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Preface  

Water forms the basis of life. More than 75% of the earth’s surface is occu-
pied with water. The freshwater availability is, however, very limited, and 
only a very small percentage (2.5%) of total water present on the earth’s 
surface may be classified as freshwater. Various anthropogenic activities 
result in the release of harmful pollutants directly into the natural environ-
ment, thereby degrading the already constrained water resources. Water 
quality management has emerged as a serious issue in the environment 
in recent decades. It is estimated that nearly 80% of the water resources 
in the world are contaminated. Water quality management would provide 
additional water for reuse in irrigation, recreational activities, and other 
uses, thereby making wastewater a valuable resource. 

In recent decades, researchers and environmentalists have adopted 
several techniques for water quality improvement. With the rapid advance-
ment in technologies, several new and advanced techniques for water 
quality management have been suggested and recommended. Conven-
tional water treatment technologies have also evolved over the years and 
are in a continual stage of development. Nanomaterials, ecological floating 
beds (EFB), eco-roofs, bioenergy landscapes, and the use of water quality 
models are some of the interesting advances in the field of water quality 
management. 

Despite the advancement in techniques for controlling water pollution, 
the problem still seems not sufficiently controlled as the world continues 
to suffer from varying degrees of pollution. There may be several reasons 
for the degrading water quality; one of them is the lack of dissemina-
tion of information and, hence, the lack of adoption of new technologies 
for water quality improvement and management. The scale of the water 
pollution problem and economic constraints remains. This book has been 
written with the aim of providing a deep insight into the recent approaches 
and the various issues pertaining to water quality management. This book 
summarizes the recent advanced technologies for water quality improve-
ment and management. The book would prove beneficial to students and 
researchers and provide technological support and a scientific foundation 
for achieving optimum water quality management. 
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CHAPTER 1

Advanced Technologies for Water Quality Treatment and Management. Mehraj U. Din Dar, PhD, 
Aamir Ishaq Shah, MTech, Shakeel Ahmad Bhat, PhD & Syed Rouhullah Ali, PhD (Eds.) 
© 2023 Apple Academic Press, Inc. Co-published with CRC Press (Taylor & Francis)

Ecological Floating Bed (EFB) for 
Decontamination of Polluted Water 
Bodies 

AFNAN ASHRAF,1 SHAKEEL AHMAD BHAT,2 ANURAG MALIK,3 and 

LEILA SHAFEA4 

1Department of Soil and Water Engineering, PAU, Ludhiana,  

Punjab – 141004, India 

2College of Agricultural Engineering, SKUAST–K, Jammu and Kashmir, 

India, E-mail: wakeelbhat@gmail.com 

3Regional Research Station, Bathinda – 151001, Punjab, India 

4Department of Soil Science, Kassel University, Germany 

ABSTRACT 

The pollution of water bodies is an alarming situation worldwide. Although 
various techniques have been employed for the decontamination of water 
bodies, but there has to be some technique that not only efficiently decon-
taminates the water body but also maintains an ecological balance between 
various flora and fauna present in it. The development of an ecological 
floating bed (EFB) is one such alternative. EFB very efficiently treats the 
wastewater and is a sustainable environment friendly technique. The main 
idea is based on the self-cleaning ability of nature. This technology does 
not yield any toxic by-product. This chapter focuses on the various pre 
requites for the development of an EFB and its working. 
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2 Advanced Technologies for Water Quality Treatment and Management 

1.1 INTRODUCTION

In the present scenario, the quality of water is under threat and is degrading 
worldwide. Most of the water reservoirs are getting polluted, the main 
pollutant being the heavy load of contaminants from the industrial sector. 
In addition to this, the increasing growth of population and rapid urban-
ization are continuously putting the freshwater reservoirs under high 
stress. Furthermore, the appropriate handling and treatment of the huge 
wastewater that is generated is a matter of big concern. As per the studies 
done by Slutsky and Yen (1997), the annual rate of precipitation recorded 
worldwide is 119,000 km3. Out of this, 61% goes to evaporation and 39% 
goes as stormwater runoff. The quantity of runoff is showing an increasing 
trend due to the increase in the development of the impermeable surfaces 
as well as heavy urbanization. When the infiltration capacity of the land 
decreases due to its impervious nature, the rainwater has no other option 
than to flow as runoff. This problem is aggravated when heavy rainfall 
occurs since it erodes away with itself a large part of the land and carries 
with itself all the pollutants on the land towards the aquatic and terrestrial 
ecosystems, thereby polluting them. 

The rapid urbanization has resulted in the increase in the toxicity 
of the water bodies as well as the air since a large amount of vehicular 
emissions and all the harmful substances present on the land surface are 
washed away into the rivers, lakes, oceans that increase the toxic nature 
of sediments and water. The industrial emissions add to the toxicity of 
the water bodies since they are mostly discharged into them without any 
appropriate treatment (Hwang et al., 2016; Schwammberger et al., 2017; 
Shah et al., 2020). These pollutants that are discharged into the water 
bodies in one way or the other not only destroy it, but the pollutants are 
transferred from one organism to the other and result in biomagnification 
of the toxic pollutants inside the organisms that is the reason of the death 
of many of them. 

There are many techniques that have been used to mitigate the pollu-
tion of the water bodies. The main focus in doing so is not only to prevent 
the pollution of water bodies but also to protect the habitat of flora and 
fauna residing in them, thereby protecting the overall biodiversity. For 
this reason, an ecological floating b ed ( EFB) i s a  g ood a lternative to 
decontaminate the contaminated water body, since it does both the jobs 
simultaneously. 
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1.2	 ECOLOGICAL FLOATING BEDS (EFBS)

Ecological floating bed (EFB) is an environment friendly and econom-
ical technique having the capacity of very effectively restoring the 
polluted lake water. It takes its idea from the nature’s self-cleaning 
ability and the most impactful feature of this technology is that it does 
not yield any toxic product. EFB uses emergent plants that grow in the 
form of a floating mat that rests over a frame that remains afloat in the 
water. The roots of the plants descend down into the water in order to 
suck the dissolved pollutants and the stem of the plants remain above 
the water level. There is an intertwined system of roots, rhizomes, 
and attached biofilms that emerge out from the floating mat serving 
as an active surface area for physio and biochemical like filtering and 
entrapment (Bi et al., 2019). Figure 1.1 displays a schematic diagram 
of EFB. 

FIGURE 1.1  Schematic diagram of an EFB.  
Source:  Reprinted with permission from Ref. Samal et al., 2019. © Elsevier.  
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1.2.1 WORKING PRINCIPLE OF AN ECOLOGICAL FLOATING BED 
(EFB) 

The water bodies get permanently contaminated once the slow and 
continuous addition of pollution causing agents occurs from various 
sources. When the rate with which the pollutants are added exceeds its 
self-cleaning, the water body is said to be polluted. After the inspection 
of the polluted water body and surveying all the pros and cons of all the 
material, a particular plant species is selected for effective decontamina-
tion of the polluted water body and an appropriate plant bed is built in 
the contaminated lake in EFB network. This bed comprises of buoyant 
materials capable of providing a continuous upward force to the plants 
and the surface area so that it can support the growth of microbes (Lynch 
et al., 2015; Xian et al., 2010). The plant species used in an EFB, to ensure 
efficiency in removal of pollutants, have dense root system. Table 1.1 
illustrates the use of EFB for handling different forms of wastewater. 

1.2.2 FACTORS IMPACTING THE EFFICACY OF AN 
ENVIRONMENTALLY SAFE FLOATING BED TO DECONTAMINATE 
THE CONTAMINATED WATER BODIES 

1.2.2.1 CHOOSING A SUITABLE MACROPHYTE SPECIES 

The selection of suitable macrophyte species is the most critical step in 
designing an EFB. The plant chosen must remain afloat and thus they must 
be rich in aerenchymatous tissues. The plants used must be able to provide 
an insulating layer in winter. Nutrient uptake should be high (Waajen et 
al., 2016; Williams et al., 2002). The sedimentation process is acceler-
ated by increasing the water speed due to the presence of thick roots. The 
most important usage is the release of oxygen into water body, thereby 
enhancing the aerobic decomposition of pollutants. Therefore, these 
plants absorb the nutrients found in wastewater and are retained in their 
tissues. There are numerous varieties of macrophyte species that differ in 
wastewater treatment capabilities owing to the difference in the growth 
rate, rooting type, and accumulation capacity (Samal et al., 2017; Zhu et 
al., 2011). The most commonly used plants globally in EFB are Cyperus, 
Canna, Lollium, Typha, and Chrysopogon species. 
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1.2.2.2 PRESENCE OF A BIOFILM 

Artificial biofilm carriers increase the biofilm biomass resulting in the 
increase in the filter efficacy. Biofilms are an amalgam of micro-organisms 
(bacteria, fungi, algae) which both bind to each other and to stable surfaces. 
Biofilms’ slimy and sticky nature helps contain the suspended solids (SS) 
found in wastewater (Färm, 2002; Meuleman et al., 2002). 

1.2.2.3 SELECTION OF AN APPROPRIATE MEDIA 

In order to allow air exchanges and maintain aerobic condition, enough 
pore space should be present in the growth media. The elements that should 
be taken into account while choosing an appropriate growth media are 
water retention, porosity, capillarity, and fertility (Brisson and Chazarenc, 
2009). Products such as soil, coconut fiber, compost, coarse peat, charcoal, 
bamboo, etc., were used in floating beds as growth media. 

1.2.2.4 EFFECTIVE WATER DEPTH 

We need to maintain a depth of 0.8–1.0 m of water. When the required 
depth is not preserved, the macrophyte roots reach down to the soil and 
become attached. There is a possibility that roots from the benthic zone 
cannot be removed, resulting in the submergence of the macrophyte in 
case of the rise (Ayaz and Saygin, 1996). This condition is lethal to the 
plants and result in damaging the floating bed. It is very important that the 
roots need to be afloat in the wastewater and thus the depth needs to be 
maintained accordingly (Chan et al., 2008). 

1.2.2.5 BUOYANT NATURE 

Buoyancy is maintained naturally with the help of the spongy and aeren-
chymatous tissues that retain air inside of them. CH

4
 gas produced as a 

result of the anaerobic decomposition in the bottom that is clogged in the 
root mat ensures the floating state (Lynch et al., 2015; Sun et al., 2005). 
The age, growth mechanism, and rate of gas output all influence the plant’s 
buoyancy. During the summer season, the metabolic activities of the plants 
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and microbes occur at a higher rate due to the higher temperatures, which 
adds to the process of gas generation and the entrapment of air by the 
plant tissues, thereby increasing the buoyancy. Those materials should be 
used that are simple, cheap, and easily available so that they can be easily 
removed once the floating bed is fully grown and established. Bamboo, 
sealed PVC or PP pipes, inflatable vinyl pillows, etc., are some of the 
examples of the materials used for floatation. Table 1.2 shows different 
materials used to obtain buoyancy during EFB construction. 

TABLE 1.2 Diverse Materials Used in EFB Design to Achieve Buoyancy 

Sl. Floating Frame Raft Area (m2) References 

No. 

1. Bio heaven patent material 0.36 Tanner and Headley (2011) 

2. Foamy sheets 2.00 Yang et al. (2008) 

3. PVC pipe (Dia 38 mm) 0.29 Wang and Sample (2014) 

4. Polyethylene 0.025 Wen and Recknagel (2002) 

5. HDPE 0.20 Xian et al. (2010) 

6. Bamboos (Dia 1.0–1.5 cm) – Zhao et al. (2012)

7. Tech-IA patent material 0.45 Stefani et al. (2011)

8. Polyethylene terephthalate (PET) 50.0 Borne et al. (2013)
material (recycled)

9. Iron and timber – Kerr-Upal et al. (2000)

1.2.2.6 VEGETATION COVERAGE 

Vegetation coverage ratio in EFB regulates the diffusion of atmospheric O
2 

in the water body. Low coverage (9% to 18%) will add marginal treatment 
effects, while excessive vegetation coverage (>50%) due to wind move-
ment restricts the entrance of O

2
 into the water from the air, resulting in 

anoxic water conditions (Zhou and Wang, 2010). So, a lower DO amount 
in water is observed in EFB covered with more vegetation as compared to 
the floating bed without coverage. 
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1.2.2.7 OXYGEN TRANSPORT WITHIN THE WETLAND 
MACROPHYTES 

Two processes are responsible for the oxygen transfer mechanism 
inside the wetland macrophyte and they are convection and passive 
molecular diffusion of air. The difference in the presence between 
the roots and the surface of the leaf induces convection of gases to 
below-ground biomass across the entire stem, while the spontaneous 
molecular movement results in the diffusion of gasses through the stem 
to the root (From greater partial pressure to reduced partial pressure). 
Such processes depend on the weight, temperature, and mean of the 
molecular gas. 

1.2.2.8 HARVESTING OF BIOMASS 

Harvesting of the floating plants at regular intervals is strongly recom-
mended (Hubbard et al., 2004; Yeh et al., 2015). The modus operandi 
of EFB is shown in Figure 1.2. According to Zhou and Wang (2010), 
re-entering of nutrients stored in leaves and other aerial parts takes place 
as the decay initiates. Therefore, it is desirable that the harvesting is done 
before decay. Wang et al. (2015) researched that mining just the upper 
portion of water would not extract all nutrients from water, as large quanti-
ties of nutrients are stored in the biomass below water. Harvesting the 
surface water section only stops the plants from dying as new shooting 
from the cutting area occurs. They also concluded that, during the summer, 
above water biomass is rich in nutrients, but nutrients start translocating to 
below water biomass at around September. After harvesting, it can be used 
directly as animal fodder, as well as composting and vermicomposting 
processes (Brisson and Chazarenc, 2009; Islam et al., 2013). Temperature 
changes affect the activity of the microbials. High microbial activity is 
observed during the summer season while low activity occurs in the winter 
season (Bu and Xu, 2013). It can be assumed therefore that season and 
atmosphere have a major effect on the ecological performance of floating 
beds. Please keep an eye on floating bed maintenance to efficiently elimi-
nate contaminants. The right time to harvest is thus a point to be taken into 
consideration. 
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1.3 COUPLING OF EFB’S WITH ELECTROLYSIS TO REDUCE
WATER BODY EUTROPHICATION 

EFBs have been commonly used as an in-situ ecological remediation tech-
nology for the treatment of surface water, as economical, simple in design 
and maintenance. However, due to problems with seasonal and anaerobic 
environmental constraints on the growth of macrophytes and microbes, 
restricted standing biomass, reduced adsorption ability of substrates, 
and a wider coverage area generally restrict the use of EFBs. Not only 
has this, Eutrophication, caused by enrichment of waters with excessive 
plant nutrients, become a matter of serious concern in aquatic ecological 
research because it leads to highly undesirable changes in ecosystem 
structure and function. Thus, the need of the hour is to devise those EFBs 
that are more stable and can nullify these constraints for better efficiency 
in decontamination. One such technique is integrating electrolysis with 
EFB’s since it can yield excellent water treatment capacity. 

Electrolysis in eutrophic bodies of water can simultaneously encourage 
the growth and reproduction of heterotrophic denitrifiers to enhance 
NO

3 
−–N elimination. Besides this, the removal of PO

4 
3−–P by sacrificial 

anode can also be improved and can be used as coagulant ion source. Some 
researchers have already used electrolysis reaction in developed wetlands 
(CWs) and biofilter after the anode was Fe or Al (Lacasa et al., 2012; Ju 
et al., 2014; Gao et al., 2017), in order to increase removal of N and P. Fe 
anode was used in the electrolysis process producing Fe2+ and Fe3+ ions 
that yielded Fe (III) oxide. Fe (III) oxide has a reddish-brown appear-
ance and is often referred to as rust, which impacted water transparency 
when Bernal et al. (1959) got so much rust. It offered a greater P removal 
efficiency when Al was used as anode, as Al anode had a lower metal-to-P 
ratio in contrast to Fe anode, but more Al3+ ions have different bio toxicity 
effects on aquatic species such as fish, a lgae, and even humans (Parent 
et al., 2010; Kandimalla et al., 2016; Sharma et al., 2016). Besides Fe 
and Al, magnesium cations were often used to extract P due to corrosion 
and/or electrolytic dissolution, imparting the least impact on the aquatic 
surroundings. 

Yan et al. (2020) in order to research the ability of nutrient removal in 
enhanced EEFBs integrated Mg-Al alloy anode, a graphite cathode, and 
biochar as substratum. Results showed that significantly higher N and P net 
removal rates than those rates representing conventional EFBs(p<0.05), 
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particularly for TN, NO
3 

−–N, and TP removals (Table 1.3). The EEFB elec-
trolysis method which also produces H

2
 by enriching anodes in the biochar 

substratum biofilm for autotrophic hydrogen denitrification bacteria, e.g., 
the genera Hydrogenophaga, Flavobacterium, and Dechloromonas and 
improving the removal efficiency of NO

3 
−–N (Figure 1.3). During the

electrolysis step, Mg2+ and Al3+ ions were released to increase the floc-
culation potential of the eutrophic water, resulting in a stable high rate of 
P elimination. The absolute rate of growth of I. Sibirica was 10.82 ± 12.54 
mg d−1, which was substantially lower than EFB growth as the absolute 
growth rate was 101.71 ± 25.65 mg d−1 (p < 0.05), which suggested that 
electrolysis affected plant growth and plant uptake levels were lower than 
EFB development. 

