some studies regarding the return of having MFC in the market and 
purposely for industrial commercialization [4] [6]. The previous researcher tested the 
economic viability of MFC capital budgeting through investment analysis methods, 
which are Net Present Value (NPV) and Internal Rate of Return (IRR)[4]. NPV is 
the most theoretically reliable analysis [18] as it values the difference between the 
present value of all cash inflows and all cash outflows. However, two assumptions 
need to be made if we are using NPV as an analysis tool. The assumption that we 
need to follow are: 

1. All cash flows occur at the end of periods except the initial cash outflow. 
2. All cash received will be immediately reinvested at a rate of return equal to the 

discount rate. 

An indicator of whether the MFC is good enough for commercialization is a positive 
NPV that shows that the project’s return exceeds the discount rate. If yes, we are 
encouraged to continue the MFC. If NPV shows a negative value, we can say that the 
project’s return is lower than the discount rate. Hence, we may stop the project as the 
cost is beyond their profit. This discount rate is basically equal to the cost of capital, 
and it is considered the minimum required rate of return. The cost of capital is the 
average return that a company must pay its long-term creditors and shareholders if 
the MFC producer wants to do it in a considerable capacity. 

For IRR analysis to work for MFC, we need to compute the discount rate of all the 
investments that will cause the net present value of an investment to be zero[19]. The 
principle is, if IRR is equal to or greater than the minimum required rate of return, 
we may continue the project. If the rate is lower than the minimum required rate of 
return, we may discontinue or reject the project. This IRR works well if a project’s 
cash flows are consistent year-round. It will be difficult to calculate if the cash flow 
figures are not consistent yearly. A trial and error process must be used to find the 
internal rate of return. However, the rationale and choice of the discount rate is the 
most challenging part [20]. 

Therefore, a few other simple investment analysis tools can be used to measure 
the return of MFC, such as payback period and simple rate of return. The payback 
period analysis focuses on the payback period, which is the length of time it takes for 
a project to recoup its initial cost out of the cash receipts (inflows) that it generates. 
The formula is by dividing the required investment with the annual net cash inflow. 
However, the payback period does not consider the time value of money. On the 
other hand, a simple rate of return focuses on net operating income generated by the 
MFC. The formula is by dividing annual incremental net operating income by the 
initial investment. 

The above analysis technique is the theoretical part to ensure that the MFCs 
manufacturers or producers have a profit from their huge investment. But research and 
development play a main role in reducing MFCs. As noted in the previous study, MFC 
have an extraordinarily high capital cost, the limited power output of MFCs forestalls 
the scope for rapid market expansion. Accelerated research funding to enhance the
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efficiency of MFCs is expected to reduce the required cost. The market for MFCs can 
be considered at the infancy stage, especially for commercial utilization. It remains 
to take off as the renewables sector has many superior alternatives. 

In terms of cost for each material being used in MFCs, estimation by previous 
researchers indicates that the cheapest for HF-MFC would be at $1,543 or $4.55 in 
capital cost per mW generated [21]. In contrast, GB and CF electrode capital costs 
for assemblies would be 2.3 and 9.1 times higher per mW, respectively. Hence, many 
producers try to reduce the cathode costs. However, some researchers overlook the 
low cost of anode material. Anode costs are more than half of the total cost for MFCs 
to work[21]. A reduction in anode cost will significantly reduce the capital cost for 
MFCs to operate. Material proposed for the anode to be cheaper, such as copper, 
felt, stainless steel, and graphene [22]. A reduction in cost by using less expensive 
material for the anode does not necessarily reduce the power being produced. It was 
proven but still needs to be checked for further assessment [15]. 

In this case, they are looking for the minimal or reducing their budget for MFC as 
the primary purpose of MFC is to replace other power sources but, if possible, with 
less cost. The different materials may replace other less-cost materials such as using 
recycled/used food containers. 

In terms of the operational cost, it is lower than the capital cost. The capital cost 
for MFCS is 30 times higher than the method that uses activated mud. The operating 
expense can be reduced by recovering great-value substances such as Cr or other 
metallic elements. The cost varies according to the design and the type of method 
of the MFCs. Henceforth, the important thing for workable wastewater care with 
electricity manufacture requires capital cost and operational cost to be in balance all 
the time. 

The other way to reduce the operational cost is by using low sludge generation for 
MFCs instead of activated or anaerobic bacteria. The existence of more contaminants 
in the wastewater can be tackled by applying preliminary remedies by the researchers. 
Further technical challenges, such as electrode spacing out can be resolved by using 
MFCs connected in sequence. It will reduce the electrode distance and maintain 
the working volume. Another problem faced by the MFC is that the power masses 
generated cannot meet the needs of the needy to treat the sewer water treatment 
because the output energy is less than the input power. 

Anaerobic bacterial digestion in MFCs is essential for renewable power produc-
tion and waste remediation. It is clean power and may reduce the compensation 
expense of electricity due to no drying and recirculation process. It also cuts the sludge 
treatment cost because it reduces sludge formation. The aerobic activity creates a 
large amount of waste mud. Using anaerobic bacteria will lower the investment cost 
than using aerobic treatment since double systems are not needed in this process, 
namely water handling system and an extra system to manage and pull out the biosolid 
process. The last advantage is that anaerobic ingestion suggests a possibility for good 
nutrients [23]. 

For MFCs to provide a competitive offer in the market and give the best perfor-
mance to users, researchers need to discover the finest substances and system design 
of MFCs. It can be achieved by improving the voltage output, system efficiency,
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steadiness, and durability [23, 24]. The practicality of the MFCs in real-life appli-
cations is also vital, as the MFC can work individually in a simple workstation near 
the office or at home for a single user. 

4 MFCs from an Economic Viewpoint 

The latest report by GlobeNewsWire 2021 reveals that the wastewater treatment 
industry will remain the critical necessity generator for the next few decades. Even 
though commercial fuel has been widely accepted for the transportation industry, 
research and development regarding MFCs continues due to the interest of companies 
in the fuel cell area. There are many opportunities to explore to make the MFCs more 
beneficial, longer sustainable, and cheaper in the future. There are growing efforts 
towards exploring the possibilities of many applications and materials to maximize 
fuel cell efficiency, uplifting the prospects of other fuel cell categories like MFCs. 
It is projected that the MFCs market is set to exceed USD15 Million by the end of 
2025. It is also quoted that the wastewater treatment worldwide costs about USD28-
30 billion yearly, and it has become a massive opportunity for MFCs manufacturers 
to work. On the other hand, global MFCs market revenue for 2020 was only around 
USD9.76 million. 

North America and Europe are among the continents that reflect the good growth 
potential of MFCs, with mediator MFCs ruled supreme over other fuel cell segments 
in 2020. European countries had started and progressively researched the develop-
ment of MFCs for industry utilization. The Asia Pacific itself recorded the maximum 
revenue share in the global MFCs market for 2020. China and India are expected 
to maintain the top countries in the Asia Pacific for MFCs landscape. Leading 
industry players include Protonex Technology Corporation, Emefcy, ElectroChem 
Inc, Cambrian Innovation In., and Triqua International. Global MFCs market from 
2018 until 2023 with a five-year annual trend analysis highlights the market size and 
share for North America, Asia Pacific, Europe, and the rest of the world. It shows that 
the market for MFCs is expected to increase from year to year at ~ 9.00% compound 
annual growth rate. 

It is also due to the Covid-19 pandemic, whereby all the MFCs research activi-
ties, pilot testing, and other experiments were tremendously active during the initial 
months of 2020. Covid-19, which started in Wuhan, China, had chaos, and many 
people needed to work from home. Workers need to change their daily lives and 
working environments immediately, by force, or support. As MFCs can be tested at 
home as well, the workers may start the MFCs process at the back of their house or 
in some specific area nearby. 

An enhancement of the MFCs market’s strong development is also due to strong 
support from the government, industry, and all related entities to have green fuel 
aids. In addition, to have a sustainable fuel to substitute non-renewable fuels such 
as petroleum and gasoline. All the non-renewable and limited resources available 
will create a global energy crisis if there is no action to find energy substitutes for
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daily and industry usage. Even now, the non-renewables resources are dwindling at 
an alarming pace, which makes people worried about the future. 

MFCs consumption for wastewater treatment usage also helps in regaining 
microbes and bacteria appropriate for use as a feedstock for electricity power. Market 
research future had indicated a summary of MFCs market applications by type, end 
user, and region. It shows that MFCs can be used as power generation, wastew-
ater treatment, and biosensor applications in the agriculture and food and beverage 
industries, as well as government and municipal departments. It is famous on five 
continents worldwide, especially in North America, Europe, Asia Pacific, the Middle 
East, and Africa, and the last one in South America. 

In the local context, Malaysian researchers started MFCs a few years back, with 
any research done in a laboratory and on a small scale. If we look at the Environmental 
Performance Index, it seems that Malaysia was ranked number 55 for water and sani-
tation. Overall, Malaysia was placed at 77 out of 180 countries in the Environmental 
Performance Index for Malaysia 2018 report, and it had improved into 59th place 
(improved by 18 rank). It shows that the country can be improved of its aspects to 
have a good rank in the future. One of them is improving and implementation of 
MFCs technology for wastewater treatment and electric power supply. 

