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Preface

Decoupling environmental degradation and resource consumption from economic
and social development is an enduring challenge and requires a paradigm shift in
our approach. Presently, green technologies are playing a significant role in chang-
ing the course of the world’s economic growth towards sustainability and providing
an alternative socio-economic model that will enable our present and future genera-
tions to live in a clean, healthy environment and in harmony with nature. The con-
cepts of green technologies, if endorsed and disseminated into the lives of all people,
will facilitate the aim of the Millennium Development Goals of keeping the envi-
ronment intact and improving it for civilization to survive. This book focuses on the
goals of green technologies, which are becoming increasingly important for ensur-
ing sustainability. It provides a different perspective of green technology in sectors
like energy, agriculture, waste management and transportation. This book also
offers recent advancements made towards sustainable development in the field of
bioenergy, nanotechnology, green chemistry, bioremediation and degraded land rec-
lamation and helps bridge the gap between the scientific community and
policymakers.

Safe, economic and effective disposal of domestic wastewater is one of the most
challenging problems today. In response to the growing public concern and enforce-
ment of environmental legislation, the greatest challenge has been in the sanitation
sector to minimize domestic wastewater pollution. Chapter 1 presents an overview
of the pros and cons, operational design variables and effectiveness of traditional
and recently developed constructed wetland systems for the treatment of domestic
sewage. The chapter also discusses the role of plants, media materials, microorgan-
isms and oxygen transfer in domestic wastewater purification through constructed
wetlands (CWs) along with the research needs for enhancing stability and sustain-
ability of wetland systems. The continuous contamination of water bodies world-
wide by the presence of emerging pollutants has raised several issues in the last
decades. Although scientific data have made evident the potential threats of emerg-
ing pollutants to public and environmental health, there is still limited information
on the ecotoxicity, concentration and distribution of these compounds in environ-
ment, which makes their ecological regulation, detection and treatment difficult.
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Thus, the search for green technologies to detect and treat potential environmental
pollutants is critical for ecologic and human health protection. Chapter 2 explores
the potential of laccase enzyme as an element of biosensing and bioremediation and
identifies the drawbacks that have to be overcome in order to demonstrate their
feasibility and implement a large-scale process.

The quest for sustainable and environment-friendly energy sources has become a
pressing need. Declining fossil fuel reserves, worldwide demand for energy and
undesirable effects of greenhouse gas emissions have led to increased interests in
biofuels worldwide. The generations, environmental benefits, compatibility, perfor-
mance, emission characteristics and global perspectives of biofuels have been high-
lighted in Chap. 3. The need for developing sustainable criteria and certification of
standards for biofuel production and trade has also been addressed. Chapter 4 delib-
erates on the role of biodiesel in greening the transport sector. Chapter 5 is dedicated
to microalgae which play a quintessential role in the energy sector. The conversion
of microalgae into liquid fuels provides an inherently renewable, economical, eco-
friendly and sustainable alternative to fast-depleting fossil fuels. Moreover, the pro-
duction of value-added by-products after biofuel extraction is an added advantage of
microalgae. The role and performance of natural and synthetic flocculants in har-
vesting microalgae for the purpose of biofuel production has been conferred in
Chap. 6. Chapter 7 deals with solar photovoltaics which is inexhaustible, affordable
and the most promising of all the active solar energy technologies. The chapter pres-
ents a succinct picture of the solar PV technology along with its classification and
application areas. The economic aspects, energy-exergy and status of the maturity of
PV technology have also been addressed.

The crop—weed competition is one of the most important factors responsible for
potential loss of crops around the world. Therefore, herbicides have become a major
tool to tackle weed interference. Glyphosate is one of the widely accepted herbicides
which has broad-spectrum activity and effectiveness. Its ubiquitous presence in the
environment due to anthropogenic activities and recalcitrance has the potential to
affect animal behaviour and interfere with ecological processes. Chapter 8 explores
the available information on glyphosate biodegradation over the course of 40 years of
study, the different pathways involving the C-Plyase, the genetic and physiological
regulatory system that governs these processes and the factors limiting the develop-
ment of glyphosate bioremediation technologies.

Urbanized areas cover less than 3% of the land, but the majority of the Earth’s
population and industry is concentrated in these areas. The development of reliable
bioindicators on the basis of systematic approach would contribute greatly to ratio-
nal land use and sustainable functioning of the urban environment. Chapter 9 aims
to review the existing approaches to the bioindication of urban areas, i.e. microbial
and plant bioindicators, as well as complexity of urban ecosystem, soil and its
types, anthropogenic impacts, pollutants, effect on microbial community and other
existing problems in this field, and suggests possible ways to solve them. Chapter
10 provides an overview to understand the concept of smart cities. The chapter
highlights development theories, sustainability dimensions, indicators and key
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challenges for smart cities. Chapter 11 discusses the need for an integrated approach
towards environmental quality control in developing countries. Conceptual consid-
erations along with challenges for sustainable development, the role of research
and development in solving environmental problems, anticipatory actions, environ-
mental quality control and approaches to solutions are presented here. With
increased urbanization, solid waste management has emerged as one of the major
concerns. Among various categories of municipal solid waste, postconsumer waste,
which is no longer recycled and has the possibility of creating aesthetic pollution is
the focus of Chap. 12. The chapter presents vermitechnology as the simplest, cost-
effective technology for the management of post-consumer wastes.

Nanotechnology is an area which touches almost every aspect of the modern
world, ranging from research application, medicine and information technology
to consumer goods. At present, smart nano-biomaterials have gained much atten-
tion. Nanocellulosic fibres in particular have diverse applications. The sources,
types, properties, production cost and future perspectives of nanocellulosic fibres
have been covered in Chap. 13. The synthesis of metal nanoparticles in bulk is a
challenge to researchers due to their aggregation behaviour. Thus, the stabiliza-
tion of metal nanoparticles becomes a challenging task. In the last decade, ionic
liquids (ILs) were found to be a potent alternative for the stabilization of metal
nanoparticles. Chapter 14 aims to contribute to the understanding of the synthesis
of metal nanoparticles with tetrazolium ring—based ionic liquid as a solvent and
stabilizer. Greener approaches for synthesizing nanoparticles are presently
becoming popular due to their eco-friendly nature and cost-effectiveness. The
plants which are being used for the synthesis of metal nanoparticles have been
documented in Chap. 15.

Green analytical techniques refer to approaches that decrease or completely
remove preservatives, reagents, solvents and other substances that are harmful to
mankind and the environment. Chapter 16 discusses the basic principles of green
analytical techniques which aim to reduce the impact of chemical activities on man
and the environment. Emphasis has been placed on green separation techniques,
green spectrophotometric techniques, the basics of green analytical techniques and
the problems associated with the formulation of ideologies of green analytical
chemistry to existing analytical laboratories.

Arsenic is a toxic element whose widespread contamination in highly populated
regions of the world has led to environmental and human health concerns. As the
extent of the problem is large, there is a need to devise cost-effective measures to
tackle this problem. Chapter 17 focuses on different bioremediation strategies for
arsenic removal/stabilization such as microbial and phytobial remediation and
phyto-, myco- and phyco-remediation. The chapter also discusses prospects of uti-
lizing biological components for restricting arsenic entry into crop plants, specifi-
cally rice. Detailed information on the biological methods which are practiced for
the treatment of distillery wastewater with major emphasis on microalgae is given
in Chap. 18. The merits and demerits of existing processes have been also summa-
rized in this chapter.
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Chapter 19 provides a brief insight into the need for ecologically restoring
degraded land sites, factors influencing them, the choice or selection of species for
undertaking such a work, indicators of ecological restoration that can be applied for
monitoring purposes and some of the popular models of ecological restoration in
India that have been successfully established and the techniques used in these mod-
els. Biochar is one of the modern, inexpensive, rapidly scalable and widely appli-
cable technologies that can be used for climate mitigation and soil health
enhancement. The production processes and diverse applications of biochar have
been revealed in Chap. 20.

This book will be beneficial as a source of educational material to graduate and
postgraduate students, faculty, researchers, chemists, environmentalists, soil scien-
tists, agronomists, policymakers and industrial personnel who are interested in
green technologies for sustainable development. It could also be used as a reference
book by research scholars, scientists, academicians and readers from diverse back-
grounds across various fields such as biotechnology, nanotechnology, chemistry,
environmental science, water engineering and energy. We hope that the chapters of
this book will provide readers with valuable insights into the major areas of green
technologies.

Ajmer, Rajasthan, India Ritu Singh, Ph.D.
Lucknow, Uttar Pradesh, India Sanjeev Kumar, Ph.D.
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Chapter 1

A Review and Perspective of Constructed
Wetlands as a Green Technology

in Decentralization Practices

Alireza Valipour and Young-Ho Ahn

Abstract Constructed wetlands (CWs) could be an environmentally acceptable
option in treating domestic sewage. But, the successful implementation of this tech-
nology in decentralization practices is still under debate. Increasing the knowledge
regarding the use of CWs in coastal regions where domestic sewage seriously
stressed with total dissolved solids (TDS) and cold weather conditions is addition-
ally imperative. A comprehensive review is therefore needed to have a better under-
standing of this state-of-the-art technology to inspire a sustainable solution for
onsite sanitation. This chapter covers the role of plants, media materials, microor-
ganisms, and oxygen transfer in domestic wastewater purification through con-
structed wetlands (CWs). The pros and cons, operational design variables, and
effectiveness of traditional and recently developed CWs, and the necessity of an
induced biofilm attachment surface (BAS) in these systems for the treatment of
domestic sewage are presented. This chapter also elucidates the ability of CWs to
deal with TDS-contaminated wastewater. Adaptive strategies to mitigate the impacts
of cold climate on the effectiveness of CWs are also summarized. Future research
that needs for enhancing stability and sustainability of wetland systems is high-
lighted. Overall, by more advanced investigation, the biofilm attachment surface
(BAS) CWs can be specified as an ideal treatment process in decentralization. The
success of CWs responding to environmental stress can occur by optimum engi-
neering design and operation.

1 Introduction

Safe, economic, and effective disposal of domestic wastewater is one of the most
challenging problems in today’s civilization. In response to the growing public con-
cern and enforcement of environmental legislation, the greatest challenge has been

A. Valipour ¢ Y.-H. Ahn (<)
Department of Civil Engineering, Yeungnam University, Gyeongsan 712-749, South Korea
e-mail: yhahn@ynu.ac.kr
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paid in the sanitation sector to minimize domestic wastewater pollution (Valipour
et al. 2010). Most cities and towns in developing countries have generally fallen
behind in wastewater management (Jhansi and Mishra 2013). In fact, only about
10% of urban sewage in developing countries receives treatment (Snauffer 2007).
Decentralized wastewater management in advance to centralized systems can con-
sider being an efficient and long-term solution for meeting public health and water
quality goals. Improper zoning, scattering of low population densities, isolated set-
tlements, lack of funding, and requirements of highly skilled personnel can be
counted to be major restrictions of using sophisticated centralized treatment sys-
tems. It was found that more than 60% of the total budget is responsible for collec-
tion system in centralized wastewater management (Massoud et al. 2009). A large
number of technologies, such as septic tanks, drain-field systems, lagoons, activated
sludge processes, and membrane bioreactors, etc., are available for onsite wastewa-
ter treatment, whereas most of them are ineffective, costly, and requires complex
operations and maintenance (Wu et al. 2011a). Hence, the implementation of low
cost sewage treatment method to ensure environmental preservation can be recog-
nized as an innovative essential component in decentralization practices.

In recent years, constructed wetlands (CWs) have received most attention in the
urban wastewater treatment, particularly in decentralized sanitation, for the reason
that they are affordable, reliable, simple in design and operation, and offer environ-
mentally sound approach (Wu et al. 2011a). CWs seemed to be started in Germany
based on research by Kathe Seidel in the 1960s and by Reinhold Kickuth in the
1970s (Kadlec and Wallace 2009). These ecological engineered systems are known
to be effective at removing many pollutants such as organic compounds, suspended
solids, pathogens, nutrients, and emergent pollutants. They are designed to take
advantage of the same processes occurring in natural wetlands, but within a more
controlled environment. Gaining a better understanding of the mechanisms associ-
ated with CWs has led to a wide variety of designs and configurations in an effort to
achieve a more efficient domestic sewage treatment, for example, single-staged
modification (Chale 2012; Kumari and Tripathi 2014), multi-staged in series
(Melian et al. 2010), and/or combination with other treatment technologies (Singh
et al. 2009). There are growing researches in use of CWs treating domestic waste-
water under the specific influent condition seriously stressed by total dissolved sol-
ids (TDS) which could be faced in such areas as coastal regions where seawater
applies to indoor activities (Valipour et al. 2014b). Many studies have also been
done on the adaptation of CWs to the cold climate through the sound operational
approach (Ouellet-Plamondon et al. 2006). In view of that, several authors have
published review papers relating to the use of CWs in wastewater treatment
(Vymazal 2002, 2005, 2013; Babatunde et al. 2008; Mbuligwe et al. 2011; Haynes
2015; Liua et al. 2015; Vymazal and Bfezinova 2015; Wu et al. 2015). Nevertheless,
to date, the reviews of the current knowledge which aimed to onsite sanitation still
remain comparatively scarce and incomplete. Still, there is a hesitation about the
selection of the appropriate type of CW which is more suitable for domestic waste-
water treatment in decentralized sanitation concepts. It is, therefore, imperative to
briefly look into the application of CWs for domestic wastewater treatment by giv-
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ing more attention to decentralization practices. In addition, a valuable overview
concerning the potential ability of wetland systems in dealing with TDS-stressed
wastewater and operational strategy taken in a cold climate is also an important
issue that would be a ready tool in the implementation of CWs for small-sized com-
munities and isolated areas; this is rare in published literature reviews.

This chapter provides a brief review of the essential components and the mecha-
nism of pollutant removal associated with CWs. In a concise manner, it also pro-
vides a review of the traditional and advanced models of CWs in treating domestic
wastewater. The performance of various types of wetland processes on the contami-
nant removal (focusing on organic matters, suspended solids, and nutrients) is also
summarized. Through this study, it may better define the scope and issues at hand to
deal with high TDS wastewater and cold climate condition. This chapter further
highlighted potential areas worthy for future sustainable application of CWs. The
conceptual framework of this chapter eventually creates a context in which a new
ideal could be inspired for decentralization practices.

2 Ecology in CWs

The main compounds employed in the CWs are vegetation, microbial communities,
and media material (soil strata or any other material used as the matrix within the
constructed wetland). These systems utilize a combination of chemical, physical,
and biological processes to remove contaminants from wastewater (Table 1.1).

In particular, it should be recognized that most wastewater-related diseases are
caused by bacteria and viruses rather than worms and protozoa, so the literatures
deals primarily with these two groups of organisms (Cronk and Fennessy 2001).
Pathogenic bacteria and viruses are removed in aquatic plant systems by sedimenta-
tion and filtration, predation, exposure to biocides (natural pesticides) released by
plant roots, and die-off from unfavorable environmental condition, including ultra-
violet radiation in sunlight and temperatures unfavorable for cell production. The
contribution of each of above routes is suggested to be a function of wastewater flow
rates, nature of macrophytes, and type of the wetland system (Polprasert 2006;
Mburu et al. 2008).

2.1 Marshy Vegetation

Marshy plants play a crucial role in creating a pleasing landscape which can be
incorporated into residential developments. They provide a valuable ecological
habitat for wildlife. In considering the application of wetlands to treat wastewater,
plants have several properties in relation to the treatment process that make them an
essential biotic component in the CWs. Depending on the plant species and dense
coverage, plant effects have a strong influence on the treatment performance, based
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Table 1.1 Pollutant removal mechanisms involved in CWs treating domestic wastewater (modified
from Watson et al. 1989)

Contaminant affected

Mechanism SP |BOD |N |P |TDS |B&V |Description

Physical

Sedimentation P I I |1 1 Gravitational settling of solids

Filtration S I I |1 1 Particles filtered mechanically as
water passes through media materials
and plant biomass

Adsorption S Interparticle attractive forces (van der
Waals force)

Chemical

Precipitation P Formation of or coprecipitation with
insoluble compounds

Adsorption S |P Adsorption on media materials and
plant surfaces

Biological

Bacterial P P P Removal of biodegradable particulate

metabolism and soluble organics by suspended,
and biofilm bacteria. Bacterial
nitrification and denitrification

Plant metabolism S S|P S Under favorable environmental
conditions, these contaminates taken
up by plants. Root excretion may be
toxic to organisms of enteric origin

Natural die-off P Natural decay of organisms in an
unfavorable environment

Predation P Numerous predator—prey
relationships exist in the treatment
process, e.g., protozoa, nematode, and
zooplankton species act as predators
of pathogenic organisms

SP solid particles, BOD biochemical oxygen demand, N nitrogen, P phosphorous, TDS total dis-
solved solids, B&V bacteria and viruses, P primary effect, S secondary effect, / incidental effect
(effect occurring incidental to removal of another contaminant)

principally on the microbial communities, activities, and their population by provid-
ing ideal attachment sites (through roots, stems, and leaves), uptake capability,
releasing oxygen, and filtration (Valipour et al. 2014b). However, beside the multi-
role of wetland vegetation, contaminant uptake by plants has a minor role. Plant
species used for phytoremediation should likely be native, and have high growth
rate, high biomass, adapt ecologically to diverse habitats, and ability to accumulate
the target pollutants in the aboveground parts. In fact, both pollutant removal effi-
ciency and plant productivity are significant in selecting a right plant for wastewater
treatment applications. For the construction of constructed wetlands, four kinds of
aquatic macrophytes are typically used (Brix 1993; Taylor et al. 2007):
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1. Emergent macrophytes: These are generally grow on water saturated or sub-
mersed soil from where the water table is about 0.5 m below the soil surface to
where the sediment is covered with approximately 1.5 m of water or more; e.g.
Acorus sp., Carex sp., Phragmites sp., Scirpus sp., and Typha sp.

2. Floating leaved macrophytes: These are rooted in submersed sediments having
water depth of approximately 0.5-3.0 m, and possess either floating or slightly
aerial leaves, e.g., Nuphar sp. and Nymphaea sp.

3. Submerged macrophytes: These have their photosynthetic tissue entirely sub-
mersed by water (occur at all depths), only grow well in oxygenated water, and
are used mainly for polishing secondary treated wastewater, e.g., Ceratophyllum
sp., Myriophyllum sp., and Rhodophyceae algae.

4. Freely floating macrophytes: They are not rooted to the substratum, and float
freely on or in water column and usually restricted to non-turbulent, protected
areas, e.g., Azolla sp., Eichhornia sp., Lemna sp., Pistia sp., and Spirodela sp.

Among various aquatic macrophytes, Phragmites sp. is introduced to stand out
as a most prominent aquatic weed in impurities elimination (Valipour et al. 2014a).
This plant promotes high below- and above-ground biomass and rigorous root sys-
tem in the wetland media. The water hyacinth (Eichhornia crassipes) also appeared
to be a promising candidate for pollutant removal among floating species owing to
its massive growth potential and extensive root system (Valipour et al. 2012; Kumari
and Tripathi 2014). Phragmites sp. and water hyacinth showed, respectively, a rela-
tive growth rate (RGR) of 5.44 and 0.98% per day in treating domestic wastewater
(Valipour et al. 2009, 2011a). The features of some plant species used commonly in
constructed wetlands are presented in Table 1.2.

The physical impacts by aquatic macrophytes in wetland systems include filter-
ing, slowing down the flow velocity, improving sedimentation, increasing the deten-
tion time, decreasing resuspension, maintaining the hydraulic pathway of water
distribution, preventing clogging, and provisioning a surface area for attached
microorganisms (Scholz 2011). As suspended solids pass through the plant bio-
mass, they can be trapped, accumulate, and eventually settle under the force of grav-
ity or become metabolized by microorganisms, while particulate matter sinks to the
bottom. However, according to Kim et al. (2003), the removal efficiency mostly
depends on the retention time in wetland systems. It is reported that most of the
removal occurs within the first few meters beyond the inlet zone owing to the quies-
cent conditions and the shallow depth of liquid in the system (USEPA 1988). Other
wastewater contaminants (i.e. BOD (biochemical oxygen demand), nutrients, and
pathogens), can also be removed by removing solids from wastewater since their
elimination correlated with the removal of suspended solids (Brix 1993).