FIGURE 1.2  Modus operandi of ecological floating bed (EFB).  
Source:  Reprinted with permission from Ref. Samal et al., 2019. © Elsevier.  
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FIGURE 1.3  Data points indicate sample mean ± standard mean error in the concentrations  
of TN (a); NH

3
–N (b); NO −

2 
–N (c); and NO −

3 
–N (d) in the EEFBs, the EFBs and control

during the treatment of eutrophic water.  
Source: Yan  et al. (2020).  
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1.4 CONCLUSIONS

The literature available shows that EFB is one of the safe and environmen-
tally friendly green technologies to handle different forms of wastewater. 
For the design of the EFB, the most important consideration is to choose 
the correct plant species that are rich in aerenchymatous tissues so that 
oxygen from the upper part of biomass can be transferred to lower part 
of biomass while at the same instant ensuring the buoyant condition of 
the plant species for which various bubbling materials using such as PVC 
pipes, sheets of polystyrene, bamboo, and various floating patent pieces. 
The water depth and plant coverage ratio influence the atmospheric diffu-
sion rate to the water body, and thus is important in deciding the nature of 
a floating wetland. In addition to the above factors, the other pre-require-
ments are forms of macrophyte organisms, biofilm, and growth media. 
Filtration and aerobic degradation separate the organic and SS. Through 
nitrification-denitrification and plant absorption nitrogen is largely 
eliminated. The majority of phosphorus and heavy metals are absorbed 
by sedimentation, with a small amount removed by plant absorption. To 
avoid nutrient translocation from the stem and leaves to the water, plants 
must be harvested on a regular basis. 

KEYWORDS 

• biofilm
• contaminants

• ecological floating bed (EFB)
• electrolysis

• macrophytes

• polyethylene terephthalate

• purification
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ABSTRACT 

Water is the most important and necessary factor for the survival in all 
living things. In modern times, however, the world is struggling with water 
shortages. However, other microorganisms, gasses, and various toxins 
(heavy metals and chemicals) are introduced into our bodies during rain-
fall, rapid water flow, etc., thus causing water pollution. Applied nanoscale 
science and engineering science recommends that most of the day-to-day 
problems involving different liquids should be determined by the use of 
nano-sorbents, nano-catalysts, bioactive nanoparticles (NPs), composite 
membranes and nanoparticle to accelerate the evaporation and diversity of 
materials and materials arising from the growth of nanotechnology. New 
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techniques in the development of a science novel used to make water diver-
sity are among the best and most exciting. In addition, the material taken 
from nanotechnology limits the focus of lethal computing to sub levels, 
which helps in obtaining high water quality requirements and durability 
specifications. There are different types of nanomatadium, which carried 
a large latent to deal with contaminated water very effectively due to their 
presence only as a high surface area, capable of operating at low latency, 
etc. With one step of a combination of gold (Au), silver (Ag), platinum 
(Pt), and palladium (Pd) NPs in water, Sodium Rhodizonate was once used 
as an effective mitigation agent as a stabilizing agent. The average diam-
eter ranges from 2, 8, 26, and 39 mm to Pt, Au, Ag, and PdNPs used for 
exposure by transmission electron microscopy. With a strong discount of 
4-NP ahead of Ag, Au, Pt, and Pd NPs, the public payers (kapp), accounted 
for 2.1482, 1.1167, 1.088×10–1, and 1.65×10–2 minute–1, respectively.

2.1 INTRODUCTION

Water is the most valuable commodity in human evolution, and a reliable 
water source is a basic human need. However, since our climate is less 
of a barrier to economic growth and urbanization, we are also far from 
the global issue of integration. As a result, this problem will worsen over 
time (Hillie and White, 2007). The rate is rising due to overpopulation, 
local climate change, and rising water levels (Ali and Aboul-Enein, 2004). 
Worldwide,> 700 million people no longer have access to water (WHO, 
2014). This misery is rampant in the creation of sub-Saharan Africa. 
Existing sewage treatment infrastructure, such as in the case of stagnant 
water and in a complex way it is difficult to maintain a strong law and 
growing demand for excellent water, in each developed and old world. 
Therefore, in these affected areas water treatment needs to be done. The 
available science used in water treatment reaches its limit in providing the 
first sufficient level to meet human needs (Qu et al., 2013a; Shah et al., 
2020). Therefore, reuse, reuse, and replace yourself with the needs of the 
“day.” 

Recent advances in nanomatadium understanding have helped the 
purpose of nanotechnology in the treatment of water and water. Decades 
ago, aqueous nanotechnology had an additional internal vision as a flower 
starter in traditional medicine methods. Construction materials with a 
minimum thickness of 100 nm are widely described as Nanomatadium 
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(Tesh and Scott, 2014). The resources of this scale consist of size-depen-
dent structures, which differ in comparison to their larger counterparts. 
Nanomatadium is made up of elements, such as feature height, reactivity, 
hydrophilic, and hydrophobic interactions, which are useful in adsorp-
tion, catalysis, sensor, and optoelectronics (Das et al., 2014). Procedures 
powered by Nanotechnology for water treatment add significant challenges 
to existing approaches. Nanotechnology is also broad in the refinement 
and use of unconventional water resources in a financially viable manner. 
Treatment of industrial wastewater with nanomatadium is also important 
and comprehensive. Nanotechnologies are essential in wastewater treat-
ment, as they remove contamination and help to obtain clean water during 
the recycling process. This results in decreased manpower, time, and costs 
when it comes to addressing industries with different environmental prob-
lems (Kanchi, 2014). Nanomatadium must be environmentally friendly 
and non-hazardous, for drinking water. Significant damage to vital organs 
in contact with the human body can be caused by unsafe particles (Figures 
2.1 and 2.2; Table 2.1). 

 

 

FIGURE 2.1 Schematic sketch displaying (A) area of flow sampling sites, drinking-
water-treatment plant; and surface-water intakes (B) bodily and chemical approaches used 
in drinking-water-treatment plant.  
Source: Reprinted with permission from Stackelberg et al., 2004. © Elsevier.  
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FIGURE 2.2  Selected nanomaterials now being evaluated as practical substances for 
water purification. 

TABLE 2.1 Water Treatments Using Nanomaterial with the Aid of Exceptional 
Mechanisms 

Nanoparticles Target Treatment Positive Limitation 

(NPs) Analyte Mechanism Aspect 

Fe  Heavy metals, Reduction, In situ water Tough to recovery, 
anions adsorption remediation, disposal of sludge 

cheap difficult, health risk 

TiO
2

Organic Photocatalysis Less toxic, The cost of 
pollutants non-water operation is higher, 

soluble, it is impossible 
photostability to heal., sludge 

generation 

Metal-sorbing Heavy metals Adsorption Maintaining Recycling option, 
vesicles continuity is higher profile 

difficult. of selective 
absorption, 
improved metal 
affinity 

Bimetallic NPs  Dichlorination Reduction, Reactivity is Recovery is 
adsorption higher difficult, producing 

sludge 

 



 

 

21 Advanced Functional Nanomaterials 

TABLE 2.1 (Continued) 

Nanoparticles 

(NPs) 

Target 

Analyte 

Treatment 

Mechanism 

Positive 

Aspect 

Limitation 

Magnetite NPs Heavy metals Adsorption Separation 
is easy, and 
no sludge is 
generated. 

Separation requires 
an external 
magnetic field. 

Nanofiltration Organic and 
inorganic 
materials 

Nanofiltration Pressure is low Membrane fouling, 
high cost 

Micelles Organic 
pollutants 

Adsorption Expensive Treatment is carried 
out on-site, and it 
has a high tolerance 
for hydrophobic 
materials. 

Nanoclay Heavy metals, 
organic 
pollutant, 
anions 

Adsorption Production of 
sludge 

Cheaper, exclusive 
mechanisms, long-
term reliability, 
and recycling 
better surface and 
pore depth, higher 
sorption capability, 
informal recovery 

Nanotube Heavy metals Adsorption The cost is 
high, and the 
adsorption 
process is 
inefficient. 

Deals with water 
waste, has strong, 
good chemical 
stability. 

Recovery 
is difficult, 
and sludge 
processing and 
health risks are 
dangerous. 

Dendrimers Heavy metals Encapsulation Costly Separation is easy, 
reusable, binding is 
high, and no sludge 
is generated. 

Source: Mansoori et al. (2008). 
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Natural organic materials, man-made chemicals, and chemical 
processes such as polyaromatic hydrocarbons (PAH) and nitroaromatic 
compounds (NAC) pollute the marine environment. Various methods of 
stealing pollution from aquatic environments are being explored. The 
removal of these websites has led to the completeness of applied science 
novels that strengthen the deception of pollution. Therefore, the reduc-
tion in pollution reduction has been promoted as a means of prosperity 
for wastewater treatment technology. The catalytic discount can actu-
ally pollute the environment with faster prices with higher vigor and 
recycling. 

Gold nanoparticles (AuNPs) are commonly available nanomatadiums 
due to their peculiar optical, physical, and chemical properties. AuNPs 
are designed for server performance but are not confined t o catalysis, 
photocatalysis, photothermal photo voltaic distillation, sensor sensitivity, 
plasmonic photovoltaics, organic, and clinical shipping drug, biomedicine, 
bioimaging, and other therapy. In addition to the softening properties, 
AuNPs have an over-the-top molar makeup (108 to 1,010 M–1 cm–1) on a 
transparent mirror due to a substance called floor plasmon resonance. By 
changing the size, texture, texture, performance of the floor, and diploma 
in the integration of nanoparticles (NPs) the color of the AuNPs response 
can be measured. 

2.2 METHODS FOR THE PREPARATION OF NANOPARTICLES
(NPS

For the teaching of one-a-type NPs there are various methods. However, 
all power can be divided into categories under two categories, top-down 
processes, and bottom-up processes. In the top-down method, the fabric 
with macroscopic density is slightly split or reduced to nanoscopic sizes. 
A mixture of salts with iron such as oxidizer (e.g., nitrate of iron) and 
oils (e.g., urea, glycine, hydrazides) overheating at high temperatures, 
in the composite mixture, when heated to a temperature, the compound 
becomes independent of the uniform production response of iron oxide 
NPs while burning gas in the form of CO

2
, H

2
O, and different gasses. 

These mechanisms form nanostructured materials from atomic or 
molecular molecules. 
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2.2.1 SYNTHESIS OF NOBLE METAL NANOPARTICLES (NPS) 

The two most commonly used uses of AuNPs are: 

• The Turkevitch method, added in 1951, i.e., the apparent reduction
in the stability of AuNPs by the use of sodium citrate in water; and

• Bi-phasic synthesis, NaBH
4
 reduction and Tiols stabilization,

produced using Brust-Schiffrin in 1994. Both of these techniques
require heat. There is a need for a method for the formation of fine
non-ferrous NPs that have been found to be fertile and have the
potential to reduce the potent supporting structures.

2.2.2 SYNTHESIS OF METAL OXIDE NANOPARTICLES (NPS) 

Other commonly used techniques for the production of iron oxide 
nanoparticles include sol-gel, moisture, hydro/solvothermal, laser disper-
sion, chemical application, mic emulsion techniques, and microwave 
assisting synthesis. Recently, the composite method has become the most 
modern and efficient method of forming iron oxide nanoparticles due to 
the flexibility, simplicity, and durability of the process. In combination, 
a mixture of iron-containing salts such as oxidizer (e.g., iron nitrate) and 
fuels (e.g., urea, glycine, hydrazides) is heated at high temperatures. When 
the temperature is warm, the compound produces effective responses to 
the production of iron oxide nanoparticles while burning gasoline in the 
form of CO

2
, H

2
O, and various gasses. 

2.2.3 ROLE OF NANOMATERIALS IN TREATING AND PURIFYING 
WATER 

Nanomatadium is growing rapidly as a solid collector of water treat-
ment in the field of applied science, which can no longer tolerate its 
effectiveness, is very expensive and shows for a long time. This will 
be, above all, a major contribution to the growth of international desti-
nations such as India and Bangladesh. Custom nanomatadiums can be 
replaced by traditional ones that require large raw materials, have great 
potential for production or are considered harmful to the environment. 
Using inexperienced chemical ideas for making nanoparticles can 
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lead to a good discount on waste formation, less harmful chemicals in 
chemicals, and generally safer chemistry. However, to address these 
claims, many additional facts are also required that altering or altering 
common elements with nanoparticles does not without a doubt lead to 
a reduction in the strength and utilization of the fabric and the elimina-
tion of undesirable or sudden open competition outcomes. Addition-
ally, there is wide-ranging debate about the safety of nanoparticles and 
their consideration can have an environmental impact. There is great 
hope that nanotechnology can play an important role in efficiently, 
cost-effectively, and sustainably delivering smooth water to devel-
oping nations. In contrast, the harmful effects of nanoparticles cannot 
be ruled out. In the event of a nanoparticle reinforcement effort, it 
can be helpful when applied to contaminants, however it can trigger 
a painful reaction when the cell is taken. So, this Janus personality 
of nanotechnology could prove to be a snag in its great acceptance. 
Nanotechnology can go a long way in reducing costs and as a result, 
grows more impressive than modern methods of removing water 
pollution when it comes in the long run. Nanoparticles can be used as 
heady sorbents, sources of media fragmentation, and catalysts for the 
sonochemical of contaminants in this perspective. A nanosized zerova-
lent iron that is used in nanofiltration membranes to isolate metals and 
natural compounds from water (Bhattacharya et al., 2013). 

2.3 METHODS OF WATER TREATMENT

2.3.1 NANO-PHOTOCATALYSTS 

The term “photocatalysis” is the silence of two Greek words for “image” 
and “catalysis” meaning the decay of computers in a light frame. Usually, 
in the technological world there is no study of photocatalysis (Saravanan 
et al., 2017). They are often used to purify wastewater, as they help to 
increase the recycling effect due to their rate of increase in structure and 
formwork (Chen et al., 2019). They can increase oxidation capacity due 
to the natural production of oxidizing species under the fabric which helps 
to reduce pollution from well-contaminated water (Gomez-Pastora et al., 
2017). SiO

2
, ZnO, TiO

2
, Al

2
O

3
, etc., are the most common and extensive 

metal oxide nanophotocatalyst. Among them, TiO
2
 is one of the 

largest 
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images from all available fabric due to its innumerable reasons such as 
chief, nontoxic material, chemical durability, and its simple accessibility in 
the world. In addition, TiO

2
 exists in three regions of herbs, anatase, rutile, 

and brookite. To date, anatase is considered a suitable nanophotocatalyst 
(Yamakata et al., 2019). With a UV lamp, the production of TiO

2
 is done 

nonetheless given daylight or seen with gentle lights. 
The liquid selection of nanoscale zero-valent iron (FeO) and bime-

tallic FeO particles has emerged as redox media to expose the pollution 
and impurities. These nanomatadium (10–100 nm) have significantly 
lower surface area and regenerate than most FeO particles (Schrick 
et al., 2002; Nurmi et al., 2005). Zhang (2003) provided an overview 
of the design, appearance, and application of nanoscale particles FeO 
and FeO/PdO, FeO/PtO, FeO/AgO, FeO/NiO and FeO/CoO in envi-
ronmental guidance. List of environmental pollutants (e.g., alkanes 
in chlorine and alkenes, benzenes chlorine, pesticide, natural dye, 
nitro aromatics, PCBs) and various organics (e.g., nitrates) with water 
options which do not significantly reduce toxicity and repetitive prod-
ucts. These nanoparticles. Fe0 and bimetallic Fe0 nanoparticles have 
been further used to reduce redox in iron ions such as Cr (VI) is highly 
toxic and cellular types Cr (III). The suspension of metalloporphyrino-
gens in matric-gel matrices is detailed for use in combining redox and 
nanoparticles catalytically lively the defaultgenation of composed of 
natural complex (PCE, TCE, and carbon tetrachloride (CT)) with water 
options (Dror et al., 2005). 

2.3.2 NANO AND MICROMOTORS 

Skipping environmental problems such as water pollution treatment and 
environmental sensitivity/nano/micromotor recognition are used. Since 
functional nanomaterials have inbound habitats that make it more envi-
ronmentally friendly to convert toxic pollution into a toxic environment, 
they are considered another alternative (Figure 2.3). 

2.3.3 NANOMEMBRANES 

Nanomembranes are an unparalleled type of membrane infused with certain 
nanofibers that are hired to eliminate the unsuitable nanoparticles present 
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in the liquid phase. The system takes up close-knit areas that are critical 
properties and already acts as a pre-treatment system used for relapsing 
osmosis (Jhaveri et al., 2016). For water treatment, the porous membrane 
is subjected to nanofiltration, ultrafiltration, recurrent osmosis, etc. The 
membrane carries porous assist with composite layer. Typically, a large 
layer of compound is a carbon-based coating (graphene oxide/CNT) that 
is distributed in a polymer matrix that delivers promising progress and full 
size in amazing resistance to water transport. Separation of toxic particles 
from aquatic materials is an important objective of fluid application when 
entering water. To measure the waterproofing phase nanomembrane filters 
are used in addition (Bhat et al., 2018). These methods are viewed as state-
of-the-art water purification technology and desalination technology. 

 FIGURE 2.3 Different pollutant elimination mechanisms used through nano/micromotors. 
Source: Reprinted from Eskandarloo et al., 2017. © Royal Society of Chemistry. 

Nanomembranes such as NF and RO can filter out very small organisms 
(viruses and bacteria) and water-containing molecules that float faster than 
traditional filters because of their ability to differentiate by molecular level. 
They can be classified into two main categories: (a) non-synthetic filters for 
carbon nanotubes (CNTs) or nano-capillary arrays provide nanofiltration; 
and (b) as functional, functional nanoparticles useful filtration processes. 
The desalination membranes built into the CNTs offer exciting new oppor-
tunities. Nanomatadium such as CNTs, nanoparticles, and dendrimers 
contribute to improving the more environmentally friendly environment 
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and within your water filtration processes. Improving advanced filtration 
methods for water purification and regeneration of precious metals such as 
uranium dendritic polymers provided opportunities. 

2.3.4 NANOSORBENTS 

Nanosorbents take up enough living space as an overactive sorption that 
makes nanosorbents more demanding and more capable of finding solu-
tions. Sensitive homes make nanoparticles more productive as sorbents. 
On a larger scale, they have a much lower surface area as opposed to 
larger particles. In addition, they can be promoted by selecting reactor 
companies to increase their chemical relationships in achieving objective 
goals. Strengthening selected industries that prefer peace and environ-
mental degradation in order to remove pollution and polluted water from 
these polluted areas these residences are a growing number of workers’ 
exploitation. Many items have homes in terms of size. Hematite particles 
with a diameter of 7 nm, for example, Cu ion has a lower pH value than 
25 particles or 88 nm in diameter, indicating a renewed grounding of iron 
oxide particles with decomposing size (Table 2.2) (Nowack et al., 2007). 