5 Conclusion 

The chapter proves that MFCs may become an alternative solution to conventional 
electrical power supplies for many applications. In addition to their sustainable and 
green nature and a reduced carbon footprint, their integration into a better econom-
ical material or hybrid process may reduce the capital and operational costs as they 
reduce electricity consumption. An efficient and practical application of MFCs will 
improve the sustainability of MFCs application in the wastewater treatment process 
and biosensor. MCFs may integrate with other technologies of water treatment that 
can be explored in the future. The most important thing is that MFCs are practical to 
be used despite uncertainty in the future. From the economic perspective, it has been 
noted that MFCs are accepted for its benefits to replace the conventional electrical 
supply. Still, the capital and operational cost is haunting it to spread the application 
in many industries. However, the market of MFCs as large as billions of monies 
was spent on catering to the water sludge. MFCs are widely accepted in many coun-
tries that plan to replace their scarce natural energy supply with other substitutions. 
Perhaps, in the future, MFC will be one of the leading energy supplies to many 
people worldwide, especially in countries with limited non-renewable resources. 
Next, research on the development of cheaper MFC with more efficient ways of 
storing energy in capacitors can be suggested to boost the power accessibility for 
the wastewater management process. It should have a superior revitalization value 
due to the superior capital cost. A more extensive function of MFCs, especially in 
the industry, is another area to explore with innovative resources and methods that 
improve MFCs performance.
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Abstract The Vision for Shared Prosperity 2030 and the Sustainable Development 
Goal in SDG 4 is to make Malaysia a country that continues to develop with a 
fair, equitable and inclusive economic distribution at all levels of income groups, 
ethnicities, regions and supply chains. Malaysia National Blueprint (2013–2025) 
emphasizes Environmental Education (EE) among pupils in preparation to provide 
better job opportunities as well as to enrich the economic prosperity in ensuring 
future social and economic well-being. The chapter covers the topic of integrating 
the Microbial Fuel Cell (MFC) as a potential green technology in enhancing the 
energy recovery in EE is to enhance secondary schools pupils’ awareness, as well 
as to make EE well accepted among young generations as the informal learning and 
close to the nature and including helping change attitudes and mindsets of human 
resources, particularly among young generations.
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1 Introduction 

Since the last century, it is becoming increasingly apparent that human activities 
have made a significant impact on all the ecosystems worldwide. Today, humans 
have to deal with a huge range of economic, social and environmental problems 
that are the consequences of their interactions with the natural world [1]. Some of 
these problems, such as climate change, biodiversity loss, ozone depletion and food 
scarcity, are closely linked to the exponential increase in human population, rapid 
economic development, industrialization, urbanization and various kinds of pollution 
[2]. 

The same phenomena is also happening in Malaysia. As Malaysia strives to 
become a developed nation by 2020, the increase of industries and rapid development 
has given rise to various environmental problems such as atmospheric pollution, water 
pollution, coastal pollution and loss of biodiversity [3]. Indeed, the current generation 
is witnessing an unprecedented economic growth and technological advancement 
which may have benefited a lot of people, but have also caused detrimental social 
and environmental consequences [4]. People have started to neglect the importance 
of maintaining the balance of the natural world, as technology slowly plays more and 
more significant roles in every aspect of their lives [5]. One of the ways suggested 
by the renowned independent global non-profit conservation organization, the World 
Wildlife Fund (WWF) [6], is to create awareness via environmental education (EE). 

2 Sustainable Development, Education for Sustainable 
Development (ESD) and Environmental Education (EE) 

To address the environmental problems, humans need to adopt sustainable ways while 
continuing to develop as a race. In other words, humans need to develop sustainably. 
The term “sustainable development” was first used in the 1960s and its concepts 
and guidelines gradually developed and brought to prominence over time during 
many United Nations conferences and summits from the 1970s to the 2000s. Ulti-
mately, the definition for this term that is widely accepted today is “development that 
meets the requirements of modern day without jeopardizing the capability of future 
generations to meet their own requirements” [7]. The understanding of sustainable 
development must also take green (economic) growth and human development into 
consideration. Green growth has been identified as an effective way towards sustain-
able development by fostering economic growth and addressing environmental prob-
lems. However, human development is also important and should not be overlooked, 
because sustainable development is also an issue of social justice, whereby the poor 
and marginalized often feel the impact of environmental degradation and climate 
change. In other words, the key issue in Sustainable Development is the need to look 
into social–ecological relations as well. Eventually, the birth of the 2030 Agenda and 
the SDGs becomes crucial steps towards human development for everyone [7].
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With the aim to evaluate sustainable development around the world, a set of global 
Sustainable Development Goals (SDGs) that consists of 17 goals and 169 targets 
was proposed by the Open Working Group created by the United Nations General 
Assembly [8]. One fundamental part of the 2030 Agenda and SDGs is the recognition 
of the crucial role that education and ESD play, especially in providing the required 
platform and mechanisms for all humans to be active agents of change [7]. 

In the effort to promote sustainable development through education, the term 
Education for Sustainable Development (ESD) was defined, described and explained 
in the 40-chapter Agenda 21 during the United Nations Conference on Environment 
and Development, also known as the Earth Summit, in Rio de Janeiro in 1992. Here, 
education was agreed to be crucial in achieving sustainable development via all 
the action areas described in Chapter 36 which call for efforts to enhance learning 
opportunities by dealing with unsustainable practices and encouraging the quality of 
life around the world [7]. 

Subsequently in 2015, the United Nations Educational, Scientific and Cultural 
Organization (UNESCO) put ESD to the fore at the 2030 Agenda for Sustainable 
Development and its seventeen SDGs. Among the many targets set by UNESCO, ESD 
was emphasized in Target 4.7 with the statement, “By 2030, all learners are ensured 
to obtain the knowledge and skills required to encourage sustainable development 
through ESD, human rights, gender equality, culture of peace and others” [9]. 

From the perspective of sustainable development, ESD is based on the values 
and principles that scaffold sustainable development by preserving the five pillars of 
sustainability, namely environment, economy, society, peace and partnership. ESD 
also needs to integrate crucial sustainable development issues and concepts, such as 
climate change, biodiversity loss, food security, disaster management and resource 
efficiency, into every form and level of teaching and learning [9]. 

From the view of education, ESD is a dynamic concept that includes a new vision 
for a type of education that aspires to empower people from all walks of life to uphold 
the responsibility of making a sustainable future. Therefore, ESD enables everyone 
to obtain the knowledge, skills, attitudes and values required to create a sustainable 
future. ESD also empowers students to make wise decisions and act responsibly for 
the environment for present and future generations. ESD also equip learners to seek 
solutions to problems that endanger the sustainability of our planet [7]. 

However, frustration grew when it was noticed that ESD did not advance quickly 
enough, partly because nobody had taken actual responsibility for ESD nor raised 
ample funds to promote it, and partly because nobody knew the way to commence 
ESD. Subsequently, UNESCO was assigned as the Task Manager for Chapter 36 
of Agenda 21, which places education as the focus. Soon, UNESCO started to 
merge various forms of education, which includes environment, population and 
development, into one unified concept of ESD. Thereafter, UNESCO defined EE 
as “an interdisciplinary educational approach with the aim of developing knowl-
edge, skills, values and ethical behaviour favouring an improved quality of life and 
of the environment as a whole” [7]. 

Therefore, it is evident that the roots of ESD are firmly planted in EE. In its short 
25-year history, EE has gradually but steadily taken its steps towards achieving goals
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and outcomes similar to those integral to sustainable development [7]. EE has gained 
international recognition since the 1970s. From the 1977 Tbilisi Declaration, EE was 
defined as a learning process that improves people’s knowledge and awareness for 
the environment and related challenges, develops the required skills and expertise 
to overcome the challenges and nurture attitudes, motivations and commitments to 
make wise decisions and act responsibly [10]. 

After the 1977 Tbilisi Declaration and the following UNESCO conferences, many 
countries around the world, such as Egypt [10], Taiwan [11], Greece [12], Serbia [13] 
and Malaysia as well [14], used the guidelines in the Declaration to develop EE in 
their countries [12]. Some countries carried out EE programs while others implement 
EE into the national curriculum, either as a separate subject or cross-curricular. 

Despite all these countries reporting the implementation of EE in their countries, 
the effectiveness of their EE measures or programs has often been overlooked. Hence, 
there is a dire need to evaluate the effectiveness of EE in all these countries; the same 
goes to Malaysia. In order to properly gauge the effectiveness of EE in Malaysia, we 
must first understand the level of EL among Malaysian students [15]. 

3 Environmental Education (EE) Around the World 

Students of today will bring an enormous impact on the environment of tomorrow. 
Hence, the integration and institutionalization of matters pertaining to sustainable 
development into EE is more relevant than ever. Thus, it is imperative to measure the 
EL of students and seek ways to instil pro-environmental behaviour in them via EE 
[16]. In Turkey, [17] did a review on the EE research in Turkish primary schools. By 
referring to prior literature, the authors stated that the Turkish government started 
to pay heed to environmental issues in the 1960s and approved the first environ-
ment protection policy in the 1970s. Subsequently, the Ministry of Environment was 
formed in 1991. These developments influenced the national curricula by forming a 
political climate in which EE could develop and acquire support from the govern-
ment. Following the environmental laws that developed from the 1982 Constitution 
that focused on environmental issues, courses related to the environment began to 
emerge in the national school curricula. On top of that, a number of national “edu-
cation for the environment” projects were started in primary schools in the 1990s. 
The importance of EE was then highlighted in the 1994 Seventh Five Year Develop-
ment Plan Environment Commission’s report. Soon, dissertation studies on EE in the 
middle schools also began. In 1993, the Turkish Environmental Education Founda-
tion (TURCEV) was formed, and it launched even more EE projects. Efforts to join 
the European Union (EU) since the 1990s have also helped to increase EE activities 
and projects in schools nationwide. For the national curricula, the Turkish primary 
school science curricula developed in 1992, 2000 and 2004 has seen an increase in 
emphasis on environmental topics by including more and more related topics as the 
curricula underwent reforms after reforms.
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In Greece, the Ministry of Education has introduced EE programs as part of a 
variety of optional educational programs in secondary schools that are carried out 
outside the school timetable [18]. The ministry has also established Environmental 
Education Centres (EECs) in which schoolteachers are recruited to develop, organize 
and carry out Environmental Education Programs (EEPs), seminars, materials and 
experiences for school students as well as teaching staff with the aim of raising their 
environmental awareness. These programs are carried out at the EECs themselves 
and/or outdoors at specially chosen places such as nature reserves, botanical gardens 
and agricultural areas [12]. 