Nutrients (N & P) and other impurities are taken mainly up by wetland plants
through the epidermis and vascular bundles of the roots and further transported
upward to the plant (Valipour et al. 2014a, b) (Fig. 1.1). Some uptake also occurs
through the immersed stems and leaves from the surrounding water (Brix 2003). On
the other hand, a small amount of N (<10%) and P (<5%) has been reported to be
removed by macrophyte harvesting compared to their total removal in vegetated
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Table 1.2 Properties of some aquatic plants used in CWs

Preferred Root Nutrient uptake (kg/ha/
temperature | Optimal | penetration | year)
Macrophyte Type (°O) pH (cm) Nitrogen Phosphorous
Bulrush (Scirpus| Emergent | 16-27 4-9 75 125~1825 | 18~438
sp.)
Cattail (Typha | Emergent | 10-30 4-10 75 600~2630 | 75~403
sp.)
Papyrus sedge | Emergent | 10-30 6-8.5 60 1100~3650 | 50~1059
(Cyperus
papyrus)
Reed Emergent | 12-33 2-8 60 225~2500 |35~120
(Phragmites sp.)
Rush (Juncus Emergent | 16-26 5-7.5 25 800 110
sp.)
Duckweed Free- 6-33 6.5-7.5 | 2 350~1200 | 116~400
(Lemna sp.) floating
Water fern Free- 10-30 6-7.7 - 350~1700 | 92~450
(Salvinia floating
rotundifolia)
Water hyacinth | Free- 12-35 6.5-7.5 100 1950~5850 | 350~1125
(Eichornia floating
crassipes)
Water lettuce Free- 15-35 6-6.8 80 900~3248 |40
(Pistia floating
stratiotes)
Water Free- 15-35 6.5-7.5 |- 2957 730
pennywort floating
(Hydrocotyle
sp.)
Coontail Submerged | 15-35 6-10 - 100 10
(Ceratophylum
demersum)
Sago pondweed | Submerged | 10-37 6-10 - 500 40
(Potamogeton
pectinatus)

(): Scientific name

beds (Mander et al. 2003). The plant uptake efficiency differs in relation to the sys-
tem configurations, loading ranges, pollutant concentrations in wastewater and
environmental conditions. The rate of plant uptake also tends to be limited by their
net productivity (growth rate) and tissue nutrient concentrations (Table 1.2).
Rhizodeposition, i.e., root exudates (e.g., polysaccharides, sugars, amino acids,
vitamins, organic acids, and fatty acids) and other organic substances released by
plant roots, takes place in the rhizosphere. The magnitude of this input of organic
carbon compounds is still unclear, but reported values are generally 5-25% of the
photosynthetically fixed carbon (Bialowiec et al. 2012a, b; Lesage 2006). It is
conceivable that rhizodeposition is more important in constructed wetlands where
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Fig. 1.1 Cross sectioning of (a) Phragmites sp. and (b) water hyacinth root after using in treating
domestic sewage. Red arrow presence of sewage. Yellow arrow translocation of impurities to the
vascular bundles from the epidermis, and then upward the plants

carbon load wastewater is extremely low due to the relatively low amount of car-
bon released by plants compared to the urban wastewater flow (Stefanakis et al.
2014). Rhizodeposition may initiate the mobilization of nutrients, allelopathic
effects, and stimulation of microbial growth and activity, generally denitrifies to
increase nitrate removal within the root system (Wiessner et al. 20006).

Evapotranspiration plays an additional important role by increasing the hydrau-
lic retention time significantly in wetland treatment systems. The transpiration
mechanism (rely on species and environmental condition) is positively related to the
impurity absorption, volatile compound emission into the atmosphere, and water
purification capability index of plants (Valipour et al. 2015). Plant species differ in
transpiration rate due to metabolic and anatomical differences. The height, mass,
size, leaf surface area, and growth stage of the vegetation can also affect the rate of
transpiration. Transpiration is generally maximal at high temperature, moderate
wind, low relative air humidity, and high light intensity (bright sunlight) (Pilon-
Smits 2005; Pivetz 2001).

Furthermore, age greatly influences the physiological activity of the plants, par-
ticularly its roots. The roots of younger plants can display greater ability to absorb
impurities and release oxygen than old plants due to the increased lignification and
suberization processes occurring with increasing the age of the plants and tissues
(Heers 2006).

2.2  Microorganisms/Biofilms

Microorganisms, such as bacteria, fungi, and algae, play a central role in the trans-
formations and mineralization of nutrients and organic compounds in CWs (Dordio
et al. 2008). Among the various groups of microorganisms, the presence of bacteria,
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either in the form of suspension or attached biofilm, is particularly more important
since they have versatile metabolic pathways, high metabolic rate, and very short
generation times (van der Valk 2012). The rhizosphere has been reported to be asso-
ciated predominantly with gram-negative bacteria (Valipour et al. 2009, 2011a,
2014b). This can be related to their ability to utilize efficiently the growth substrates
available in the rhizosphere and to cope with polluted environments because of the
presence of detoxifying enzymes (Valipour et al. 2014b).

Plant growth-promoting rhizobacteria (PGPR) are a heterogeneous group of bac-
teria that can be found in the rhizosphere, as either extracellular (free-living bacte-
ria) or intracellular (symbiotic bacteria), in accordance with the degree of association
with the root cells (Ahmad et al. 2008; Bumunang and Babalola 2014). Certain
varieties of PGPR strains belong to Bacillus, Enterobacter, Burkholderia,
Acinetobacter, Alcaligenes, Arthrobacter, Azospirillium, Azotobacter, Beijerinckia,
Erwinia, Flavobacterium, Rhizobium, and Serratia (Kang et al. 2014). PGPR can be
resulted to improve plant nutrition and growth, lessening or preventing the plants
from diseases, and responses to external stress factors (Martinez-Viveros et al.
2010; Kang et al. 2014). Free-living bacteria generally refer to the organisms situ-
ated on the root surface and in the intercellular spaces of the root cortex, colonizing
the plant tissue intercellularly in a competitive environment. Symbiotic bacteria are
nitrogen fixation microorganisms that live inside the root cells, produce nodules,
and are localized inside the specialized structures (Martinez-Viveros et al. 2010;
Bouizgarne 2013; Bumunang and Babalola 2014). Due to the high energy require-
ment for nitrogen fixation and relatively low metabolic activity, non-symbiotic bac-
teria provide merely a small amount of the fixed nitrogen that the bacterially
associated host plant requires (Ahemad and Kibret 2014; Martinez-Viveros et al.
2010). Many rhizobacteria are capable of lowering the increased plant endogenous
ethylene levels (which inhibit plant growth) to reestablish a healthy root system that
needs to be faced with environmental stress (Martinez-Viveros et al. 2010; Gontia-
Mishra et al. 2014). In addition, arbuscular mycorrhizal of the adapted fungi can
sequester toxic substances and promote plant growth by increasing nutrient absorp-
tion by the roots to enhance the host plant’s resistance against environmental stresses
(Kapoor et al. 2013).

Biodegradation of organic matter is governed by either facultative or obligate
aerobic/anaerobic bacteria respiration in the wetland systems, while the faster meta-
bolic rate of the aerobic bacteria makes them more effective for the elimination of
the organic pollutants among others (Valipour et al. 2009, 2011a). The bacteria uti-
lize the carbon found in organic matter (organic matter contains up to 50% carbon)
as an energy source and convert to carbon dioxide under aerobic conditions or else
to methane under anaerobic conditions (Metcalf and Eddy Inc. 2003). Since domes-
tic wastewater discharges into treatment systems is often rich in dissolved organic
matter, insufficient supply of oxygen can be a main reason to affect the performance
of the aerobic microbial activity. If the oxygen supply is not limited, the aerobic
degradation can significantly affect by changes in substrate availability.

Nutrients (N & P) can be assimilated into microbial cellular biomass at the same
level as plants (<10% N and <5% P) (Mander et al. 2003), but once a steady stand
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of biomass is reached within the bed no net nutrient removal will result thereafter.
Hereupon, only a small proportion (<20%) of phosphate removal by constructed
wetlands can be attributed to nutritional uptake by microflora (Moss 1988). This
transformation accepted to have a minor role in the removal of nutrients from a
soluble phase, especially when influent wastewater contains a high nutrient concen-
tration. The major biological processes responsible for the elimination of nitrogen
in the wetland systems include ammonification, nitrification, and denitrification
(Jamieson et al. 2003; Gerke et al. 2001). Yet, its removal efficiency can be attrib-
uted to the dissolved oxygen available for nitrification, the denitrification, the
strength of organic carbon, and the nitrogen level in the influent sewage. Unlike
nitrogen, phosphorus does not have an atmospheric component. Therefore, its
removal is notoriously poor in any CW, and can only occur efficiently by incorpo-
rating special matrix material with high sorption capacity (Ciria et al. 2005).

Ammonification refers to the process where organic nitrogen (amino groups) is
biologically converted into ammonia (NH;) and ammonium (NH,") as an end prod-
uct. In wetland systems, ammonification is faster in the aerobic zones compared to
the zones where the environment switches from facultative anaerobic to obligate
anaerobic conditions (Stefanakis et al. 2014; Strock 2008), because of the higher
efficiency of heterotrophic decomposition under aerobic condition. Kadlec and
Knight (1996) state an optimal temperature of 40-60 °C and a pH of 6.5-8.5 for
ammonification. Kinetically, ammonification proceeds more rapidly than nitrifica-
tion, so that excessive ammonium can be removed by other processes including
biological assimilation, adsorption, and volatilization. It was, however, generally
known that these processes only make a minor contribution to the elimination of
ammonium compared to nitrification—denitrification. If the influent wastewater
mainly consists of organic nitrogen, ammonification can accept to be the first step
in nitrogen transformation chain.

During the nitrification process in constructed wetlands, ammonium is oxidized
to nitrites (NO,™) by the genus of Nitrosomonas, Nitrosococcus, Nitrosospira,
Nitrosovibrio, and Nitrosolobus bacteria, and subsequently to nitrates (NOs~) by
several genera such as Nitrospira, Nitrospina, Nitrococcus, and Nitrocystis.
However, the most famous nitrite oxidizer genus is Nitrobacter, which is closely
related genetically within the alpha subdivision of the Proteobacteria (Kadlec and
Knight 1996; Ahn 2006; J6zwiakowski and Wielgosz 2010).

Denitrification is a facultative respiratory pathway in which nitrogen oxides that
formed via the nitrification process serve as terminal electron acceptors for respira-
tory electron transport and organic compounds serve as electron donors. Biological
denitrification successively reduces nitrate (NOs~) to nitrite (NO,™), nitric oxide
(NO), nitrous oxide (N,0O), and eventually to nitrogen gas (N,) by the groups of
bacteria known as Bacillus, Enterobacter, Micrococcus, Pseudomonas, and
Spirillum. Other species such as Proteus, Aerobacter, and Flavobacterium can only
reduce NO;~ to NO,™ (Abou-Elela et al. 2013; Kadlec and Knight 1996). This pro-
cess possibly can be considered as a key mechanism for total nitrogen (TN) removal
in the constructed wetlands if there is a readily available carbon source.
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2.3 Media

Media materials (soil, sand, and gravel) strongly affect the movement of water
through the bed (hydraulic conductivity) and macrophyte growth. These materials
provide a huge surface area for microorganisms to attach additionally to plant bio-
mass (roots, stems, and leaves) and also act either as filtration and/or adsorption
medium for pollutants (Taleno 2012).

Media materials selection depends upon the type of the wastewater, and hydrau-
lic regime chosen. Soil strata that consists of mineral particles (e.g., gravel, sand,
clay, and silt), and organic matter (e.g., compost and decomposed plant litter) is a
common preferred material used in wetland treatment systems (Taleno 2012; Tiner
1999). If the organic matter content of the soil strata is less than 20-35%, it is con-
sidered a mineral soil (Tiner 1999; Cooray et al. 2012). Both chemical soil composi-
tion and physical parameters such as grain-size distributions, interstitial pore spaces,
effective grain sizes, degrees of irregularity, and the coefficient of permeability are
the key criteria influencing the treatment performance (Tore et al. 2012).

Ionized ammonia may be removed from wastewater through exchange with soil
strata, detritus, humic substances, and organic and inorganic sediments or else fixed
within the clay lattice in wetland systems. On the other hand, adsorbed ammonium
bounds loosely to the materials and can be released easily in response to water
chemistry changes. At equilibrium condition, a fixed amount of ammonium is
adsorbed to the exchange sites. Once the ammonium level decreases in the effluent
occurring inside treatment unit (e.g., as a result of nitrification), some ammonium
will be desorbed to regain an equilibrium with the new concentration. Ammonium
ion adsorption capacity increases with increasing initial ammonium concentration
in the wetland effluent (Kadlec and Knight 1996; Kadlec 2009).

Phosphorus primarily removes through bed materials rich cations (typically
divalent or trivalent) by adsorption and ion exchange reactions. As these associated
mechanisms have a finite capacity, the elimination of phosphorus will cease when
that capacity is reached (Brix et al. 2001). Soil materials used in constructed wet-
lands usually do not have a great quantities of ion cations; achieving generally very
low phosphorus removal.

Alternative used media materials can be classified into natural materials (e.g.,
apatite, bauxite, dolomite, zeolite, laterite, limestone, opoka, shale), industrial
byproducts (e.g., bauxsol, burnt oil shale, coal fly ash, orchre, red mud, slage) and
man-made products (e.g., alunite, filter P, filtralite, lightweight aggregates, norlite,
oyster shell, polonite) (Vohla et al. 2011). Most researchers employ natural zeolite
exchangers (volcanic tuffs, usually clinoptilolite-rich tuff) as low cost, effective,
readily available materials to treat ammonium-containing wastewater (Copcia et al.
2010). Among various industrial byproducts, the highest phosphorus removal
capacities stated for some furnace slags up to 420 g P kg~!. The natural and man-
made media materials have been reported for maximum removal capacities of about
40 gPkg'and 12 g P kg™!, respectively (Vohla et al. 2011).
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2.4 Oxygen Transfer/Diffusion

The amount of oxygen released from plant roots vary strongly by species-specific
differences, seasonal variation and different wetland techniques used in wastewater
treatment. Aquatic plants transfer atmospheric oxygen to their root system through
an internal gas space, called aerenchyma, and release a fraction of this oxygen
(30-40%) into the rhizosphere for aerobic microbial activity (Wiessner et al. 2006;
Li et al. 2011a). The aerenchyma tissue also plays a role in the emission of other
gasses, such as carbon dioxide and methane, into the atmosphere through plants
(USEPA 2000; Armstrong and Armstrong 2005). Porosity (gas volume/tissue vol-
ume) in plant tissues can differ markedly between species. Aerenchyma typically
provides a low resistance internal pathway for the movement of oxygen and other
gases between shoot (i.e., above-ground or -water plant parts) and root extremities.
For that reason, the plants adapt morphologically and anatomically to growing in a
water-saturated substrate by further enhance and formation of aerenchyma
(Hondulas 1994; Li et al. 2011a). Depending on the degree of adaptation, aeren-
chyma can account for as much as 60% of the total tissue volume. Obvious pro-
cesses associated with above-ground or above water gas exchange and gas transport
inside the plants (through aerenchyma) are driven by photosynthesis, diffusion,
thermoosmosis, convective flow induced by pressure gradient, and humidity pres-
surization (Wiessner et al. 2006; Allen 1997). However, the types and combination
of these transport mechanisms are also specific to each plant species. Besides, dead
and broken shoots in some plants, such as Phragmites sp. which has the ability to
grow in variable water depths, can also allow for the transport of some oxygen to the
root zone. This can be attributed to venturi effects of wind flow, stagnation pressures
of wind, pressure oscillations induced by turbulent wind flow, and the effect of heat
tube, e.g., evaporation and condensation at opposite ends of a tubes (Kadlec and
Wallace 2009; Willcox 2013; Allen 1997); perhaps some of these phenomena pro-
vide a reliable prediction in wetland operation under cold climates. The thermoos-
mosis processes occur when the temperature of the internal gas phase in leaves
exceeds the temperature in the atmosphere resulting uptake of gas molecules by
leaves. The warmer interior of the leaves successively causes an influx of gas mol-
ecules, overpressure buildup inside leaves, and gas molecules transport into the root
system (Wegner 2010). The pressure gradient is formed by low pressure in oxygen-
consuming tissues of the plant caused by different solubilities of the oxygen used
and the carbon dioxide formed in this process, and higher pressure in the plant’s
leaves; initiating air to flow throughout the entire body of the plant (Wiessner et al.
2006). Humidity-induced pressurization is the dominant mode of pressurization
under most conditions. It is related to vapor pressure differential between the leaves
and atmosphere separated by a porous partition (plant cell membrane). The total
pressure will be greater on the more humid side of the partition (Reddy and DeLaune
2008; Steinberg 1996).
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3 Traditional Wetland Systems

The wetland systems based on traditionally on a water flow regime can be classified
into surface flow (SF) and subsurface flow (SSF) CWs (Kadlec and Wallace 2009;
Mitsch and Gosselink 2007). The SSF CWs are further subdivided into horizontal
flow and vertical flow paths. The SF CWs often utilize free-floating, free-leaves,
emergent, and submerged macrophytes, whereas the SSF CWs are limited to emer-
gent macrophytes. A simple scheme for various types of CWs is shown in Fig. 1.2.

3.1 SFCWs

A constructed wetland designed for surface flow consists of a basin or channels,
sometimes with a natural or synthetic liner to prevent seepage. In these systems,
water intended to flow horizontally above ground and exposed to the atmosphere. A
large aspect ratio (length—width ratio) can ensure plug-flow conditions and optimal
treatment performances (Heers 2006; Taleno 2012). SF CWs with free-floating
macrophytes (typically ~50-100 cm depth) having three distinct zones, aerobic,
facultative and anaerobic, depending on the oxygen transfer through the floating
plants (Fig. 1.3a). These floating plant systems function as a horizontal trickling
filter, where the submerged roots mainly provide physical support for a thick bacte-
rial biofilm (Valipour et al. 2015). Moreover, the soil or any other suitable medium

Constructed
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Fig. 1.2 Classification of traditionally designed CWs in domestic wastewater treatment
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Fig. 1.3 CWs used in wastewater treatment, (a) SF CWs with free floating plants, (b) SF CWs
with emergent plants, (¢) HSF CWs, (d) VSF CWs

(at least 20-30 cm) may serve to support the rooted vegetation (if they are dominant
plantation) in the SF CWs (floodwater depth <50 cm) (Heers 2006) (Fig. 1.3b). The
microbial activities (aerobic/anaerobic) primarily take place in the superior layer of
the soil, on the surface of the immersed stems and leaves of the plants.

The advantages of SF CWs include the relative ease to construct, simple designs,
low maintenance, inexpensive operation, and habitat value. They can also be used
for wastewaters with higher levels of suspended solids. On the other hand, these
constructed wetlands have lower removal rates of contaminants per unit volume.
Therefore, they require more land space and are expensive to construct in terms of
capital cost. Odors and insects are a problem due to the free water surface and low
treatment efficiency. These complications have limited the use of SF CWs for treat-
ing wastewater, especially in decentralization practices.