TABLE 2.2 The Functions of Commonly Used Nanosorbents (Ns) 

Different Nanosorbents Treatment Function References 

Carbon-based Ns In water, nickel ions present Rodovalho et al. (2016) 

Graphite oxide Removal of dyes Sun et al. (2015) 

Regenerable polymeric Ns Organic and inorganic Lee et al. (2012) 
contaminants 

Nanoclay Hydrocarbons, dyes Kyzas et al. (2015) 

Nano-metal oxides Different heavy metals Wang et al. (2016) 

Nano-aerogels To take out the uranium from Krstic et al. (2018) 
drinking water 

Nano-iron oxides To remove the hormones Unuabonah et al. (2014) 
and toxic pharmaceuticals 
material from water 

Polymer fibers To eradicate the arsenic Yadav et al. (2019) 

In the extinction of various pollutants such as heavy metals from 
carbon dioxide are a flexible adsorbent used closely. Graphene is a modern 
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member of the carbon family in appearance and is believed to be one of the 
most useful water treatment agents (Babel et al., 2003). It is a complete, 
sp2-hybridized assembly, on the side of two carbon bees with the same 
carbon size (Park et al., 2009). Graphene and its compounds offer usability 
for a number of purposes due to its unique nature of size and related group 
cohesion. Factors such as large regional bases and the presence of low-cost 
companies that make them the best adsorbent water purification option 
(Sreeprasad et al., 2011). Mixtures of RGO-magnetite and GO-ferric 
hydroxide have been used to dissolve the aqueous arsenic RGO-magnetite 
and GO-ferric hydroxide composites (Chandra et al., 2010). Metals based 
entirely on oxides and hydroxides have already been proven to be highly 
efficient in removing arsenic from ingested water (Zhang et al., 2010). 
Unlike those free nanoparticles, RgO, and GO’s supporting materials have 
a great ability to bind. Interestingly, the reduced content of graphene oxide 
has antibacterial properties and this property can help prevent the develop-
ment of biofilm-based filters due to bacterial growth, which may remove 
unpleasant odors and excess odors or filter clogging. 

2.4 APPLICATIONS OF NANOMATERIALS

• To dispose of arsenic from disposal and disposal of water, titanium
nanoparticles and other fabrics used for resin are basically enriched
with iron hydroxide material, nanomatadium highly efficient.

• To feel different from dirt, a sensor-based sensor is used because
this one has ocular housings that make the sensor look sensible and
tend to detect dirt.

• In natural reinforcement made of polymer-nanomaterial it helps to
a greater extent.

• Nanomaterials can act as magnets such as CNTs, zeolites, and
synthetic layers in a mesoporous assembly, which uses mesoporous
clay with a sorbent that shows a system of non-alignment of metals
and anions in depleted water.

• Some nanomaterials have very strong anti-damage properties. This
type of fabric contains AgNPs, fullerene, TiO

2
, CNT derived from

nanocomposite completely, etc. They also include many habitats
such as moderate oxidant, producing safer products and water
repellent.
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• Nanoparticles play a suitable function as catalyst in special modi-
fication of oxidation metallic oxides. They show strong resistance
to pollutant molecules and sell these pollutants as an environmen-
tally friendly material (Soppe et al., 2014; Bushra et al., 2014). At
these nanomatadiums, other special houses exist such as nanosize,
overuse, and expanded floor space. Specifically, TiO

2
 photocatalysis 

performs an important function of disposing of separate impurities
from groundwater as published in Figure 2.4.

 FIGURE 2.4 Schematic illustrating of TiO
2
 photocatalytic method. 

Source: Reprinted from Nor et al., 2013. © 2012 Penerbit UTM Press. 

2.5 SAFETY, TOXICITY, AND ENVIRONMENTAL IMPACT OF
NANOMATERIALS 

Toxicity has become one of the burning problems of nanotechnology, 
due to our misalignment of the behavior and nanoparticular behavior in 
humans and the environment. The dangers of nanoparticles and fortune-
telling are major problems associated with nanotechnology. The first 
important problem is the natural effects of chemicals on humans or the 
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environment. Leakage, spillage, circulation, and attention to nanoparticles 
that may cause harm to humans or the environment is problem 2 (Gardner 
and Dhai, 2014). Nanoparticles are toxic due to their properties and can 
lead to excessive chemical reactions and ROS formation. ROS production 
is all possible with iron oxides and CNTs. The ROS produced will remove 
oxidative stress, inflammation, subsequent to the breakdown of proteins, 
membranes, and DNA. It is the agglomeration nanoparticles that show 
their toxicity in the environment (Table 2.3). 

TABLE 2.3 Self-Toxic Effect of Some Commonly Used Nanomaterials 

Nanomaterials Observations References 

Gold nanorods doped Toxic-free Wang et al. (2008) 
poly(styrene sulfonate) (PSS) 
composite 

TiO
2
, Al

2
O

3
 composite At micron particle-sized Wang et al. (2008) 

more toxic 

CdSe quantum dots doped with Toxicity was discovered in Ray et al. (2009) 
polyvinyl carbazole composite an acute state. 

Fe
2
O

3
 and carbon nanotubes Even at the lowest Karlsson et al. (2008) 

composite concentrations, toxic 
effects and DNA damage 
were observed. 

Metal, carbon, Al
2
O

3
 composite Based on concentration Ajdary et al. (2018) 

and time. 

Au/carbon composite For a cheaper price point Jia et al. (2005) 
toxic-free 

Carbon nanotubes with single and Toxicity increases when Taju et al. (2014) 
multiple walls concentrations exceed 15 

g/cm. 

Hexadecylcetyl trimethyl Highly poisonous at some Takahashi et al. (2006) 
ammonium bromide (CTAB) concentrations 
doped Au nanorods composite 

Ag/carbon composite It depends on the time and Karlsson et al. (2008) 
dosage, but it is poisonous. 

2.6 CONCLUSIONS

When compared to Pt and PdNPs, quicker kinetics are used for regular 
showing with the aid of AgNPs followed by AuNPs at a 4-NP discount 
with NaBH

4
. In comparison to AuNPs and AgNPs, a MO disc with 

a 
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formic acid made with Pt and PdNPs was obtained at a faster rate. Sodium 
Rhodizonate is a form of sodium rhodizonate. The use of a computer to 
mediate the synthesis of Au, Ag, Pt, and Pd nanoparticles demonstrates 
an increasing path of efficient computer acquisition for a wide range of 
useful materials such as environmental waste depletion and water treat-
ment technologies. 

Metal ions, anions, natural synterior, and organic organisms can be 
eliminated by the use of nanoparticles. The volumes of nanoparticles that 
are essential for water treatment are low, making their software extremely 
expensive. The prospect of nanoparticles in water treatment is slowing, 
however, it requires the combined efforts of educational and industrial 
resources to advance future technologies, economics, and water treatment 
technologies. We will be able to work together to find a global water 
supply. 
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ABSTRACT 

The aim of multi-functional bioenergy landscape management is to opti-
mize potential ecosystem services viz., water, electricity, fuel, and feed 
besides, water quality control. In order to manage ecosystems in a way 
that contributes to increased ecosystem services, spatial decisions can 
be crucial. When compared to non-agricultural lands, agriculture has a 
negative impact on downstream water quality. Perennial watersheds can 
be developed to increase the performance of water quality measures when 
compared to agricultural watersheds lacking perennial biofuel feedstocks. 
When growing biofuel feedstocks, the concern arises which conservation 
practices should be adopted in the landscape design for their orientation 
so that better water quality goals are achieved. Different types of deci-
sions pertaining to spatial variations, necessary in a bioenergy landscape 
design were focused in this chapter, which includes decisions about arti-
ficial drainage, wetlands, vegetated strip location, and residue removal. 
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Optimizations that aim to mitigate sediment and nutrient losses, reduce 
water temperature, and optimize farmer income are appropriate resources 
for answering spatial design questions. Since many biophysical processes 
are scale based, cost and benefits should be considered for both water-
shed-scale and field-scale while implementing conservation practices to 
achieve these goals. Based on our review, bioenergy ecosystems can be 
built to boost water quality and enhance other environmental resources by 
adopting spatial decisions on various conservation practices. 

3.1 INTRODUCTION

Bioenergy Landscape design is a method of spatially explicit planning 
that involves different stakeholders who are concerned about the same 
things (Figure 3.1). Its goal is to find ways to better leverage capital for 
more sustainable service delivery while taking context, patterns, and 
current conditions into account (Jones et al., 2012). “Landscape archi-
tecture therefore incorporates supply chain optimization, horizontal, and 
vertical performance assessments, stakeholder processes, spatial planning, 
biomass production systems, education, monitoring, and adaptive manage-
ment.” The concept is derived from the study of spatial pattern and process 
interrelationships, which is the basis for the field having landscape-based 
ecology (Turner et al., 2001), which has origins in both “landscape archi-
tecture and environmental sciences” (Nassauer and Opdam, 2008). The 
parks, country estates, suburban neighborhoods, and campuses planned 
by Frederick Olmsted adopting his guiding principles for efficient space 
organization and management are early examples of these concepts 
(Beveridge et al., 1995). Olmsted’s principles encourage the usage of a 
space’s naturally occurring characteristics while concealing the overall 
design to create a harmonized unit that is more concerned with function 
than ornamentation. Landscape designs like Olmsted’s, on the other hand, 
do not always produce conditions that maximize all values (Crow et al., 
2006). Trade-offs are unavoidable, and how people communicate with the 
natural, controlled, and built environment is context-dependent and subject 
to change (Koh and Ghazoul, 2010). Landscape designs are a great option 
to indulge stakeholders and figure out how to best integrate a set of goals 
(Hazelton et al., 2013; Darshini et al., 2013; Sayer et al., 2013). Private 
organizations (e.g., “a family or corporate farmer, forester, or 
rancher”), 
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public bodies (e.g., a federal or state agency), “or a non-governmental” 
entity might be involved as managers (e.g., an environmental assessment 
group or any professional member associations). Landscape design is 
based on the idea that management methods should explore solutions that 
span different economies, disciplines, and geographic areas. That is, land-
scape-based strategies are “better than the amount of their sector-specific 
parts” when it comes to achieving a shared objective (Holmgren, 2013). 
According to Holmgren, a landscape design strategy seeks to reduce or 
eliminate externalities between land-based sectors in terms of economics; 
in terms of planning, it considers a broader range of options by avoiding 
limited and fragmented solutions and promoting up-front involvement of 
a broader set of stakeholders who reflect a diverse set of objectives but 
also shared goals (Holmgren, 2013). In order to establish solutions that are 
ideal at larger scales, this process necessitates comprehensive coopera-
tion between actors who want to compromise. When it comes to public 
lands, where land-use decisions are often the product of comprehensive 
stakeholder involvement, “elements of landscape design approaches are 
typical. The Pacific Remote Islands Marine National Monument, for 
example, was created after the US considered over 170,000 comments 
from researchers, environmentalists, fishermen, and other stakeholders. 
Although there is still space for development, the practices that have 
emerged in the public sector for park sand reserves provide insight into 
the costs and challenges that landscape designers face when designing 
for bioenergy and other facilities on private property. The landscape 
design approach to bioenergy necessitates consideration of the context 
under which the bioenergy system operates (Efroymson et al., 2013). At 
appropriate scales, developing landscape designs to incorporate bioenergy 
is dependent on ecological, social, biophysical, and economic conditions 
(Duvenage et al., 2013). Microclimate, geography, alignment, prior, and 
current land ownership and use, objectives of land owners, producers, and 
other stakeholders, site drainage and groundwater revival, municipal, and 
resource building codes, human, and vehicular access and circulation, 
property safety and security can all be factors to consider.” 

Landscape design could be used in various situations and bioenergy 
systems, but it is not a “one-size-fits-all” solution. Rather, it is a method 
for considering context-specific concepts and data from a collection 
of environmental, social, and economic measures that may be relevant 
to bioenergy systems (McBride et al., 2011; Dale et al., 2013). 
The 
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significance and selection of each indicator can differ depending on the 
values and expectations of stakeholders (Sinclair et al., 2015; Dale et al., 
2015). To ensure that the most suitable data is collected and analyzed, it 
is important to understand how stakeholders weigh these various metrics. 
Feedstock grown for both bioenergy and remediation of former industrial 
or contaminated sites is an example of context-specific landscape design 
that considers bioenergy. Salix (willow) feedstock crops are cultivated in 
both the United States and Europe to minimize emissions from nutrient-
rich waste streams such as biosolids and wastewater, as well as to use 
certain nutrients to fertilize the biomass crop (Berndes et al., 2008). These 
systems have a number of advantages, including reduced GHG emissions 
and waste disposal costs, as well as increased crop yields and lower 
nutrient input costs. 

FIGURE 3.1  Hierarchy used in the optimization of landscape design. 
Source: Reprinted with permission from Dale et al. (2016). © Elsevier. 

3.2 LANDSCAPE DESIGN, DEVELOPMENT, AND
IMPLEMENTATION 

A landscape design approach followed for bioenergy landscaping includes 
six steps: (i) develop design objectives in light of the “context; (ii) identify 
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constraints and opportunities; (iii) consider feedstock” appropriate for the 
context; (iv) analyze and deploy design; (v) track outcomes; and (vi) change 
as required (Figure 3.2). These actions should be taken in light of the previ-
ously discussed concepts of service conservation, context specificity, and 
adaptive management. This method necessitates stakeholder involvement 
at all levels of the project and is based on adaptive management principles, 
under which the initial plan is updated as new information becomes avail-
able. The spatial deliberations, magnitude, involvement of various partici-
pants, and up-front thinking about various uses and resources over time 
are all unique features of landscape design. Similar measures for preparing 
bioenergy feedstock plantation locations were proposed by McCormick 
et al. (2009), including: (i) screening; (ii) evaluation and consultation at 
national or regional levels; (iii) comprehensive site-level planning; and 
(iv) application of accountable land management practices (McCormick,
2009). Sayer et al. (2013) suggested how a landscape viewpoint can help
farmers, conservationists, and other land users to coexist. In a similar way,
our approach helps us to understand the entire bioenergy supply chain.

FIGURE 3.2  Steps in landscape design.  
Source: Reprinted with permission from Dale et al. (2016). © Elsevier.  
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3.3 WATERSHED-SCALE PLACEMENT DECISIONS

Both agricultural (Ssegane et al., 2015; Helmers et al., 2012) and forested 
(Sheridan et al., 1999; Lowrance et al., 1997) production systems require 
spatial decisions about the location of buffers and filter strips in a water-
shed. These will help to cool rivers, reduce floods, and prevent erosion 
and nutrient loss through runoff, as well as provide income to farmers if 
harvested. Harvested willow (Ssegane et al., 2015) and corn stover are 
the best two examples of this spatial decision planning (Brandes et al., 
2016). The benefits of upstream versus downstream buffer placement 
from watershed-scale optimization studies are discussed below. 

3.3.1 CONDITIONS FOR UPSTREAM PLACEMENT 

Water-quality improvement steps implemented upstream spread down-
stream, which resulted in multiple effects on its performance (Tomer et al., 
2009; Dodds et al., 2008). Where the goal is to reduce water temperature, 
for example, shading is more successful in streams with smaller headwater 
than in larger mainstems downstream (Wu and Skelton-Groth, 2002). Simi-
larly, filter strips installed on fields with upslope topology having tributary 
streams show a greater cumulative impact on water quality enhancement in 
a watershed than when installed downstream (Figure 3.3). Several studies 
have suggested that putting filter strips and buffers in headwater water-
shed source areas is a smart idea (Ssegane et al., 2015; Tomer et al., 2009). 
Since most runoff is collected by headwater streams before entering to a 
bigger channel, contour, and vegetative strips in several headwaters were 
more successful than one downstream riparian strip (Tomer et al., 2009). 
In the absence of flood plains, concentrated flows may occur when runoff 
moves from highland plains to flood plains or rivers. This causes strong 
erosive powers, which can be mitigated by planting switchgrass (Panicum 
virgatum) and willow (Salix alba L.) bioenergy buffers to obstruct and 
restrict flow paths (Ssegane et al., 2015). While the buffers could be 
maintained for biomass feedstocks harvesting, this is a great choice for 
achieving simultaneous environmental and biomass benefits. The lesser 
cost of installing buffers to additional catchments indicated that placing 
buffers strategically in a watershed was a cost-effective strategy (Wu and 
Skelton-Groth, 2002). “Water quality at drainage sources is influenced 
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by spatial decisions made at the watershed scale.” Jha et al. (2010) and 
Dar et al. (2020) estimated decrease in nitrate concentrations to drainage 
water due to conversion of fields with row crops to grasslands and rice-
wheat cropping pattern using a “calibrated soil and water assessment tool 
(SWAT) and DRAINMOD model.” When grasslands substituted crops in 
erosion prone areas, the reduction was higher (47%) than when crops were 
converted to grassland in upstream sections of the watershed (16%) or 
downstream floodplains (8%) (Jha et al., 2010). Furthermore, as opposed 
to adding buffers in the mainstem, Ha and Wu (2015) found that adding 
buffers in tributary streams resulted in a greater reduction in the amount 
of nitrate than in sediment or total phosphorus (TP). This was valid both 
at the outlet as well as at the basin. The SWAT model was recently used 
to assess filter strips as mitigation measures for two rivers under a bioen-
ergy scenario expected for 2040 (Efroymson et al., 2016). Simulations 
were conducted for a 30-m and 50-m buffer strips in Iowa River for a 
corn-dominated agricultural field (Jager et al., 2017). According to the 
report, adding a 50-meter buffer to the entire Iowa River Basin would raise 
coverage to 11.3% of the land, reducing nitrate concentration by 10.8% 
and sediment load by 80% (Jager et al., 2017). The study estimated that 
corn stover, willow, and miscanthus would produce 121,000 metric dry 
tons of feedstock in the Iowa River basin (Jager et al., 2017). Furthermore, 
harvesting half of the switchgrass grown along a 125-kilometer stretch of 
stream could yield an additional 121 million dry metric tons of biomass 
(Jager et al., 2017). These findings matched with those of a smaller sub-
basin, of the South Fork Iowa River basin (Ha and Wu, 2015). 