In the United States, the current EE was preceded by three movements, namely the 
Nature Study movement in the 1890s, the Outdoor Education movement in the 1920s 
and Conservation Education movement in the 1930s. Philosophies from these move-
ments are still important aspects of EE today. Decades later, events in the 1960s and 
1970s such as environmental catastrophes like oil spills and the passing of legislation 
notably the National Environmental Policy Act of 1969 influenced contemporary EE 
principles. Then in 1970, President Nixon launched the Environmental Protection 
Agency (EPA) and passed the 1970 National Environmental Education Act, which led 
to the formation of the Office of Environmental Education and the first government-
sponsored definition of EE. Then in 1971, EE was reinforced with the formation of 
the National Association for Environmental Education (NAAEE). However, the EE 
movement encountered major setbacks caused by political agendas in the 1980s but 
regained momentum in the 1990s when the 1990 National Environment Education 
Act was passed. Then, EE had its ups and downs in the political arena since 2000 
to the current day, from the reintroduction of the 2001 No Child Left Behind Act 
that caused teachers to focus less on EE to the 2008 No Child Left Inside Act that 
ensured students achieve basic EL. Eventually, when President Obama signed the 
2015 Every Student Succeeds Act, EE programs finally received federal funding for 
the first time. In short, EE in the United States has been very inconsistent due to 
politics and finally regained attention in recent years [1]. 

According to [19], Taiwan is the 6th country in the world that enacted a law for EE 
in June 2011 and the Environmental Protection Administration (EPA) is assigned to 
be the statutory authority of the Environmental Education Act (EEA). This act devel-
oped a regulation that requires every student and teachers in primary and secondary 
schools to take part in any type of EE programs every year. Therefore, schools must 
include EE programs into the school calendar according to the guidelines by their 
Ministry of Education. 

Other than Taiwan, Japan and Korea are another two Asian countries (out of 
the eight worldwide) that have enacted an Environment Education Act (EEA), as 
of 2019. According to [20], Japan enacted it in 2003 and revised it in 2011 while 
Korea enacted it in 2008 and revised it in 2015. These 3 countries have pioneered EE 
efforts around the world. In Japan, lawmaker-initiated legislation enacted their EEA 
titled “Act for Enhancing Motivation of Environmental Conservation and Promoting 
Environmental Education” in July 2003 under the jurisdiction of five ministries. A 
revision was made in June 2011 that included growing the needs of EE in schools 
and the title was changed to “Act on the Promotion of Environmental Conservation
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Activities through Environmental Education” or APEE. In Korea, the “Environmental 
Education Promotion Act of Korea” or KEEPA was enacted in 2008. KEEPA has 
since served as a legal framework for EE policies in Korea and has also provided 
legislative instruments for EE there. Under the collaboration of the Ministry of Envi-
ronment and the Ministry of Education, KEEPA aims to promote EE and sustainable 
development via formal EE. Similar to Greece, KEEPA has supported informal EE 
by establishing EE centres at the national and regional level. In short, KEEPA covers 
both formal and informal EE while the national curricula focus on formal EE. 

In Serbia, [13] found that Serbian students lack the knowledge to contribute to 
the development of healthy lifestyles and environmental awareness despite Human 
Health and Preservation of the Environment being two integral topics in the Serbian 
primary school curriculum. The authors studied the challenges faced while imple-
menting the intended curriculum of Environmental Education in Serbian primary 
schools. One of the biggest challenges is that the core content being taught, mostly 
via science subjects, was mostly geared towards the cognitive dimensions, resulting 
in less focus on the students’ pro-environmental attitudes and behaviour. However, 
the latest changes in the primary school policy and curriculum that acknowledges the 
significance of Environmental Education can be deemed as progress while awaiting 
changes in school practise. 

In Israel, according to [21], environmental issues have already been embedded 
into the national curriculum in Israel since the 1970s, via both infusional and impo-
sitional methods. The infusional method refers to the combination of environmental 
topics and units within other subjects of the national curriculum while the imposi-
tional method refers to the study of environmental topics as an elective subject going 
into the matriculation exams. In recent years, the increase in public environmental 
awareness led to the increase in governmental commitment to improve EE in the 
public educational system. This is reflected by the increase in schools that embed 
EE into their curriculum. Looking back, in 1994, the Ministry of Education (MOE) 
stated that every school was required to put environmental topics in school activities. 
In 2003, the MOE set out guidelines to integrate sustainable development principles 
into the EE in the educational system. Then in 2007, the MOE asked primary schools 
to dedicate at least 30 hours of EE in their school year annually. 

Karimzadegan and Meiboudia [22] did a review on the EE in Iran. According to 
the researchers, Iran’s record of formal environmental training can be found in the 
initial educational programs by their Ministry of Education (MOE). For instance, 
since the 1980s environmental subjects have begun to be included in Iran’s educa-
tional programs while environmental topics are found in subjects such as science, 
geography and biology in the national curriculum. The educational programs are 
backed up by textbooks approved and published yearly by the MOE which are used 
in every school in Iran as their formal books. 

This brief review of the implementation of EE in various countries shows that 
EE is carried out differently in different countries. Some countries integrate EE in 
their national curriculum while others carry out EE as programs, school activities and 
elective subjects. Nevertheless, each country has shown improvement in the intention 
and implementation of EE to raise EL as the way to solve environmental problems.
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4 Benefits/Effects of Environmental Education (EE) 
Programs 

In Taiwan, [11] studied the effects of an EE program on the Responsible Environ-
mental Behaviour and its related Environmental Literacy variables of Taiwanese 
college students. The results of the study revealed that there is a significant improve-
ment in the students’ Responsible Environmental Behaviour, Intention to Act, 
Perceived Knowledge of Environmental Issues, Skills in Using Environmental Action 
Strategies and so on after the Environmental Education Program. In this study, a 
quasi-experimental design was used, whereby 121 voluntary students were sepa-
rated into an experimental class and a control class. Both classes went through 16 
weeks of Environmental Education instruction, delivered by the same instructor. The 
purpose of the study was not revealed to the students so that the Hawthorne effect 
can be decreased to the minimum. A pre-test was conducted for both classes and it 
showed no significant differences between them. At the end of the instruction, a post-
test was carried out to test the effects of EE on the students’ EL. Two months after 
the end of the course, a follow-up test was carried out to gauge the continuous effect 
of the course. An analysis of covariance (ANCOVA) was carried out to analyze the 
immediate effects of educational intervention to promote EL in students by taking 
the pre-test scores as the covariates and post-test scores as the dependent variables. 
A paired t-test was then done to analyze the continuous effects on the students’ 
EL variables in the experimental group. The results show that the EE program has 
successfully increased the students’ Responsible Environmental Behaviour (REB), 
Environmental Responsibility, Intention To Act, Perceived Knowledge of Environ-
mental Issues and Skills in Using Environmental Action Strategies. These effects 
were still retained 2 months after the program has ended. 

In Egypt, [10] studied the effects of an EE program on the knowledge and attitudes 
of preparatory school students in Alexandria, Egypt. The results of the study showed 
that after six sessions of EE sessions, students had a very significant improvement in 
their knowledge and attitudes towards the environment. The authors also emphasized 
on the need to develop and implement EE programs as part of the regular school 
curriculum. This study was carried out in three phases. In phase one or the pre-
intervention phase, 543 preparatory school students chosen by stratified random 
sampling took a questionnaire that included socio-economic level, environmental 
knowledge and attitude towards environmental concepts. In phase two or intervention 
phase, 150 out of the 543 students underwent the EE program that lasted 6 sessions 
of 30 min lecture and 15 min discussion, twice a week. In phase three or post-
intervention phase, the students were asked to answer the questionnaire again. The 
results showed that initially students had low environmental knowledge and negative 
attitude. These were positively correlated to the socio-economic level of the students. 
However, these significantly improved after the intervention of the EE program, 
therefore highlighting the need for such program as part of the school curriculum. 

In Portugal, [23] carried out a study on the influence of both an EE project 
and commitment interventions on the conservation behaviours in teenagers. The EE
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project named “SOS Climate Change and Biodiversity” took place in the Botanic 
Garden of Lisbon University because real settings let participants relate environ-
mental problems to their everyday lives. In this study, a total of 418 students aged 
from 11 to 15 years (6th–9th grade in Portugal) from 21 classes from 4 different 
Lisbon schools were invited to take part. The students were split into 2 groups to test 
the effectiveness of the EE project. Group 1 consisted of 12 classes (248 students) 
who took part in the EE project while Group 2 comprised 9 classes (170 students) 
who served as the control group. To test the influence of commitment on behaviour, 
136 students (80 from group 1 and 56 from group 2) signed a public commitment to 
save water and energy at home for a month. Another 135 students (80 from group 
1 and 55 from group 2) signed a private commitment while 147 students (88 from 
group 1 and 59 from group 2) did not sign any commitment. MANOVA (Multivariate 
Analysis of Variance) tests were used to compare students with EE and without EE 
against 3 types of commitments. The results showed that students with EE saved 
more energy than those who did not while students who signed the public commit-
ment saved more water than those who did not. Therefore, these results suggest that 
combining EE and signing public commitment can be used as an effective tool to 
encourage pro-conservation behaviours among teenagers. 