3.2 SSF CWs

SSF CWs consist of beds that are usually sealed by an impermeable substance to
block leakage, and media which assist the growth of emergent plants (Bashyal
2010). The media (in the active zone) are generally composed of rock or crushed
gravel of 5-20 mm diameter, sand of 0—4 mm diameter (having a permeability of
1073 to 10~* m/s) and different soils, or in various combinations (UN-HABITAT
2008; Kadlec and Wallace 2009). In most of these systems, the flow path is horizon-
tal (Fig. 1.3c), although some use vertical flow paths (Fig.1.3d). In horizontal sub-
surface flow (HSF) CWs, the wastewater essentially flows horizontally (5-15 cm
below the media surface) through the support media (50-100 cm active zone) and
comes into contact with a network of aerobic, anoxic, and anaerobic zones. An aver-
age depth of <50 cm, taking into considerations of the precipitation, would cause
surface flow (UN-HABITAT 2008; Rios et al. 2007; Heers 2006; Tee et al. 2012).
The inlet and outlet zones are arranged with 20-80 mm media (each 0.5-0.8 m in
length) in the HSF CWs (UN-HABITAT 2008). The microbial aerobic respiration
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more predominates around roots and rhizomes. In the zones that are largely free of
oxygen, the system performs the anaerobic microsites to develop (Valipour et al.
2014b; Tee et al. 2012). In vertical subsurface flow (VSF) CWs, the wastewater is
typically discharged onto the entire surface via a distribution system and passes ver-
tically into the media (having 50-100 cm active zone). However, it is recommended
to use media depth of 70 cm which provides adequate nitrification in addition to the
organic pollutants removal (UN-HABITAT 2008; Heers 2006). VSF CWs, depend-
ing on whether the wastewater is fed onto the surface or to the bottom of the wetland,
includes up-flow (VUF CWs) and down-flow (VDF CWs). The latter is used more
generally in wastewater treatment compared to the former system. This can be
explained by the fact that they provide good oxygen transfer and are more suited for
aerobic conditions resulting in the better elimination of pollutants (Zhao et al. 2011).
In view of that, VDF CWs are usually fed intermittently with large batches (3—12
times a day), subsequently surface flooding occurs. Wastewater then gradually per-
colates down through the bed materials and plant root systems, which allows air to
refill the bed (Stefanakis et al. 2014). The effluent in VDF CWs is drained at the
bottom of the bed via drainage pipes which are covered with a layer of gravel of
20-60 mm (0.2-0.3 m depth) (Brix and Arias 2005; UN-HABITAT 2008; Kadlec
and Wallace 2009). By intermittent dosing, the ventilation pipe connected to the
drainage system can contribute to aerobic conditions in the VDF CWs. It is reported
that the intermittent dosing system has a potential oxygen transfer of 23-64 g O,/m?/
day whereas the oxygen transfer through plant (common reed species) has a poten-
tial oxygen transfer of 2 g O,/m?/day to the root zone (UN-HABITAT 2008).

SSF CWs is thought to have several advantages over SF CWs. The soil matrix
provides a large surface area available for attached microbial biofilms. As a result,
the treatment responses are faster, and lower space is needed compared to SF CWs.
The subsurface position of the water and the accumulated plant debris on the sur-
face of the bed may offer a greater thermal protection in cold climates in SSF CWs.
Nevertheless, these systems can still be restricted by choking, clogging, odors and
vectors, slow mass transfer, poor root penetration into the multilayer soil column,
high area requirements and capital investment. In fact, when choking and clogging
occurs most likely because of both biofilm growth and suspended solids accumula-
tion, the void spaces inside bed matrices are blocked, and the infiltration rate of
wastewater is considerably reduced. Subsequently, the supply of oxygen into the
matrices diminishes, and the treatment ability of the reed beds decreases rapidly
(Sun et al. 2007). Hence, applying these systems in practice may also not prove to
be practicable in decentralization.

4 Process Modification

A wide range of expended designs, configurations, and combinations with other
technologies was trialed to prevail over the limitations of CWs and establish them
as an effective tool for purifying municipal wastewater effluent (Fig. 1.4).
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Fig. 1.4 Examples of advanced wetland systems: (a) shallow pond, (b) baffled follow, (c) step-
feed, (d) artificial aeration, (e) multilevel drop aeration, (f) bio-rack, and (g) bio-hedge

4.1 Single Wetland Systems
4.1.1 Shallow Pond Water Hyacinth System (SPWHS)

The excess pond depth in traditional SF CWs (with free floating macrophytes)
reduces oxygen transfer efficiency though roots and sustaining high anaerobic
microbial growth. Higher pond depth can rise to anaerobic zones resulting in slow
organic degradation rate and foul odor emission. In that order, the shallow pond
system using water hyacinth was attempted to enhance the performance and to min-
imize the constraints associated with SF CWs (Fig. 1.4a). This system has the maxi-
mum water depth of 145 mm with the fully matured plant root submerged
(90-120 mm) to avoid the anaerobic zone. This condition ensures the optimal inter-
actions between the wastewater effluent and microbial biomass in the phytoreme-
diation treatment practice. The vegetation (water hyacinth) had a coverage area of
192-193 plants/m?, indicating a highly dense plant population (Valipour et al.
2011a).

The SPWHS offers the advantages of better oxygen diffusion efficiency through
the roots and the accumulation of a larger aerobic bacterial population. This process
leads to a higher biological degradation rates, resulting in lower space requirement
and capital investment per volume unit than other traditional CWs. The nuisance
odors prevented, and insect-related problem minimized. Nevertheless, SPWHS may
be still thought to associate with the drawbacks of a high land area and capital
investment. The risk of insect vectors is yet inevitable due to the free water surface.
Hence, the use of shallow pond water hyacinth technique could be limited by poten-
tial users for wastewater treatment in decentralization practices.
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4.1.2 Baffled CWs

Insufficient oxygenation of the rhizosphere in HSF CWs leads to incomplete oxida-
tion of organic compounds and nitrification, and consequently denitrification (Chen
2012; Tee et al. 2012). The VUF CWs are also reported to be more favorable for
anaerobic condition which can hamper the treatment capacity of the system (Zhang
et al. 2013). However, they are more efficient than HSF CWs, simply because the
water-root contact can be optimized in the system through an upward flow that
thereby promotes plant uptake (Hamdan and Mara 2014). In contrast, the VDF CWs
is stated to have a better oxygen transport ability which allows comparably higher
pollutant removal efficiency, whereas denitrification is limited in such systems (Tee
et al. 2012; Zhang et al. 2013). In that order, HSF CWs incorporating up and down
flows sequentially along the treatment path is developed to enhance the removal of
pollutants (Fig. 1.4b) (Tee et al. 2012, 2015). The design is able to nurture sequen-
tial aerobic, anoxic, and anaerobic conditions within the same wetland bed. This
was achieved by inserting vertical baffles along the width of the wetland thus forc-
ing the wastewater to flow up and down instead of horizontally as it travelled from
the inlet to the outlet. The baffles help to protect the system from short circuiting,
i.e., water finding a quick route from the entrance to the outtake.

The performance of the baffled CWs over traditional wetland systems can pro-
vide quantitative advantage given relatively smaller footprints and lower capital
cost. This could be attributed to the longer flow path provided by the up-flow and
down-flow conditions sequentially in the wetland resulting in more contact of the
wastewater with the rhizomes and micro-aerobic zones (Tee et al. 2012).
Nevertheless, the disadvantages, such as choking, clogging, large land area, capital
investment, and so forth, would still exist in the baffled wetland unit (Xing 2012).
Therefore, the baffled wetland system may face with difficulties in decentralization
practices.

4.1.3 Step-Feeding CWs

For performance enhancement of organic matter and nitrogen in the CWs, step-
feeding strategy is used by the gradational inflow of the wastewater into the bed
(Fig. 1.4c) (Fan et al. 2013a; Stefanakis et al. 2011). In this practice, the wastewater
typically discharges at multiple input points along the length of the cell. In the SSF
CWs, it relies more on inlet and outlet structures for uniform flow distribution, espe-
cially for small length-to-width (L/W) ratio. In fact, inlet structure is expected to
affect the performance of the CWs through selected flow distribution along the wet-
lands length (Stefanakis et al. 2011). In full-scale CWs, the main purpose of the
step-feeding strategy lies in the effective utilization of wetland area through uni-
form loading distribution (i.e., BOD and TSS) (Hu et al. 2012). The step-feeding for
full-scale CWs with longer L:W ratio and reduced width, resulting in lower needs
for piping, simplifying inlet construction, and as a result, reducing construction
costs. In cases of high strength wastewaters (characterized by high BOD and TSS),
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the small length to width ratio (L:W < 1) could be confronted with step-feeding
adoption. In addition, the design/operation parameter might be great importance to
avoid rapid clogging of subsurface flow systems and increase the lifespan of the
material used in the bed (Stefanakis et al. 2011).

Step-feeding configuration offers some significant advantages and unique capa-
bilities when compared to traditional CWs. This strategy ensured uniform distribu-
tion of influent wastewater through the reactor bed, prevents overloading of the
influent, enhances the treatment performance, and consequently, reduces land area
requirement and capital investment (Stefanakis et al. 2011; USEPA 1988). On the
other hand, the drawbacks associated with traditional CWs could be still unavoid-
able with step-feed systems. In step-feed SF CWs, there is still the risk of odors and
insect vectors. Also, there is a possibility of choking, clogging, and foul odors in the
step-feed SSF CWs. These types of CWs may still require a large land area and
capital investment. Moreover, Fan et al. (2013a) stated that the classic route of deni-
trification in CWs with step-feeding strategy is generally not completed, and the TN
removal remains at a low level. However, the additional carbon source supply in the
new influent may believe to improve the denitrification. Therefore, the application
of step-feed CWs could be limited in the decimalization practices.

4.1.4 Artificial Aeration CWs

Dissolved oxygen is often a limiting factor during removal of organic and inorganic
pollutants including nitrogen in CWs (Kumari and Tripathi 2014). Wetland oxygen
is rapidly depleted by microbial nitrification and decomposition of organic matter,
resulting in a large anaerobic zone (Tao et al. 2010). Therefore, in order to improve
the oxygen availability and to enhance the removal of organic and inorganic pollut-
ants, the use of artificial means for oxygen supply in CWs has been proposed (Fig.
1.4d). The ideal is to use an air pump (a blower or injector) to provide compressed
air to the bed (Stefanakis et al. 2014; Tao et al. 2010). It is reported that the aeration
of wetland with compressed air requires about half of the power of an equally per-
forming and sizing activated sludge system for nitrogen removal (Wu et al. 2011b).
The use of supplemental aeration can facilitate aerobic biodegradation of organic
materials, nitrification, and consequently denitrification (Kumari and Tripathi 2014;
Tao et al. 2010). So far, the artificial aeration in most CWs studies is performed in
continuous mode (i.e., 24 h/day). This arrangement results in the faster depletion of
influent carbon source and the lack of effective anoxic zone which both of them
inhibit the subsequent denitrification step in CWs, and also, the high operation cost
remains doubtful. Intermittent artificial aeration, instant of continues oxygen sup-
ply, can well develop alternate aerobic/anoxic redox conditions in wetland systems,
allowing the occurrence of the coupled nitrification/denitrification processes. In
general, intermittent aeration could be much energy-benefit than continuous mode
(Fan et al. 2013a; Tao et al. 2010; Kumari and Tripathi 2014). In SF CWs, aeration
can cause a hydrodynamic mixing effect and more uniform distribution of dissolved
oxygen at a considerable distance from the air diffusers. For that reason, aeration is
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typically provided via high-volume devices. On the other hand, in SSF CWs, the
hydrodynamic mixing is limited since the distance of an air bubble does not exceed
30 cm. This can result to the effectiveness of aeration and uniform distribution of
small air quantities merely across the bottom of the bed (Stefanakis et al. 2014).

Besides, as a performance improvement of wetland, the artificial aeration
increases the aerobic microbial activities, and enhances activates of the plant rhi-
zomes and root systems (Tao et al. 2010). The performance of the system could
diminish land requirement, and correspondingly, capital cost. The higher dissolved
oxygen content can prevent the nuisance odors in the wetland units. Aeration also
reduces the settling of suspended solids and flushes them out of the systems. This
may lower the choking and clogging dilemma in SSF CWs. Accordingly, the insect
vector problem can be minimized in the SF CWs. The bottom aeration in VDF CWs
can also result in the combined action of the vertical downward drainage of the
wastewater with the up-flow movement of air bubbles leading in a very good water
mixture within the bed as described by Stefanakis et al. (2014). Nevertheless, the
greater microbial activity could lead to a change of both microbial community
structure and diversity, and higher microbial biomass yield. In view of that, the pos-
sible long-term effect of artificial aeration on SSF CWs, such as choking and clog-
ging difficulties, is lacking and should investigate the case further (Chazarenc et al.
2009). For that reason, limiting the aeration efficiency and treatment performance
as well as odor difficulties may occur in long-term operation of SSF CWs. The risk
of insect vector is probably still apparent in the SF CWs. The land requirement and
capital investment could be found considerable in wetland units. Furthermore, arti-
ficial aeration anyhow requires energy input and additional cost. Hence, it can be
argued that artificial aeration makes the system less environmentally sustainable for
decimalization practices.

4.1.5 Multilevel (Two-Layer) Drop Aeration CWs

Considering the limitations such as the low pollutant removal efficiency and oxygen
transfer capability in traditional wetland treatment systems, the process of vertical
flow CWs feed with drop-aerated influent has been configured (Fig. 1.4e) (Zou et al.
2012). In this practice, the additional oxygen is supplied into the wastewater by
using multilevel, two-layer drop aeration devices that are installed at above CW. The
cross-section of the inclined two-layer drop aeration units is triangular and parallel
to each other with a distance of 0.3 m vertically. The wastewater flowed to the top of
the multilevel, two-layer drop aeration unit and then being dropped into the next one
by gravity. The amount of oxygen transferred into wastewater strongly depends on
the designed flow rate and drop height of the aeration devices. The maximum oxy-
gen transfer efficiency is possible to achieve at low flow rate as well as drop height
up to 1.2 m (by using four units at a distance of 0.3 m vertically from each other); it
slows at above this drop height (by increasing the units). The multilevel, two-layer
drop aeration device supplies 2—6 mg/L higher dissolved oxygen (DO) per meter of
the height into wastewater compared to the direct drop aeration process.
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This type of CWs has numerous advantages of high hydraulic loading rate, high
pollutant removal efficiency, low land requirement, and capital investment. There is
no additional cost of energy consumption due to supplementary aeration. The nui-
sance odor can be prevented within wetland unit. Nevertheless, this system may still
associate with some limitations; however, no any operational difficulties were
reported during the study (27 months) by Zou et al. (2012). The low temperature
would freeze the influent dropping device in cold climates. Nuisance odors and
insect problems may occur because of the exposure of wastewater to the atmosphere
in the influent dropping device. The chocking and clogging may also a problem due
to soil strata in CWs. Accordingly, the odor nuisance could be faced. To apply for
SF CWs, there is still question about the risk of insect vectors and public exposure
due to open water surface. These systems may still be associated with high foot-
prints and capital cost. Therefore, the application of the multilevel, two-layer drop
aeration CWs could face with difficulties in decentralization practices.

4.1.6 Tidal Flow (TF) CWs

They are significantly developed to enhance the treatment capacity in traditional
CWs. The operation of these systems is based on the batch principal by multiple
periodical flood and drain cycles per day (Austin 2006; Hu et al. 2014). In these
systems, the treatment performance could be attributed to many factors; including
flood-to-drain time ratio, oxygen transfer efficiency, and media material character-
istics. When reactors are flooded, the wastewater comes into contact with the bacte-
ria in attached biofilms, and ammonium ion adsorbs to negatively charged media
materials/roots surfaces. During the drain portion of the cycle, air is positively
drawn from the atmosphere into media pore spaces of the bed, so the aeration of the
system is significantly improved, resulting in a rapid nitrification of adsorbed
ammonium. Accordingly, oxidized ammonium ions are dissolved in the remaining
water on the soil particle and root surface. Because nitrification occurs in drained
phases, there is little apparent competition for oxygen within biofilms to limit nitri-
fication. In the next flood phase, nitrate ions desorb to bulk effluent (a high organic
carbon environment) and are reduced to nitrogen gas by denitrifying bacteria with
organic carbon as electron donor (denitrification). Therefore, the selection of media
materials with high cation exchange capacity is significantly important to support
this process (Austin and Nivala 2009). Moreover, diffused air in the wetland beds
allow for enhanced organic particulates decomposition (Sun et al. 2007). The redox
status in the bed can be controlled by the duration of the flood and drain periods. In
that order, increasing the drain (unsaturated) time would enhance nitrification per-
formance whereas may inhibit denitrification and vice versa (Hu et al. 2014). Flows
can be a combination of horizontal and vertical during filling, but mostly vertical
downward during draining (Kadlec and Wallace 2009).

In addition to effluent performance, the tidal flow wetland can be found to pro-
vide a benefit of smaller footprints, and lower capital investment (Austin and
Nivala 2009). These types of wetlands are hydraulically efficient because they
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resist formation of preferential flow paths. They can build up as deep as 1.2 m
without losing hydraulic efficiency. As a result, deeper systems occupy less land
area, thereby broadening the number of potential wetland treatment sites (Austin
2006). They also may have fewer odor problems due to high oxygen transfer capac-
ity of the wetland bed. On the other hand, in cold climates wetland beds may face
with problem of freeze solid (Austin and Nivala 2009). Over a period of time, the
system may cause choking and clogging problems (Sun et al. 2007). This can result
in limiting available voids in the bed for atmospheric air diffusion and treatment
efficiency, and consequently, odors complication can be faced. The high land area
requirement and capital investment may still be considerable. Thus, the tidal flow
type CWs could be restricted in decentralization practices.

4.1.7 Biofilm Attachment Surface (BAS) CWs

These systems are incorporated with the advantages of phytoremediation and engi-
neered attached microbial growth processes to overcome the drawbacks associated
with traditional CWs (Valipour et al. 2009, 2015). The wastewater is distributed uni-
formly and flows horizontally throughout the support matrix that used to provide an
abundant attachment site for microbial growth (6-7 logs cfu/cm?). Microorganisms
associated with biofilms attached to the support matrix, stems, roots, and water col-
umn are responsible for most of the essential transformations and decomposition of
contaminants in the wastewater. As initially developed, this type of wetlands includes
Bio-rack (Fig. 1.4f) and Bio-hedge (Fig. 1.4g) treatment systems. The Bio-rack sys-
tem (0.5 m effective depth) is free of soil strata-based root zone system and in lieu, a
support matrix (Bio-rack) is provided to enrich the microflora. The Bio-rack assem-
bled by the number of vertical PVC pipes having an effective height of a 500 mm, and
50-60 mm outer diameter (depending on type of vegetation). The pipes contained
numerous surface perforations (20 mm diameter) for liquid transportation (Fig. 1.5).

The Bio-hedge CW is an advance form of shallow pond water hyacinth system
in which plastic mesh type structures (Bio-hedges) was provided to achieve higher
biomass concentrations within wetland unit (having 0.15 m effective depth). Bio-
hedges with a length and effective height equal to the treatment unit were hanging
vertically in 5.5 cm distances from one another, parallel to the direction of flow of
wastewater.

The BAS wetland systems have proven effective in challenging applications of
CWs in domestic wastewater treatment. These exceptional processes are less expen-
sive to build and operate, simpler to design, and easier to maintain than any other
wetland systems. It has significantly lower total lifetime costs, space requirement, and
capital costs because of more intense biological and treatment activity as compared to
other CWs. The specific arrangement of the BAS wetland techniques provides effi-
cient oxygen diffusion and a distinguished surface area for a superior microbial popu-
lation. In these systems, aerobic microorganisms dominate due to high oxygen
transfer efficiency through roots. The BAS wetlands can be used to treat domestic
wastewater with high concentration of suspended solids. On contrary to SSF CWs,
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Fig. 1.5 Ideal root system growth of Phragmites sp. in the Bio-rack at steady-state condition

these practices do not have restrictions such as choking and clogging as a result of soil
media. Odors and insects also are not a problem as a result of high oxygen transfer
efficiency and short retention time. Overall, BAS CWs (especially Bio-rack wetland)
can be strongly recommended for decentralization practices since there is a lack of
specific technical constraints associated with any other CWs.