3.3.2 HINDRANCES IN IMPLEMENTING DESIGN OF LANDSCAPES 

In practice, implementing the landscape design approach suggested here is 
difficult, particularly at large scales where stakeholders’ diversity makes 
it difficult to agree on shared goals and concerns, let alone indicator base-
lines and targets. However, in most cases, the bioenergy method only uses 
a limited portion of the land area as a fuel shed and only meets a portion of 
the region’s energy needs. Consequently, even though not all stakeholders 
agree, the principles can be generalized to the bioenergy environment. 
Even at smaller scales, stakeholders may be uninterested in bioenergy 
and would rather direct the process toward other perceived needs such as 
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health, education, or housing, which are more difficult to link to bioenergy 
supply chains. Furthermore, certain stakeholder groups can have very 
specific special interests and are reluctant to compromise. Some indica-
tors may be inadequate due to shortcomings of baseline data and local 
knowledge. The bigger the geographic area under consideration, the more 
difficult it would be to gather stakeholders, reach a consensus on goals, 
and complete a landscape design plan. Bioenergy system sustainability 
is difficult to measure and define because the processes are complex, the 
underlying science is still being built, and the inherently context-specific 
enterprise is difficult to generalize (Dale et al., 2013). Another stumbling 
block to designing and deploying landscape design is when the landscape 
is divided in terms of ownership, and the priorities of the owners or local 
goals do not align with regional, state, global, or international goals. 
Diverse stakeholders also have conflicting interests, which can lead to 
roadblocks if not addressed. Landscape design implementation necessi-
tates upfront preparation and scheduling, which can result in higher initial 
costs or be hampered by insufficient or missing supply chain contact. 
However, making a strategic investment in supply chain synchronization 
will result in lower final costs and improve the successful implementation 
bioenergy system for water quality improvement. If preemptive landscape 
design processes were used to detect and resolve problems before they 
became an issue, more bioenergy projects technologies could be adopted 
successfully. Despite considerable effort and support, initiatives that lack 
this degree of engagement and communication are more likely to fail 
(Upreti, 2004). 

3.3.3 DOWNSTREAM PLACEMENT LANDSCAPE CONDITIONS 

Filter strips can be used in flood-prone areas to protect crops from flood 
damage. Perennial filter strips will provide income to farmers in the future 
if harvested for biomass. For example, Li et al. (2019) discovered that 
in the United States, excessive rainfall and flood damage has decreased 
corn yield by 34% over the last four decades. In other terms, wasteland 
areas inside fields can degrade further as topsoil is lost when annual row 
crops are planted. Contrary to popular belief, perennial lignocellulosic 
biomass crops can be grown successfully on these lands (Gopalakrishnan 
et al., 2011). Integrated flood management approaches have been adopted 
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where, 6 m wide grassed buffer strips over an area of 150 ha were planted 
along the edges of the field in a watershed (Evrard et al., 2008; Vandaele 
et al., 2013). Biomass Buffer of crops may help to avoid soil degrada-
tion and, in the future, may augment farmer income once lignocellulosic 
feedstocks become cost-competitive (Wu and Skelton-Groth, 2002; Ha 
and Wu, 2015). The relationship between impaired water quality and 
the percentage of land used for agriculture is well understood (Moreno-
Mateos et al., 2008). “Since prime agricultural lands are more likely to 
be found on lower slopes, the best opportunities for buffering stream 
networks will be found downstream where agriculture is the predominant 
land use.” Replacing more intensively controlled crops (e.g., crops with 
higher fertilizer inputs, etc.), with switchgrass in downstream areas of an 
East Tennessee, US watershed was proved to be an effective strategy for 
enhancing water quality in an optimization process using the SWAT model 
(Parish et al., 2012). As compared to a baseline landscape, intense planting 
(> 2% area) of perennial switchgrass at the outlet of an agricultural water-
shed decreased total nitrogen (TN) by 0.08 mg L–1, TP by 0.02 mg L–1, 
and total suspended solids (TSS) by 25 mg L–1 (Parish et al., 2012; Shah 
et al., 2020). According to another modeling analysis (Jager et al., 2017), 
the greatest declines in annual crop acreage occurred in the center of the 
Iowa River watershed. 

 FIGURE 3.3 Illustration of a vegetated filter strip design include: (1) upland and 
upstream tributaries placement; (2) multi-layer buffers; and (3) “placement of wetland and 
vegetation at the outlet of tile-drains.”  

Source: Reprinted from Krieg et al. (2019). https://creativecommons.org/licenses/by/4.0/  
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3.4 DECISIONS THAT MAXIMIZE WATER QUALITY

Filter strip effectiveness in trapping nutrients, sediment, and other pollut-
ants is determined by site-specific factors such as strip distance, slope, 
vegetation, and influent nutrient loading (Liu et al., 2008). The majority of 
filter strip designs depend on models to decide the best buffer width (Fischer 
and Fischenich, 2000; Dosskey et al., 2008). Fischer and Fischenich 
(2000) suggested a 5-m to 30-m width for safe water quality. However, 
as shown in a field study on drained lands with no tiles, the optimum 
width of filter strips can be context-dependent. Tiny conversions (10%) of 
agricultural fields to filter strips with native prairie grasses which planted 
along the contour and at the foot slopes decreased sediment, TN, and TP 
by 95%, 85%, and 90%, respectively, according to this report by (Harris 
and Iyer, 2014). At the field scale, slope may have a major impact on the 
efficacy of filter strips in trapping nutrients. Filter strips which are planted 
along the slope of the contours, for example, are efficient in interrupting 
surface flow on sloped fields (Dabney et al., 2006). Sahu and Gu (2009) 
“used a calibrated SWAT model to show that strips planted mid-slope 
on a contour were much more effective than those planted downstream 
along the riverbank in reducing nitrate export.” Finally, when placing 
filter strips, keep in mind the type of load and the position of influent. 
The areas separating runoff-generating areas from pollution-loading areas, 
according to Bentrup (2008), are the most important to buffer. Filter strips 
are often recommended near water bodies, in part to avoid interfering with 
farm operations and, in part, to intercept flow until it reaches downstream 
receiving waters. Geza et al. (2009) found that planting filter strips along 
field drains (edge-of field) was less costly than planting them upslope in 
important sediment source areas for a given amount of sediment reduction. 
In order to generalize recommendations like the ones above, we need to 
establish acceptable relationships with spatial covariates. “The filter strip 
model, VFSMOD” (Muoz-Carpena and Parsons, 2004), and the Riparian 
ecosystems management model (REMM) (Lowrance et al., 1997) are two 
commonly used models that incorporate factors like slope and erodibility 
which influences the filter-strip efficiency. These are based on reasonably 
straightforward relationships between variable buffer width (W [m], buffer 
slope (S [percent]), and soil erodibility (E). W = (30.5*S1/2)/E (Brown, 
1987) and W = 8 + 0.6*S1/2)/E (Brown, 1987) are two examples (Barling 
and Moore, 1994). In Illinois, Ssegane et al. (2015) evaluated filter strip 
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efficiency, which was found to be a function of strip width and trapping 
efficiencies (Figure 3.4). For runoff, wider filter strips (6–10 m) were 
more effective than narrower strips (2–5 m), but not for sediment trapping. 
The 6–10 m and broader buffers, on the other hand, had no difference 
in runoff interception or sediment trapping. Buffer trapping efficiencies 
for nitrate and pesticides did not increase significantly for widths > 5 m. 
These findings indicate that widths of 6–20 meters are sufficient to achieve 
a 70% reduction in nutrient and pesticide transport (Figure 3.4). A switch 
grass or willow buffer could reduce annual leached NO

3
 by 61 or 59%, 

respectively, and N
2
O emission by “5.5 or 10.8%” (Ssegane et al., 2015). 

3.5 ECONOMIC FEASIBILITY

The cost of filter strip placement is a significant factor to consider. (i) oppor-
tunity and profitably costs between the perennials and row crops planted; 
(ii) income generated by the harvesting of biomass along filter strips; (iii) 
flood damage to crops that are flood intolerant; (iv) inefficient equipment 
paths caused by filter strip placement; (v) interfering of filter strips with the 
existing drainage systems; and (vi) effort and cost of harvesting biomass 
along filter strips are all factors that influence economic outcomes. While 
a complete techno-economic study of various placement decisions is not 
feasible at this time, we discussed a few of these decisions below based on 
our review. Filter strips are selected by the farmers based on whether they 
can be implanted in areas where non-bioenergy crops prove unprofitable 
and whether the perennials used in the strips can be harvested for a profit. 
These concerns are justified if row crops are more profitable than biomass 
crops in these regions. However, if the biomass in filter strips can be 
harvested and sold at a lower cost of management, then planting them will 
be beneficial financially. The billion-ton 2016 vol 1 study (2016) looked 
at potential possibilities that took shipping and logistics costs into account 
when calculating final feedstock prices. “Feedstocks were presumed to 
be processed into secondary products at a regional facility before being 
transformed” to “biofuel, biopower, or bioproducts at a biorefinery 
in this study.” They envision a potential feedstock supply system that 
involves a preprocessing depot that can accumulate multiple feedstock 
sources and multiple ends uses, transforming raw biomass into a reliable 
product that can be transported and handled over long distances using
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existing infrastructure. The POLYSYS model was used to run economic 
scenario estimates, and based on the previous assumptions, an estimated 
217 million tons of biomass could be made available for less than $84 
per ton delivered (assuming a roadside/farm gate price of $60 per ton). 
Farmers could prefer not to plant riparian buffers if they are obstructing 
the field operations or take up land that could be better used for food crops. 
Riparian buffers can be used for biofuels generation without affecting the 
water quality if they are far enough away from water bodies. According to 
one study in Illinois, planting a 0.32 ha saturated willow buffer on a 2.63 
ha corn field would minimize nitrate loss by up to 61% annually and cost 
the same as other best management practices (Cacho et al., 2018), while 
also providing another source of livelihood for the farmer. When the filter 
strip of switchgrass, little bluestem, big bluestem, prairie cordgrass, and 
cup plant (Silphium perfoliatum) was harvested as an energy feedstock, 
farmers’ income increased by 43% on average, compared to when they 
only received income from water quality incentives under the USDA’s 
Farm Services Agency Conservation Reserve Program (CRP) (Zilverberg 
et al., 2016). Based on a 15-year average, Tyndall et al. (2013) projected 
an annual costs of contour prairie strips to be at $590 to $865/ha. Site 
planning, maintenance, lost revenue due to land-use shift, establishment 
were all included in these costs. If the strips were registered in the CRP, 
the costs were reduced by 85%. Farmers’ bottom lines profit from govern-
ment initiatives that compensate them to preserve buffers as part of a 
wildlife-friendly landscape. Buffers had major water quality benefits in 
SWAT simulations of the Iowa river, but only minor impacts on corn and 
soy residue harvest (Jager et al., 2017), which is interesting to note in 
an economic sense. In a related analysis, 30-m buffers were simulated 
around rivers in the South Fork watershed, Iowa, by the SWAT model. 
“The buffers covered 1,508 hectares and would yield 12,442 dry metric 
tons of feedstock if harvested (Ha and Wu, 2017).” The theoretical fuel 
production of 2.7 ML can be estimated using an 80 gallon per dry ton 
conversion (Ha and Wu, 2017). Climate extremes have recently triggered 
delays in corn and soy planting in the central United States, and economic 
trade-offs can be different when a filter strip is placed to intercept moderate 
runoff volumes versus high-storm flows. “It is more important to locate 
buffer strips at the edges of fields on fields with low slopes so they do not 
interfere with field drainage, which can reduce agricultural productivity 
(Dabney et al., 2006).” Perennial plants that are better suited to wet soils 
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than annual crops are used as biomass feedstocks. In the Prairie Pothole 
area of the United States, for example, biomass production by a mix of 
native species was compared (Zilverberg et al., 2016). “Several forbs, C3 
grasses, and three C4 grass species [prairie cordgrass (Spartina pectinate), 
big bluestem (Andropogon gerardii), and little bluestem (Schizachyrium 

scoparium)] were included in the crop mixture.” C4 species performed 
well at the extremes of a gradient from xeric to mesic conditions, and 
thus produced harvestable biomass more in consistency than switchgrass 
grown in a monoculture system (Zilverberg et al., 2016), particularly at the 
extremes of switchgrass topographic range. 

3.6 MULTIPLE OBJECTIVE DECISIONS

Riparian buffers that are multi-tiered (e.g., three zones) may be built to serve 
different purposes (Figure 3.4) (Bongard and Wyatt, 2010). Streambanks 
are rehabilitated closest to rivers by growing trees and understory shrubs 
with fast-growing root system that can withstand wet conditions (Figure 
3.3). Buffers should be at least 10-m high and tree height should be at least 
½ the width of the stream to provide shade. When trees on the streambank 
fall, they leave behind large woody debris that aids in the formation of 
pool-riffle sequences, allochthonous energy sources, and aquatic habitat. 
The second tier is larger and made up of trees that can withstand flooding. 
Lowering floodwater, extracting nutrients, and degrading pesticides are all 
functions of this tier. This tier can also be handled for biomass by cultivating 
willow, cottonwoods (Populus L.), or oil-producing trees (e.g., hazelnut). 
A third tier should be at least 7 meters high and planted in switchgrass or 
other warm-season grasses, furthest from the stream and along the field’s 
edge (Bongard and Wyatt, 2010). This tier can also be planted with forbs, 
which will provide additional pollinator benefits (Kohler et al., 2007; 
Kutt et al., 2018). Residents, farmers, and academics in central Illinois 
(USA) were polled on their preferences for 2-tier versus 3-tier buffers by 
Sullivan et al. (2004). Local non-farmer residents and researchers favored 
3-tier buffers over farmers, according to the results of a survey. Economic 
losses, increased maintenance, and the possibility of troublesome wildlife 
were among the concerns of farmers. It is necessary to conduct research 
analysis in order to comprehend and answer these concerns.
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 FIGURE 3.4 Multi-tiered riparian buffer.  
Source: Reprinted from Krieg et al. (2019). https://creativecommons.org/licenses/by/4.0/  

3.7 MODELS FOR SIMULATING BIOENERGY LANDSCAPES

With the growing interest in bioenergy growth, scientists are using 
science-based field and watershed-scale models to evaluate a variety of 
important sustainability issues, such as enumerating the nonpoint source 
pollutant exports from bioenergy landscapes and their actual source areas, 
and forecasting the potential impact of climate variability and land use 
change on water quality and the ecosystems. “These models have been 
used to create the theoretical foundation for bioenergy production manage-
ment and policy decisions.” For simulating the bioenergy environment, 
field-or watershed-scale models must include the following components: 
nutrient transport and fate, vegetation growth cycle, hydrology, and the 
sediment load. Some of these models have features for simulating the 
best management practices, like as the riparian buffer simulation. Several 
authors published a comprehensive study of different types of watershed 
and water quality assessment models (Borah and Bera, 2003). All of the 
models discussed have a relatively broader user capabilities with the 
intended applications, ensuring that they continuously undergo modifica-
tions for their better applicability. Some of these models, including their 
more specific rationales, their key capabilities, and attributes relative to the 
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bioenergy landscape are summarized in Table 3.1; this information may be 
helpful in determining the problems, situations, or conditions for which 
the models are most suitable; their full potential uses and limitations; and 
the directions for their enhancements. Here, we focused on public-domain 
models that have been used to simulate the bioenergy landscape. Three 
models were described as powerful bioenergy landscape modeling tools: 
“The agricultural policy/environmental extender (APEX) model, the 
riparian ecosystem management model (REMM), and the SWAT.” The 
models were also chosen to reflect simulation capabilities at a variety of 
scales in the landscape. These three models were thought to have advan-
tages in terms of simulating bioenergy feedstocks, management methods, 
and water quality impact. These models have similar components and 
capabilities, but the spatial scales they simulate are vastly different. 

TABLE 3.1 A Summary of SWAT, APEX, and REMM Models 

Model APEX REMM SWAT 

Spatial scale Field/small watershed Field Watershed  

Computational unit Subarea Zone Hydrologic 
response unit 
(HRU)  

Runoff/infiltration Curve number, Green-Ampt Curve number, 
green-Ampt green-Ampt  

Subsurface flow Partitioning of excess soil Darcy’s Kinematic storage 
layer water between quick equation and groundwater  
return flow to channel and flow  
subsurface lateral flow 

Groundwater Computed as a function of 
groundwater storage 

None Empirical relations  

Runoff in channel Complete flood routing None Variable storage or  
method with and daily and Muskingum with  
short time interval Manning’s equation  

Overland sediment Universal soil loss USLE Modified universal 
equation (USLE), soil loss equation  
MUSLE, RUSLE (MUSLE)  

Channel sediment Bagnold’s stream power None Bagnold’s stream 
equation with deposition power equation  
and resuspension allowed with deposition  

and resuspension  
allowed  
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TABLE 3.1 (Continued) 

Model APEX REMM SWAT 

Soil nutrient cycles 

Channel water 
quality 

Plant growth 

BMP 

Phosphorous cycles, 
carbon, and nitrogen 
cycles 

Organic nitrogen, 
phosphorous, algae, 
CBOD, DO, and 
pesticides are simulated 

Heat unit approach 

Planting, harvest, 
irrigation, fertilization, 
pesticide, tillage, grazing, 
mowing 

Phosphorous 
cycles, carbon, 
and nitrogen 
cycles 

None 

Heat unit 
approach 

Planting, 
harvest, 
irrigation, 
fertilization 

Phosphorous cycles, 
carbon, and nitrogen 
cycles 

Organic nitrogen, 
phosphorous, 
algae, CBOD, DO, 
and pesticides are 
simulated 

Heat unit approach 

Planting, harvest, 
irrigation, 
fertilization, 
pesticide, tillage, 
grazing 

Source: Reprinted with permission Zhang and Wu (2015). © Springer Nature. 