Back in Malaysia, [24] studied the perceptions of students of using an EE Kit 
developed by the World Wildlife Fund (WWF) Malaysia in their schools. Their 
study involved 14- to 16-year-old students from 3 schools in the states of Pahang, 
Kuala Lumpur and Kedah; one urban and two rural. In their qualitative analysis, it 
was found that the majority of the students interviewed had a positive perception, 
which also means that they welcomed the usage of the EE kit in their schools as 
a supplement to the EE component already in their national curriculum to enhance 
their understanding of environmental issues. However, most of them opined that the 
content in the EE kit is not sufficient and they hoped WWF-Malaysia would improve 
the EE kit. Some others also stated that even the EE component in their national 
curricula is not enough to raise their EL. Therefore, from this study the researchers 
concluded that an enhanced version of the EE kit would serve as an important tool to 
supplement the already insufficient EE in the national curriculum in order to improve 
the EL of students in Malaysia. 

5 The Role of Environmental Education in Malaysia 

Education plays a key role in developing public knowledge and awareness of all 
kinds of issues; the same goes for environmental issues [25]. Through EE, we can 
develop a more environmentally literate citizenry who will be able to address various 
environmental challenges and problems [26]. Therefore, it is undeniable that schools 
around the world play an important role to deliver EE to students with the aim 
of nurturing them into citizens who are sensitive towards issues pertaining to the 
environment [15]. Therefore, the goal of EE is to improve students’ environmental 
literacy by increasing their knowledge, cognitive skills, attitudes and behaviours. 
Each of these components needs to be developed so that a citizenry, who can address
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the recent and future global environmental issues, can be developed [1]. In addition, 
the aims of EE include fostering students’ environmental awareness and ability to find 
solutions for various environmental problems by imparting knowledge to change their 
beliefs, attitudes and behaviours towards the environment [27]. On the other hand, 
in the framework of international agendas, the 17 Sustainable Development Goals 
(SDGs), as a current international political framework, are proposed as a collection of 
global aspirations aimed at attaining a sustainable future. In this international agenda 
it is recognized that education plays an extremely relevant role. Nevertheless, it is 
convenient to remember that although this agenda is pertinent to prepare our future 
through the implementation of urgent educational interventions, we cannot ignore 
the fact that the problems we are facing as humankind are the direct result of the 
dominant economic system and its social and environmental unsustainability. 

Despite undergoing rapid industrialization towards becoming a developed nation, 
Malaysia has always tried to balance its economic and social development with 
environmental preservation. The country believes, other than carrying out environ-
mental protection measures, in improving our national education system as part of our 
national development is also a very important step because education is a powerful 
tool that can shape future citizens to support environmental conservation [4]. 

Although EE has long been introduced globally since the eighteenth century, it 
is considerably new in Malaysia, which started in the year 1979, whereby a variety 
of plans and programs have been carried out to produce an environmentally literate 
society in Malaysia, involving schools, local and international community [28]. Glob-
ally, children acquire their environmental knowledge and attitudes mostly via the 
public-school curricula and not via specialized Environmental Education programs 
[29]. The same applies to Malaysia. 

The history of EE actually began with the formation of a cabinet committee in 1974 
to review the National Education Policy of Malaysia. Subsequently, the results of the 
committee report were published in 1979 to determine the implementation of EE in 
the structure of new curricula, KBSR for primary schools, and KBSM for secondary 
schools, which began in 1982. Then, from 1982 to 1994, the subject “Man and Nature” 
was implemented as a subject that emphasize on environment in primary schools, 
but it included elements of history, geography, science, health and civic education. 
It was then replaced with science and local studies from 1995 onwards. In 1998, the 
curriculum development centre, the Ministry of Education Malaysia established a set 
of guidelines for teachers to teach EE by publishing a book titled “KBSR Teacher’s 
Handbook: Environmental Education across the Curriculum”. EE teaching strategies 
in Malaysia are executed through teaching and learning in the classroom and also 
outside the classroom. In the classroom, the element of EE is integrated in every 
subject taught in the school, such as Science, Mathematics, Music, English and 
Islamic Education, thereby imparting environmental knowledge, proficiency, skills 
and inculcating environmental values and attitudes in students [28]. 

Besides formal education taught in the classroom, EE was also integrated in co-
curricular activities, such as activities of societies and clubs, sports and games and 
uniformed units activities. The teachers-advisor will integrate pro-environmental 
values and attitudes in the activities carried out. However, although more than 30
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years have passed, the environmental awareness and attitudes towards the environ-
mental sustainability among Malaysians are still very low, compared to other devel-
oped countries such as Japan, South Korea and Australia, despite Malaysia has been 
striving to become a developed country by the year 2020 [28]. 

According to [5], EE had been carried out formally by governmental organizations 
in Malaysia, such as the Ministry of Education (MOE) in collaboration with other 
government agencies such as the Department of Environment (DOE) and the Ministry 
of Higher Education (MOHE). Non-formal ways have also been carried out by non-
governmental organization (NGOs) such as Environmental Protection Society of 
Malaysia (EPSM), the Environmental Management and Research Association of 
Malaysia (ENSEARCH), the Malaysian Nature Society (MNS) and World Wildlife 
Fund (WWF) Malaysia by raising environmental awareness through campaigns and 
publishing and distributing handout materials to citizens. Apart from disseminating 
information about the environment, these NGOs tend to be more action-oriented 
compared to the more formal ways by the governmental agencies. [28] also suggested 
outdoor education as one of the best ways to teach people especially young children 
about the environment as it is a hands-on education and learning through experience. 

6 The Environmental Education Element of Secondary 
School Science Curriculum in Malaysia 

EE in Malaysia is not something new as it has been implemented formally or via non 
formal ways for many years. Nevertheless, the onus should always be on the educa-
tional institutions in Malaysia i.e., schools, colleges and universities to implement an 
environmental syllabus [4]. Even for higher education, the Teacher Education Divi-
sion (TED) have EE as a compulsory subject with credit hours for preservice teachers 
to complete before they can graduate at Teacher Training Institutes (TTI) or Institusi 
Pendidikan Guru (IPG) in Malaysia. This is to prepare them to deliver EE effectively 
when they begin their teaching career at schools later [5]. For formal education from 
primary to secondary schools in Malaysia, EE is not taught as one single subject like 
the one in TTIs, but as a cross-curricular component across all subjects and every 
level of education [15]. For example, there is at least one topic dedicated to envi-
ronment preservation in every KSSR English syllabus from Primary 3 to 6, which 
deals with environmental issues such as pollution, recycling and biodiversity loss. 
However, EE will be more focused in subjects like science and geography when 
students go to secondary school [15]. 

Ministry of Education Malaysia has included an environmental education compo-
nent in the Science and Geography subject curriculum. In the latest Lower Secondary 
Schools KSSM syllabus, EE is only briefly addressed in Form 2 Science Chapter 2 as 
subtopics, namely Subtopic 2.3: Interdependence and Interaction Among Organisms 
and between Organisms and the Environment and Subtopic 2.4: Role of Humans in 
Maintaining a Balanced Nature [30]. In contrast, for the brand new Upper Secondary
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KSSM syllabus, an entire chapter is dedicated to EE in Form 5 Science and Form 
5 Biology, albeit slightly later than the preceding curriculum. In comparison, the 
chapter was taught earlier in Form 4 Science in the preceding curriculum. In the latest 
Form 5 Science syllabus, this dedicated chapter is in Chapter 3, entitled Sustainability 
of the Environment [30]. As stated in the curriculum specifications document, one 
of the objectives of the lower secondary Science curriculum, as well as the upper 
secondary Science curriculum, is to create awareness that the development of science 
and technology has an implication on the moral, social, economic and environmental 
issues in the local and global context [30, 31]. As for the learning standards, only 
two that are related to EE can be found in the lower secondary Science curriculum, 
which is shown in Table 1. 

As for the upper secondary curriculum, the whole dedicated chapter to EE in Form 
5 Science is comprised of a total of ten learning standards, shown in Table 2 (Table 3). 