4.2 CWs Combined with Other Technologies

In application of CWs in domestic wastewater treatment, the pretreatment stage rec-
ommended to avoid clogging problems of the porous media (particularly where soil
strata is used), lower the organic load rate, and reduce the land area requirement and
capital investment (Jamshidi et al. 2014; Singh et al. 2009). The pretreatment meth-
ods can include screening, settling basin, stabilization pond, and anaerobic treat-
ment units. The treated effluent of stabilization pond and anaerobic systems could be
totally nutrients rich, and containing high concentration of unacceptable pathogen
(Singh et al. 2009; dos Santos et al. 2013; Nasr et al. 2009; Kim et al. 2003). They
are, however, typically known as efficient, economical and sustainable options in the
decentralization (Nasr et al. 2009; Gikas and Tsihrintzis 2014). They require post-
treatment for removing the remaining organic matters, nutrients, and pathogens.
Therefore, the application of CWs as a post-treatment unit has been introduced as
promising solution in wastewater treatment (Singh et al. 2009; Nasr et al. 2009; dos
Santos et al. 2013; Kim et al. 2003). Yet, the behavior of constraints is the same still
there is in types of CWs characterized by SSF (i.e., the bed with soil layers) and SF
operation as a post-treatment unit. For that reason, these integrated treatment pro-
cesses may be associated with complications in decentralization practices. In con-
trast, the incorporation of the BAS wetland systems could be recommended.
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4.3 Hybrid Systems

Hybrid constructed wetlands are in operation in many countries around the world
(Tee et al. 2012). The traditional CWs alone cannot achieve high removal efficiency
of nitrogen because of their inability to provide both aerobic and anaerobic condi-
tions simultaneously. They typically require low hydraulic loading rates, and large
surface areas. As such, they are normally combined to complement each other, and
are ideal to achieve higher treatment efficiency, especially for nitrogen removal
(termed hybrid system) (Avila et al. 2014; Tee et al. 2012; Tuncsiper 2009). The
VDF CWs have a very high nitrification capacity, whereas HSF and VUF CWs
show very efficient denitrification (Tuncsiper 2009; Zhao et al. 2011; Zhang et al.
2013). In that order, the hybrids from VDF and HSF CWs arranged in a staged man-
ner are most frequently used to achieve, in addition to BODs and SS removal, nitri-
fication and denitrification (Abidi et al. 2009). However, HSF followed by VDF
CWs were also used to enhance treatment efficiency. HSF-VDF CWs were designed
by a large HSF bed and a small VDF bed. In this system, for nitrate removal, it is
necessary to recirculate the effluent back to the front end of the system where deni-
trification takes place by using the raw feed as a source of carbon needed for deni-
trification (Vymazal and Kropfelova 2011). The potential combination of VDF
followed by VUF CWs may likewise attempt for achieving higher treatment effect,
particularly toward nitrogen removal (Zhao et al. 2011; Zhang et al. 2013). Besides
VDEF-HSF, HSF-VDF, and VDF-VUF systems, other combinations of various types
of constructed wetlands including FS CWs and modified processes (consisting of
two or more stages) can also be used (Vymazal and Kropfelova 2011; Avila et al.
2014; Zhao et al. 2011; Zhang et al. 2013).

On the other hand, despite the performance of the hybrid systems, the limitations
may still present in the need for large land area and capital investment (either by
using traditional or modified processes), and typically, a recycling system to enable
the wastewater to undergo treatment under oxidation and reduction conditions
repeatedly (Tee et al. 2012). The most introduced modified systems (depend on the
type of modification) often faced difficulties transitioning from traditional wetland
treatment methods. There is a possibly of choking and clogging problems in the SSF
stages where the beds filled with soil strata. The risk of odors and insects is unavoid-
able in the stages that build up based on kind of SF CWs. Therefore, the hybrid
systems may also be restricted as model for decentralization.

5 Process Performance

A review of the literature has shown that the most treatment wetland studies deal
primarily with organic, suspended solids, and nutrient pollutants removal. The per-
formance of CWs depends on many factors, including the environmental condi-
tions, degree of vegetative completeness within a wetland unit, types of plant,
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operational strategy taken, bacterial population, and oxygen concentration. In that
order, emergent Phragmites sp. and free-floating water hyacinth has been found to
have a great potential for use in phytoremediation of wastewater among other spe-
cies. The potential ability of these plants can be explained by their higher growth
rate and extensive root systems responsible for greater microbial mass contribution,
the desirable rate of the oxygen transfer efficiency, nutrient cycling, filter bed stabi-
lization, and water quality improvement throughout the treatment unit. A mixed
culture of plant species might not play an important role during wastewater treat-
ment compared to monoculture systems. Agreeing the hydraulic retention time
(HRT) is a noteworthy direct predictor in a performance evaluation of CWs. An
excessively short HRT will result in low treatment efficiency, whereas an exces-
sively long HRT will not be economically feasible and might cause clogging of the
filter material.

5.1 Organics and Suspended Solids Removal

Regardless of the traditional SF CWs, which is operated in batch mode (see Table
1.3), high levels of organic matter (>50% COD, >70% BOD:) are found in all types
of CWs (Tables 1.3, 1.4, 1.5, and 1.6); despite this, the systems differ in terms of the
operating conditions applied. Similarly, the removal of suspended solids is also high
in all types of CWs (>67% TSS).

As shown in Table 1.3, high organic removal efficiencies can be adopted for
traditional HSF CWs using Phragmites sp. at a minimum HRT of 1 day. On the
other hand, there is concern regarding the feasibility of traditional CWs as a cost-
effective method because they typically require a long HRT to achieve efficient
pollutant removal.

Among the cited modified processes applied in treating domestic wastewater
(Table 1.4), the Bio-rack system planted with Phragmites sp. offers an excellent
opportunity for the high efficiency of organic removal at a shorter HRT (0.42 day).
As an obvious effect of vegetation, the Bio-rack system in the presence of Typha sp.
can provide an effective organic removal efficiency comparable to that planted with
Phragmites sp. at a longer HRT of 0.71 day HRT; but it can still operate at higher
loading rates than other cited modified CWs. In fact, extensive root system of
Phragmites sp. occupies thoroughly over the depth of the treatment unit, and corre-
spondingly, enhances aerobic microbial mass contribution as well as organic and
inorganic removal efficiencies. Despite this, the Bio-hedge system (at low HRT of
0.6 day) also appears to be an effective process in organic pollutant removal com-
pared to other modified wetlands. The shallow pond water hyacinth process is less
efficient than Bio-rack and Bio-hedge wetland systems (by increasing 20-50%
HRT), but more effective in removing organic pollutants than other modified pro-
cesses. In contrast, the step-feed HSF CWs have been operated for long retention
times (6 and 14 days). Furthermore, a comparison of batch-type SF CWs with con-
tinuous aeration (at 1.5 days detention time) with the traditional operation (presented
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in Table 1.3) showed that artificial aeration can compensate for the lack of plant-
mediated oxygen supply, and enhance the organic removal efficiency in CWs. On
the other hand, a comparison of continuously aerated SF with continuously aerated
VSF CWs showed that the type of wetland system and HRT can play a key role in
these systems. Moreover, based on the evidence of aerated batch-fed VDF CWs (at
3 days detention time), the systems that operated under intermediate aeration showed
comparable removal efficiencies of organic pollutants to that operated under con-
tinuous aeration. The experimental results from tidal flow (TF) CWs showed that the
system produced the highest organic pollutant removal efficiency with relatively
short flood and long drain periods, highlighting the importance of oxygen transfer
into the bed matrix.

Among the cited CWs presented in Table 1.5, the Bio-rack system planted with
Phragmites sp. also appears to be a suitable alternative that can be used to remove
organic pollutants from pre-treated domestic wastewater (at a HRT as low as 0.4
day). The Bio-rack system planted with Typha sp. was found to have a slightly lon-
ger retention time (0.52 day) to achieve an almost comparable organic effluent qual-
ity. The HRT of 0.52 day is still shorter than the other cited CWs in this category.
The influent wastewater discharged into the Bio-rack wetland (with Phragmites sp.)
contains somewhat higher concentrations of organic pollutants than that planted
with Typha sp. The higher influent pollutant concentrations may cause a longer
retention time in the CWs. But, by contrast, there would still be the added benefit of
dealing with constraints associated either with traditional or other modified CWs
when the Bio-rack system (planted with Typha sp.) is used. The traditional VDF
CW shows better organic removal treatment performance than traditional HSF CWs
because they provide an ideal environment for aerobic bacterial respiration. Baffled
HSF and drop-aerated VDF CWs have been found to have long HRTs (respectably
above 2 and 3 days) to produce the desired organic pollutant removal efficiency,
while the pollutant influent concentration was comparatively low in both systems.
In fact, the low influent pollutant concentrations and the longer HRT in the cited
CWs can be due to the possible long-term effects, such as choking and clogging
difficulties. However, wetland systems with long HRT also had adverse effects on
effluent quality.

As shown in Table 1.6, the use of hybrid systems does not eliminate the need for
pretreatment. For the treatment of domestic wastewater (100-500 mg COD/L), the
hybrid systems were operated optimally in HRT with a range of 3-6 days.
Accordingly, a higher organic pollutant removal rate can be obtained at a higher
organic loading rate compared to those operated under a low organic loading rate.
Nevertheless, caution should be taken to avoid clogging of the filter beds when they
operated under high organic loading rates. Zhao et al. (2011) reported that the aver-
age organic pollutant removal efficiencies ranged from 73 to 93% by varying the
influent COD/N ratios (2.5, 5, and 10) in two-stage hybrid systems (Q=0.04 m3/day,
HLR=0.07-0.07 m*m?*/day) (Fig. 1.6). On the other hand, the highest organic mat-
ter removal occurred when the COD/N ratios were 5-10 for VDF-VUF CW.
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Fig. 1.6 Pollutant removal efficiencies of four types of two-stage hybrid CWs fed with synthetic
domestic wastewater (study period: 9 months, vegetation: A. calamus, influent temp.: 841 °C)
(Zhao et al. 2011)

5.2 Nitrogen Removal

As shown in Tables 1.3, 1.4, 1.5, and 1.6, the removal efficiency of ammonium
nitrogen (NH4-N) varied (20-99%), which can be due to the input organic and
nitrogen concentration, oxygen transfer efficiency of the systems, aerobic microbial
population within the wetland beds, process condition (i.e., hydraulic retention
time), and a certain adsorption capacity of the materials in the wetland bed. As
shown in Tables 1.3 and 1.4, the nitrogen removal rate (nitrification) could be lim-
ited by the high organic matter concentrations (>300 mg BODS5/L) presented in the
influents in a single unit CWs, while the organic removal efficiency remains con-
stant. This might be because the available oxygen in wastewater with a high BOD
and nitrogen content is utilized quickly by heterotrophic bacteria for the metabolism
of organic carbon (Ciria et al. 2005). As a result, clogging of the bed can be observed
due to the excessive heterotrophic biofilm growth. Based on Table 1.4, the low nitro-
gen removal efficiencies may also be due to the high nitrogen levels presented in the
influent (>70 mg NH4-N/L).

Nevertheless, in step-feed CWs (Table 1.4), the nitrogen removal efficiency may
be altered depending on the step-feeding scheme. The gradual wastewater inflow at
three points across the wetland length with sequence percentages of 60%, 25%, and
15% of the total influent volume is more effective in enhancing the level of nitrogen
elimination in the step-feed HSF CWs. Fan et al. (2013a) stated that the classic route
of denitrification in CWs with step-feeding strategy is generally not completed, and
the TN removal remains at a low level. However, the additional carbon source sup-
ply in the new influent may believe to improve the denitrification. In the cited aer-
ated batch-fed VDF CWs (3 days HRT) (Table 1.4), the improved simultaneous
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removal of organic matter and nitrogen for high-strength nitrogenous organic waste-
water can also be realized by incorporating supplementary aeration. Therefore, the
intermittent aeration could be an appropriate method for enhancing the TN removal
efficiency than continuous aeration due to the nitrification and denitrification condi-
tions that occur simultaneously. Fan et al. (2013a, b) reported intermittently aerated
VSF CWs with a removal efficiency of 96-99% NH4-N and 26-94% TN depending
on the influent COD/N ratio (from 2.5 to 20). Based on the tidal CWs cited (Table
1.4), a total bed rest time of 2.5 h in an approximately 8 h cycle (i.e., short flood and
long drain periods) was adequate for complete nitrification (=94%). Under this con-
dition, the system achieved effective denitrification when the influent COD/N ratio
was above 7 (>85% TN reduction) (Hu et al. 2014). By considering the results of
the cited CWs used as a post-treatment (Table 1.5), it can be verified that the tradi-
tional type VDF CW provides higher nitrification activity compared to that of tradi-
tional HSF CWs. In hybrid systems (Table 1.6), such as the cited VDF-HSF,
nitrification could be limited slightly when they are operated under a high organic
loading rate. On the other hand, the high nitrogen concentration in wastewater might
not have an effect on the ammonia nitrogen removal performance in hybrid systems
(as VDF-HSF). Tower and three-stage (VDF-HSF-SF) hybrid systems can achieve a
TN > 80% (Avila et al. 2013b; Ye and Li 2009). Tuncsiper (2009) reported the high-
est nitrogen removal efficiency (>80%) in a two-stage hybrid system (HSF-VSF) by
100% recycling and HLR of 0.03m?*/m*/day (Table 1.7). Therefore, the removal effi-
ciency has been increased by increasing the recycling ratio and decreasing the
HLR. Zhao et al. (2011) reported average removal efficiencies of 46—87% for TN by
varying the influent COD/N ratios (2.5, 5, and 10) in two-stage hybrid systems, and
VDF-VUF CW showed the highest TN reduction at a COD/N ratio of 5 (Fig. 1.6).
As aresult, the two hybrid systems of VUF-VUF and VDF-VDF have the lowest TN
removal efficiency because of their inability to achieve the aerobic/anaerobic condi-
tions for the nitrification/denitrification.

5.3 Phosphorous Removal

As reported in previous studies (Tables 1.3, 1.4, 1.5, and 1.6), the phosphorus
removal efficiency in CWs varies considerably (6-99%) depending on the wetland
design, environmental condition, and loading rate. The elevated phosphorus elimi-
nation in the cited CWs can be due directly to the plant uptake process, more stable
temperature during wetland operation and long contact time within the wetland
units. Similarly, the high removal of phosphorus could be due to ligand exchange
reactions within the bed (Vohla et al. 2011). In a proposed design system, increasing
the hydraulic retention time can ameliorate the treatment performance. The removal
of phosphorus is normally low and typically amounts of only 40-60% are observed
during the treatment of domestic sewage (Vymazal 2004). In particular, Zhao et al.
(2011) reported an average reduction of 75-90% TP by varying the influent COD/N
ratios (2.5, 5, and 10) in two-stage hybrid systems (Fig. 1.6). Therefore, VDF-VUF
CW with COD/N ratio of 5 was verified for the highest TP reduction.
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6 Environmental Stress Condition

6.1 High TDS Concentration and Desalination

The domestic wastewater in coastal areas may contaminate with high concentra-
tions of total dissolved solids ranging from 400 to 3000 mg TDS/L (Valipour et al.
2014b). The tolerance to high TDS stress in aquatic macrophytes is a coordinated
action in the treatment performance. Caution must be taken to plant selection when
dealing with high TDS-contaminated wastewater since they should be stress-tolerant
plant in order to have a resilient and effective wetland system. Under high TDS
stress wastewater, plants stand by using several physiological mechanisms include
sequestration of TDS in vacuoles of the cells, TDS exclusion from the transpiration
stream, excreting excess TDS through TDS glands, and preventing TDS uptake into
the roots (Tuteja 2007). TDS affects plants in different ways, such as osmotic
effects, specific-ion toxicity, and/or nutritional disorders. The extent by which one
mechanism affects the plant over the others depends upon many factors, including
the species, genotype, plant age, ionic strength, and composition of the solution
(Lauchli and Grattan 2007). Halophytic plants have long been suggested in treating
wastewater contaminated with high TDS; however, the use of halophytes to reduce
TDS (desalination) is a novel strategy. To act as an accumulator of TDS, the plant
has to be able to tolerate a wide gradient of TDS, grow in wetland, and accumulates
enough ions within its tissues to significantly reduce the TDS of wastewater (Shelef
et al. 2013). In general, the systematic data regarding phytoremediation of TDS-
contaminated wastewater are scarce.

The investigation on using the Bio-rack and shallow pond system in treating TDS-
contaminated wastewater revealed that the Phragmites sp., Typha sp., and water hya-
cinth can tolerate TDS up to 9000, 2500, and 2000 mg/L, respectively (Valipour et al.
2010, 2011b, 2014b). Beyond these concentrations, the plants were highly damaged
and the COD level in treated effluent reached to above 100 mg/L. At these detention
limits, the removal efficiencies were found to be close to 80% in COD and 20% in
TDS (Table 1.8). The results suggested that aquatic macrophytes (such as Phragmaties
sp., Typha sp., water hyacinth) play a role in desalination by the accumulation of TDS
in their tissues since the reduction of TDS was observed in these biological pro-
cesses. Phragmaties sp. may more appropriately refer to as a TDS tolerance plant due
to osmotic adjustment with attribution of high K* content in shoot tissues. Additionally,
the same desalination phenomenon has also been reported to occur in halophyte
Bassia indica by accumulating 10% Na of its dry weight (Shelef et al. 2013).

6.2 Cold Climate Operation

The best prospects for successful wetland treatment should be in the warmer regions.
However, the application of this system under cold climate condition has also been
reported. From the North America Treatment System Database, 176 wetland
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Table 1.8 Performance of shallow pond and Bio-rack CWs treating domestic sewage seriously
stressed with TDS at the optimal tolerance limit of plant species (Valipour et al. 2010, 2011b,
2014b)

HRT |Flow rate 'HLR (m* |Inlet (mg/L) |Reduction (%) |Study
CW type (day) |(m’/day) m?*/day) |COD |TDS |COD |TDS |period |Country
Bio-rack system |0.42 |0.127 1.14 456 8760 |80 14 3 India
(Phragmiters
sp.)
Bio-rack system [0.71 |0.071 0.72 388 12512 |76 21 3 Iran
(Typha sp.)
Shallow pond 0.88 10.023 0.16 442 11992 81 19 3 India
system (Water
hyacinth)

treatment sites in Canada and the USA have been listed, of which about 60% of
these are located in cold climate regions. Almost all of the cold climate wetlands are
SE, and 90% of them treating domestic wastewater (Mahlum 1999).

In cold season, the microbial metabolism and their bioactivity are rather low;
whereas, with increasing temperature, the plant biomasses and activities of micro-
organisms increase at high speed, which resulted in higher removal rate of pollutant.
For a multi-stage pond-wetland system in Dongying city, China, in cold season, the
removal efficiency of COD, BODs, and NH,~N were about 85, 40, and 20%,
respectively, while in warm season 92, 73, and 71% of these pollutants were
removed, respectively (Peng et al. 2005). A long hydraulic retention time could
enable microorganisms to grow and reduce organic matters and nitrogen at low
temperature, but the capital investment in the system increases.

In actual fact, the CW technologies have to be adapted to subfreezing environ-
ments, which would enhance the treatment performance. The plant species that pro-
vide structure year-round perform better than those species that die below the
waterline after the onset of cold temperature. For this reason, fast-growing emergent
species (such as Phragmites, Typha, and Scirpus), that have high lignin contents and
are adaptable to variable water depths, are the most ideal for CWs during the cold
seasons. Furthermore, in cold climate condition or in response to short-term tem-
perature decreases, a greater oxygen leakage from the root of some plants can some-
times appear due to plant dormancy and reduced internal oxygen consumption. This
may offset possible oxygen limitation and improve aerobic microbial respiration in
the root zone throughout the cold condition operation (Stein and Hook 2005).
However, it is usually assumed oxygen transfer to the rhizosphere would be greater
during periods of active plant growth where microbial activities are also maximal.
The selection of appropriate plants may have added benefits in protecting the water
surface from freezing, trap falling and drifting snow, enhance oxygen transfer, and
reduce the heat-loss effects of wind. Besides, some type of insulation strategies can
also apply as a response of wetland system to cold climate.

In CWs (dominated by emergent plants), ice and snow can be used as an insulat-
ing layer. As an example, these types of insulations have been carried out in northern
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China (Li et al. 2011b). In this practice, an ice-air blanket is often purposefully
generated by raising effluent levels to allow it to freeze and subsequently lowering
it, leaving an air gap between the ice layer and the effluent (Horvéith 2012). A pilot
scale CW planted with Phragmites sp. (in Tianjin, northern China) under ice layers
when the average air temperature lower than —4 °C has been shown an effluent qual-
ity better than secondary treatment level, e.g., BODs<20 mg/L, SS<20 mg/L,
TN<15 mg/L, TP<0.6 mg/L (Yin and Shen 1995). Ice began to form on a water
surface when the water temperature reaches as low as 3 °C because of density dif-
ferences and convective losses. If the wastewater entering wetland has a temperature
>10 °C, aeration can be used to modify surface water temperature near zero. The
presence of ice layer can be a benefit for providing insulation and declining the cool-
ing of the underlying water, but the water flow will be reduced as the ice layer thick-
ens. As a result, the constriction of flow beneath the ice layer leads to subsequent
flooding, freezing, and hydraulic failure (Ma&hlum 1999). Thus, an increased depth
up to 1 mis also recommended for SF (water depth) and SSF (effective depth) CW's
(Heers 2006). A Canadian FWS CW operated successfully over 4 years by raising
the water level at freezing time (Ma@hlum 1999; Heers 2006). On the other hand, in
SSF CWs, the dead vegetation or mulch (such as poplar bark, wood chips, and reed-
sedge peat) can be used as appropriate heat insulation materials for preventing
freezing and resulting in hydraulic failure throughout the cold season (Wallace et al.
2000).