3.8 CONCLUSIONS

Traditional starch-based crops, which include the oil seeds, agricultural 
residue corn stover, the forest wood residue, perennial grasses, the short 
rotation woody crops as well as algae, can all be used to grow biofuels. 
“The United States Department of Energy (DOE) has made an intensive 
effort to ensure the environmental sustainability of bioenergy feedstock 
supply for the bioenergy and bioproducts industries. .” The capacity for 
biomass feedstock in the United States was estimated in great detail in 
a biomass resource assessment started by DOE (U.S. DOE, 2011). The 
report focused on the country’s capabilities to produce a billion dry tons 
of biomass resources for energy purposes/year without negotiating other 
important farm and forest products like feed, food, and fiber crops. The 
analysis includes assessments of existing U.S. feedstock capability and the 
potential for growing crops and agricultural products for renewable energy 
applications, as well as county-level data for policymakers, industry, and 
the agricultural community. Following that, studies were undertaken to 
assess the effects of expected future development on the regional water 
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quality scenario and hydrology in the Mississippi River basin’s tributaries 
(Baskaran et al., 2010; Demissie et al., 2012; Jager et al., 2015; Schweizer 
et al., 2014). Conservation practices and land use decisions are being 
used to incorporate landscape design and management principles into 
bioenergy feedstock development. “The US DOE has set a target of 
validating landscape design approaches for two bioenergy systems by 
2022,” with the goal of increasing land use productivity while maintaining 
ecosystem and social benefits (U.S. DOE Multi-Year Program Plan, 
2015). Bioenergy feedstock development allows society to create multi-
functional ecosystems that generate food and energy while also promoting 
environmental quality and ecosystem services using this approach. Along 
lakes, riparian buffers with fast-growing trees and seasonal grasslands, for 
example, could be cultivated. These buffers have the potential to minimize 
surface runoff into streams, improve water quality, and provide wildlife 
corridors between forest patches. Using a SWAT model, Ha and Wu 
(2015) investigated the impact of riparian buffers and transforming low 
productivity land to turn grass on nutrients, the suspended sediments (SS), 
and the hydrology in the South Fork Iowa River watershed in Iowa. SWAT 
accurately reflects field buffer and riparian buffer with its respective 
sub-modules, according to the report. “Switchgrass buffer area coverage 
had a noticeable impact on nitrogen, phosphorus, and sediment loadings” 
at the watershed, according to simulation findings. A 15.2% increase in 
low-productivity land conversion to switch grass could result in reduc-
tions of “69.5, 55.8, 46.7, and 13.8% in suspended sediment, TN, TP, and 
nitrate loadings, respectively.” No-till systems could be used instead of 
conventional tillage, and cover crops could be planted more often to help 
predatory insects and spiders that manage pests, reducing soil erosion and 
improving soil quality (Kumar et al., 2016; Bhat et al., 2017, 2019). In the 
long run, establishing sustainable bioenergy landscapes could boost agri-
cultural productivity by facilitating “crop pollination and natural control 
of pests,” as well as a number of other services that are valuable beyond 
development. The numerous benefits humans derive from the tools and 
processes provided by natural and managed ecosystems are referred to as 
ecosystem services. “As a result, meeting various and often overlapping 
demands for agricultural products, water quality, and ecosystem service 
for the benefit of every human being is a major challenge of bioenergy 
and natural resource use and management.” Identifying contaminants of 
concern (Shah et al., 2020) and the relative roles of the point and nonpoint 
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pollutant sources, strategizing emission reduction and control strategies, 
and monitoring progress and making changes toward achieving overall 
watershed targets are all important steps in addressing this obstacle. In 
this sense, the United States is concentrating on the watershed strategy 
in conjunction with the US Environmental Protection Agency’s (EPA) 
total maximum daily load (TMDL) program. A watershed scale strategy 
also identifies the cost-effective ways to think about how to improve the 
overall health of the watershed environment and conserve biodiversity, 
rather than only reducing contaminated runoff, water quality emissions 
and protecting water supplies. 
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ABSTRACT 

Eco-roofs mitigate the negative effects of pollution by employing vegeta-
tion in the roofs which reduce the runoff, sustain the water quality by 
different means and provide ample time for clean water harvesting. Eco 
rooftops mean to develop vegetation on the roofs, which helps to mitigate 
extreme weather conditions and save energy, provide foods, water, and 
greenery. This review includes a distributed examination on how eco 
rooftops can help relieve contamination of water, how green rooftop 
materials impact the various parameter of runoff, and recommends future 
exploration bearings. The conversation focuses on how green rooftops 
build and impact the surrounding entities, carbon sequestration, the water 
nature of stormwater spillover. Ideas for upcoming headings to investi-
gation incorporate vegetation choice, urban agriculture, advancement of 
substrates, the nature of the eco-roof overland flow, the supplemental 
water system, the utilization of graywater, the air contamination, impacts 
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on human wellbeing, and consolidating green rooftops with integrally 
related advancements, financial issues, and development issues. 

4.1 INTRODUCTION

The speedy urbanization culminated in the soil cover changes increase 
in the impermeable surface area and diminishing of vegetation, forests, 
grasslands, and croplands these factors also have a significant consequence 
on the rise in the amount of overland runoff which maximizes the threat of 
flood occurrence (Zolch et al., 2017). On account of intensified stormwater 
runoff and expand the impenetrable area, which reduced the soil infiltra-
tion rate and thereby enhanced the risk/danger of flood frequency and 
severity in urban zones. Furthermore, the prevalence of global warming 
increases the earth’s surface temperature result more periodic recurring 
of extreme precipitation occurrence in urban inundation. As a result, to 
resolve these issues while still environmental protection and conserving 
soil and water supplies as urbanization grows, the idea of “eco roofs” can 
prove to be an innovative and feasible solution as well as an advanced 
strategy for addressing soil and land-related environmental and agricul-
tural sustainability. 

Intense urbanization and industrialization lead to increase population 
and population density in some major parts. These areas have minimal 
resources throughout some seasons during the year. That is led to the 
drastic use of alternative resources which is not a scientific way to sustain 
these resources. If we use these resources at this alarming rate, they will 
exhaust after a certain time that will make a critical situation. So proper 
use strategy of these resources is required for environmental valance and 
sustainability. This intense urbanization leads to deforestation, pollution; 
the conversion of green land into habitation creates a huge imbalance in 
the demand and supply chain of local environmental resources. As food, 
Energy, Space, Water demand is increased in urban areas. Eco roof is the 
best solution for Food, Energy, Space, Water resource (Tzoulas et al., 
2007). Eco roof is the best solution for the growing negative impacts of 
urbanization and increase in gray infrastructures (Tzoulas et al., 2007). Eco 
roofs are the combination of vegetation, the growing medium (i.e., soil or 
soilless media), support medium (as roof, wall, trailers, etc.). Hundreds of 
years ago, the Eco rooftops were utilized for seclusion purposes in Nordic 
countries (Figure 4.1). Eco roofs are being widely adopted and accepted 
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as a suitable water management practice. In Germany, the eco-roofs top 
development begun in the last part of the 1970s welcoming exploration 
of biodiversity, rooftop development, innovation, and substrates (Köhler, 
2003) adding to the advancement of the cutting edge eco rooftops and plan 
rules (FLL, 2002). An ever-increasing number of eco rooftops are set up. 

 FIGURE 4.1 A multilayer green roof for water harvesting.  
Source: Reprinted from Cristiano et al. (2021). https://creativecommons.org/licenses/  
by-nc-nd/4.0/  

Eco roofs introduced in urban areas can prove to be a substantial 
alternative in solving the stormwater runoff problem which encompasses 
minimizing runoff volume and reducing the flood risk (Vijayraghavan 
and Joshi, 2015). The eco-roofing system is more common in rural areas 
in the Asian continental as they grew their vegetables in their mud/soil 
roofs. This concept is taking to urban areas for their valuable benefits 
as food for the population, energy-saving as their cooling and heat 
resistance provides water for different use, and balancing the ecosystem 
via greenery. The utilization of Eco roof technology is emerging in 
urban zones as it contributes to green cover creation, aggrandizing the 
interception, boosting water retention and evapotranspiration, mitigating 
flood chances, and provide innovative solutions for sagacious rainwater 
harvesting and management (Viola et al., 2017; Gwak et al., 2017). The 
eco-rooftops refer to a sort of drainage layer which supposed to discharge 
adequate water and acts as a substrate layer of vegetation that supports 
water and soil conservation (Mentens et al., 2006). In a nutshell, an 
eco-roof structure comprises three essential layers is growth substrate 
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layer, vegetation layer, and drainage layer (Vijayaraghavan, 2016). The 
eco-roofs system mainly focuses on enhancing vegetation (Green cover) 
and water retention and provides ecological benefits without affecting 
environmental sustainability. 

4.2 COMPONENTS OF AN ECO-ROOF

The eco-roof structure has basic integral components aimed at supporting 
the vegetation and then draining the delayed flow. An eco-roof has four 
integral components: (1) roof/ceiling layer; (2) drainage layer; (3) growing 
media layer; and (4) greenery/vegetation layer. This system can be further 
categorized into different classes based on the specification of these 
components (Figure 4.2). 

4.2.1 VEGETATION/PLANT LAYER 

The topmost part of the eco-roof system is the vegetation layer which 
reduces its kinematic energy of precipitation by interception of the 
precipitation; this layer also intercepts the excessive radiation which heats 
the structure that reduces the energy consumption for temperature control 
of the structure. In this layer different vegetables, flowers, and ornamental, 
medicinal plants, cultural plants can grow. This layer is further categorized 
in different aspects like type of plants, different rooting systems, plant 
height, etc. 

4.2.2 GROWING MEDIA LAYER 

This is the second and most important layer in the Eco roof system. It 
dictates the other component with its characteristics. Generally, the 
soil is used for the growing media, but now a day, soilless cultures like 
coconut husk, coconut chips; wood chips, clay balls, etc., are used for 
a clean growing environment. Now a day an intermediate layer is used. 
This is installed in between of drainage layer and growing media layer; 
to hold the growing medium and reducing the blockage of drain pores 
(Vijayaraghavan, 2016). 
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4.2.3 THE DRAINAGE/FILTER LAYER 

This filter layer is a key feature of the Eco rooftops which will provide 
the water passage from growing media to the outlet point and provide an 
adequate environment for vegetation. The filter is preventing the loss of 
the soil substrate, soil particles, and plants. Generally, gravels, coarse sand 
is used for the drainage layer and there are different materials available for 
drainage. 

 

 

FIGURE 4.2 The main components of the eco-roof. 
Source: Berndtsson et al. (2009). 

4.2.4 ROOFING/CEILING LAYER 

This is a lower layer of the system which isolates the roof from the eco-
roof component, and provides a drainage flow path to the outlet, and 
provides protection against root penetration. There are two main catego-
ries of Eco roof technology; the first one is intensive and the second is 
extensive. The deep soil layer which supports the larger plants, bushes, 
and ornamentals are categorized in intensive Eco roofs; its maintenance 
as in the form of fertilizing, watering, and weeding is typically required. 
The second category of Eco roofs is a thin growing media layer that is best 
suited for the smaller plants. These smaller plants are supposed to provide 
full coverage to Eco roofs in their final stage and it is called extensive 
Eco roofs. This type of Eco roof is maintenance-free and for commer-
cial products, some manuring is often recommended. The third type of 
eco-roofs which are cultivated with ground covering plants and lawns 
are categorized in semi-intensive eco-roofs. Regular care like watering, 
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cutting, and fertilization is required in the semi-intensive type of eco-roofs 
(FLL, 2002) semi-intensive type eco-roofs have a 150 mm substrate layer, 

which will install in a 10° slope. 

4.3 THE CORRELATION BETWEEN PRECIPITATION-RUNOFF
AND STORAGE CAPACITY 

Many experiments reports agree that the eco-roofs have reduced the 
storm runoff and the positive effect on water harvesting. Major variables 
which affect the runoff and water harvesting are initial moisture status, the 
thickness of the growing media layer, duration, distribution, the intensity 
of precipitation event, eco-roof’s age, the slope for drainage, vegetation 
cover, etc. Grace et al. (2015; Dar et al., 2020) experimented with over 
nine months and reported that in unplanted growing media 40% reduc-
tion in the runoff, and for the planted area, there was a 60% reduction in 
runoff. Intensive eco-roofs exposed annual runoff reduction which is about 
85–65% of annual precipitation and 81–27% for the extensive roofs found 
in German conditions from 1987 to 2003 (Mentens et al., 2006). Many 
researchers have analyzed the eco-roof water retention ability and storm 
period on an intensity basis and found a negative connection between the 
eco-roof retention capacity and the depth of precipitation. Trials revealed 
that 88% retention of stormwater for the low intensity (less than 25 mm), 
for medium intensity (25–76 mm) more than 55% retention capacity, and 
48% retention found for the high-intensity storm(>76.2 mm) (Carter et 
al., 2006). Simmons et al. (2008) reported all retention of precipitation 
in the eco-roof of small intensity events(<10 mm); 88–26% retention for 
12 mm intensity storm, 43–8% in 28 mm intensity, and 44–13% reten-
tion in 49 mm intensity; retention capacity mainly variates through layers 
width and material used. The moisture-holding capacity depends on not 
only the precipitation amount but also undoubtedly precipitation duration. 
Villarreal and Bengtsson (2005) reported for slopes 2% and 14%, and 
precipitation intensity 0.4 mm/min, 62% and 39% water holding capacity 
is found for the synchronized storm events, respectively. A linear relation 
is reported in concrete roofs and stone roofs, but in the case of eco-roofs, 
the quadratic factor is considered due to extreme events in higher annual 
precipitation, which leads to lower retention (Bengtsson et al., 2005; 
Mentens et al., 2006). Peak discharge for minor events was considerably 
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lower from the eco-roofs than a traditional roof, but this influence was 
much lower for major storms (Carter and Rasmussen, 2006). The eco-roof 
intercepts the precipitation and absorbs some part of the precipitated water 
which leads to a time lag for generating runoff that phenomena cannot 
occur in conventional roofs so they produce a large amount of runoff in a 
short time which will create the handling of runoff which lead to a flood. 
VanWoert et al. (2005); and Simmons et al. (2008) reported that the 10 min 
time lag in 56% of peaks on the planted roof than conventional roofs. The 
time-delayed between the peaks was observed only 1 minute, according to 
Villarreal (2007), for synchronized rain events of varying intensity. 

4.4 SUBSTRATE SOIL MOISTURE CHARACTERISTICS

The eco-roof enhances the water retention and reduced the precipitated 
runoff potential which significantly influences soil moisture character-
istics. Bengtsson (2005) reported that based on field experiments and 
laboratory analysis, the eco-roof runoff has a positive correlation with 
soil characteristics. A 30 mm soil substrata give the 9 mm storage the 
difference between field capacity and wilting point. DeNardo et al. (2005) 
estimated the eco roof’s soil field capacity to be 33.6%; this assessed field 
capacity is discussed as the eco roof’s substrates water retention capacity 
(34%). While Bengtsson (2005) defines eco-roof water storage capacities 
as plant available water (the difference between field capacity and wilting 
point). DeNardo et al. (2005) studied that the field capacity of the eco-roof 
relates to roof water retention capacity. Hilten et al. (2008) determined 
plant available water for optimized the eco-roof medium to be 0.11 m3/m3 

and 0.08 m3/m3, respectively, which are significantly lower than DeNardo 
et al. (2005); and Bengtsson (2005). 

4.5 THE ECO ROOF AGE EFFECT ON OTHER COMPONENTS

The eco rooftop age is mainly affecting the physical and chemical quali-
ties of rooftop material. With time dissolvable substances are washed off 
or decomposed, the natural substance may swell; soil particles may be 
washed off, voids ratio might be changed due to the aging of rooftop mate-
rial. It would thus be able not out of the ordinary that the period of green 
rooftops would impact spillover elements. Still, not many investigations 
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address the progressions of water-powered execution of maturing eco 
rooftops. Getter et al. (2007) analyzed the actual condition of the soil and 
natural matter substance, following five years on the eco rooftop. They 
discovered that natural matter constituent and pore space multiplied in 
that span (2%–4% and 41%–81%, separately). The water retention limit 
expanded from 18% to 68%. Using data from German studies, Mentens 
et al. (2006) discovered, the phase of the eco rooftop does not necessarily 
lead to annual overflow. 