By comparing the learning standards covered by the two syllabi of Science and 
Biology, it is notable that the lower secondary Science syllabus contains significantly 
less content (2 learning standards) on EE compared to the upper secondary Science 
syllabus (10 learning standards). This raises the question of whether this amount of 
EE content is sufficient to improve the EL of lower secondary students particularly in

Table 1 Learning standards in Chapter 2 of Form 2 Science KSSM syllabus 

Learning standards Students are able to 

2.3.5 Predict how the changes in ecosystem affect the existing resources and 
balance of the population 

2.4.1 Justify and communicate that man needs a stable and productive 
ecosystem to sustain life 

Table 2 Learning standards in Chapter 3 of Form 5 Science KSSM syllabus 

Learning standards Students are able to 

3.1.1 Explain the meaning of carbon footprint 

3.1.2 Research on a single use product of a person’s daily life 

3.1.3 Justify the reason carbon handprint is an appropriate method to help reduce 
the release of greenhouse gases in a person’s daily life 

3.1.4 Communicate and talk about the life cycle of a product 

3.1.5 Generate ideas to manage plastic waste wisely for the sustainability of the 
environment 

3.2.1 Explain the types and sources of pollution 

3.2.2 Find out the degree of water pollution caused by domestic waste 

3.2.3 Create a method to cleanse polluted water using green technology 

3.3.1 Justify the role of every individual in managing natural resources to 
maintain the balance of nature 

3.3.2 Debate the role of United Nations in managing environmental issues at the 
global level
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Table 3 Learning standards in Chapter 25 of Form 5 Biology KSSM Syllabus (Chapter Environ-
mental Sustainability) 

Content standard Learning standard 

25.1 Environmental Threats 25.1.1 Explain the meaning of environmental 
sustainability 

25.1.2 Analyze environmental threats: 
climate change 
deforestation 
pollution 
loss of biodiversity 
the explosion of human population growth 
global warming 
eutrophication 
(viii) global warming 

25.1.3 Experiment to compare the levels of 
biochemical oxygen demand (BOD) in different 
water samples 

25.2 Conservation, Preservation and 
Restoration of Ecosystems 

25.2.1 Define: 
ecosystem conservation 
ecosystem preservation 
(iii) ecosystem restoration 

25.2.2 
Justify the need: 
ecosystem conservation 
ecosystem preservation 
(iii) ecosystem restoration 

25.3 Practices in Preserving the 
Environment 

25.3.1 Generate ideas related to practices that 
contribute to environmental sustainability 

25.3.2 Discuss the status of food security in 
Malaysia 

25.4 Green Technology 25.4.1 Defining green technology 

25.4.2 Justify the use of green technology in 
conserving nature

elevating the students’ awareness, knowledge, affect and participation towards energy 
recovery. As for in the Biology subject, there is a presence of one theme regarding 
ecosystem and environmental sustainability in the KSSM curriculum of Biology. 
One of the contents standards integrated in this theme is the environmental sustain-
ability which emphasizes on threads to environment, environment conservation and 
preservation, practices in environmental sustainability and green technology.
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7 Green Technology as a Method to Increase Production 
of Renewable Resources 

One of the issues that are lacking in the current syllabus pertaining to renewable 
resources is the energy recovery. The usage of renewable sources to generate energy 
has been tremendously explored due to their apparent reputation and reliability for a 
sustainable energy production process. The principal aim of the utilization of renew-
able sources for energy generation is to mitigate the carbon footprint, and environ-
mental pollution in general, which eventually contributes to the establishment of 
sustainable living. Green technology can be one of the methods that can help in 
enhancing the process of renewable resources. 

The term ‘green’ refers to the special attention to protecting the environment, 
which includes the plants and animals that grow in it. While the term ‘technology’ 
refers to the application of knowledge for practical purposes. Green technology is the 
application of environmental science to conserve the environment and make good 
use of natural resources to minimize and reduce the negative impacts of human 
involvement. Green technology is also known as environmental technology or clean 
technology. Green technology also demonstrates the use of better, cleaner and more 
efficient technologies methods and devices that are less risky and less harmful to 
ecological resources. Green technology refers to products, equipment or systems 
that meet the following criteria: 

This reduces environmental degradation. 
It is zero or low emission greenhouse gas (GHG) safe to use and promote a healthy 
and improved environment for all form of life. 
This saves the use of energy and natural resources. 
This encourages the use of renewable resources. [32] 

Green technology is seen as a major platform to help preserve the environ-
ment [33]. Green Technology has become the portfolio of the Ministry of Energy, 
Green Technology and Water (KeTHHA) which was established on 9 April 2009. 
To strengthen the use of green technology in Malaysia, the National Green Tech-
nology Policy (DTHK) was launched under the Ministry of Energy, Green Tech-
nology and Water (KeTTHA) which emphasizes the aspects of driving the country’s 
economic growth and sustainable development. The National Green Technology 
Policy (DTHK) was launched by the former Prime Minister of Malaysia, Datuk Seri 
Najib Tun Abdul Razak in July 2009 which has four main pillars, namely energy, 
environment, economy and social. The National Green Technology Policy provides 
direction and motivation for the people. 

Malaysia continues to enjoy a good quality of life and a healthy environment. 
In line with the main objective of DTHK which is to increase education and public 
awareness on Green Technology and encourage the widespread use of Green Tech-
nology [34]. Green Technology refers to the development and application of prod-
ucts, equipments and systems to preserve the environment and nature and minimize 
or reduce the negative impacts of human activities [32].
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Green Technology is found to be able to generate energy at a cheaper cost as well 
as safe and user-friendly, thus making Green Technology has great potential as an 
alternative in driving national development. Green Technology focuses on four (4) 
main sectors namely; 

Energy Sector, for example: energy generation and energy supply management. 
Building Sector, for example: construction, management, conservation and 
destruction of buildings. 
Water and Waste Management Sector, for example: management and use of water 
resources, sewage treatment, solid waste and others. 
Transport Sector, example: transport infrastructure and vehicles. [32] 

According to [35], Green Technology is all tools, products and systems that can 
reduce environmental quality degradation, low or zero greenhouse gas emissions, 
save energy and natural resources, use Renewable Energy sources and safe for the 
environment. The field of Green Technology encompasses an ever-evolving group of 
methods and materials, from techniques for generating energy to non-toxic cleaning 
products [25]. According to [36], Green Technology describes energy generating 
technologies such as solar energy, wind energy and so on. This opinion is supported by 
[37] who stated that Green Technology is closely related to sustainable development, 
energy consumption at an optimal level as well as environmentally friendly and the 
search for new energy sources. While according to [38] Green Technology involves 
the exposure to the concept of sustainable living, the development of renewable 
energy sources, and the reduction of waste disposal. These three foundations are the 
basis for Green Technology in ensuring that the objectives of Green Technology can 
be achieved. 

8 Microbial Fuel Cell (MFC) as Green Technology 
in Treating Dewatered Sludge 

Microbial fuel cell (MFC) is an emerging environmental-friendly technology that 
employs microorganisms in wastewater as catalysts to oxidize organic and inor-
ganic substances into electrical energy via the bioelectrochemical catalytic activity 
of microbes [39, 40]. All metabolizable substrates can be a perfect substrate for MFC, 
and these are abundantly available in wastewater as shown in Fig. 1.

The presence of chemically and bioactive substituents in wastewater triggers 
concern for human health, aquatic ecosystem and environment, and this justifies 
that wastewater treatment is essential. MFC is evidently a developing and promising 
method to produce energy and treating wastewater, however, its implementation at a 
large scale necessitates scrutinized process control to produce sufficient energy and 
wasteless water residues. Dewatered sludge embodies a massive amount of energy 
reserve [41]. The sludge dewatering process is a common technique to enhance solid 
wastes removal from water by increasing the biomass solid content, and the overall
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Fig. 1 Type of MFC Sources Adapted with permission (CCBY)

process requires high energy usage as the solid deposits are exposed to high temper-
ature and pressure [42]. Therefore, the dewatered sludge must be utilized as a part of 
the energy cycle loop, to limit the leakage of the energy chain. [43] used dewatered 
sludge as a substrate for electrical power generation via MFC and reported that the 
highest chemical oxygen demand (COD) removal and voltage generated from the 
biomass were 149.2 mg/L and 852.7 mV. They also revealed that the yield for these 
two outputs can be optimized to up to 15% by setting the cell electrodes distance at 
2.93 cm, the moisture content was brought up to 31.99 v/w. %, and operating temper-
ature set at 38.05 °C. While MFC is still an emerging technique, the process energy 
efficiency and biomass utilization can still be optimized to facilitate zero biomass 
and energy excess. This energy leakage will eventually require post-processes to
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diminish the biomass and solvent residues, which in turn use up much more energy 
than the one produced by the MFC procedure. Scrutinizing the suggested activities 
under this topic, none introduce on the sludge treatment, MFC technology and how 
it can contribute to energy recovery. 

9 Conclusion 

From the literature review and document analysis done towards environmental educa-
tion element of secondary school science curriculum in Malaysia it can be concluded 
that MFC acts as a potential green technology in enhancing the energy recovery using 
the dewatered sludge in EE as well as enhance secondary schools’ pupils’ awareness 
towards energy recovery. The chapter emphasizes the important of making EE well 
accepted among young generations as the informal learning and close to the nature 
and including helping change attitudes and mindsets of human resources, particularly 
among young generations. 
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Potential Biodegradable Product 
from Dewatered Sludge 

Ku Ishak Ku Marsilla, Siti Amirah Alias, and Nur Fazreen Alias 

Abstract Currently, technical feasibility of producing value-added biopolymers has 
attracted vast attention among scientist, researcher and industry. Bioplastic can be 
derived from many feedstocks such as starch, cellulose, vegetable oils and vegetable 
fats. One of the efficient feedstock is dewatered sludge. Dewatered sludge contained a 
source of valuable compounds consisting of nutrients and minerals that can be recov-
ered before being discharged into the environment. This chapter presents a summary 
of collection of investigations and work done on potential evaluation of producing 
bioplastics through biodegradable polyesters synthesized by bacteria, present in 
sludge. A detail on different sludge such as agricultural waste, food processing 
industry, animal farming and municipal sewage are also presented and discussed. 
Alongside the summarized efforts, the advantage of bioplastic is introduced by high-
lighting its characteristic and properties, as well as emphasize on its potential and 
feasibility in many applications such as medical and packaging. 