The amount of mulch material needed to protect wetland bed from freezing dam-
age is highly dependent on the timing and amount of snowfall since snow cover
itself is a significant insulator (Wallace and Nivala 2005). It is recommended to use
possibly well-decomposed organic materials to avoid degrading treatment effi-
ciency. To be effective, insulation must be uniform in coverage, which requires that
it be designed as an integral part of wetland system (Wallace et al. 2000). The wet-
land surface can also be covered with a porous media having low thermal conductiv-
ity, such as expanded clay aggregates, which should be kept unsaturated during the
cold season (Mahlum 1999; Horvéth 2012).

In a SSF CW covered with harvested vegetation, the average removal efficiencies
were obtained to be 31% for TP, 27% for NH,—N, and 10% for TN during winter
(=3 to 6 °C) which were 16, 10 and 5% higher than that of the control wetland,
respectively (Shen et al. 2007). An integrated household VSF CWs (using Salix sp.)
in rural villages in northern China has been pointed out that a 0.4 m insulating bio-
mass layer (sawdust) maintained a bed temperature above 6 °C in the face of freez-
ing temperatures (even at a very low temperature of —8 °C) during winter. Average
removal efficiencies were 95% BODs, 96% TSS, 85% NH,—N, and 88% TP during
the winter period. There was a negligible increase in the average removal efficiency
for BODs, TSS, and NH,—N out of winter (1.3%, 1.1%, and 5.4%, respectively);
while an increase of 0.6% was achieved for TP removal in the winter period (Wu
et al. 2011a).

Moreover, artificial aeration can be used to overcome the effect of oxygen limita-
tion in CWs caused by the winter dormancy and mortality of vegetation and the
need to use an insulating mulch layer in the bed. As a result, organic material and
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nitrogen pollutant removal are enhanced during cold season. Oxygen solubility is
higher in colder water, but gas exchange in HSF CWs may be reduced by the addi-
tional insulation layer and the fact that plants are dormant (Horvath 2012; Ouellet-
Plamondon et al. 2006). In SF CWs, the artificial aeration additionally can also
create an ice-free zone during cold season (Wallace 2011). Another alternative
option which has already been used in northern USA and Canada is to store the
discharged wastewater in a tank during cold season and reflow it again through the
wetland unit during spring time (Pries et al. 1996). The advantage of this practice is
the use of a design for warm weather condition, whereas the disadvantage is the cost
of the storage lagoons. It has been reported that a seasonal storage for the winter
waste load might be necessary in locations where extended periods of air tempera-
ture <—10 °C are experienced. A number of CWs in South Dakota and northwest
Canada operated this way (Mahlum 1999).

7 Future Sustainability of Constructed Wetlands

It has been widely recognized that CWs offer an effective and a reliable treatment to
domestic wastewater after years of study and implementation. The current review
indicated that the advances in the design and operation of CWs could be desirable
to improve the treatment performance. In view of that, among others, BAS CWs
allow for a more flexibility in the design and operation for dealing with domestic
wastewater. The excellent efficiency level in CWs treating domestic sewage under
environmental stress condition can be accomplished by an appreciate adoption
strategy. But future research and development work is still needed for successful
and sustainable application of CWs, especially in decentralization practices. In
summary:

1. However, the knowledge of traditional CWs has been going to develop; but
critical studies to overcome constraints (such as problems of clogging, odors,
insect vectors, high land area, and capital investment) according to the types of
advanced treatment systems (Section 4) are still required for sustainable waste-
water quality improvement. Out of this need, several localization frameworks
in advance CWs should also be developed to provide a sustainable model for
decentralization practices.

2. In BAS CWs, plastic type materials are primarily used for attached biofilm
growth. The supporting media can be regarded as a critical step to provide the
obligatory surface area for biomass concentration within wetland unit. The
greater surface area to volume ratio of expended bed reactor can enhance treat-
ment performance. There is a need to research on application of a more sustain-
able material with higher surface area in BAS CWs.

3. Hybrid systems are mainly a combination of different types of traditional CWs.
Various types of modified wetlands could be combined into hybrid systems to
achieve higher organic matters and nitrogen removal efficiencies.
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Future research should investigate the possible incorporation of media materi-
als with high sorption capacity (such as industrial byproduct, agricultural
wastes, etc.) in CWs which can be beneficial to pollutant removal processes
from domestic sewage. However, the possible clogging problems should be
considered in their applications.

. The type of plant species used in wetland system can affect treatment efficiency

and is critical for sustainable pollutant removal from domestic sewage. This is
important to have a comparative assessment on the use of different aquatic
weeds in each modified wetland process under the same environmental condi-
tion. Further analysis is also needed for identifying potential plant species for
climate adaptation strategies, particularly for cold season.

The lack of detailed information concerning the tolerance of plants to high TDS
concentration is an important issue requesting for more researches. It is chal-
lenging to predict under what circumstances the plant contribution to the wet-
land units will be more remarkable in phytoremediation of TDS-contaminated
wastewater. Intensive evaluation to assess the potential of different plant spe-
cies for TDS accumulation (in desalination practices) is also needed.

During cold season, a wide variety of materials such as bark, pine straw, wood
chips, etc., would be used as mulch to prevent the wetland bed from freezing
damage. The mulch materials can strongly affect the system performance and
the establishment rate of introduced plants. As a result, the plant may experi-
ence a large drought stresses on seedlings and have extremely poor seed germi-
nation. The species can only establish by rhizome spread from mature plants.
Therefore, the research needs to verify an appropriate mulch layer over the
main media. In addition, future research may be necessary to extend beyond a
focus on plant species that can tolerate the mulch layer.

Microbial activity levels can be changed temporally in response to root devel-
opment and plant age, system type, high TDS, and seasonal patterns. Therefore,
research needs to identify microbial population and their ecological activity
associated within wetland units in details. This may help to develop the design
and better management of CWs.

. The research on the predominant microbial species and macrophytes having a

specific gene for nitrogen removal may help to optimize nitrogen removal in
CWs.

Plant biomass production is an integral part of the wetland system. It is possible
that nutrients and other pollutants which trapped in plant tissues released back
into water as the plants die and decay during the cold winter. Therefore, it is
important to find low cost methods for harvesting, disposal, and/or utilization of
excess biomass generated by wetland treatment processes. The research and focus
on developing strategies for plant resource recovery and recycling are essential.
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Chapter 2

Laccases: A Blue Enzyme for Greener
Alternative Technologies in the Detection
and Treatment of Emerging Pollutants

Melissa Rodriguez-Delgado and Nancy Ornelas-Soto

Abstract The continuous contamination of worldwide water bodies, by the pres-
ence of emerging pollutants, has raised great importance over the last decades. This
group of pollutants comprises a large variety of chemicals, comprehending house-
hold and personal care products, human and veterinary drugs, as well as industrial
compounds. Although, scientific data have made evident the potential threats of the
emerging pollutants to public and environmental health, there is still limited infor-
mation available concerning the ecotoxicity, concentration, and distribution of these
compounds, which makes their ecological regulation, detection, and treatment very
difficult. Thus, the search for green technologies to detect and treat potential envi-
ronmental pollutants is critical for ecological and human health protection. In this
context, laccases have gained scientific interest due to their broad substrate range,
including recalcitrant environmental pollutants, and their ability to use only oxygen
as a co-substrate. This work explores the potential of laccase enzyme as element of
biosensing and bioremediation, and identifies the drawbacks that have to be over-
come in order to demonstrate their feasibility and implement a large-scale process.

1 Introduction

To date, there is a critical environmental problem of contamination in water
resources with persistent, bioactive, and bioaccumulative substances, which cause
potential health and ecological effects (Petrovic 2003). Some of these chemicals are
daily life articles, such as household and personal care products, human and veteri-
nary drugs, which are extensively used and constantly released into the aquatic eco-
systems by human activities and direct discharges from wastewater treatment plants
(WWTPs) (Caliman and Gavrilescu 2009). These groups of substances are known

M. Rodriguez-Delgado (P<)) * N. Ornelas-Soto

Laboratorio de Nanotecnologia Ambiental, Centro del Agua para América Latina y el Caribe,
Tecnolégico de Monterrey, Monterrey, N.L. 64849, Mexico

e-mail: mmrodriguez @itesm.mx

© Springer International Publishing AG 2017 45
R. Singh, S. Kumar (eds.), Green Technologies and Environmental
Sustainability, DOI 10.1007/978-3-319-50654-8_2


mailto:mmrodriguez@itesm.mx

46 M. Rodriguez-Delgado and N. Ornelas-Soto

as emerging pollutants and their detection and removal is crucial due to their high
persistence and toxicity, even at concentrations as low as ng/L (Bolong et al. 2009;
Gavrilescu et al. 2014). It is well-known that most of the emerging pollutants that
pass through conventional WWTPs are not completely removed (Caliman and
Gavrilescu 2009). Thus, the development of biosensors resulted as an effort in the
search for analytical tools capable to detect these kinds of contaminants at low con-
centrations with a high specificity (Rodriguez-Mozaz et al. 2006). However, once
the pollutants have been identified, a decontamination process has to be performed.
In this context, bioremediation of water resources by the use of biocatalysts, such as
enzymes, has been suggested in recent years. Enzymes are biomolecules that have
the ability to mediate reactions; severe conditions are not required for their action
and normally the by-products formed during the catalysis are benign, which implies
a great opportunity for the use of enzymes in bioremediation (Senthivelan et al.
2016). Currently, several enzymes have been used in different biotechnological and
industrial applications; however, laccases enzymes have received special attention
due to its ability to oxidize a wide range of substrates, accompanying the reduction
of oxygen to water as a by-product of reaction (Rodriguez Couto and Toca Herrera
2006). Laccases are able to oxidize, polymerize, or transform diverse recalcitrant
substances into less toxic molecules; therefore, these enzymes could be suitable
biocatalysts for water bioremediation (Majeau et al. 2010). However, several
drawbacks have to be surpassed in order to implement the use of laccases for pollu-
tion alleviation, mainly, because of the elevated expenses that a large-scale enzyme
production involves (Majeau et al. 2010).

2 Laccase

2.1 Laccase Source

As oxidoreductase enzymes, laccases possess the ability to oxidize diverse phenolic
compounds with the concomitant reduction of oxygen (Yaropolov et al. 1994;
Morozova et al. 2007a; Madhavi and Lele 2009). These biocatalysts have been
widely found as extracellular and intracellular enzymes in several organisms,
encompassing microorganisms (Bacillus), plants (genus Rhus) (Omura 1961), fungi
(such as genera Trametes, Cerrena, Ganoderma, Pycnoporus, and Coriolopsis)
(Chaubey and Malhotra 2002; Morozova et al. 2007b; Madhavi and Lele 2009), and
insects (M. sexta) (Bailey et al. 2004). In insect species, laccases are responsible for
the sclerotization process; whereas in Bacillus species, they play a role related to
pigmentation, pathogenesis, and the assembly of UV-resistant spores (Kramer et al.
2001; Claus 2003). In plants, laccases are found in the xylem and, together with
peroxidases, are involved in lignification (Omura 1961); moreover, fungal laccases
play a role in delignification (Singh Arora and Kumar Sharma 2010) and humifica-
tion processes (Morozova et al. 2007b).
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2.2 Biocatalytic Mechanism and Applications

In an enzyme, the active site is the spot where the recognition, binding, and oxida-
tion of the substrate take place. The active site of laccases comprises four copper
nucleuses, each of them are grouped into three different classes of atoms according
to both their distribution in the enzyme (T1, T2, and T3 sites) and their spectro-
scopic nature (Piontek et al. 2002).

The T1 and T2 sites only possess one copper atom; the two remaining atoms are
found in the T3 site. Each type of copper has unique characteristics: type 1 is respon-
sible for the emblematic bluish color of the enzyme, is a hydrophobic cavity where
the substrate is oxidized during the catalytic mechanism of the laccase (Durén et al.
2002; Madhavi and Lele 2009); type 2 is colorless since no absorption in the visible
region is observed; meanwhile, type 3 exhibits a weak peak at 330 nm (Ba et al.
2013). The reduced form of T1 (resulted from substrate oxidation) donates an elec-
tron, which is sent to the T2/T3 trinuclear cluster (formed from T2 and T3 copper
atoms), which is where water formation occurs (reduction of oxygen) (Durén et al.
2002; Madhavi and Lele 2009) (Fig. 2.1).

The isoelectric point of laccases is around 4.0, showing their optimal perfor-
mance at acidic conditions, which has been related to the growth conditions where
the microorganisms produced these enzymes (Madhavi and Lele 2009). However, it
has been recently reported that laccases maintain high stability (above 60% of its
activity) at alkaline conditions (up to pH 8) (Ramirez-Cavazos et al. 2014b). On the
other hand, the thermostability, high redox potential, and the ability to oxidize a
wide range of substrate (including recalcitrant pollutants) are some other properties
that make laccase of particular interest to researchers (Giroud and Minteer 2013;
Ramirez-Cavazos et al. 2014b). Nowadays, the use of this enzyme is common in
some industries (mostly paper, food, and textile industries) (Morozova et al. 2007b).
However, the current trend is the use of laccase as biocatalysts in the bioremediation
of polluted waters by emerging pollutants (Almansa et al. 2004; Junghanns et al.
2005); in the generation of energy by bioelectrocatalysis in enzymatic fuel cells
(Meredith and Minteer 2012; Giroud and Minteer 2013; Holmberg et al. 2015); and
in the development of biosensors using this enzyme as bioreceptor, for food
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Fig. 2.1 Model of the laccase active site and catalytic cycle
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(Ghindilis and Yaropolov 1992; Gamella et al. 2006; Di Fusco et al. 2010), environ-
mental (Torrecilla et al. 2007; Tang et al. 2008), and medical applications (Quan and
Shin 2004; Ferreira et al. 2009).

2.3 Laccase Production in Agro-Industrial Residues

Despite the high potential of laccase for biotechnological and industrial purposes, it
is important to highlight that a large amount of enzyme is needed for a large-scale
process. According to Osma et al. (2011), the culture medium represents the highest
cost to the total expenses of laccase production; meanwhile, infrastructure costs are
the lowest. Thus, in order to overcome this issue, several studies have been focused
on (1) the development of stable genetic modifications of microorganism in order to
achieve the gene expression for laccase; (2) optimization and reduction of the costs
of culture media using agricultural wastes as cheap growth substrates (also helping
to alleviate the environmental pollution); (3) search for new strains of microorgan-
ism capable to produce laccase (Bhattacharya et al. 2011; Yang et al. 2012;
Theerachat et al. 2012; Nicolini et al. 2013; Ramirez-Cavazos et al. 2014a).

Ramirez-Cavazos et al. (2014a) tested a strain of Pycnoporus sanguineus, native
from northern Mexico, using a tomato juice as culture medium, resulting in laccase
titer of 143,000 U/L. Fenice et al. (2003) obtained a production of 4600 U/L in
olive-mill wastewater. Meanwhile, Songulashvili et al. (2007) reported the laccase
production using food wastes such as mandarin peelings, wheat bran and soy bran,
kiwi fruits, chicken feathers, and ethanol, obtaining a maximum laccase activity of
93,000-97,000 U/L, after the submerged fermentation of wheat bran and soy bran
by Ganoderma spp. Several agro-wastes such as mandarin and banana peel are sub-
strates rich in lignin carbohydrates and organic acids, which could act as inducers to
stimulate laccase production (Osma et al. 2007). In this context, several studies have
reported the use of solid supports such as grape seeds (Rodriguez Couto et al. 2006),
banana skin (Osma et al. 2007), and groundnut (Couto and Sanromédn 2006) as
growth substrates for fungi. However, the use of these complex substrates has as
drawback the subsequent use/purification of the laccase after fermentation; thus the
development of robust protocols that allow the use of crude enzymes (no purifica-
tion process) in biotechnological applications is required.

3 Laccase-Based Biosensor for Detection of Emerging
Pollutants

3.1 Emerging Pollutants in Water Reservoirs

Over the past two decades, the constant presence of emerging pollutants in world-
wide water supplies has gained great relevance. This type of pollutants includes a
large variety of chemicals used in daily life such as household compounds, personal
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care products, and drugs for human and animal uses (Daughton and Ternes 1999).
Although scientific data have made evident the potential threats of the emerging
pollutants to public and ecological health, there is still information that has not been
assessed (Horvat et al. 2012) concerning the environmental toxicity, concentration,
distribution, and transformation of these compounds in water bodies, which makes
their ecological regulation, detection, and treatment very difficult (Deblonde et al.
2011). These pollutants are typically released into the environment via anthropo-
genic activities such as agriculture practices, industrial, and human discharges
(Murray and Ormeci 2012). The emerging pollutants are commonly classified as
endocrine disruptors, pharmaceutical compounds, and personal care products
(Daughton and Ternes 1999).

The endocrine disruptors are compounds that mimetize the action of hormones
in the organisms, causing the alteration of the endocrine system, which has been
related to sexual disorders, cancer, and even chronic diseases (Caliman and
Gavrilescu 2009; Rezg et al. 2013). Nowadays, the presence of chemicals that
exhibit hormone alterations and are involved in the elaboration of plastics and
household products has been widely reported, e.g., surfactants, flame retardants,
parabens, and plasticizers (Rodriguez-Mozaz et al. 2004). Meanwhile, the chemi-
cals present in personal care products and considered as emerging pollutants encom-
pass disinfectants (triclosan), conservation agents, fragrances (celestolide, tonalide,
galaxolide), and UV screens (octyl-dimethyl-PABA, octyl-methoxycinnamte,
homosalate) (Caliman and Gavrilescu 2009). On the other hand, the pharmaceutical
compounds, as emerging pollutants, encompass human and veterinary drugs that
have been widely found in water supplies such as antibiotics, nonsteroidal anti-
inflammatory drugs, and beta-blockers (Deblonde et al. 2011). Numerous studies
have reported the presence of personal care products, pharmaceutical compounds,
and endocrine disruptors in several water supplies at alarming concentrations
(Meisenheimer et al. 2002; Mompelat et al. 2009; Einsiedl et al. 2010; Lapworth
et al. 2012). Teijon et al. (2010) reported a monitoring survey of pharmaceutical
compounds in the water sampled from a WWTP and from the aquifer that is
recharged by the discharge of this WWTP, resulting in the detection of these chemi-
cals at concentrations of pg/L.

A large number of analytical protocols have been developed for the detection of
these kind of pollutants, mainly by chromatography and spectroscopy techniques,
since these methods are extremely accurate and capable to detect very low concen-
trations; however, they require complicated pretreatment sample, trained personnel,
high operating costs, and they lack on-site applicability (Teijon et al. 2010). In this
context, the need for portable analytical instruments, capable to field monitoring
with high selectivity, sensitivity, and short assay times, has promoted the design of
new devices such as biosensors (Marco and Barceld 1996).

A biosensor is an instrument capable of measuring a specific target molecule in
a sample, taking advantage of its affinity toward a specific bio-element of recogni-
tion (bioreceptors, e.g., immunoreagents, enzymes) (Dzyadevych et al. 2008). There
are three essential elements that comprise a biosensor (Fig. 2.2). The bioreceptor
interacts specifically with the analyte present in the sample, producing a biochemical
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reaction derived from this interaction, which is amplified and converted into quan-
tifiable electrical signals (Dzyadevych et al. 2008). The transducer is in intimate
contact with the bioreceptor and is responsible for the translation of the biochemical
event into an electric signal (Dzyadevych et al. 2008).

The use of enzymes as bioreceptors has been widely employed in biosensing due
to their stability and easier control of their recognition properties in comparison
with other biomolecules such as antibodies or cells (Rogers 2006). In this context,
the oxidase enzymes (e.g., tyrosinase, peroxidase, and laccase) appear as good can-
didates due to their ability to catalyze reactions where electron transference occurs,
which can be used as the transduction principle. Laccase enzymes have some ben-
efits over the other oxidases, which make them highly interesting for biosensing
applications; their thermostability, versatility to react with a wide range of sub-
strates, no cofactors are needed to perform the catalysis and the formation of water
as by-product are some of these advantages (Munteanu et al. 1998).