4.5.1 ROLE OF VEGETATION 

Numerous examinations concur that it is the profundity and type of substrate 
that has a significant effect on eco-roof drainage water, maintenance limit, 
and not the plant type and cover (Monterusso et al., 2004; Van Woert et 
al., 2005; Dunnett et al., 2008). In any case, it is likewise tracked down 
that the vegetation assumes a part in water maintenance and it is, for the 
most part, articulated in stages with low water accessibility and extreme 
temperatures and immaterial in winter (Steusloff, 1998; Dunnett et al., 
2008; Lundholm, 2008). Van Woert et al. (2005) tracked down that the 
plant cover played a less significant part in supporting water maintenance 
when contrasted and the media. They concluded that planted rooftops held 
60% precipitation; the media – just rooftops held 50% precipitation and 
the rock stabilizer rooftop held 27.2% precipitation; notwithstanding, the 
media-just and the vegetated medicines were not fundamentally extraordi-
nary concerning water maintenance. Similarly, Monterusso et al. (2004), 
guessed that the distinction in water maintenance among vegetation types 
was expected to contrasts in substrate profundity and not the specific plant 
type. Steusloff (1998) affirmed the job of planting in water maintenance 
during the vegetation time frame: for example, in August the broad 
furthermore, the semi-concentrated eco rooftop with vegetative layer 
hold water 30%, separately, more than the broad and the semi-intensive 
rooftop without plants. During October–December, the vegetative layer 
did not show any effect on the leachate, and the outcomes for the rooftop 
model with plantation and the one without were similar. Dunnett et al. 
(2008) appeared, out of the blue also, inverse to Steusloff (1998) for the 
uncovered soil substrate delivered the minimum spillover contrasting and 
planted substrates. The distinctions between various types of vegetation 
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and exposed soil substrate were minor if any throughout the colder time 
of year time yet huge in summer. The unplanted soil substrate was more 
susceptible to severe condition of erosion beside this the planted soil 
substrate mitigate thermal as well as erosion hazards (Kumar et al., 2016; 
Bhat et al., 2017, 2019; Ul-Zaman et al., 2018). Dunnett et al. (2008), 
in light of the investigation results, reach a determination that substrate 
and its profundity is a key factor contrasted with vegetation type in 
connection with decreasing overflow. Wolf et al. (2008) tracked down that 
the plantation is to be sure essential to water misfortune in eco rooftop 
frameworks over and over the water maintenance by the substrate and 
its resulting vanishing yet, just when water accessibility was extremely 
low. Mander (2007) saw that the eco-rooftop with two passages on inverse 
sides appeared, for every single examined occasion, that considerably less 
spillover happened on one side. The solitary distinction was that the area 
with minimum spillover had impenetrable vegetation cover. Teemusk et 
al. (2007) recommend that it was planted in the media layer that retains 
water and eased back water discharge. 

4.6 THE ECO ROOF EFFECT ON THE OVERLAND FLOW WATER
CHARACTERISTICS 

The Eco roof as a green infrastructure technology has been found to signif-
icantly reduce the pollutant load of the runoff water. Physical, chemical, 
and biological water parameters are significantly affected. Some of the 
parameters are discussed below. 

4.6.1 NITROGEN (N) 

Several sources of dangerous nitrogen are a drain in a low amount from 
eco-roofs compared to conventional roofs, according to some researchers, 
while others record a large discharge of nitrogen in a different form from 
eco-roofs. Material characteristics such as the form of soil, drain mate-
rial, grown vegetation, age of eco-roof, fertilizer use, and maintenance 
are significant sources of nitrogen release from eco-roofs. Czemiel et al. 
(2006) experimented in broad vegetated rooftops in southern Sweden 
and reported that NO

3
 is mostly retained by the vegetation and soil. If 
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the nitrogen concentrations in smelling salts structure are compared to 
precipitation and rooftop spillover, the latter is considerably less. In any 
case, all-out nitrogen fixations in the downpour and vegetated rooftop 
spillover water were nearly identical. Natural nitrogen may be delivered 
from vegetated rooftops, according to Czemiel et al. (2006). Furthermore, 
Teemusk et al. (2007) discovered that for heavy precipitation, eco roof-
tops did not increase absolute nitrogen centralization, which was close to 
precipitation and eco rooftop overflow. According to Grace et al. (2015), 
nitrogen concentrations in eco-roof runoff were initially >60 mg/L, with 
concentrations declining over nine months by 10 mg/L. In any case, 
Czemiel et al. (2009) discovered that an eco-rooftop (built with inorganic 
lightweight soil in Japan) contributed to a substantial reduction in total 
nitrogen (TN) in overflow. Moran et al. (2005) observed a large amount of 
aggregate nitrogen arriving from proposed eco rooftops. Monterusso et al. 
(2004) found that NO

3 
concentrations fluctuate in the wide range between 

seepage sites. 
Furthermore, soil frameworks with the slenderest one tends to have 

the best distribution (somewhere in the range of 0.22 ppm and 22 ppm). 
According to Monterusso et al. (2004), there was a rise in nitrate-nitrogen 
release between the first a nd s econd i nspections, w hich t ook p lace 140 
and 314 days after preparation, respectively. Monterusso et al. (2004) 
stated that in planted rooftops, NO

3
 leachate was based on growing plants, 

and minimum for rooftops with indigenous plants, which was lower than 
areas with sedum plugs; the most important delivery was observed for 
sedum seed areas. According to Köhler et al. (2002), there was a decrease 
in NO

3
 masses in spillover from eco rooftops, decrease in the heap was 

proportional to the decrease in leachate amount. 

4.6.2 PHOSPHORUS (P) 

Precipitation water for the most part contains phosphorus in minuscule 
focuses. The urban overflow might be tainted by phosphorus beginning 
in, for example, compost utilized in metropolitan cultivating, bird’s drop-
pings, and creature’s excreta. Eco rooftops with supplemented media (as 
fertilizer or the expansion of fake compost) and treated eco rooftops are 
usually a phosphorus source (Moran et al., 2005; Czemiel et al., 2006; 
Teemusk et al., 2007; Bliss et al., 2009). According to some 
investigations, 
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majorly, all supplied phosphorus is in the form of phosphates, and there 
are cases of eco rooftops that do not reveal the arrival of phosphorus 
(Czemiel et al., 2006, 2009). Others also discovered that total phosphorus 
(TP) groupings in eco rooftop runoff are significantly higher than phos-
phate centralizations (Teemusk et al., 2007). According to Köhler et al. 
(2002), the decrease in phosphates in the heap is linked to a decrease in 
water volume within the eco rooftop. They also note that the decrease in 
phosphate load progresses over time. Köhler et al. (2002) observed yearly 
decreases in phosphate phosphorus load of 26%, 61%, 64%, and 80% over 
the following four years. According to Grace et al. TP concentrations in 
eco-roof runoff were initially >30 mg/L, with declining over 9 months to 
5 mg/L. This is attributed to plant development, but it may also be linked 
to the age of the rooftop and the resulting annual depletion of phosphorus 
from the soil. As a result, the age and preparation schedules of an eco-
rooftop can be linked to phosphate spillage. 

4.6.3 HEAVY METALS (CU, ZN, PB, CD, CR, ETC.) 

The accessible investigations demonstrate insignificant delivery of heavy 
metals from general eco rooftops. For the most part, the dainty soil of 
general eco rooftops shows no effect on spillover quality and the focuses 
found in overland flow are equivalent to fixations in rainfall. Regardless, 
if less runoff volume is considered, the eco rooftops will, on the whole, 
reduce heavy metal loads in urban runoff. Heavy metal concentrations in 
eco rooftop spillover are so much lower than the urban spillover from 
hard surfaces (Czemiel et al., 2009). Steusloff (1998) investigated the 
maintenance of heavy metals in the eco-rooftop models and stated that it 
is primarily dependent on the ability of eco rooftops to reduce spillover. 
The semi-extensive structures with low height grass family kept 99% of 
the heap of Cu, Pb, Zn, and also 98% of Cd in the late spring months. 
Around 96% Zn, 97% Cu, 99% Pb, and 92% Cd were also included in the 
comprehensive frameworks with vegetation. The semi-escalated rooftop 
with vegetation held 68% Cu, 92% Zn, 88% Cd, and 94% Pb during 
the cold months, while the deep rooftop with vegetation held 44% Cu, 
72% Zn, 62% Cd, and 91% Pb. Czemiel et al. (2006) discovered that in 
overflow from eco rooftops in fixations that would contribute to tolerably 
polluted characteristics water, a few metals turn up in lower concentrations 
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than usually found in metropolitan spillover. The capacity of a planted eco 
rooftop to store 61% of chromium (Cr), 93% of Pb, 24% of manganese 
(Mn) and 8% of zinc (loads of precipitation = 100%) is demonstrated 
when the annual heaps of toxins are measured with the thought to annual 
water maintenance within one of the eco rooftops considered. The heap 
of the following hefty metals extended in spillover from the planted eco 
rooftop: Cu many times, and iron (Fe) one time. Cd concentrations were 
under-recognition limits. 

4.6.4 SUSPENDED SOLIDS (SS) AND TSS 

Suspended solids (SS) are particles that cannot move through a 2-m tube. 
Mud, sand, fine common litter, and other particulate matter can all be 
included in total SS. A high level of SS can exacerbate problems, such 
as causing rapid warming of a waterway and reducing photosynthesis in 
amphibian plants by reducing the amount of light that can pass through the 
water (Li et al., 2014). Turbidity is a measurement of the amount of light 
that can pass through water without being scattered by objects. TSS, as 
well as turbidity, Saadatian et al. have a strong positive relationship (2011). 
Turbidity and TSS do not appear to be a problem in eco-roof floods since 
most modern eco rooftops are fixed with geotextile material/webbing that 
contains the finest particles in the growing media (Li et al., 2014). Morgan 
et al. (2011) discovered that the first watering occasion resulted in higher 
TSS levels and turbidity from eco rooftops than the second watering occa-
sion. The investigation’s findings revealed that turbidity levels and TSS in 
vegetated and unvegetated plots changed over a half-year period for four 
construction media (arkalyte, bottom ash, haydite, and lava). Morgan et 
al. (2011) studied that in leachate water, the turbidity was decreased by 
28–70% and TSS was deceased up to 55–70%, these values were greatly 
influenced by the age of eco-roofs. 

4.6.5 FERTILIZATION 

Several scientists have expressed their belief that there is a connection 
between the arrival of supplements from eco rooftops and the use of 
manure (Berndtsson et al., 2006; Temsukh et al., 2007; Emilsson et al., 
2007; Bliss et al., 2009; Li et al., 2014). Higher supplements fixation 
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found in spillover water from using regular manures than using controlled 
discharge compost. Additionally, compost should not be used during 
the rainy season or shortly before precipitation. Monteusso et al. (2004) 
conducted an exploratory study and discovered that the centralization of 
phosphorus distributed in the overflow was dependent on the use of specific 
types of vegetated systems, such as the sedum seed the framework, which 
resulted in the highest phosphorus arrival. Furthermore, Emilsson et al. 
(2007) stated that vegetation mats decreased nitrate influx and aggregate 
nitrogen when compared to surfaces with developing vegetative shoots and 
un-vegetated substrate; they also concluded that there were no significant 
differences in total phosphate and potassium overflow for various vege-
tated frameworks. Following that, supplement loss could be reduced based 
on knowledge about the specific plant-supplement requirements and using 
that information to determine the proper preparation procedure that would 
be suitable for the various phonological stages. Most plants, for example, 
need more N during their rapid growth times, while P is needed during the 
plant’s foundation cycle. Chen et al. (2011) conducted a promising study 
in which they used precision water systems and appropriate N deliveries 
to yields to reduce supplement misfortune to almost nil, compared to 127 
kg N/ha misfortune in average cultivation practice (Czemiel et al., 2010; 
Li et al., 2014). 

4.6.6 PH 

The pH of leachate water is influenced by eco rooftops, which raises it 
from around 5 to 6 in rainstorm water, to around 7 to 8 in eco rooftop 
overflow water (Bliss et al., 2009). This is a significant capability that 
contributes to lowering the level of fermentation among common water 
users. Moderately corrosive rainstorms are moderated by the eco rooftops. 

4.7 INITIAL RUNOFF OF THE MONSOON SEASON

Normally, the underlying spillover from impenetrable surfaces after a dry 
span is more polluted than the ensuing overflow. Debris like bird drop-
pings, trash leaves, vegetation, soil particles, and barometrical particles 
are present in the runoff after a dry spell between storm events that directly 
affect the rooftops. These are washed out with the primary downpour, 
and 
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it is perceived that initial runoff start overflow has ordinarily inferior class. 
For eco rooftops, the principal flush impact would not be normal with 
deference to the contaminations beginning from the vegetated rooftop 
itself, as the same source would give contaminations during the whole 
downpour spillover occasion. Nonetheless, higher centralizations of 
various contemplated segments were found in the initial overflow tests 
than in quite a while taken at higher spillover profundities. This is deci-
phered as an event of a first flush impact. K and broken-down natural C 
do not show any initial flush impact (Czemiel et al., 2008). Delight et al. 
(2009) estimated the accompanying eco of top overflow quality bound-
aries: sulfate, phosphorus, nitrogen, pH, COD, and TSS. They discovered 
no indications of a first runoff impact on water quality. 

4.8 RELATIONSHIP BETWEEN TREATMENT, SPILLOVER
CONTAMINATION, AND VEGETATION IMPROVEMENT 

The influx of some organic components from eco rooftops can be straight-
forwardly connected to the application of compost in an Eco rooftop 
foundation/support stated by Emilsson et al. (2007). The utilization of 
regular compost causes higher supplement fixations in leachate than the 
utilization of controlled delivery compost. In the nursery, Emilsson et al. 
(2007) experimented that no huge contrasts in the all-out spillover of phos-
phate and potassium between various vegetated frameworks, and not any 
contrast between unvegetated also, new growth set up frameworks. The 
vegetation mats show a reduction in nitrate and absolute nitrogen leachate 
than the barren substrate. Monterusso et al. (2004) studied P fixations in 
examples taken 140 days later treatment was somewhat greater than in 
examples engaged 314 days subsequently treatment. They discovered 
contrasts in the arrival of phosphorus between various vegetated frame-
works. The influx of P was most elevated from the sedum seed framework. 
The eco rooftops are regularly maintained by planting required plant 
cover. Endurance, what is more, the foundation of various kinds of plants 
on a model broad planted rooftop with shifting substrate and preparation 
schedule studied by Rowe et al. (2006). Development was discovered to 
be straightforwardly identified with the substance of natural material in the 
substrate with non-delicious locals requiring further substrates, the higher 
substance of the natural matter, or auxiliary water system. Diffusum stone 
crop developed at 51 g/m2 manure snooze slacked after the snoozes of 100 
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g/m2 and 150 g/m2 until the third year when it accomplished equivalent 
development record rating to the sophisticated manure naps. Imperial 
pink stonecrop treated with 51 g/m2 manure did not accomplish a similar 
development for the 100 and 150 g/m2 compost medicines. The shortfall 
of manure affected the two stonecrops; visual evaluations were higher at 
prepared yields contrasting and the control. 

4.9 CONCLUSIONS

The eco-roof is the best technique to overcome the different urban water 
needs through water harvesting and fresh vegetable requirement. Over-
flow decrease of more than 61% for storms less than 5 cm has appeared 
and further help the capacity of eco rooftops to diminish metropolitan 
stormwater. Nonetheless, the groupings of TN and TP leachate from new 
eco rooftop media are a worry for the worthiness of water, as abundance 
supplement heaps can build eutrophication hazard for lakes also, water-
ways. A significant supplement load was seen in overflow exuding from 
media tried, likely because of the overabundance of supplements in the 
fabricated media. Likewise, the organics disintegrated in the eco rooftop 
spillover can increase the all-out organic oxygen interest in the water. This 
type of effect will not be seen on a watershed scale from the single rooftop, 
however, with urban strategies empowering eco rooftops to be consoli-
dated into metropolitan designs, all impacts, and both positive further-
more, negative, from this execution should be thought of. Adjusting the 
measure of natural matter, sort of natural substance or potentially compost 
utilized might all prompt a “greener” eco rooftop. On the other hand, in 
territories where supplement loads are especially tricky, an option media 
without leachable supplements in any case, with adequate water holding 
limit might have the option to give a significant part of similar designing 
advantages without the danger of low-quality overflow. 

For leachate quality, it gets obvious that the significant impact on 
additional parts in spillover is due to the soil material (example – manure) 
and added fertilizers. On the off chance that and how much treatment is 
required will be one of the key plan issues. A few investigations show 
that preparation might be supplanted by watering in the dry period for 
a similar decent stylish outcome. For certain species, preparation shows 
even adverse outcomes. The audit demonstrates plainly that there is a need 
for more exploration into eco rooftop execution in metropolitan climate. 

 



 

 

 

 

 

 

 

 

 

74 Advanced Technologies for Water Quality Treatment and Management 

The distinctions estimated by not many existing investigations between 
the early year’s execution of Eco rooftops and the future time show a 
requirement for long-period observing of Eco rooftops. 
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ABSTRACT 

Water is the crucial element on the earth for the survival of living beings. 
Unfortunately, its demand is increasing and supply is decreasing day by 
day leaving the gap very wide. The widening of gap between supply and 
demand of water leads to the present burning issue, i.e., “water scarcity.” 
Water scarcity is the major problem facing by the world today. As there 
are difficulties involved in the determination of water quality parameters, 
water quantity estimation and management are given more importance 
rather than water quality management in the present system. The world is 
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facing a water quality crisis due to increased population growth coupled 
with industrialization, urbanization, agricultural activities, increased living 
standards, etc. Nowadays water quality management has become very 
critical in many countries. Proper monitoring of contaminants in the water 
bodies coupled with the use of water quality models which will predict 
the parameters of future water quality may furnish the foremost option. 
Ultimately, the main goal of wastewater management is to remove the 
contaminants from wastewater and to facilitate protection without causing 
any damage to the human health and the environment. Hence, this chapter 
presents some wastewater treatment technologies and currently available 
water quality models which support water quality management. 

5.1 INTRODUCTION

Water is the foremost natural element for the entire living beings, but 
unfortunately, it is a scarce resource in the world. Sustainable development 
in terms of quantity and quality is impossible without conserving fresh-
water resources as it is very pivotal for all sectors. Agriculture accounts for 
nearly 72% of all water withdrawals, whereas municipalities and indus-
tries account for 16% and 12% respectively. Maintaining the freshwater 
quantity and quality is the most challenging task for the countries. The 
factors answerable for affecting the water in terms of quality and quantity 
in India include rapid population growth coupled with industrialization, 
rapid urbanization, and development in agriculture. Nowadays, degrada-
tion of water quality is the major problem facing by the world today which 
can lead to water scarcity. Generally, water quality is the word that indi-
cates the water’s suitability to sustain numerous uses or processes. Only, 
a few percentages of people, i.e., nearly less than 10% of all people in the 
whole developing world have access to collect wastewater and its suitable 
treatment (Biswas and Tortajada, 2019). Overall, one in eight people are 
forecasted to be at a high risk of contamination of the BOD water; one in 
six is at high risk from contamination with nitrogen and one in four from 
contamination with phosphorus (International Food Policy Research and 
Veolia, 2015). 