Keywords Biopolymer · Bioplastic · Biodegradable polyester · Dewatered 
sludge · Sludge valorization 

1 Introduction 

Sludge is defined as a by-product of wastewater treatment plant where the plant 
treats the industrial wastewater using various processes (e.g., physical, chemical, and 
biological). On the other hand, dewatered sludge refers to the separation of sludge 
into liquids and solids for easier waste management for final disposal. Currently, 
sludge disposal is increasing significantly due to growing global urbanization which 
requires public and private sectors to re-evaluate their sludge disposal regulations.
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Generally, the amount of excess sludge accounts up to 50–60% of the total 
construction and operation expenditures in most wastewater treatment plants. Prior 
to disposal, it is crucial to reduce the sludge volume by solid–liquid separation. 
However, dewatering process is relatively difficult even at high pressure, due to the 
presence of organic components in the sewage sludge, mostly bacterial cells and 
extracellular polymeric substances (EPS), as well as colloidal and supracolloidal 
range particles [1]. 

Malaysia is no exception to the global trend of increasing sewage sludge volumes 
year by year. Malaysia produces roughly 3 million metric tonnes of sewage sludge 
each year, with that number predicted to rise to 7 million metric tonnes by 2022. 
Almost 50% of Malaysia’s sewerage systems are mechanized, while the rest rely 
on septic tanks and oxidation ponds. Several modern mechanized facilities have 
been modified with anaerobic digesters, which treat sewage sludge anaerobically to 
generate CH4, a valuable energy source for electricity generation [2]. Mechanically 
dewatered sludge has a solids content that normally ranges from 20 to 45% solids by 
weight; most methods create solids concentrations at the lower end of that range [3]. 
Chemical conditioners, such as polyacrylamide and surfactants, are used to improve 
the mechanical dewatering ability of excess sludge by flocculating the sludge particles 
and are effective in significantly lowering the filter cake moisture content [4]. 

Sludge management is now the most challenging and significant issue in wastew-
ater treatment plants as the traditional approaches such as stacking, incineration 
and composting have drawbacks, such as limited efficiency and high costs [5]. This 
chapter will provide an overview and discuss the utilization of sludge to achieve 
more sustainable sludge management. 

2 Potential of Bioplastic from Sludge 

Production of bioplastic only made up to 1% of 335 million tonnes of plastic produc-
tion in 2018 [6]. The examples of bioplastic produced are PLA, starch blend, PBAT, 
PBS, PHA, PHB and PHV. Price of bioplastic is relatively higher compared to 
petroleum-based commodity plastics due to the complex production [7]. For instance, 
production of PHA involved specially cultivated bacteria of fermented sugar, while 
production of PLA is greatly dependent on the raw material’s cost. Generally, bioplas-
tics can be manufactured by extraction, separation, followed by purification, for 
example starch, chitosan and cellulose. On the other hand, bioplastic such as PLA 
and PHAs are made via conventional chemistry, fermentation and extraction. 

2.1 Sludge from Agriculture Waste 

Figure 1 shows several renewable resources to produce bioplastic such as from plants, 
animals and microorganism. As in agricultural sector, bioplastics could be derived
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Fig. 1 Renewable resources 
of bioplastics. Reprinted 
with permission (CCBY) 

Renewable 
resources of 
bioplastics 

Plants 
Eg: starch, 
cellulose 

Animals 
Eg:chitosan/chitin, 

lipid, protein 

Microorganims 
Eg: PLA,PHAs 

Table 1 Classification of feedstocks 

Generation Description 

First Usually carbohydrate rich plants. e.g.: corn, sugarcane 

Second Non-food crops/by-products from first generation. e.g.: corn stover, sugarcane 
bagasse, wood, wheat stalks, palm fruit bunches 

Third Biomass from algae or industrial or municipal waste. e.g.: by-product from food 
industry 

from few generations of feedstocks (Table 1). Nevertheless, the waste from agricul-
tural sector also still has some values of starch and cellulose contents [8]. Agricultural 
waste is defined as non-economical substance produced by agricultural sector such 
as bagasse, peels, roots and fruit bunches. Previously, agricultural waste is simply 
disposed or subjected to composting to produce soil conditioner and nutrients for 
soil. Significant amounts of organic waste have been produced in agriculture sectors. 
Deriving bioplastic from agricultural waste poses several advantages such as reduce 
the cost of bioplastic and lessen the dependency of petroleum-based plastics. 

Currently, production of bioplastics is mainly from the first generation of feed-
stocks. For instance, polylactic acid (PLA) is commercially synthesized from corn 
and sugarcane via polycondensation of lactic acid or ring opening polymerization of 
lactide. The main source of starch is corn, while sugarcane is the source of sucrose 
for a larger production. The life cycle assessment (LCA) of bioplastics begins from 
cultivation, followed by harvesting, bioplastic production and end of life. Utiliza-
tion of first-generation feedstock, however, has several disadvantages compared to 
petroleum-based bioplastics and other generation of feedstocks. Intensive agriculture 
to plant first-generation feedstock requires dedicated agricultural land, competing 
with food plantation, high water demand and the usage of pesticide and fertilizer 
during cultivation [9]. Several agriculture wastes have been used in PLA production 
such as sugarcane bagasse [10], cassava bagasse [11] and empty fruit bunch [12]. 
These agriculture wastes act as cellulosic or starch substrate to undergo fermentation 
by various enzymes and bacteria. 

PLA production involves bioactivity of microorganism to convert agriculture 
product into monomers for polymerization. PLA has been used in various appli-
cations such as packaging, textile, agriculture, electronics and transportation. PLA is 
produced based on two processes, which are fermentation to extract lactic acid and 
polymerization. Previously, the carbohydrate rich sources such as corn, sugarcane 
undergo double step fermentation, firstly by enzyme to produce glucose, followed 
by fermentation to produce lactic acid (Fig. 2).
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Fig. 2 Double step fermentation process of biomass. Reprinted with permission (CCBY) 

Currently, saccharification and fermentation of cellulosic or starchy biomass could 
occur simultaneously in lactic acid production with the presence of inoculum and 
substrate degrading enzymes (Fig. 3) [13]. Advantages of simultaneous sacchar-
ification and fermentation of biomass are environmental friendliness, less energy 
consumption, lower production temperature and cheaper substrate’s cost. Commonly 
used microbial strain are Lactobacilli amylohilus, Lactobacilli salivarius, Lacto-
bacilli casei and Lactobacilli acidophilus [14, 15]. Generally, agricultural waste 
could be used to produce lactic acid, which eventually could be polymerized, 
producing PLA. 

Polyhydroxyalkanoats (PHAs) are other biopolymers derived from renewable 
resources. Grigore et al., define PHAs as intracellular microbial aliphatic polyester 
produced by various organisms as carbon and energy storage [16]. There are 
almost 150 different chemical structure of PHA have been reported. The classifi-
cation of PHAs is based on compositions, either homopolymers, heteropolymers 
and block copolymers. Examples of PHAs are polyhydroxybutyrate (PHB) and 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [17]. PHAs are known for 
their sustainability biodegradability, tuneable mechanical and thermal properties 
[18]. Agricultural waste is used as the substrate for the PHAs- microbial. After the 
microorganisms produced PHAs, extraction and purification of bioplastic are carried 
out. 

Besides PLA and PHAs, bioplastics from starch based and cellulose based also 
can be produced from agricultural waste. Several studies have been reported on the

Saccharification & 
Fermentation 

Bacteria, Enzyme 

Biomass/ 

Biowaste 
lactic acid/hydroxyl carboxylic acid 

Fig. 3 Simultaneous saccharification and fermentation process. Reprinted with permission 
(CCBY) 
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utilization of peel waste and lignocellulosic waste to produce bioplastic especially in 
film form [19]. Generally, the waste is subjected to pre-treatment such as acidification, 
alkalification or heat treatment to increase the cellulosic content and remove inorganic 
residue from the waste. The treated waste is then ground to smaller size prior to mixing 
with some additives such as binder, plasticizer and another matrix via solvent casting 
[20]. Table 2 shows the works reported in bioplastic production from agricultural 
waste.

2.2 Sludge from Food Processing Industry 

Among the industrial wastes, food processing industries has provided a significant 
environmental problem in terms of water, air and solid pollution. Food processing 
wastewater can contain large amounts of nutrients such as minerals, carbohydrate 
and protein, making it one of the most difficult and expensive wastes to manage 
[30]. In addition to recovering and removing protein from wastewater, the removal 
of these proteins offers advantages, considering the high demand for these proteins 
for pharmaceuticals and food additives [31]. Membrane technology and adsorption 
are the common techniques that have been investigated for protein recovery from 
wastewater [32]. The challenge remains in finding an effective method of recycling 
waste proteins. 

In particular, food canning industries contribute to the production of wastewater 
which include fruits and vegetables canning and preserving, fish, meat and poultry 
products, dairy products and fats and oils. An emerging environmentally friendly 
and cost-effective alternative to plastics, on the other hand, is based on the use of 
protein, which can be easily processed for a variety of applications. Furthermore, 
protein may be harvested at a low cost from a variety of natural sources. Protein from 
animals such as gelatin, keratin, casein, blood meal [33, 34] and myofibrillar also are 
being reported in the literature for biomaterial applications including thermoplastics 
and biocomposites. 