3.2 Immobilization Methods

In general, an efficient protocol of immobilization is developed to facilitate the bio-
molecule recovery and reusability. Thus, the immobilization of the bioreceptor
would prolong the life of the biosensor and assure its work stability (Liu et al. 2006).
The method of immobilization to apply must provide the best conditions to assure
the highest stability of the bioreceptor and this will depend on the inherent proper-
ties of the recognition element; the operational requirements of the measurement,
the target molecule, and the transduction principle are also important factors to take
into account in the design of a biosensor (Singh et al. 2008). The immobilization
methods most commonly employed for laccase attachment are covalent coupling,
adsorption, cross-linking, encapsulation, and entrapment (Fig. 2.3) (Fernandez-
Ferndndez et al. 2013).
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Fig. 2.3 Immobilization methods employed in biosensors. (a) Covalent coupling, (b) Adsorption,
(¢) Cross-linking, (d) Encapsulation, (e) Entrapment

The covalent coupling requires the chemical reaction between the functional
groups in the carrier with the biomolecule (mainly, through the amino acid residues
in their structure) forming covalent bonds; however, it is important to avoid the
binding of the enzyme through amino acids within the active site, since that would
compromise the biocatalyst activity, resulting in their inhibition (Arroyo 1998). The
immobilization via adsorption takes places by weak interactions between the bio-
molecules and the solid support, e.g., Van der Waals interactions or ionic forces;
despite the simplicity and inexpensive requirements of the protocol, this scheme
presents the disadvantage of an unsteady fixation of the bioreceptors under pH
changes, modification of the polarity or the ionic strength alterations, resulting in
the leakage of the molecules (Brady and Jordaan 2009).

The cross-linking involves the generation of intramolecular links within the mol-
ecules of the enzyme (Arroyo 1998). Cross-linked enzyme crystals present high
catalytic activities and operational stability; however, high quantities of highly puri-
fied enzyme are required; under this scheme, it is important to maintain the pH and
salt concentration stable (Bryjak et al. 2007). Encapsulation refers to the confine-
ment of the biomolecule within semipermeable spheres made of polymers (Rochefort
and Kouisni 2008); meanwhile, entrapment is based on the retention of the enzyme
within a polymeric grid; this method assures the integrity of the enzyme structure,
however it presents diffusion problems and constant loss of the biomolecules due to
differences in the size of the pore in the grid (Ibarra-Escutia et al. 2010).

3.3 Transduction Principles
3.3.1 Electrochemical Transducers in Environmental Applications
Electrochemical transducers refer to the element in a biosensor that translates the

transference of electrons occurring during the reaction of an enzyme (immobilized
on an electrode) with a substrate (Marco and Barcel6 1996; Thévenot et al. 2001).
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Laccase enzymes possess mechanical properties and electron transference abilities
that make them excellent bioreceptors in electrochemical biosensors (Table 2.1).

The electrochemical transducers in biosensors are able to measure conductome-
try, potentiometry, and voltammetry principles (Thévenot et al. 2001).
Conductometric methods monitor the development of a redox reaction through
changes in the conductivity of an electrolytic solution, as a response of the charged
products formed by the interaction of the bioreceptor with the analyte (Ronkainen
et al. 2010). Potentiometric biosensors measure the changes of potential due to a
biochemical reaction occurring between two electrodes (either, reference or indica-
tor electrodes) (Thévenot et al. 2001). Voltammetric measurements are based on the
changes of the current during a biochemical reaction on a working electrode; mean-
while, the voltage applied is varied (Chawla et al. 2012). Amperometry is a classifi-
cation of voltammetry; under this scheme, the potential is maintained constant
during the reaction measurement (Thévenot et al. 2001).

Chen et al. (2015) reported the immobilization of laccase in a nanocomposite of
gold nanoparticles by a cross-linking method, achieving a direct electron transfer
that resulted in a highly sensitive biosensor . Meanwhile, Das et al. (2014) immobi-
lized a Trametes versicolor laccase in a nanocomposite matrix comprising of
osmium tetroxide on poly 4-vinylpyridine, multiwalled carbon nanotubes; obtain-
ing a current response against pyrocatechol, a genotoxic and mutagenic phenol, in
the concentration range of 3.98-16.71 nM and a limit of detection of 2.82 nM with
a sensitivity of 3.82 + 0.31 nA/nM. Vianello et al. (2004) immobilized a Rigidoporus
lignosus laccase onto a gold carrier obtaining a detection limit of 0.5 mg/L. Tang
et al. (2006) reported the immobilization of an hybrid bioreceptor, consisting of
horseradish peroxidase and laccase enzymes for the detection of E. coli density
through the redox reaction of polyphenols generated by the metabolism of the E.
coli. On the other hand, the development of new nanomaterials has improved the
electrochemical analysis performed by biosensors. In this context, Mei et al. (2015)
prepared a mixture of palladium and copper to cover a support of graphene oxide in
order to build a platform for laccase immobilization; obtaining a detection limit of
2.0 mM for catechol. According to Rodriguez-Delgado et al. (2015), amperometric
methods are highly employed in laccase-based biosensors; meanwhile, conducto-
metric and potentiometric methods are not very often employed for this use.

3.3.2 Optical Transducers in Environmental Applications

Optical absorption and fluorescence emission measurements have been extensively
used to characterize colored or chromophoric compounds. Based on this concept,
the spectroscopic properties of by-products formed by laccase catalysis are
employed for the detection of target molecules in optical biosensors (Zoppellaro
et al. 2001). Laccase has the ability to produce a reddish dye when catalyzes the
coupling oxidation of phenols in presence of 3-methyl-2 benzothiazolinonehydra-
zone (MBTH) (Setti et al. 1999). Based on this reaction, Abdullah et al. (2007)
reported the detection of catechol at concentrations as low as 0.33 mM. The
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detection was made by spectrophotometric measurements of the reddish compound
formed from the coupling of MBTH films (stacked in nafion silicate) to radicals
quinone and/or phenoxy produced by laccase enzymatic oxidation (Abdullah et al.
2007). Sanz et al. (2012) studied the reaction of phenol catalyzed by Trametes ver-
sicolor laccase, using a polyacrylamide film sensor immobilized with the enzyme,
obtaining a limit of detection of 0.109 mM.

Surface plasmon resonance (SPR) phenomenon is also an optical principle
employed for biosensing, since almost two decades ago. SPR measurements are
performed at a fixed angle of incidence and the monitoring is done by detecting
changes in the amount of the reflected light, which is correlated to changes in mass
on the surface due to binding events (between the bioreceptor and the analyte)
(Estevez et al. 2012). In this context, Surwase et al. (2016) reported a first attempt
for the detection of phenolic compounds in water by using laccase enzyme as bio-
receptor in a SPR device.

4 Laccase as Biocatalyst for Removal of Emerging Pollutants

Several studies have reported the presence of endocrine disruptors, personal care
products, and pharmaceutical compounds in diverse water bodies at important con-
centrations (Snyder et al. 2003; Caliman and Gavrilescu 2009). Thus, the presence
of these pollutants in water supplies has become an important issue in terms of treat-
ment technologies for water cleaning, mainly because of the highly resistance of
these compounds to common removal techniques. Advanced oxidation techniques
based on UV/ozone exposure have obtained efficient yields of removal/inactivation
(Esplugas et al. 2007); however, these processes are expensive (Lloret et al. 2012)
and in some cases the by-products generated are more toxic than the parent pollut-
ant (Sein et al. 2008). Therefore, laccases appear as strong biocatalysts to be
employed in bioremediation treatments, since can react under mild conditions with
a broad substrates range, encompassing recalcitrant pollutants, and generate non-
harmful by-products. Fukuda et al. (2004) demonstrated the removal of the endo-
crine activity of the by-products from bisphenol A; catalyzed by Trametes villosa
laccase (Fukuda et al. 2004). Likewise, Cabana et al. (2007a) reported nonestro-
genic activity in the products of reaction by the catalysis of bisphenol A, triclosan,
and nonylphenol by employing Coriolopsis polyzona laccase.

The removal of emerging pollutants from water supplies using laccase could be
achieved under several schemes: (1) free enzyme; (2) immobilized enzyme; and (3)
cells from culture broths.

Several studies have reported the use of free laccases for emerging pollutants
removal. Yang et al. (2013) reported 27% of diclofenac elimination. The total elimi-
nation of estrone, 17f-estradiol, estriol, and 17a-ethinylestradiol (Auriol et al. 2006,
2007, 2008), and oxybenzone (Garcia et al. 2011) was achieved by Trametes versi-
color laccase. Almost complete removal of 2,4-diclorophenol was observed by free
laccase at acidic pH (Jia et al. 2012), temperatures around 30 and 50 °C (Zhang
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et al. 2008; Gaitan et al. 2011; Qin et al. 2012; Xu et al. 2013), and using elevated
concentrations of enzyme (Zhang et al. 2008). Jia et al. (2012) investigated the deg-
radation of 2,4-dichlorophenol by a photocatalytic—enzymatic treatment, achieving
90% within 2 h with the coupled degradation process.

The use of mediators is also common during enzymatic degradations; these com-
pounds are small-size molecules that can extend the ability of an enzyme to react
toward noncommon substrates; also are stable and reusable by various cycles
(Majeau et al. 2010). ABTS, 1-hydroxy-benzotriazole (HBT), nitroso-2-naphthol-
2,6-disulfonic acid (NNDS), Syringaldehyde, 4-Acetylamino-TEMPO 4-hydroxy-
TEMPO, Violuric acid (VIO), and p-Coumaric acid are some of the mediators most
widely employed for laccase catalysis (Majeau et al. 2010). Ji et al. (2016) reported
the elimination of carbamazepine using as mediators p-coumaric acid, syringalde-
hyde, and acetosyringone, obtaining 60% of degradation after 96 h. Meanwhile,
Margot et al. (2015) assessed the potential of laccase to remove sulfamethoxazole
and isoproturon with three mediators: ABTS, syringaldehyde, and acetosyringone,
showing complete transformation within a few hours. Almost total biotransforma-
tion of diclofenac by laccase was also obtained using I-hydroxybenzotriazole
(Nguyen et al. 2013), syringaldehyde, and violuric acid (VA) (Lloret et al. 2010,
2013).

In terms of immobilization, Krastanov (2000) studied the degradation of
B-naphtol, observing a complete removal after a hybrid treatment with laccase from
Pyricularia oryzae and tyrosinase. Lante et al. (2000) immobilized P. oryzae lac-
case on a polyethersulfone membrane, obtaining 18% of p-naphtol removal. Le
et al. (2016) provided a novel immobilization technique for laccase on copper algi-
nate for real wastewater treatment, showing 89.6% of triclosan removal after 8 h
treatment. Nguyen et al. (2014) reported an enzymatic membrane reactor for the
degradation of bisphenol A and diclofenac, obtaining >85% and >60% removal,
respectively, by laccase from Aspergillus oryzae. Meanwhile, Chen et al. (2016)
immobilized laccases on the surface of yeast cells for treatment of bisphenol A
(46% removal after 6 h) and sulfamethoxazole (47% removal after 30 h of treat-
ment). Nevertheless, there are just a few works that address the degradation of
emerging pollutants in a real matrix and under real reaction conditions (pH, tem-
perature, ionic strength); this is important to consider since some matrix compo-
nents could decrease the laccase activity and therefore decrease the degradation
yield. Rodriguez-Delgado et al. (2016) tested the biotransformation of the micro-
pollutants:  diclofenac,  5,7-diiodo-8-hydroxyquinoline,  p-naphtol,  and
2,4-diclorophenol using laccase from P. sanguineus CS43 in groundwater samples,
observing a reduced bioconversion for 3-naphtol and 2,4-diclorophenol in the real
samples in comparison with the synthetic buffer matrix. Biotransformation of
bisphenol A, 4-nonylphenol, 17-a-ethynylestradiol, and triclosan were tested in
groundwater, as well (Garcia-Morales et al. 2015).

The presence of some ions in a reaction matrix has been reported to induce struc-
tural modifications in the active site of the enzyme (Zilly et al. 2011). For instance,
halide anions have been related to the interference on the transference of electrons
within the active site of the laccase enzyme (Enaud et al. 2011; Margot et al. 2013);
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meanwhile, cyanide and calcium provoke the separation of the copper atoms from
the enzyme (Cabana et al. 2007b). Kim and Nicell (2006) observed that bisphenol
A biodegradation was adversely affected by nitrite, thiosulfate, and cyanide.

5 Future Perspectives and Conclusions

The use of laccases as bioreceptors in biosensors promotes the development of new
technologies for environmental monitoring in terms of pollutants screening.
However, the immobilization of the bioreceptor is a crucial step in biosensors
design, thus more research has to be focused on (1) the creation of new materials for
support purposes that diminish the loss of the enzymes once they are immobilized;
(2) the improvement of the current immobilization methods to assure an oriented
binding of the enzyme in order to safeguard the integrity of the active site, resulting
in the recovery of the enzymatic activity once the immobilization was performed;
and (3) the use of genetic modifications to extend the laccase stability under difficult
catalysis conditions, assuring the recycling of the bioreceptor and thus the lifetime
of the biosensor.

The exploitation of laccase enzymes as element of bioremediation opens up
enormous possibilities in terms of future treatment technologies for water cleaning.
However, unlike biosensor applications, an elevated amount of enzyme is required
for bioremediation. Therefore, one of the crucial issues that avoid large-scale use of
the laccase is related to the high cost of enzyme production; thus further research
should be focused on diminishing the cost that represents the growth mediums for
the microorganisms during the laccase production. Furthermore, future research
needs to look at (1) the test of the interaction of hybrid treatments in bioremediation,
e.g., photocatalytic—enzymatic, enzymatic—enzymatic, whole cell-enzymatic, etc.,
(2) the study of the structure and toxicity of the by-products formed by laccases
catalysis under different reaction conditions, and (3) the implementation a pilot-
scale process, where the laccase treatments would be performed under real reaction
conditions (pH, temperature, and matrix composition), which consider possible
matrix interactions over the catalysis.
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Chapter 3
Biofuels for Sustainable Development:
A Global Perspective

Vaishali V. Shahare, Banty Kumar, and Prashant Singh

Abstract The quest for sustainable and environment friendly energy sources has
become the pressing need of the present. Declining petroleum reserves, worldwide
demand for energy, and undesirable effects of greenhouse gas emissions have led to
increased worldwide interests in biofuels. This has resulted in the enormous use of
biofuels an alternative choice that can link energy security with environment conser-
vation without essentially compromising with the nourishment of the people.
Substantial research and development programmes in biofuels for sustainable devel-
opment have been initiated by many countries. Although sustainable development
does not build the world which can be said to be well equipped for the future genera-
tions, it establishes a foundation on which the future world can be built upon.
Biofuels, the sustainable energy system may be regarded as a cost-effective, trust-
worthy, and environmental friendly system that efficiently make use of local
resources. Biofuels have additionally been lumped into first-, second- and third-
generational categories. We use first-generation biofuels in our fuel tanks today.
However, the use of biofuels does not imply that its production, conversion and use
are sustainable. Biofuels are relatively similar to hydrocarbons and feature some of
the similar emission problems like that of standard fossil fuels. If proper care is taken
in their production and distribution, they can, nevertheless, be more environmentally
friendly. Biofuels are an inexhaustible resource since the stock can be replenished
through agriculture. One of the main detractors to the use of biofuels is that setting
aside land for biofuel crops means less land for food production. Some foreign coun-
tries have said that it is unethical to use crops for biofuel when global hunger is an
ever present problem. This chapter emphasizes on the fact that by establishing
energy management, the role of renewable energy sources and their modern advances
ought to take more importance as a way for contributing energy supply and support-
ing energy conservation strategy, even though traditional sources, like that of oil,
natural gas and coal meet maximum energy demand for the time being. The study
concludes with the say that the rise in the use of biofuels at global front is inevitable.
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It thus focuses on the challenge to increase appreciably the production of biofuels by
using innovative technologies, which are commercially viable and sustainable.

1 Introduction

Worldwide transportation is responsible for 25% of energy demand and nearly 62%
of oil demand; generation of electricity involves single largest consumption of fuel
in the world. More than 60% of power generated comes from fossil fuels. Fossil
fuels were generated after millions of years after the anaerobic decomposition of
prehistoric organic matter buried under the ground. Stocks of fossil fuels are lim-
ited, due to the fast consumption of the fuel and due to industrialization, stocks of
fossil fuels are depleting very fast. Limited availability has become the reason for its
high cost in due course of time. Environmental consequences of fossil fuels and
concerns about exhausting petroleum supplies, high oil prices and the need to miti-
gate the greenhouse effect have spurred the search for renewable transportation bio-
fuels. Biofuels have emerged as an important alternative fuel on world stage. It
belongs to renewable category of fuels. The biofuels have environmental benefits,
are economically competitive, and can be produced in large quantities.

Biofuels are defined as any hydrocarbon fuel which are obtained from organic
matter in a short span of time such as days, weeks or even months from contempo-
rary biological processes like agriculture aerobic digestion, unlike fossil fuels which
are obtained by geological process after millions of years. Biofuels may exist in
solid, liquid, or gas state. Wood, charcoal, and waste baggasse are solid; ethanol,
methanol, propanol, butanol and plants oil are liquid; methane gas and syngas are
examples of gaseous biofuels. The production of biofuels requires energy to grow
crops and convert them to biofuels. Subsequently, there is increasing interest in the
use and production of fuels obtained from plants or organic waste. Biofuels are
biomass materials that are directly used as solid fuel or transformed into gaseous or
liquid fuels which can be easily stored, so that the harnessed energy can be released
through combustion when needed. Biofuels may simply be perceived as liquid or
gas transportation fuels derived from biomass. Various biomass raw materials such
as energy crops, agricultural residues or forest products can be used to produce
biofuels. There is thus a boom in biofuel industries in many developing countries.
As the demand for biofuels increases, they have enormous biomass resources which
are becoming more valuable. Bioenergy is obtained from these fuels due to the car-
bon present in them which are generated by carbon fixation process. In this process,
atmospheric carbon dioxide is converted into the organic compounds which are
found in living organism. Different compounds are produced through this process
such as protein, fat and sugar. Any of these may act as source of energy in biofuels.
Biofuels are obtained from different sources such as starch feedstock, cellulose
feedstock like food crops, wood, sawdust, grasses, waste from domestic and indus-
trial processes, organic part of municipal waste, animal fat and vegetable oil of
rapeseed, mustard, soybean, sunflower, palm, jatropha plant, dried manure, waste
from farming, animal husbandry, forestry, algae, fungi and different microbes.
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Increasing interest has been dedicated to bioconversion of biomass into fuel eth-
anol, which is considered as an alternative to fossil fuels and the cleanest liquid fuel
(Li et al. 2009). Biofuel, on the other hand, is derived from biomass, which can be
produced eventually year after year via sustainable farming practices. This indicates
biomass and biofuel are renewable. Since last three decades, there has been accel-
eration in the research on improving production of biofuels for both ecological and
economical reasons. The recuperation is primarily for its use as an alternative to
petroleum-based fuels. Despite the fact that biofuel can be synthesized by chemical
processes such as reacting ethylene with steam (Anuj et al. 2007), biofuel is a
renewable energy source produced mostly by the sugar fermentation process
(Oyeleke and Jibrin 2009). Biofuels may be considered as hope of energy security
that stands as an alternative fuel. They are responsible for providing 2.7% of world
fuels which is used for road transport. In 2010, biofuel production was 105 billion
litres which was approximately 17% more in comparison to 2009 production level.
International energy agency has set the target of 25% of fuels used in transport to be
obtained from biofuels by the year 2050 to minimize the dependence on petroleum
and coal. In 2011, there was provision of blending of biofuel in 31 countries and 29
states. Bioethanol and biodiesel have maximum consumption in the world. In 2010,
the overall world production of bioethanol was 86 billion litres with USA and Brazil
as the topmost bioethanol producing countries. Both of these countries generate
90% of bioethanol of the world. Brazil tops the list when we compare the consump-
tion of biofuels in the world; it has a provision of 95% blending of ethanol with
gasoline. In other countries, blending with ethanol are found between 10 and 15%,
usually blending has to be decided by the performance of engine and exhaust emis-
sion with respect to engine load and speed. USA and Australia have provision of
10% ethanol blending in gasoline. India has approved the 5% blending of biofuels
in petrol. Ethanol fuel blends are extensively sold in USA. The most common blend
comprises of 10% ethanol and 90% petrol (E10). To run on E10 the vehicle engine
require no modification and vehicle warranties are also not affected. Only flexible
fuel vehicles can run on E85 which has up to 85% ethanol and 15% petrol blends
(Tanaka 2006). European Union is the largest producer of biodiesel which accounts
for nearly 53% of world production in the year 2010. In France, 8% biodiesel blend-
ing can be used in all vehicles using diesel as fuel. Similarly Russia holds 22% of
world forest and it is the world leader in the supply of biomass. According to the
latest estimate of Grand View Research, it is expected that global market of enzyme
may reach $17.5 billion by the year 2024 by the exponential demands of bioethanol
(enzymes are used in synthesis) emerging from many developing countries.
Extensive research is also being carried out in India on biofuel. Some experts are of
the view that vegetable oil blending of linseed, neem and mahua can be tried in
diesel engine in different proportion. The rise in the use of biofuels is inevitable.
However, biofuel production is questioned from a number of angles. The concern
arises on the implications of its emissions, and increased prices of corn that is used
for biofuel production, with a particular implication on food security (Wikipedia
2008). Biofuels may in days to come offer a viable substitutes, but “the implications
of the use of biofuels for global security as well as for economic, environmental,
and public health need to be further evaluated” (EEA 2006).
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2 Historical Perspective of Biofuels