The water quality criteria depend upon the purpose of the water that 
is being used. For example, drinking water should not comprise any 
chemicals or microorganisms which are precarious to human health. On 

 



 Water Quality Management Models and Systems 81 

the other side, the water for agriculture should be low in salt while it 
should be low in some other inorganic compounds for steam production 
and industrial purposes. Some of the most important sources of water 
pollution are pumping of aquifers, releasing hazardous chemicals, water 
contamination and the long-range atmospheric transfer of contaminants. 
The natural influences that affect water quality and quantity include 
geological, hydrological, and climatic factors. Large-scale mining, fossil 
fuel burning, urbanization, industrial operations, socio-economic activi-
ties, and agricultural production are the human activities that cause an 
impact on water quality. 

A range of contaminants, which lead to disturbances in oxygen balance 
and are typically accompanied by severe pathogenic contaminations, may 
be found globally in aquatic ecosystems. Excessive nutrients from several 
origins such as domestic sewage, agricultural runoff, and agro-industrial 
wastes mainly affects lakes and impounded rivers in the form of eutro-
phication. Application agriculture fertilizers, pesticides, and chemicals 
without any environmental safeguards may deteriorate the soil and water 
habitat and the primary aquifers as well. Although the land available for 
crop production may increase through irrigation, salinization caused due 
to over-application of irrigation water deteriorate the previously fertile 
soils. Metals from mining discharges, smelting, and industrial manufac-
turing contaminate the water from rivers, lakes, and wetlands, which is a 
long-lasting phenomenon. Discharge of aerial metallic impurities not only 
contaminates in the area of industrial provinces but also in remote areas. 
Similarly, acidification of surface waters, especially in lakes occurs due 
to a combination of humidity in the atmosphere with some of the fumes 
formed when fossil fuels are burned. Direct discharge of synthetic organic 
micropollutants or transport of pollutants through the atmosphere into 
surface waters contaminates water. Leaching of wastewater from garbage 
dumps, tailings in mining and industrial plants contaminate groundwater 
bodies. 

Pollutants can be classified as chemical, physical, physiological, 
and biological. Inorganic and organic pollutants are the classified form 
of Chemical pollutants. Organic materials provide a big challenge when 
transforming them into carbon and water, as demonstrated below: 

Organics + Microorganisms + Oxygen + Nutrients → CO
2
 + H

2
O +

more microorganisms (Englande et al., 2015). 
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Toxicity is the prime consideration of inorganic chemicals. A Physical 
pollutant includes temperature, SS, color, turbidity, foam, and radioac-
tivity pollutants. Conventional, toxic, or nonconventional are the other 
classification o f p ollutants. D omestic s ewage i ncluding B OD, S S, pH, 
coliform, oil, and grease comes under conventional contaminants. Pollut-
ants that affect public health and cause aquatic toxicity referred to as toxic 
pollutants. USEPA defined nonconventional pollutants as pollutants that 
are neither conventional nor toxic and include COD, TOC, and nutrients 
such as phosphorous and nitrogen. The kind and level of therapy will rely 
on the categorization of impurities and the delivering waters. 

Most of the countries have been concentrated mainly on amount of 
water management and water sharing matters. But, many parts of the 
world are facing serious problems due to poor water quality organization. 
Significant and notable progress has been made by developed countries in 
regulatory point sources of pollution, but only a little progress has been 
made in monitoring non-point sources of contamination. Unfortunately, 
equivalent progress has not been seen in developing countries in control-
ling both point and non-point sources of pollution. Indication of water 
quality deterioration can be seen all over the globe, however the vastness, 
kinds, and quantum of water quality difficulties vary from one country to 
another or even within the same country. This difference may be because 
the population density, industrial, agricultural, and human actions as 
well as climate, the physical, economic, institutional, and environmental 
factors are heterogeneous. Hence, local government should take initiatives 
such as educating and involving the public, command, and control, and 
use of economic and legal devices which are very helpful under specific 
conditions. When compared to water quantity, technical, and organization 
capacities are at a very low level in controlling water pollution. But it is 
also very difficult and challenging to reverse these trends (Biswas, 2008). 
However, the present situation needs immediate management strategies 
for improving the quantity and quality of water resources. 

5.2 WATER QUALITY MANAGEMENT

The primary objective of managing wastewater is the sustainable prog-
ress of natural resources which also includes the conservation of habitat 
and public health. In terms of water quality management, sustainable 

 



 

 

83 Water Quality Management Models and Systems 

development means managing this natural resource to the extent that 
the present-day and forthcoming utilizes of this natural element are not 
compromised. The main aim of wastewater management is to concentrate 
on wastewater treatment, its reclamation, and reuse. To realize the neces-
sity for a certain level of wastewater, the idea of water quality manage-
ment is necessary. In terms of the engineering field, the organized use of 
water must be defined, water quality criteria defined for such usage, and 
handling or other management procedures based on these needs should 
thereafter be completed. 

The steps needed for the preparation of a water quality management 
plan are as follows (CPCB, 2008): 

 Step 1: Identify Water Quality Goal: The first step involves
setting a water quality goal which includes identifying designated
best use and water quality requirements for it.

 Step 2: Monitoring of Water Quality: ISO (International Orga-
nization for Standardization) defined Monitoring as “the planned
process of sampling, measurement, and successive recording or
signaling, or both, of different water characteristics, often to assess
conformity to specified objectives.” The main aim of monitoring
water quality is to confirm whether the observed water quality is fit
for proposed uses. Monitoring activities may be long-term, short-
term, and continuous monitoring programs. Generally, a water
quality monitoring program helps water use, managers in water
quality management decision making. This will help to acquire
knowledge on the existing water quality of the water body.

 Step 3: Identifying the Nature and Scale of Pollution: In this
step, the water quality data after repeated observations should
compare with the required water quality as per the goal set to
identify the nature and magnitude of pollution control needed.

 Step 4: Inventory of Source: After step 3, in which the nature and
magnitude of pollution are identified, the source of such pollution
should be identified.

 Step 5: Water Quantity Information: In order to get the required
water quality, the water quantity information is essential to know
how much effluence load needs to be reduced.

 Step 6: Selection of Wastewater Treatment Technology:

Wastewater treatment technologies are selected based on the type
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of water to be treated. For example, simpler technology can be 
adopted for treating sewage wastewater. Waste stabilization ponds 
are suitable for the places where land availability is more like small 
towns and are considered to be economical ones. A series of waste 
stabilization ponds are proved to be cost-effective in the places 
where sewage is found to be flow in open drains and not ideal 
for anaerobic biological treatment. There are numerous options 
available for sewage treatments that are proved to be cost-effective 
and environmentally compatible, like waste stabilization ponds, 
land treatment, constructed wetlands, aerated lagoon, rotating 
biological contractors (RBC), duck-weed pond, root zone treat-
ment and up-flow anaerobic sludge blanket system. 

 Step 7: Financing Waste Management: Efficient usage of water
by the domestic and industrial sectors water is achieved only
through pricing and demand management which are also important
instruments for reducing wastewater volumes and loads. Water-
saving technologies such as water recycling and reuse systems
are being adopted by the urban organizations when water and
sewerage fees are induced on them so that the discharge of pollut-
ants into effluent streams can be minimized. Demand management
programs should also be given importance along with price-based
incentives which comprise educational and practical components,
such as assistance to consumers, promotion, distribution, or sale
of water-saving strategies and water conservation campaigns, etc.
Beneficiaries will contribute to waste management and hence equal 
importance should also give to the consideration of beneficiaries.

 Step 8: Maintenance of Sewage Treatment Plants (STPs):

Trained and skilled personals should manage SWPs and an expert
should visit the plant once a month to improve its performance.
Most of the STPs are run by the personals that don’t have an idea
to manage the plants but know the only operation of pumps and
motors. According to CPCB’s survey report, 39% of the plants
are not conforming to general standards which show poor mainte-
nance of plants. Hence, sewage treatment plants (STPs) should be
maintained properly for the successful operation of the system.

 Step 9: Pollution from Industrial Sources: Pollution from indus-
trial sources can be controlled by:

 Controlling pollution at the source;
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 Industrial waste recycling and recovery of resources;
 Waste minimization and clean technologies;
 Standards on wastewater discharge and wastewater pollution

charges;
 Wherever advantageous, prefer mixing of sewage with industrial

waste.
 Step 10: Pollution from Non-Point Sources: Control of pollution

from non-point causes such as unsewered sanitation, application of
chemicals in agriculture and uncollected wastes dumped in urban
and industrial areas should be given extreme importance. The
problem with these pollutants is likely to rise in the future with the
superior application of these commodities. Hence in this regard, it
is important to regulate the use of these toxic pollutants by evolving
integrated pest management policy and standards. These toxic
chemicals can be replaced by ecologically acceptable substitutes.

Multiple approaches in most circumstances are necessary to assure 
water quality restoration, because the installation of a water treatment 
plant and its appropriate process alone may not be enough to preserve 
water quality in a water body. 

5.3 CONVENTIONAL WASTEWATER TREATMENT
TECHNOLOGIES 

In many situations, the multi-processed strategy is necessary to secure the 
restructuring of water quality since it alone may not be adequate to enable 
the creation of a water treatment plant and to conserve the quality of water. 
Wastewater is the water that has been unfavorably affected in quality by 
human caused influence. Restoring the water quality is best option to bring 
the wastewater polluted by humans and nature to a desirable quality (Shah 
et al., 2020). Wastewater contaminants include SS, biodegradable organics, 
pathogenic bacteria, and nutrients. The main objectives of wastewater treat-
ment comprise reducing organic content, removal/reduction of nutrients and 
removal/inactivation of pathogenic microbes. Generally, the conventional 
treatment processes include a combination of chemical, physical, and 
biological techniques to conserve water quality by removing solids, organic 
matter, and nutrients from effluent water. The selection of treatment 
systems 

 



 

 

 

 

 

Primary Secondary Tertiary Advanced 

Bar or bow screen Activated sludge Nitrification Chemical treatment 

Grit removal Extended aeration Denitrification Reverse osmosis 

Primary Aerated lagoon Chemical Electrodialysis 
sedimentation precipitation 

Comminution Trickling filter Disinfection Carbon adsorption 

Oil/fat removal Rotating bio-discs (Direct)filtration Selective ion exchange 

Flow Anaerobic treatment/ Chemical oxidation Hyperfiltration 
equalization UASB 

pH neutralization Anaerobic filter Biological P Oxidation 
removal 

Imhoff tank Stabilization ponds Constructed Detoxification 
wetlands 

– Constructed wetlands Aquaculture – 

– Aquaculture – – 
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will rely on the needed water quality and site-specific considerations, 
including accessible resources, climate, access to land, economics, etc. 

The existing treatment technologies include preliminary, primary, 
secondary, and tertiary treatments as shown in Table 5.1. Preliminary 
treatment involves screening and grit removal. Primary treatment includes 
various physical and chemical processes like coagulation and floccula-
tion, equalization, dissolved air floatation, sedimentation, neutralization, 
clarification, and precipitation. Secondary treatment consists of activated 
sludge treatment, biological filtration which includes trickling filters and 
RBC and anaerobic treatment systems. Tertiary treatment includes granular 
media filtration, reverse osmosis systems, membrane filtration, activated 
carbon, ion exchange, ultraviolet disinfection, etc. Due to the rapid 
growth of population, industrialization activities, agricultural production, 
domestic waste discharge also increasing rapidly which diminishes the 
availability of natural resources increases water pollution. This challenges 
the present conventional treatment process in which contaminants are still 
identified at some treatment stages. Hence some advanced technologies 
are needed to provide better alternatives for the shield of public health and 
the environment. Types of different wastewater treatment processes and 
example layouts are shown in Figure 5.1. 

TABLE 5.1 Classification of Common Wastewater Treatment Processes According to 
Their Level of Advancement 

Source: Veenstra et al. (1997). 
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Source handling is employed to remove the toxic and other unaccept-
able pollutants from the wastewater and to prevent the wastewater to inter-
mingle with other waste streams. Pre-treatment, primary treatment, and 
secondary treatment are the conventional treatment processes, wherever 
necessary tertiary treatment is also employed to remove specific constitu-
ents. Pre-treatment comprises techniques for retention of spills, neutraliza-
tion, the addition of nutrients, toxins, removal of oil and grease, and the 
removal of solids by flotation, sedimentation, or filtration. Preliminary 
treatment eliminates the entry of unsettled/floating materials like wood 
pieces, papers, tree branches, dead animals, heavy settleable inorganic 
solids, etc., into primary treatment processes. Preliminary treatment is 
proceeded by primary treatment, which comprises filtering, removal of 
silt, by physical separation. Primary treatment removes large suspended 
organic solids and also a considerable portion of oxygen demanding 
substances. Secondary treatment is used to remove residual organic matter 
and suspended material. The contaminants which are not removed in the 
conventional treatment are removed in tertiary treatment. Precipitation, 
Filtration, air stripping, coagulation, and flocculation, adsorption, ion 
exchange, membrane processes, nitrification, and denitrification, etc., 
comes under tertiary treatment. 

FIGURE 5.1  Types of wastewater treatment processes and layout of WWTP.  
Source: Reprinted with permission from Ting and Praveena (2017). © Springer.  
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Objectives of treating wastewater (Englande et al., 2015). 

 Parting of solid from the liquid portion and concentrate the solids
composed from the carrier water;

 Eliminate safety elements that have harmful effects on the final
disposal of the wastewater and the resulting residue;

 Maximize the reuse capacity of water and residuals from the
wastewater treatment plant.

5.4 WASTEWATER TREATMENT PROCESSES

5.4.1 PRETREATMENT OR PRIMARY TREATMENT 

Pretreatment techniques are employed to present the wastewater amicable 
to subsequent treatment processes. A schematic of different pre-treatment 
technologies is shown in Figure 5.2. 

1. Screening: The floating materials entangle in the impellers by
entering into pumps. The floating materials will choke suction
pipes once they enter into them and also it is very challenging to
identify their position in the pipeline. Hence, Screening is essential
to remove these large, objectionable solid matters and is placed
ahead of pumping stations.

2. Comminuting Devices: A comminutor is provided with a cutting
mechanism to shred the material which is retained and enables
the retained material to move along with the sewage. Comminutor
generally placed across the flow path to intercept coarse solids and
follows grit removal to protect the machinery.

3. Grit Removal: Grit, which is composed of minor coarse particles of
sand, gravel, or other materials will damage the moving mechanical
equipment and pump elements. To prevent abrasion and abnormal
wear and tear of the machinery and pump parts, it is important to
remove the grit. Constant cleaning of settling tanks and digesters can
be greatly reduced by grit removal. An aerated chamber can be used
to remove grit, where the air allows the inorganic matter to settle
down by keeping the organic matter in suspension. Grit removal can
also be done by directing flow velocity through the chamber.

4. Equalization and Neutralization: Sometimes, neutralization
of huge variations in pH and concentrations of impurities in the
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inward flow should be carried out before entering into the treat-
ment plant, especially in industrial waters. Equalization is the 
most essential procedure to treat industrial wastewater, which 
helps keep the flow and concentration through the plant generally 
consistent. In general, neutralization follows equalization, such 
that acidic and alkaline watercourses in the equalization basin can 
be somewhat neutralized. 

5. Primary Sedimentation: After pretreatment, the pre-treated
wastewater is introduced into a large rectangular tank in which
settleable solids will settle by gravity. In order to diminish the
organic load on secondary treatment units, a primary clarifier is
placed after screens and grit chambers (Figure 5.3).

FIGURE 5.2  An outline of different pretreatment methods. 

Source: Reprinted from Tilley et al. (2014). © Eawag: Swiss Federal Institute of Aquatic 
Science and Technology, Department Water and Sanitation in Developing Countries 
(Sandec) Dübendorf, Switzerland, www.sandec.ch 

FIGURE 5.3  Grit chamber in Honduras. 

Source: Reprinted from David and Kristy (2011). 

 

http://www.sandec.ch


 

  
 
 

 
 
 
 
 
 
 
 
 

 

 

 

90 Advanced Technologies for Water Quality Treatment and Management 

15.4.2 SECONDARY TREATMENT 

After pretreatment/primary treatment, secondary treatment is employed 
where the biological form of treatment is done. There are several methods 
for biological wastewater treatment; but the most frequently used 
technologies are activated sludge and trickling filtration processes: 

1. Activated Sludge Process: In this process, a tank is supplied with
oxygen in which an active biological floc is maintained. The entering
wastewater and bacteria within the Floc, therefore, get maximum
interaction. In a conventional method, the air or pure oxygen is gener-
ally employed as bubbles (using diffusers) or by a disturbing agitation 
of the liquid (using impeller). Then wastewater is introduced into a
tank maintained with a concentration of microorganisms. In order
to maintain the microbe concentration, some portion of the sludge
which moves through the tank is returned into the tank to maintain
and is established in a secondary sedimentation basin. A new cell
material by synthesis is produced by the activated sludge process. In
order to keep active microbe population development, some of the
sludge must thus be placed in the tank and feed on organic materials,
while part of the deposited material must be discarded.
Extended aeration is usually designed for full mixed conditions
and it is the modified activated sludge treatment process in
which aeration operation is given with long detention times. Due
to extended sludge ages, heavy solids, or a low ratio of food to
microorganisms, sludge breathing will occur and ‘burn itself up.’
Endogenous breaths are expected to occur. Although some organic
residue, inorganics, and solids will always come from the system,
occasionally this process is known as total oxidation. As nitrogen
is converted into nitrate, due to the long sludge age, the oxygen
demand for the effluent is reduced.