Protein is a polymer made up of chains of amino acids which are covalently bonded 
through peptide bonds. The protein content is one of the major factors that affect the 
transformation of the material into thermoplastics. Cuq et al. (1998) defined protein as 
natural polymers which are able to form amorphous 3-D structure through the stabi-
lization of non-covalent interactions [35]. As a result of this circumstance, a larger 
and stronger crosslinked protein network forms, resulting in the creation of a protein-
based thermoplastic material. As a result, higher protein content materials have more 
protein molecules available to react with additives, making the creation of protein-
based thermoplastics more favourable. Wheat gluten, potato, zein, soy, rapeseed, 
sunflower, protein, casein, whey, blood, gelatin, collagen, keratin and algae protein 
concentrates are the main sources of protein from biowaste and agri-food co-products, 
as well as the bioplastic applications (food packaging and coating, controlled release 
of active agents, absorbent and superabsorbent materials, agriculture, and scaffolds) 
for which they have been more extensively produced [36].
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2.2.1 Waste from Animal Farming 

According to Ghaly et al., Canada has the world’s longest coastline (244,000 km) 
accounting for 25% all coastline worldwide. About 20–80% of fish waste resulted 
from processing which require large volume of potable water, and the majority of fish 
waste are discarded in the ocean. In the presence of oxygen, aerobic bacteria in the 
water break down organic materials, resulting in a significant reduction of oxygen in 
the water [37]. Anaerobic conditions are created when the oxygen content of water 
is reduced, resulting in the emission of foul gases such as hydrogen sulphide and 
ammonia, organic acids and greenhouse gases such as carbon dioxide and methane 
[37]. 

The processing plant discards amount to 20 million tonnes, which is equal to 
25% of the world’s total production from marine capture fisheries [37]. There-
fore, the waste generated can be exploited as fish silage, fishmeal and fish sauce 
[36]. The fish proteins are found in all parts of the fish such as structural proteins, 
sarcoplasmic proteins and connective tissues proteins. Furthermore, stickwater and 
fish by-products may also serve as a good source of desirable peptide and amino 
acids that can be extracted and used as food and/or feed ingredients [38]. According 
to Peter, on a wet weight basis, stickwater samples included roughly 6% protein, and 
after freeze drying, samples consisted of 70.5–86.25% protein, 10.6–13.9% ash, and 
varying levels of ash, with variable amounts of lipids. Stickwater has a substantial 
amount of total protein and other soluble components, and it may be concentrated to 
produce condensed fish solubility, then put back to the press cake and dried to make 
a complete fishmeal. Fishmeal is a dry powder prepared from whole fish or from 
fish filleting wastes which are not suitable for human consumption [37]. There are 
limiting factors that cause the product to become excessively viscous, and a commer-
cial proteolytic enzyme is frequently added to minimize viscosity and improve the 
concentration process’ efficiency. 

Furthermore, Da Silva et al. [39] prepared biodegradable film made from fish 
gelatin (FG) from acoupa weakfish (Cynoscion acoupa) fish skin with buriti oil 
(BO). These compounds allow the production of resistant films with low water 
vapour permeability (WVP), low solubility in water and appealing appearance. By 
preventing oxidation of lipid-rich foods such as margarine, olive oil and fish, the FG 
film coupled with BO has industrial potential in the development of biodegradable 
packing with natural antioxidant activity, which helps to increase the life span and 
preservation of these items [39]. Another study successfully created fish gelatin-
chitosan edible films containing D-limonene, which had excellent mechanical qual-
ities and antibacterial action. The edible films had a substantial antibacterial effect 
against E. coli when the concentration of D-limonene in dry films reached 16.13% 
(w/w). Because of the film’s high film solubility, it is best used as an instant noodle 
packaging or as an interlayer in food packaging [40]. 

Chitosan-based flexible food packaging and edible food coatings have been 
explored to replace conventional non-biodegradable plastic-based food packaging 
materials. Every year, a massive amount of crustacean shell waste is generated as 
a by-product of the seafood industry, which can be used to produce value-added
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Table 3 Different types of food processing 

Industry Sludge Application References 

Fish processing Fish by-products such as 
fish filleting wastes, 
gelatin, fish skin, 
stickwater 

Fish silage, fishmeal, fish 
sauce, biodegradable film, 
instant noodle packaging 

[37–40, 45] 

Seafood processing Chitosan, crustacean shell, 
shrimp waste 

Edible food packaging [34, 41, 43] 

Meat and poultry 
processing 

Blood meal Thermoplastics [46] 

chitin, which can then be converted to chitosan using a relatively simple deacetyla-
tion process [41]. Chitosan is much less expensive than other biopolymers because 
it is extracted from a biowaste product using a variety of energy-efficient methods. 
Despite this, chitosan’s exceptional properties make it a better candidate for food 
packaging applications. Chitosan has been used in a variety of industries, including 
biomedical, agriculture, water treatment, cosmetics, textiles, photography, chro-
matography, electronics, paper manufacturing and food manufacturing [42]. Previous 
study has successfully maximized the exploitation of shrimp waste to make edible 
film chitosan, promoting the use of ecologically friendly packaging as a result [43]. 
Chitosan films with addition of apricot kernel essential oil (AKEO) which one of 
the major agricultural seed waste shown an excellent antimicrobial and antioxidant 
properties as compare to neat chitosan films [41]. As a result, the chitosan-AKEO 
films showed significant antibacterial activity against both gramme negative E.coli 
and gramme positive B. subtilis bacteria, in addition to better antioxidant activity. 

More recently, biodegradation of blood meal has been developed such that inclu-
sion of thermoplastics in green-waste composting [34]. Blends of blood meal-based 
thermoplastic (NTP) and polybutylene succinate (PBS) found in previous work that 
the compatibilizer type had the greatest effect to tensile strength compared to break 
elongation. (Table 3). The types of compatibilizer such as poly (2ethyl-2-ozazoline) 
(PEOX) and polymeric methylene diphenyl diisocyanate (pMDI) used as a third 
component to enhance the compatibility between blended polymer. It was concluded 
that the compatibilizer type was crucial in stabilizing the blend morphology and 
improving adhesion [44]. 

2.2.2 Co-Product from Plant 

There are proteins that provide structure and biological activity in plants. Plant 
proteins are a wide range of resources, biodegradable and renewable. For the most 
part, plant proteins are developed as cereal processing co-products that have restricted 
industrial applications, turning them into fibres, films, hydrogel, microparticles and 
nanoparticles. Plant proteins such as corn zein, wheat gluten [46–48], potato protein 
[49], soy protein [50, 51], peanut [52] and pea protein [53] has been among major
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plant protein that highly studied for biomaterials application. Plant proteins possess 
unique characteristic, which is ability to prevent oxygen from spreading, making 
them preferable to synthetic polymer. 

However, films developed from plant proteins have higher moisture sensitivity 
and usually have considerably low mechanical properties. Therefore, plasticizers are 
generally added to the protein matrix to improve the elongation of protein-based films. 
Water is the most effective plasticizer in biopolymer materials which increases melt 
viscocity during extrusion [54]. In addition, glycerol also has been a major plasticizer 
used in thermoplastic processing which results in good elongation, decrease the 
strength of the films decreases and resulted a good barrier moisture film. Addition 
of plasticizer also lowers the elastic modulus of the end product and lowers the 
temperature of a second-order transition such as the glass transition temperature. 

At present, numerous research works have been reported on film-forming proper-
ties of vegetable proteins as agro-packaging materials. Herald et al. (1996) explained 
the films formed by the corn zein proteins which can be used to preserve fresh fruits 
[55]. Guilbert & Gontard (1995) elaborated on the ability of wheat gluten proteins to 
form insoluble films which are used to encapsulate additives and improve the quality 
of cereal products. Besides, Svenson et al. (2013) reported that the fishmeal which 
are prepared from farmed Atlantic salmon waste material can be plasticized with 
hydrophilic plasticizers [45]. The resulting material can be compression moulded at 
temperatures which are higher than the glass transition temperatures of the mixtures 
to form consolidated polymers. 

Traditionally, wheat is the second large cereal crop after maize in the world. There-
fore, wheat gluten with proteins as the majority component is the other important 
component in wheat flour in conjunction with starch. Wheat gluten with a protein 
content more than 75% has been studied due to its cohesive and elastic proper-
ties [47]. The advantages of wheat gluten are good viscoelastic properties and good 
tensile strength which make them dominant in packaging applications [46, 47]. Also, 
most plant proteins such as soy have higher moisture sensitivity and lower mechan-
ical strength than structural animal proteins. The advantages of soy protein such as 
exceptional film-forming properties, low cost and good oxygen barrier make them 
dominant in various applications including food and non-food packaging [50]. 

2.3 Sludge from Municipal Sewage 

Study has revealed the optimization of various parameters (temperature, duration 
and concentration of sludge solids) has improved the feasibility of using municipal 
secondary wastewater sludge for Polyhydroxyalkanoate (PHA) extraction [56]. The 
use of sludge in the production of PHAs could turn waste into high-value products. 
Following that, the cost of making bioplastics will be reduced, and the sludge will be 
treated and recycled. The following topics are discussed: the concept of bioplastic, 
the bioplastic formation pathway from wastewater sludge, and the future of bioplastic 
[5].
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In another study, bioplastics, like poly-3-hydroxybutyrate (PHB) and poly lactic 
acid (PLA) is a type of water-insoluble, hydrophobic polyester that can be hydrolyzed 
by water-soluble endogenous carboxylesterase enzymes secreted by microbes [57]. 
According to studies, high-temperature sludge lysates can be used to make biodegrad-
able plastic PHB, and acetic acid produced by anaerobic fermentation sludge thermal 
cracking solution can be used to replace glucose as a carbon source for microorganism 
growth. The use of sludge thermal cracking fluid to produce bioplastic PHB can be 
accomplished in this way [5]. 