Before the use of petroleum products for cooking, heating and transport, biofuels
were the first liquid fuels used which included vegetable oils, animal fat, ethanol
from crop, etc. (Bailey 1975). However the shift from biofuels to petroleum prod-
ucts (kerosene, gasoline) took place in 1860s. Until the mid-nineteenth century,
biofuels were used as primary fuels for cooking. In the twentieth century, biofuels
were used for automotive fuels, and in the mid- to late-twentieth century, for inter-
nal combustion engines. Various forms of liquid energy derived from renewable
plant material have been known and extensively used for many years. In early
1700s, vegetable oils and fats were used to lit the lamps on the main streets in
European and American cities (Crosby 2006). The US Congress levied a tax of
$2.08 on each gallon of alcohol as a part of the Revenue Act as a payment for the
US Civil War in 1862. The tax diminished the competition from biofuels and
offered an important boom for the petroleum industry. As a means to promote rural
development and national self-sufficiency in the decades before World War I,
Germany created the world’s first large-scale biofuels industry. The government
also encouraged the use of many household appliances like spirit lamps, water
heaters, irons and cooking stoves. All these appliances had ethanol as a fuel. By
1902, approximately 95,000 stoves and 37,000 spirit lamps using alcohol as a fuel
were manufactured in Germany (Tweedy 1917). At the beginning of the twentieth
century, the apparent scarcity of oil resources was the major rationale for British
interest in biofuels, and a 1907 British commission noted that “a famine in petrol
appears to be inevitable” (Motor Union 1907). The hopefulness about biofuels
was so widespread that book entitled “Modern Inventions for students even in
1915” had a chapter entitled “Alcohol Motors and the Fuel of the Future” (Johnson
1915). During the period of 1900-1930s, the Ministry of Agriculture fully sup-
ported the French ethanol fuel programme. As a result, biofuel production
increased from 2.7 million gallons to 5.7 million gallons in 1900 and 1903 respec-
tively. Eventually, the production grew to 8.3 million in 1905. The main reason
was to support French sugar beet markets and to restrict the excessive growth of
other crops. The increase in oil imports from the USA and Russia, coupled with
the lack of domestic oil deposits, posed another significant challenge. Between the
seventeenth and early nineteenth century, number of research scholars made
endeavour to construct some type of internal combustion engine (Cummins 1989).
In 1826, a U.S. engineer Samuel Morey developed the first internal combustion
engine which made use of ethyl alcohol and turpentine (camphene—a volatile
fuel), a carburettor and a spark-ignition piston engine. The engine was used to
drive a small boat at 8 miles per hour up the Connecticut River. However, only one
prototype engine was ever built by Morey as he stayed relatively unknown and was
never able to attract financing from any source (Farell 1915; Goodwin and Duryea
1931; Hardenberg 1992). In 1876, the first four-stroke internal combustion auto-
mobile engine which used alcohol as the fuel was invented by German inventor
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Nicolaus August Otto. Rudolph Diesel displayed his first engine running on pea-
nut oil in 1900. The Ford Model T, which was first made public in 1908, was also
designed to run on ethyl alcohol.

Between 1907 and 1909, the U.S. Geological Survey, the U.S. Navy and the
U.S. Department of Agriculture performed fuel tests on over 2000 engine and
concluded that ethanol has octane rating double that of gasoline’s octane rating
and thus ethanol could be used in high-compression engine (Lucke and Woodward
1907). In 1920-1930s, most industrial and developing countries produced biofu-
els, specially by blending ethanol from starch crops or sugar into gasoline.
Likewise, ethanol obtained from paper processes, and vegetable oils for diesel
engines were also common. During this period, Brazil and Philippines actively
participated in the production of biofuels (ethanol from sugarcane). The Brazilian
distilleries which produced fuel-grade ethanol increased in number from just 1 in
1933 to 31 by 1939 and to 54 by 1945. The production alcohol used as fuel
increased from 100,000 litres in 1933 to 51.5 million litres in 1937. In China, dur-
ing 1930s a blend of 55% alcohol, 40% benzene and 5% kerosene (Benzolite) was
extensively sold (Kovarik 2013). After the war in 1946, in India, nearly eight mil-
lion litres of alcohol was used, which increased to nine million in 1948. Apart
from this, another 20 million litres were used in blends, out of billion litres of
gasoline used in 1951. Becoming conscious of possible “food or fuel” conflicts,
India prohibited the use of grains and root crops as feedstocks for biofuels.
However, in addition it also felt that the power alcohol industry needs to be pro-
tected from petroleum interests. Twenty percent blending were feasible as per the
1948 “Indian Alcohol Act” mandated, however, it was not extensively adopted
(United Nations 1952).

In the late nineteenth and early twentieth centuries, the low-cost petroleum took
the main stage pushing the customary biofuels derived from renewable resources,
into niche markets. But in emergency during fuel shortages or surplus agricultural
produce, many countries opted to protect biofuel markets through imposing tax
policies or by making blending mandatory. In contemporary years, critical question
has framed the larger context of energy research, pertaining the impacts of biofuels
on food rights, climate change, biodiversity and sustainability.

3 Generations of Biofuels

Biofuels are obtained when conventional gasoline is blended with energy-rich
organic compounds such as ethanol, propanol, butanol and ethyl or methyl ester of
fatty acids of vegetable oil of rapeseed, mustard, soybean and palm to give bioalco-
hol and biodiesel. Biofuels are classified into three categories depending on the
sources from which these energy-rich organic compounds are obtained.
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3.1 First-Generation Biofuels

They are the fuels which are obtained by traditional production techniques. These
fuels are obtained from mainly starch/sugar-based feedstocks which are mainly
food crops. Generation of fuel is relatively easy and less expensive and commer-
cially viable. Examples of feedstock are sweet sorghum, sugarcane, sugar beet,
sweet potato, corn, agriculture waste, by-products of food industry and waste from
domestic and municipal sources.

3.2 Second-Generation Biofuels

They are the fuels which are obtained from latest production techniques and they are
obtained from cellulose-based feedstocks. Generation of fuels is an expensive and
time-consuming process and not commercially viable but are found to be technically
viable. Feedstocks are cellulose-based agro, animal husbandry, forestry waste.
Cellulose-based biomass is very difficult to convert into biofuels because cellulose
is a complex sugar polymer having very high molecular weight; it has crystalline
structure due to which it is resistant to hydrolysis. Main components of cellulose
feedstock are cellulose, hemicelluloses and lignin. Cellulose accounts for 40-60%
and hemicelluloses for 20—40% weight of biomass. Cellulose contains six-membered
glucose unit and hemicelluloses contains both five- and six-membered sugar units in
their structures. Second-generation fuel technology has made it possible to convert
cellulose into biofuel. This process involves two steps. First step is the breakdown of
cellulose to smaller sugar units through the hydrolysis step in the presence of acid,
and then second step is the fermentation of these small sugar molecules into alcohol
by the action of yeast. First step is technically challenging and not commercially
viable due to which less ethanol is generated through cellulose-based second-gener-
ation biofuels. These cellulose-based biomasses are one of the most abundant mate-
rials in nature, and their use also does not threaten the food security. If we can tap
this energy potential then huge difference in energy scenario can be expected.

3.3 Third-Generation Biofuels

These fuels are obtained from non-conventional sources such as oil from jatropha
plant, algae, fungi and different microbes. Nowadays, research is going on in the
direction of using oil from jatropha as biofuel due to the advantages associated with
jatropha plant, such as prevention of soil erosion and soil improvement. It is to be
noted that the energy-rich organic compounds such as alcohol and oil are obtained
by all the three categories mentioned above. For example, ethanol for gasoline
blending can be obtained from all the three categories to give bioethanol. Similarly,
vegetable oils are obtained from all categories for blending to give biodiesel.
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3.4 Advanced Biofuels

The lines between an advanced and a traditional biofuel are blurred in the sense that
a fuel that has limited energy density, but can be grown on arid land and have little
impact on greenhouse gas emissions is going to be highly valued despite its poor
performance.

Lignocellulose: Lignocellulose is a derivative of plant biomass that contains cel-
lulose and lignin. Lignocelluloses can be broken down into ethanol; however, it
cannot be effortlessly achieved. Over the years, scientists have developed a number
of methods of producing ethanol from lignocelluloses, although the techniques are
not particularly cheap. During 2007 the cost of a gallon of ethanol produced from
cellulose was roughly U.S. $7/gallon compared to the $1-3/gallon for ethanol pro-
duced from corn. The advantage of making use of cellulose for a feedstock is mainly
because of the fact that it is generally the leftover, inedible part of crop plants. Paper
and other cellulose components make up roughly 70% of all landfill waste, in addi-
tion to waste generated from agricultural products. When these wastes decompose,
they produce methane gas, which is a warming gas and 21 times more potent than
carbon dioxide. Thereby, converting this waste material to ethanol might have a net
positive impact on the environment. Finally, lignocelluloses yield about 80% more
energy than is consumed in growing the plant and converting it to ethanol. Estimates
suggest that there can be 115% reduction in greenhouse gas emission over the long
term by converting cellulose into ethanol.

Jatropha-based biofuels: Many research groups in the world are conducting
research on Jatropha curcas. It is a poisonous tree that produces seeds which are an
important source of oil used in biofuel generation. Oil obtained from jatropha tree
is used in the blending of biodiesel. Jatropha tree is easily grown in both low and
high rainfall areas. It can be very easily cultivated anywhere like canal, roadside,
railway tract and found to be suitable for alkaline soil also. Jatropha is found to be
helpful in the prevention of soil erosion and improve the quality of soil after cultiva-
tion. Indian former president Dr. APJ Abdul Kalam was a strong supporter of Jatropa
based biodiesel. Much of the research based on jatropha is based on how to increase
the yield of jatropha cultivation through genetic manipulation, soil science and
improved horticulture practices.

Algae-based biofuels: Algae are also found to contain the natural oil content.
These oil-rich algae after extraction can be processed into fuel and the dried remain-
der can be further processed into ethanol. Advantage with algae-based fuel is that
algae culture does not threaten the food crop and food productions since cultivation
of algae neither requires land nor fresh water because algae are grown on waste
water pond. Algae are cultivated for 5-8 days and then harvested. Then algae are
scraped, dried and then carbohydrates are extracted. The carbohydrate is converted
into natural sugars and via fermentation process after the action of enzyme, sugar is
converted into butyric, lactic acid and acetic acid. Finally, butyric acid is converted
into butanol through fermentation process. This conversion process is less expen-
sive and found to be more efficient. Butanol which is obtained is a better fuel than
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ethanol in terms of efficiency. This process not only provides better fuel but also
helps in the purification of polluted water bodies. Algae takes up the excess of nitro-
gen and phosphorous (from fertilizers) from the polluted water bodies and makes it
suitable for the growth of marine flaura and fauna. Worldwide water bodies are
threatened by huge water pollution levels, this algae cultivation technique can make
the huge difference.

Fungi-based biofuels: Fungi can play a significant role in the production of bio-
fuels. Recently, group of Russian scientists have claimed to isolate some lipid from
single cell fungi, which they claimed that isolated lipid can be converted into biofuel
in an economic and very efficient manner. More fruitful research is likely to appear
in near future based on this fungi ‘Cunninghamella japonica’. Several other fungi
believed to convert cellulose into biofuels have been isolated. This suggests that in
near future fungi-based biofuel generation cannot be ruled out.

4 Types of Biofuels

Biofuels can be classified according to source and type. They may be derived from
municipal solid wastes (MSW), municipal sewage, industrial wastes, animals’
manures, agricultural crop and forestry residues. In general, they may be classified
as solid, liquid and gaseous biofuels. Biofuels can be obtained in different forms
and they have quite a number of utilities.

4.1 Solid Biofuels

These are the most common types of fuels. Some of the commonly used solid bio-
fuels are as follows:

Refuse derived fuel: This is the fraction produced after mechanical and thermal
treatment from MSW. It mainly contains paper and plastic residues and is chiefly
used as a fuel in industrial applications (cement works, etc.).

Briquettes: These are produced from virgin biomass during a thermo-mechanical
process. They are used in industrial combustion applications (e.g. drying, steam or
hot water production, etc.) and in central heating systems as a fuel.

Pellet: The production of Pellets is chiefly based on thermo-mechanical or
physico-chemical method of compaction of finely chopped lingo-cellulosic biomass
obtained from forestry or agricultural residues. Pellets have the same applications as
that of briquettes.

Wood: This category includes the wood produced from forests as well as the
forestry and agricultural residues. The wood and its residues are chiefly used in
generation and co-generation of power, industrial heating applications (cement
works, etc.), and central heating systems (Petrou and Mihiotis 2007).
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Sewage: It is produced from the municipal or industrial sewage cleaning process
and used in power generation applications.

Industrial waste: They are by-products of different industrial processes. Classic
examples are residues of wood industry, residues of cotton industry (gins), etc. They
are used in industrial heating systems and generation or co-generation of power
applications.

4.2 Liquid Fuels
4.2.1 Bioethanol

Probably the most common type of biofuels found and used around the world are
obtained by the fermentation reaction of microorganisms over sugar. The sugar sub-
strate can be obtained from molasses corn, sugar beets, wheat and various starchy
foods. Apart from fermentation, enzyme digestions, distillation and drying are some
additional methods used for production of ethanol. It is used as fuel for automobiles
and also for heating purposes at homes. Physical properties (in particular density) of
bioethanol are similar to gasoline which makes it suitable to blend with gasoline.
Bioethanol is obtained by the blending of gasoline with ethanol. Generally ethanol
is blended in different proportions; some countries like Brazil allow mixing up to
95% and some have low blending provision of 10-15%. E10 (10% bioethanol and
90% gasoline) and E85 (85% bioethanol and 15% gasoline) are common blends of
bioethanol. Brazil is one of the major consumers of bioethanol. Ethanol for bioetha-
nol fuel is made by fermentation of carbohydrates which are found in the sugar or
starch-rich crops such as wheat, corn, sugar beet, and sugarcane. Bioethanol
obtained by this method is called the first-generation bioethanol. If ethanol is
obtained from cellulose-based non-food materials such as agriculture waste, grasses
then it will be called the second-generation bioethanol. Ethanol from starch feed-
stock are obtained in three steps which are fermentation of sugar, distillation of
ethanol followed by dehydration process to get 99.5% dry ethanol. But in cellulose
feedstock one additional step is required which is the hydrolysis of cellulose into
smaller sugar units. Hydrolysis is done in presence of acid or enzyme. Dehydration
step is done to get the ethanol which is 99.5% dry and is very suitable for gasoline
blending. Fermentation process involves chemical reaction where sugars are con-
verted into ethanol and carbon dioxide in presence of yeast. Ethanol concentration
which is attained by fermentation depends upon the type of yeast we are using and
operating condition. Bioethanol functions mainly as an additive to improve the
emission quality of vehicles. Advantage with ethanol is that it can be blended with
gasoline in any proportion. Energy content of ethanol is roughly 65% of that of
gasoline. It means large volume of bioethanol will be required to generate the same
amount of energy which gasoline generates. But this can be balanced by the
enhanced efficiency provided by bioethanol. Bioethanol burns with clean energy
because it is oxygenated fuel and show complete combustion, but it is responsible
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for corrosion in engine and emits significant amount of ozone and thus causes smog.
Ethanol is mainly used but propanol and butanol are also used for blending with
gasoline to give biopropanol and biobutanol.

4.2.2 Biodiesel

Biodiesel has been popular mainly because of its clean nature of burning which
emits very low amount of polluting gases. Biodiesel can be used as a neat fuel or in
blends with diesel in such a machine with or without modifications. Biodiesel is not
only used in automobiles but it is also used in commercial equipments. Biodiesel
can be used as the source of fuel in all the diesel engines that were designed after
1994. Europe is the largest consumer of biodiesel. Biodiesel is the substitute of
diesel. Its composition is similar as that of diesel. Chemically biodiesels are ethyl
and methyl ester of different fatty acids, these fatty acids are produced by the heat-
ing of oil and fat (from oil feedstock) with alcohol in the presence of sodium
hydroxide where trans-esterification occurs and biodiesel are formed along with
glycerine. Then this biodiesel is blended with diesel, pure oil and fat are not blended
with diesel due to fact that they are highly viscous and due to different chemical
characteristic and combustion pattern of oil/fat from diesel. Trans-esterification is
just the replacement of glycerol which is a trihydric alcohol with another alcohol.
Biodiesel feedstock includes oil and fat from animal and vegetable sources such as
rapeseed, soyabean, mustard, sunflower, palm, coconut, jatropha, etc., and alcohols.
Oil from feedstock is obtained by mechanical press extraction and solvent extrac-
tion methods. In mechanical press methods, oil plants are heated at a temperature of
110 °F and then it is pressed and crushed for oil to ooze out of feed stock, but in
solvent extraction method oil plant is treated with solvent and oil comes in solvent
from which oil is separated by distillation method. Solvent extraction method is
costly but oil which is obtained is of very high purity. Pure biodiesel if used alone
has an ability to reduce the level of emission by 60% in comparison of what pure
diesel emits. It is an oxygenated fuel that means ratio of oxygen is more in compari-
son of other hydrocarbon fuels so its burning will be much cleaner and combustion
of fuel will be complete which will reduce the emission of particulate matters, car-
bon monoxide, hydrocarbon and sulphur compounds. According to the estimate of
World Energy Organization (WEO), ozone forming potential of biodiesel is about
50% less in comparison to diesel. Cancer-causing potential of biodiesel particulate
matter is also very less which is about 90% less than that of diesel in accordance
with the experiment done by University of California, USA. Biodiesel is biodegrad-
able in comparison to fossil diesel, using biodiesel is less hazardous as it is having
a flash point of 148 °C, and on the other hand fossil diesel is having a flash point of
52 °C. Energy content of biodiesel is slightly less than fossil diesel and it causes
corrosion. Biodiesel can be used alone or in blend with diesel. Blending of diesel
with biodiesel (which are obtained from oil and fat) improves the lubricancy, just
1% blending by biodiesel can improve lubricancy by 65% and this raise the cetane
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value. But biodiesel is associated with high production cost, more likely to attract
moisture and poor low temperature property. The most common blend of biodiesel
in Europe is called B20, B2, B1 which are 20%, 2% and 1% blending of diesel with
biodiesel. For use of these blending no modification in engine is required.

4.2.3 Bioethers

These types of biofuel can improve the performance of engines when considering
fuel/oxygen factor. They can enhance the levels of fuel/oxygen. This factor ensures
spontaneous and high temperature burning. Overall, the engine performance can be
enhanced as a result of this.