Previous research found that the effectiveness of using the modified rice straw 
biochar modified by aluminium chloride (AICl3) to enhance the dewatering of the 
sludge is substantial and promising [58]. In another study, results showed that acti-
vation with hydrochloric acid treatment significantly increases wheat straw biochar 
adsorption capacity [59]. Textile dyeing industry also consumes a lot of water and 
produces large volumes of wastewater from different steps in the dyeing and finishing 
processes. As a result, biochars from anaerobic digestion residue (BC-R), palm bark 
(BC-PB) and eucalyptus (BC-E) were used as sorbents for the removal of cationic 
methylene blue (MB) [60]. 

3 Biological Treatment of Sewage 

Wastewater may be useful resource upon treatment of sludge waste and refining to 
produce treated wastewater, bioenergy and biomaterial. Currently most of the sludge 
produced is pressed into sludge cakes. Interestingly, in this sludge, there are tonnes 
of bacteria as part of the purification process. Therefore, wastewaters have great 
potential as a source of bioplastic because they are rich in organic matter and salts 
[61]. 

Figure 4 shows the overview of sewage wastewater treatment. Prior to discharging 
wastewater into sewage, especially in industries, pre-treatment is conducted to 
remove hazardous chemicals. As the wastewater flows to treatment plant, it will 
pass through several screens or mesh to remove large objects or debris. In wastew-
ater treatment plant, there are three stages of treatment known as primary, secondary 
and tertiary treatment. Primary treatment usually involves physical processes such 
as skimming floating scum and sedimentation of heavy matters. While secondary 
treatment aims to remove organic matters. Tertiary treatment is the final stage in 
which final treatment, disinfection and sludge disposal occurred (Fig. 4) [62, 63]. 

Great potential of wastewater has been attracting researchers in various field 
such as agriculture, biogas and bioplastics. In secondary treatment of wastewater,

Pre-
treatment 

Preliminary 
treatment 

Primary 
treatment 

Secondary 
treatment 

Tertiary 
treatment 

Fig. 4 Overview of sewage wastewater treatment 
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especially during the biological treatment, bioplastic could be produced in-situ or 
indirectly with the presence of the suitable microorganisms. Biological treatment 
is performed with the presence of fungi, bacteria, algae, yeast and other microbes. 
Generally, biological treatment could be classified into three types, known as aerobic, 
anaerobic and compositing (Fig. 5). Aerobic treatment is carried out in the presence 
of oxygen by aerobic microorganisms, most commonly bacteria, which consume 
the organic matter in the wastewater and produce more microorganisms and inor-
ganic end products [64–66]. Bioplastic productions from wastewater mostly are from 
anaerobic treatment or fermentation, rather than aerobic and composting. 

There are two common bioplastics that have been derived from the biological 
treatment of wastewater, which is PHAs and PLA. For example, in Fig. 6, PHA  is  
produced by bacteria during treatment with the presence of metabolic intermediate 
known as volatile fatty acids (VFAs). VFAs are produced during anaerobic degra-
dation of organic compounds during acidogenic fermentation. VFAs could acidify 
water and feed harmful microorganisms. The examples of VFAs produced are acetic 
acid, butyric acid, valeric acid, propionic acid and caproic acid. After the anaerobic 
fermentation, PHA is accumulated and recovered. Figure 7 displays the example 
process flow of PHA production from papermill wastewater.

Another key term in wastewater treatment that has been associated with bioplastic 
production is activated sludge. In simple term, activated sludge process is a biolog-
ical process, in which high-concentration microorganisms is present as loose clumps 
in suspension in wastewater. During the process, the mixture is often agitated and 
aerated to allow microorganisms growth and consume organic matter from wastew-
ater [68]. During treatment, the wastewater has simpler forms of volatile fatty acids 
(VFAs) and sugar moieties that are easy for cells to absorb and store. Three-stages 
process of bioplastic production from activated sludge have been reported, starting by 
the treatment of wastes constitutes followed by the enrichment of activated sludges

Biological 
treatment 

Aerobic 
bacteria decompse and consume organic  
impurities, produce CO2 for reproduction 

and growth. Need O2 

Anaerobic/ Fermentation 
Sludge is fermented 

Composting 
add carbon sources in presence of O2 

Fig. 5 Biological wastewater treatments 
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Other 
bacteria 

Wastewater Hydrogen, 

volatile fatty acid 

Methane 

Hydrogen, 
PHA 

Eukaryotes 
& Bacteria 

Archaea 

Fig. 6 Anaerobic wastewater treatments 

Fig. 7 Process flow for PHA production from papermill wastewater. Reprinted with permission 
from [67] (CCBY)

and finally synthesis of PHA using substrate from treated waste and enriched activated 
sludge as inocula containing PHA producing microorganism [69, 70]. 

Upon formation of PHAs as energy storage in microorganism, the bioplastics need 
to be accumulated, extracted and purified before further processing. Comparing lactic 
acid to PHAs production, lactic acid from fermentation process need to undergo filtra-
tion or centrifugation, followed by distillation [71]. On the other hand, the extraction 
process of PHAs is a bit complicated and various methods have been reported. High 
purity, high recovery level and low production cost are main criteria for ideal extrac-
tion method. Nowadays, few methods such as solvent extraction digestion of non-
PHA cell material, mechanical cell disruption and spontaneous liberation, dissolved 
or by using supercritical CO2, are used [72, 73]. Table 4 listed several researches 
reported in bioplastic production from biological treatment of sewage.
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4 Advantages of Bioplastic 

Recently, the extraordinary synthetic polymer is among the most commonly used 
in applications ranging from agriculture to packaging and domestic applications. 
However, their properties are counteracted by the reality that they are not biodegrad-
able and result in water and land contamination that is gradually growing every 
year. This has consequently resulted in the development of plastic that fulfil the 
need of pollution issues such as biodegradable polymer. Successful replacement of 
petroleum-based material will create a new value-added market in plastic industry 
as it reduced the period of plastic degradation. Therefore, various research has been 
studied to produce biodegradable polymer from natural resources such as protein 
[45, 81]. 

Global Newswire has reported that in 2019, bioplastics production capacity world-
wide was around 2.11 million tonnes, with nearly half of the volume destined for 
the packaging market (bio-degradable polymers accounted for around 40% of the 
market). The bioplastics industry’s most important market segment. As can be seen in 
Fig. 8 the global market demand for biodegradable polymer, the packaging industry 
shows higher amounts followed by agricultural sector. The demand on packaging 
sector was dominated by end user as it was commonly used in daily routine. 

The main advantage of the biodegradable polymers that gave a great impact 
towards the environment of using renewable feedstocks for biopolymers develop-
ment is the biodegradable nature of the end products, thereby preventing potential 
pollution from the disposal of the equivalent volume of conventional plastics. At 
the end of their functional period, biopolymer materials can be returned to the soil 
and enrich it by composted with microorganism. Recycling of polymers products is 
encouraged and well-advertised but attempts at expanding these efforts have been 
less effective [82]. When they are decomposing biologically, the resulting natural

Fig. 8 Data analysis of biodegradable polymer application sector in 2019. Reprinted with 
permission from [81] (CCBY) 
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components do not affect the environment in any harmful way, in addition it will 
stabilize the environment and increases the longevity of the landfills by reducing the 
garbage volume. 

Another advantage of the biodegradable polymers is that their suitable character-
istics in biomedical application which greatly impacted the advancement of modern 
medicine. Biodegradable polymers are the “green materials” of the future and desir-
able biomaterials, since they break down into smaller fragments and finally discard 
from the body. Biodegradable polymers have been used for more than half a decade 
with diverse applications such as surgical sutures, wound dressings, tissue regener-
ation, enzyme immobilization, controlled drug delivery, tissue engineering scaffold, 
medical implant, prosthetics, cosmetics and many more [83]. Importantly, biodegrad-
able polymers can offer an excellent biocompatible, degradation products that are 
nontoxic and easily metabolized and cleared from the body. 

Although biodegradable polymers show promising alternatives to most of the 
synthetic polymers, there are still limitations present, such as low mechanical prop-
erties, their dominant hydrophilic behaviour, rapid degradation rate and poor mechan-
ical properties especially in wet environments. Nevertheless, many studies have been 
carried out in order to further enhance the properties of biopolymers such as by chem-
ical modification [84] or blending of other biodegradable polymer. These methods 
can reduce the water-uptake problem and enhance the mechanical properties of the 
biopolymers. 

5 Conclusion 

The chapter shows a clear path to improve the sustainability of the bioplastics market 
through the utilization of compounds extracted from dewatered sludge. The literature 
presents the potential of many different types of sludge that can offer a promising 
nutrient which would reduce pollution, decrease oil consumption, improve environ-
mental impact and in some cases even improve bioplastic performance. Although the 
market of bioplastics is still in the emerging growth phase, quite a few of bioplastic 
already found its demand in the number of commercial markets and applications. 
The success of the bioplastics industry will depend greatly on feedstocks, its price 
and performance and large-scale conversion. Clearly the microbial fuel cell tech-
nology as an emerging technology can fully utilise the wastewater sludge for energy 
recovery and at the same time further treated of it. Then the residue we can further 
extract for the bioplastic formation. Therefore, the whole chapters present that the 
MFC technology covers a wide area and valorization of sludge has made the circular 
bioeconomy without producing any waste, align with the global agenda; sustainable 
development goals (SDGs). 
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