4.3 Gaseous Fuels

Gaseous biofuels are produced during the biomass gasification process that is either
a thermal or a microbial degradation of biomass substances.

4.3.1 Biogas

It is the methane gas that is generated when organic matters are digested in presence
of microbes called anaerobe in anaerobic condition (in absence of oxygen). Farmers
collect the animal dungs and expose it to anaerobic digestion to get biogas. It is a
very rich source of methane gas. Main uses include generation of electricity, cook-
ing purpose, water heating, etc. Entire organic biodegradable substances like wood
and paper that are collected from the waste bin can be used as the substrate for
anaerobic digestion. All such apparent refuse materials can actually produce useful
biogas.

4.3.2 Syngas

Syngas can also be used as a source of fuel in a number of equipments such as tur-
bines, diesel engines, and combustible engines. It is the outcome of partial combus-
tion of biomass and it includes gases like hydrogen and carbon monoxide. It is a
mixture of carbon monoxide gas, carbon dioxide gas, hydrogen gas and other
hydrocarbons which are produced by the incomplete combustion of biomass (in the
presence of insufficient oxygen). Syngas can be converted into diesel substitute
through the Fischer Tropsch process. It is also used in generation of electricity and
in the synthesis of hydrogen gas and methanol.
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S Advantages and Disadvantages of Biofuels

5.1 Advantages

The advantages of biofuels are that they aid in reduction of the emissions of gases
responsible for producing the greenhouse effect, chiefly CO, emissions (Finco
2012). The organisms from which biomass comes, during their lives absorb CO,
equivalent to the amount emitted after biomass is burned. This shows that there is
100% renewal of biomass used and it absorb equal amounts of CO,. In some of the
cases, biofuels through biogas combustion can certainly contribute towards regional
development and sustainability, like that in the case of cogeneration power systems.
Two of the best indicative cases are that of the power generation systems in India
(Mukhopadhyay 2004) and Cuba (Isla de Juventud). These units are operated with
local biomass and thus contribute to development of the local communities and
their power supply systems. Used biomasses are reliable alternatives to fossil fuels,
such as kerosene and diesel. The research studies in India show that 80% of biofuel
users noted an economic benefit from the system of greater than $1/month, when
40% of the population of this area had a monthly income of $20. In any case, bio-
fuels’ contribution to local development and sustainability depends upon the type of
biomass used.

5.2 Disadvantages

The land use changes and intensification of cultivation following the increased
mass production of biofuels such as biodiesel and bioethanol may cause new green
house gas emissions and affect the biodiversity, the soil quality, and the natural
resources (Finco 2012; Perimenis et al. 2011). The emission of CO, captured in
biomass and the soil into the atmosphere takes place as a result of the deforesta-
tion or clearing of grasslands for biomass cultivation. The most severe problem
regarding use of biofuels’ is the increase of food market prices. Because of the
increased use of cultivation land for biomass’ production, there is a decrease in
food production. In addition, food prices rise because farmers prefer to produce
products with certain prices. A typical example of the problem regarding food
prices was the corn price in the USA which was used extensively for production
of ethanol. Likewise, Europe is another example of the continuous rise of prices
of agricultural produce (Greece). In 2006-2007, soy was sold for 180 euros/ton
and corn for 170 euros/ton to chicken egg producers in Greece. In 2007-2008, the
prices increased by approximately 60% to 300 and 270 euros/ton, respectively.
This however, led to increase in price of eggs. As a consequence of such market’s
behaviour, demand for biomass, which is conventionally used as a raw material in
various industrial sectors (such as paper and wood industry), increases and causes
a consequent rise in its price. Biofuels also cause environmental impact, such as
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acidification and ozone layer depletion. Some another disadvantages pertaining to
the supply chain of solid biofuels production are dioxin emissions and heavy met-
als (Pb, Hg, etc.). This problem is principally associated with Refuse Derived Fuel
and constitutes a conflict of interest among the various stakeholders. Energy plants
in which many pesticides and fertilizers are used are cultured in an intensive way.
This cause eutrophication and eco-toxicity due to the contamination of surface
waters. More likely biofuel attracts moisture and are less suitable for use in low
temperatures.

6 Compatibility of Biofuels with Existing Infrastructure

Many developing nations lack the transportation, institutional regulatory and ser-
vice infrastructure to support biofuel industry. Unlike traditional fuels, better-quality
advanced biofuels must be compatible with infrastructure of existing fuel, distribu-
tion systems and engines. High cost must not be incurred for alterations of tanks,
pipelines, pumps or ships. As such, compared to other solutions, advanced biofuels
should be a cost-effective alternative in electric or gas-fuelled vehicles. The biofuels
available in the market depend on the speed of advancement in technology and
nature and will require growth and potential modifications in the modes of transpor-
tation and distribution of liquid fuels. Nevertheless, it is unlikely that the invest-
ments will precede investments in biofuels production for the reason that
development banks will not tender financing unless demand for the product (course
of technological innovation to commercialization) is clearly identifiable.

Present technologies make it viable to the transport sector to provide first-
generation biodiesel, ethanol or biogas to be blended with fossil fuels. By 2020,
second-generation biofuels derived from lignocelluloses which are under develop-
ment should be available in the market. Research is going on for the improvement
of their conversion efficiency. A tenfold increase compared with current cost-
effective capacities might cause them to be highly competitive. Within bioenergy
policies, transportation field is fast-developing and represents a main source of
anthropogenic greenhouse gas emissions; importance has been placed on biofuels
for transportation. Biofuel combustion emits less greenhouse gases throughout their
life cycle as compared to fossil fuels, considering that part of the emitted CO,
returns to the atmosphere where it is fixed from by photosynthesis in the first place.
However, to assess the compatibility of biofuels with the existing infrastructure it is
important to explore the following:

Scalability: To meet the increasing worldwide demand for energy there is a sur-
plus need of millions of tons of biomass annually for manufacturers of biofuels.
Eventually to produce enough fuel there will be a need for evaluation of technolo-
gies to produce advanced biofuels that could use the existing manufacturing infra-
structure. However, discovering the best option may take much time as many a
times the technology that is viable in the laboratory often cannot be successfully
implemented to economic commercial production.
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Sustainability: The advanced techniques for manufacturing advanced biofuels
must be quite sustainable. For this there is a need to understand the impact of pro-
duction and use of biofuels on environment and socio-economic aspects related to
land, water and biomass use.

Cost: One of the pressing needs is to have an economical large-scale production
of biofuels. The manufacturers producing biofuels from biomass need to cut down
the costs of cultivating, harvesting and transporting biomass. To enable rapid accep-
tance in market, the foremost requirement for the advanced biofuels must be its
compatibility with existing facilities without demanding modification in the vehi-
cles and secondly it must meet consumer expectations for both price and perfor-
mance as well. For example if we consider the utilization of ethanol as motor fuel,
a frequent argument that arises is that it reduces dependence on oil imports. There
are concerns on additional issues involving ethanol distribution and infrastructure.
Ethanol-blended gasoline has a tendency to split in pipelines. Additionally, ethanol
is corrosive and has the tendency to damage existing pipelines. Therefore, there is a
limitation that, pure ethanol and ethanol blended gasoline cannot be transported by
pipeline. Thereby, the existing distribution system for ethanol is dependent on rail
cars, tanker trucks, and barges. However, these transport modes lead to higher prices
than pipeline transport. Thus there is a potential need to replace all susceptible pipe-
line components with, hard components, which are likely to be expensive, and could
further increase ethanol transportation costs.

7 Performance and Emission Characterization of Biofuels

Many researchers have evaluated various performance parameters like thermal effi-
ciency, specific fuel consumption, power output of compression ignition engine
using biodiesel and blends of biodiesel and petro-diesel as fuels. The studies have
found 20-60% emission reductions of CO,,, on the utilization of first-generation
biofuels as compared to fossil fuels. Whereas, the expected reductions for potential
future commercialized second-generation biofuels are in the range of 70-90% of
COyq compared to fossil fuels (FAO 2008). Due to the variety of feedstock and
conversion processes used, and the diverse sites of production and consumption, the
first-generation biofuels show large range of emission reductions. Many research
studies have reported on biofuel/biomass burning contributions to ambient air in
China (Zhang et al. 2008, 2010; Sang et al. 2011). Emissions due to biofuel are very
significant and have substantial impact on regional air quality in Asia. The study
conducted by Streets et al. (2003) found that the high biofuel emission regions were
mainly located in central and East China, and Southern and Southeast Asia. It also
estimated that in Asia, the major biofuel emissions occurred from the combustion of
agricultural waste, woods, and animal waste (dung). The average annual biofuel
consumption from both anthropogenic and natural sources in Asia was estimated to
be 730 Tg, with forest burning, crop residue open burning and grassland/savanna
burning accounting for 45, 34 and 20%, respectively. However, regionally, forest
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fires in Southeast Asia dominated. Of the total biofuel consumption in Asia, the
contribution to emissions in different countries were found to be China 25%, India
18%, Indonesia 13%, and Myanmar 8%.

Rachel Evangelene Tulip and Radha (2013) investigated the performance and
emission characterization of internal combustion engine. The results of the study
showed increase in CO emission of B20 than diesel, while B40 and B60 were found
to reduce significantly. The smoke and CO, emissions were estimated to be to some
extent lesser than diesel fuel. In all the blends of mustard biodiesel, an increase in
NOx emissions was found as compared to diesel. The emission increases with the
increase in blend ratio. Due to the higher cetane number of the biodiesel hydrocar-
bon emissions reduced significantly. Due to the enough oxygen content the brake
thermal efficiency of B20 to some extent was higher than diesel. B40 and B60 were
found to be inferior to B20.

The performance and emission characteristics of Neem oil biodiesel blends
(NOME-diesel blend) in a DI engine were investigated by Nabi et al. They reported
that in comparison to conventional diesel fuel, the NOME-diesel blend showed
reduction in emissions as well as smoke and CO, while NOx emission was found to
increase with diese]-NOME blends. With EGR 15% NOME-diesel blend showed
lower NOx emissions in comparison to mineral diesel (Nabi et al. 2006). Avinash
and Atul studied the effect of NOME-diesel blend on performance and emissions of
the four-stroke, constant-speed, single cylinder, water-cooled, direct injection diesel
engine (http://www.iitk.ac.in/erl/Index_files/Manuscript_IITK.pdf). The study
found that with increasing load carbon monoxide emissions also increased. More
carbon monoxide is produced due to lack of oxygen at higher load wherein richer
fuel—air mixture is burned. At lower loads, carbon monoxide emissions for biodiesel
blends were somewhat same to that of mineral diesel. The biodiesel blends showed
considerable reduction in carbon monoxide emission at higher load. Increase in the
NO emission was found for the biodiesel fuelled engines in comparison with min-
eral diesel. At all loads, the smoke opacity for biodiesel blend fuelled engines was
found to be lower than mineral diesel.

Subbaiah et al. (2010) investigated the overall proficiency along with exhaust
emission characteristics of a direct injection diesel engine which used traditional
diesel fuel, rice bran oil biodiesel, a mix of rice bran oil biodiesel and diesel and
three blends of diesel-biodiesel-ethanol as fuel over the whole range of load on the
engine. The investigational outcome showed the maximum brake thermal efficiency
when 15% ethanol in diesel-biodiesel-ethanol blends was used. With the increase in
ethanol percentage of diesel-biodiesel-ethanol blends, the temperature of exhaust
gas and the intensity of sound from the engine reduced. With more percentage of
ethanol in blends of diesel-biodiesel-ethanol, the smoke and carbon monoxide
emissions reduced significantly. The unused oxygen with 5% ethanol in blend of
diesel-biodiesel-ethanol was found to be lower as compared to that of conventional
diesel fuel. With the increase in ethanol percentage of diesel-biodiesel-ethanol
blends, the NOx, HCs, and CO, emissions were found to increase but the hydrocar-
bon emissions were lesser than in the case of diesel fuel. The study was conducted
to explore the impact of mixture of rice bran oil biodiesel and diesel and three
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blends of diesel-biodiesel-ethanol fuel. The brake thermal efficiency was found to
amplify whereas, the emissions of CO, hydrocarbons decreased. Likewise, the
sound and smoke emitted by it also decreased. Thus to improve the performance
and reduce the emissions of a diesel engine, the rice bran oil biodiesel can be used
as an additive to mix higher percentages of ethanol in diesel-ethanol blends.

Ozer Can et al. (2004) examined the effects of ethanol addition on the perfor-
mance and emissions of a four-stroke cycle, turbocharged indirect injection diesel
engine at varying fuel injection pressures. The study showed reduction in CO, soot
and SO, emissions, with increased NOx emissions after the ethanol addition.
Another study reported slight increase in the emissions of carbonyls and NOx with
considerable reduction in the emissions of particulate matter and tetrahydrocan-
nabinol with the use of biodiesel ethanol-diesel blends (Xiaobing Pang et al. 2006).
Srikanth et al. (2013) investigated experimentally the performance and emission
characteristics of a single cylinder diesel engine fuelled with diesel fuel, fish oil
biodiesel and diesel-biodiesel-bioethanol blends. The results showed maximum
thermal efficiency of 13.22% greater than conventional diesel fuel and 10.11%
greater than fish oil biodiesel. With the blend of 75% diesel, 10% biodiesel and 15%
bioethanol (DE15B10), at maximum load, the CO emissions were found to reduce
by 50% than the conventional diesel fuel. In diesel-biodiesel-ethanol blends, the
hydrocarbon emissions and smoke opacity were found to increase with increasing
ethanol percentage, whereas the emissions of oxides of nitrogen decreased to a con-
siderable extent.

8 Impact of Biofuels: Environmental Benefits

For more than a century, ethanol has been used as biofuels, however, its environ-
mental benefits have attracted worldwide interest since last 2-3 decades. Many
nations have produced biofuel with limited destruction to the environment. The old
methods of traditionally burning the fields before harvest, so as to fertilize the fields
with ash and remove the leaves, have been eliminated as a result of advancement in
fertilizers and natural pesticide. Although environment pollution due to smoke is
avoided, this may however, lead to environment pollution because of runoff from
fields. Some researchers have pointed out that nitrogen flow in lakes, streams and
other water bodies may increase as a result of increase in biofuels production.
Biofuel is an eco-friendly fuel (El Diwani et al. 2009). Although biomass biofuel
may not be a complete solution to waste management and prevention of climate
change, it certainly contributes towards it. In addition, it also contributes towards
fuel security.

Studies have suggested that significant reductions in CO, emissions may occur
due to increased use of biodiesel and ethanol-blend fuel compared to conventional
gasoline. According to Forge ( 2007), although Green House Gas (GHG) emis-
sions over the full ethanol life-cycle may vary dramatically depending upon the
energy sources used to produce the ethanol, analyses of GHG emissions showed
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that biofuels produce fewer emissions than fossil fuels. In Canada, manufacturing
plants where corn and wheat are used to produce ethanol are fuelled by natural gas
and thus are responsible for fewer GHG emissions as compared to American plants
which are fuelled by coal or other fossil fuels in manufacturing ethanol. Thus envi-
ronmental benefits of using ethanol compared with gasoline show significant vari-
ations. At present times in Canada, if 5% of conventional fuels are replaced with
biofuels, it may relatively have negligible impact on reducing GHG emissions
across the country. However, if 10% of the fuel would utilize corn-based Ethanol
(E-10 blend) in all vehicles, GHG emissions would lower by approximately 1%.
Forge ( 2007) thus pointed out that in order to have a real impact on a Canada’s
total GHG emissions, there is a need to target certain types of biofuels, such as
biodiesel and cellulose-based ethanol.

9 Global Perspective

Biofuels are most commonly used globally, for transportation and cooking stoves.
However, research is going on for developing environmentally sound techniques
that would minimize the waste disposal problem. With the aid of imaging technol-
ogy, researchers from Washington University in April 2008 have developed out a
way to convert manure into biomass. They found that continuous and vigorous mix-
ing aids microorganisms convert agricultural waste into alternative form of energy,
thereby giving farmers a simplified way to manage their waste (Business Line
2005). Agriculture is reported to be the new energy sector due to the increasing use
of bio-refineries mainly in the USA, the European Union (EU) and in the BICS
(Brazil; India, China and South Africa) group (Le Monde 2007).

Under the new EU level proposals (European Commission 2012) two restrictions
were introduced which included 1) limiting food/agricultural based biofuels of first
generation to 5%, and ii) support conditions. After 2020 only those biofuels would
receive financial help which contribute to considerable GHG savings and would not
produce from crops generally used as food/feed. However, by focusing on the devel-
opment of the second- and third-generation of biofuels (like lignocellulosic ethanol,
Bio-SNG, synthetic biofuels) this problem may be solved. These biofuels will not
compete with food production and will use feedstock including lignocellulosic
material, waste and residues (Perimenis et al. 2011) or stimulate production of algae
origin biodiesel (Harvey and Pilgrim 2011). However, Harvey and Piligrim (Harvey
and Pilgrim 2011) emphasized that unlike Brazil and the USA, for the development
of the second-generation biodiesel, such as biomass to liquid (necessary to meet the
more stringent GHG reduction requirements from 2017) Europe has not seen larger
state-of-art innovation programme. The second-generation biofuels, produced from
wastes and agricultural residues, offer a cost-effective advantage apart from various
advantages (Lee and Lavoie 2013). Besides, first-generation biofuels produced
from organic waste are generally considered as sustainable, since they do not have
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significantly effects on the land-use, food prices, etc. (European Biofuels
Technological Platform 2009).

The third-generation biofuels which are produced from cyanobacteria and
microalgae have potential advantages of high biomass productivity and the ability
to grow in cultivation ponds over biofuels which are produced from plants
(National Academies Press 2013). Latvian researchers also carried out studies in
this field (Sondors 2013). However, some of them argued that along with potential
environmental and social advantages, algal biofuels could result in negative envi-
ronmental and detrimental effects in addition to significant resource inputs, which
usually is true for all types of energy production (Georgianna and Mayfield 2012).
In spite of this, algae are almost recognized to be ideal organisms for developing
the very productive and robust crop strains that are essential for cost-effective and
feasible production of biofuel (National Academies Press 2013). As a whole, bio-
fuels derived from biomass are not the best way for storing solar energy, since the
stored solar energy for biodiesel produced from rapeseed is less than 0.1%, for
bioethanol it is less than 0.2%, and for biogas it is around 0.3% (Georgianna and
Mayfield 2012).

U.S.A.: In US basically the ethanol fuel is produced from corn. Corn is a very
energy demanding crop, which creates only 0.9-1.3 energy units of ethanol on uti-
lization of one unit of fossil-fuel energy. As per the 2007-12-19 U.S. Energy
Independence and Security Act, 2007, American fuel producers have to use mini-
mum of 36 billion gallons of biofuel by 2022. This is almost five times increase
greater than existing levels. There has been decrease in the export of food which has
caused increase in the grain prices all over the globe. In 2012 half of the production
cars of General motors were capable of running efficiently using E85 fuel. Two new
plants for the ethanol fuel were built at Coskata Inc. Theoretically, the process using
E85 fuel has been claimed to be five times more efficient in energy as compared to
corn-based ethanol, but it is in development stage and has not been proven to be
cost-effective in a free market. The greenhouse gas emissions were reduced by 86%
on using cellulose-based ethanol as compared to 29% reduction using corns
(Wikipedia 2008).

Brazil: Ethanol fuel is available throughout Brazil. It is the second largest pro-
ducer and exporter of ethanol in the world. The world’s first sustainable biofuels
economy and the biofuel industry leader is considered to be in Brazil (Reuters
2008). Brazil along with the US account for 70% total ethanol production of the
world (Sanchez 2007) and nearly 90% of ethanol is used for fuel (World Bank 2008)
which lead the industrialized world in global production of ethanol. In 2006 Brazil
produced 16.3 billion litres of ethanol which represents 33.3% of the world’s total
production and 42% of the world’s ethanol was used as fuel (World Bank 2008). In
2003, the country’s ethanol programme offered employment to nearly 700,000 per-
sons. Brazil cut down import of oil by a cumulative undiscounted total (US$50 bil-
lion) in 1975-2002 (Lovins 2005). The production of ethanol is largely intensified
in the Central and Southeast regions of the country, including the main producer,
Sado Paulo State. These two regions were solely responsible for nearly 90% of
Brazil’s ethanol production in 2004 (Macedo et al. 2004). The government statistics
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