2. Stabilization Ponds and Lagoons: These are one of the eldest
wastewater treatment processes, which are Existing still and can
be employed alone or combined with other wastewater treatment
process. Factors such as weather, availability of land, objective,
and location influence the design and utilization of these ponds.
Based on the type of pond and climatic conditions, detention time
varies, i.e., from 7 to 180 days. These ponds are classified as facul-
tative, aerated, aerobic, and anaerobic, out of which facultative
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pond, which is the most common being used one. To avoid short-
circuiting and for greater operational flexibility, it is recommended 
to use multiple ponds in series. 

 Oxygen is furnished to aerated lagoons by mechanical or diffused 
aeration and employed for treatment of non-toxic or non-hazardous 
waters from food processing, pulp, and paper industries. Aerobic 
ponds maintain oxygen throughout their depth, whereas anaerobic 
ponds do not have any aerobic zones which are used as pretreat-
ment units for strong industrial and agricultural wastes. 

3. Filtration Using Trickling Filters: It is identical to the activated
sludge process; the difference is in the former case the organic
waste material will be stabilized by the microorganisms which
are adhered to a fixed bed, whereas in the latter case they are in
suspension. A trickling filter as shown in the Figure 5.4, is an
aerobic wastewater treatment process that can be operated easily
and also very simple to build. Generally, trickling filters are
used for treating effluents from industries and domestic sewage.
The wastewater is passed through grown biological film which
is formed on a fixed bed with supporting medium. The organic
constituents of the effluent will be stabilized by the biological
activity of the film. The biofilm is partly in touch with the flow of
wastewater and partly exposed to the air for absorption of oxygen.
The trickling filters filtration processes are shown in Figure 5.4.

 FIGURE 5.4 Classical trickling filter.  
Source: Reprinted from Vianna et al., 2021. © 2012 Journal of Urban and Environmental 
Engineering (JUEE).  
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5.5 ADVANCED TREATMENT TECHNOLOGIES

Gujarat cleaner production center (GCPC, 2016) reviewed some advanced 
wastewater treatment technologies such as automated chemostat treatment 
(ACT), soil biotechnology, reed bed technology, hydrodynamic cavitation, 
membrane bioreactor, moving bed biological reactor, wet air oxidation, 
ozonation, electrocoagulation, Fenton, and sequencing batch reactor. 

ACT is a flexible new technique which is fully automated and more 
efficient when compared to current practices. It is used in the treatment of 
sludge and is the most appropriate solution for treating specific refinery 
issues. There is no need of adding a complete additional treatment system 
because it can be employed alone. The output from the ACT is virtually 
sludge-free and meets the strict disposal standards which require no further 
handling. 

Soil Biotechnology is an environment-friendly waste processing tech-
nology and utilizes the principle of trickling filters. In this system, a mix 
of physical processes such as sedimentation, infiltration, and biochemical 
procedures are performed to eliminate the pollutants (suspended particles, 
organic, and inorganic material) from the wastewater. Appropriate mineral 
elements, cultivation with local micro-flora, and bioindicator plants are 
the crucial parts of soil biotechnology system. It includes a crude tank, a 
containment bioreactor, a treatment water tank, pipes, and pumps. Bacteria, 
earthworms, and mineral additions are used in soil biotechnology for the 
treatment of solid organic waste as well as for wastewater treatment in a 
garden-like setting. 

RBT dewater solids by using common reed plants in a confined area. 
In this system, multiple bed shapes can be used based on present land 
situations and areas. Reed plants are filled in the specially designed ponds 
and solids are driven into these reed beds. By evaporation, transpiration, 
and decantation, the dewatering process is carried out. Decanted water 
enters into underdrains by seeping over the base of the bed and the sand 
and gravel blanket and moves back for secondary wastewater treatment. 
During the process of dewatering, the solid cake is produced (solids 
change from liquid to “cake”) which is left in the bed, and the procedure 
is repetitive. 

In Hydrodynamic cavitation, microbubbles are formed, grown, and 
subsequent collapse in the lowing liquid. In this process, extremely high 
pressure, shear stresses and temperatures will generate locally. Hydrated 
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lime raises the pH of the wastewater to 10.5, filtered, and then pumped 
through hydrodynamic cavitation. This is a batch process and to bring the 
COD to the desired limit, the system is kept under recirculation. Further 
filtration is done using a filter press and this filtered wastewater is again 
sent for treatment or can be disposed for can be delivered to the water 
recycling unit. 

MBR technology involves both conventional activated sludge treat-
ment and membrane filtration by an aperture size from 10 nm and 0.4 
microns (micro/ultra-filtration), which is 10 suitable for sludge separation. 
The membrane enables complete disinfection of treated water by retaining 
all elements, colloids, microorganisms, and germs. The two important 
process configurations of biomass rejection include IMBR (immersed 
membrane biomass rejection) and SMBR (Submerged Membrane Biomass 
Rejection). IMBR is the established configuration in municipal wastewater 
treatment due to its lower cost of operation. Immersed configuration is less 
energy-intensive because the module is placed directly into the process 
tank. 

MBBR is originated based on the traditional active sludge process 
and biofilter process. Moving Bed Biological Reactor is a highly efficient 
biological treatment process as it is a completely mixed and continuous 
biological reactor. In this biological reactor, biomass is grown on small 
carrier elements which are having little lighter density than water. Inside 
the reactor, these small carrier elements with biomass are kept in move-
ment along with a water stream by aeration or mechanical stirrer. Hence, 
the choice of the carrier is given utmost importance in MBBR treatment 
process. This technology is found to be most efficient in treating many 
effluents, i.e., industrial effluents, wastewater from agricultural industries, 
municipal wastewater, etc. 

Wet air oxidation is one of the technologies accessible which is a hydro 
thermal process suitable for treating aqueous wastewaters by oxidizing 
organic and inorganic pollutants of aqueous waste streams. In this 
technology, in the existence of air or oxygen-containing gas, the waste 

is oxidized in the liquid phase at higher temperatures(400–573°K) and 
pressures (0.5–20 MPa). To enhance the reaction rate, methods to improve 
mass transfer as well as the use of both homogeneous and heterogeneous 
catalysts are included by this technology. Normally, this system is oper-
ated within the super-heated water range, i.e., at <300C and <20 MPa 
to achieve a higher level of oxidation with higher temperature and for 
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maintaining the liquid state with high-pressure applications. The residence 
time ranging from seconds to hours and oxygen partial pressure is also 
vital to the degree of oxidation. 

The unstable gas ozone consists of three oxygen atoms, and the gas 
easily returns to oxygen during a period of from a second to 30 minutes. 
Ozone is an unstable gas. The water chemistry and the pH and water 
temperature are the functions of this thermal degradation. Throughout 
this transformation, a free oxygen atom or free radical form is produced, 
extremely reactive and short-lived and will last only milliseconds. The 
colorless smell of Ozone gas resembles air before a huge storm. Ozone has 
a higher efficacy against germs and viruses as compared to chlorination. 
Ozone gas oxidizes can also lower iron, manganese, sulfur content and 
minimize or remove taste and odor issues. Ozone oxides iron and manga-
nese, sulfur, and other elements sulfur into the waters which is removed 
by post-filtering, to create insoluble metal oxides. Organic particles and 
pollutants are removed by coagulation or chemical oxidation. 

Electrocoagulation removes contaminants from water by passing an 
electrical current through the water which was proven to be very effec-
tive. The technique of electrocoagulation employs a range of geometry of 
anodes and cathode, e.g., balls, wire mesh, fluidized bed bands and rods. 
Although the process of electrocoagulation looks to be similar to chemical 
coagulation, it is in many ways the cationic species that neutralizes the 
surface loads. In this process, the suspended, emulsified/dissolved pollut-
ants in an aqueous medium are destabilized by the electric current, which 
is responsible for causing chemical reactions by providing the electromo-
tive force that is introduced into the medium. 

Fenton technology is cheaper, easier, and widely used method for 
treating heavy effluents which are hard to decompose. This technology is 
one of the AOPs (advanced oxidation process) and can purify various kinds 
of wastewater. During organic compound removal in the wastewater, the 
Fenton reaction produces a very effective oxidation agent. Some methods 
such as UV, ozone, and others are recognized raising the cost of wastewater 
treatment. Fenton utilizes catalyst ions and hydrogen peroxide, maximum 
organic compounds easy to oxidize. Fenton technology is not complex 
equipment, because it does not need high temperature and high pressure. 
This technology is found to be very efficient in the removal of numerous 
numbers of dangerous organic impurities from water. 
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SBRs are the variation of activated-sludge plants. In SBRs, all the 
treatment and processes are carried out into a single basin or tank, whereas 
in activated-sludge plants conventional facilities rely on multiple basins. 

5.6 WATER QUALITY MODELS

5.6.1 IMPORTANCE OF WATER QUALITY MODELS 

Monitoring data is a great way of detecting water with impairment. For 
many reasons, model predictions are preferred instead of monitoring 
where monitoring is impossible and water quality assessments in the 
future are needed. Model predictions may be utilized in combination or 
rather of monitoring data. Integrated tracking and modeling systems may, 
ultimately, give greater insights for the same overall costs than any other. 
Combined models of runoff and water quality connect pressures such as 
anthropogenic activities to reactions. Optimally, models for water quality 
management must take account of all five forms of alternative indicators 
such as differences in the physical ecosystems, shifts in the water’s seasonal 
flow, variations in the system’s food base, changes in the encounters of 
stream biota and release of toxins (Conventional pollutant emissions), 
which provide for a more integrative manner (Karr, 1990; NRC, 2001). 

Models of quality of water are already being used for many types of 
fresh and salt systems, such as rivers, lakes, estuaries, waterways, and 
bays. In past decades, water quality models significantly e nhanced the 
reliability and sustainability work of authorities and academics. Now the 
conditions of water quality may be predicted based on changes in land 
use, population growth, effluent dumping, and the world climate. Models 
of water quality often cover data gaps that are a key limitation in the 
monitoring and treatment of water quality. It aims to detect the causes of 
contamination and helps understand concurrently numerous complicated 
biochemical cycles in water bodies that would otherwise be impossible 
to evaluate in-field surveillance a lone. F uture e vents c an b e accurately 
predicted. This is meaningful with water quality models that are predictive 
instruments that depict complicated physical, biological, and chemical 
phenomena. 

Models for the quality of water are normally categorized according to 
model complexity, water type and water quality metrics (dissolved oxygen 

 



 

  

	 	 	 	 	

96 Advanced Technologies for Water Quality Treatment and Management 

(DO), nutrients, etc.), predicted by the model. The more complicated the 
model is, the harder and costlier it is to apply to a specific circumstance. 
Model complexity is based on four criteria, including the quantity and 
kind of characteristics of water, the degree of geographical information, 
the degree of temporal detail and the complexity of the analytic water 
body. 

Models for the water quality may be ranked by type of approach 
(physical, conceptual, empirical), by contaminants (nutrients, sediments, 
salt, etc.), by application areas (catchment, groundwater, river system, 
coastal, integrated waters), by nature (deterministic or stochastic), by state 
analysis (stable or dynamic simulation), by spatial (lumped or distributed), 
by sizes (1-).(Tsakaris and Alexakis, 2012). The accessibility and consis-
tency of the data are the issues for developing and using water quality 
management tools. The elaborateness of models utilized for managing 
water quality must be consistent with the amount and quality of data 
provided. Static deterministic models generally employ worst-case actual 
flow estimates to describe the behavior of pollutants under bad realistic 
conditions. They also require specific estimations of this data. Dynamic 
models will require flow, temperature, and other variables data from time 
series. Besides hydraulic data, base-case levels of water quality metrics of 
relevance require models (DO, mercury, and so on). 

Simple problems in water quality can be solved by simple models, 
but complicated ones may require more sophisticated models or not. The 
models should connect management options with the significant dependent 
variable (such as impurity causes and water quality standard constraints). 
The whole ‘chain’ from stresses to answers should be incorporated. 

5.7 DESCRIPTION OF SOME WATER QUALITY MODELS

5.7.1 DRAINMOD 

DRAINMOD is modeled for usage in wetlands for transporting water and 
reformation of nitrogen in a waterway (Skaggs, 1981). The study technique 
was originally used to observe the efficiency of water and drainage systems 
and their impact on the treatment of pollutants, the reaction of crops and 
their usage of water (Skaggs et al., 1981; Massey et al., 1983; Deal et 
al., 1986). DRAINMOD has been expanded to forecast nitrogen transport 
(DRAINMOD-N) and salt flow in shallow soils (DRAINMOD-S). 
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In DRAINMOD, the daily nitrate leaching for particular cultivation, 
agriculture, sole, and geo-hydrological conditions may be calculated at a 
single field scale (El-Sadek, 2007). The information requested in the model 
to be applied is soil type, land use, climatic, water, and soil profile nitrogen 
conditions at the initial stage of the simulated period and nitrogen fertilizer 
practice. El-Sadek (2007) has successfully used several versions of the 
DRAINMOD model in the Dender catchment basin located in the west of 
Brussels, to analyze the liquidation of nitrate-nitrogen. DRAINMOD-N 
and DRAINMOD-S models employ a modified DRAINMOD version to 
calculate the daily water level and water flows (Tsakiris and Alexakis, 
2012). DRAINMOD-N is differentiated by the fact that DRAINMOD-N 
can forecast nitrogen concentration in-ground and surface and subsurface 
drainage through functional connections, whereas DRAINMOD-S can 
estimate the salt drainage water content, soil salinity and salinity impacts 
for crop production (Skaggs, 1981). 

5.7.2 MIKE-11 

MIKE-11 is a hydrodynamic 1-D model that analyzes a stable water 
system flow and can simulate the dynamic flow of water on a DHI river 
(Danish Hydraulic Institute – Nederland, 1998). The model components 
are water quality, transport sediments, advection-dispersion, rainfall-
runoff, and eutrophication. As either a water model or hydraulic model, 
MIKE-11 may be utilized both. The MIKE 11 essential module, which 
models the dynamic fluxes in streams, is the hydrodynamic module that 
accepts homogenous flow conditions inside this channel. It solves the one-
dimensional equations of shallow water SVE (Saint Venant equations) 
(DHI, 1998). 

The advection-dispersion module may mimic the first degree dete-
riorates of contaminants. In one of six degrees of complexity, the water 
quality module provides a sophisticated simulation that may be character-
ized as follows: 

 1st Level: Dissolved oxygen and BOD degradation, plus tempera-
ture and reaeration effects in the first order;

 2nd Level: First level + BOD and the sediment exchange reactions;
 3rd Level:  As nitrate and ammonium balance second level plus

without denitrification;
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 4th Level:  Third Level Plus Denitrifying;
 5th  Level:  As a result of BODs, the forth level plus oxygen require-

ment but without nitrogen nitrate and ammonium components; and
 6th Level: Nitrate and ammonium as the fifth level.

Coliform and phosphorus operations can also be introduced to one of 
the six stages. The quality component of water can be employed with or 
without sedimentation procedures. It covers toxic metals, iron corrosion, 
eutrophication, and transfer of nutrients. Several editors in the interface 
are used to input the advection, hydrodynamic, and water quality char-
acteristics into the system. A water quality file contains the water quality 
parameters and the default settings. A set of coefficient and water quality 
constraints including amongst others: degrading of BOD; impact by unit 
nitrification of ammonia converted into nitrate, ammonium-frequency 
rate, a continuous nitrification rate (CNR); the demand for nitrification by 
unit mass of ammonium converted to nitrate. 

The MIKE-11 model finalizes the flow simulation before simulating 
water quality and solvent transportation mechanisms. The model can be 
used for water quality simulation using current hydrodynamic data. In the 
Advection Dispersion component, the computation of the mass balance 
for the water quality parameters is conducted at all intervals in all senses. 
MIKE-II model depends on Saint-Venant equations as shown below: 

∂Q ∂A
+ = q

∂x ∂t 

∂Q ∂  Q   ∂h 
22 n gQ Q

+ α  + gA  + 4/3 
= 0

∂t ∂x  A   ∂x  AR 

where; Q is the discharge; A is the cross-sectional area; q is the lateral 
inflow; h is the level of water above a reference datum; x is the down-
stream direction; t is the time; n is the Manning’s coefficient; R is the 
hydraulic radius; g is the gravity acceleration; α is the momentum distribu-
tion coefficient. 

The result of the MIKE-11 contains time series depths, flow, pollutant, 
and statistical choices for the description of the findings (Tsakiris and 
Alexakis, 2012). MIKE-11 constraints include the necessity of large simu-
lated results susceptible to data suitability and the demand for accurate 
calibration and assessment findings for cross-sectional channel limits 
at 
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every reach (Cox, 2003). Without experienced assistance, it is difficult to 
create the model (Olowe et al., 2018). 

5.7.3 MIKE SHE 

In the model region and different water quality concerns, MIKE SHE 
replicates the surface and groundwater flow, sediments, nutrient, and 
pesticide transfer. For a big watershed, MIKESHE can be used (Gayatri 
et al., 2015). The different processes included overland flow, unsaturated 
flow, evapotranspiration vegetation, flood water flow, dynamic canal 
stream and irrigated water quality. 

5.7.4 HSPF 

The U.S. Environmental Protection Agency (USEPA) created HSPF 
(Hydrologic Simulation Program Fortran) is a hydrology and water quality 
model that can evaluate both traditional and hazardous organic contami-
nants in hydrology and water quality. Model simulations may be carried 
out by water components of quality such as temperature, fecal coliforms, 
DO, BOD, total SS, nitrate, orthophosphate, and pH. It includes the inputs 
of agricultural sediments, nutrients, pesticides, conservation products and 
fecal coliforms. It is a mix of agricultural runoff control, various anthro-
pogenic runoff and HSP models, based on the aforementioned Model IV 
of Stanford Watershed (Crawford and Linsley, 1966). The models require 
factors for example land use patterns and land use management that include 
temporal history, heat, and radiation from the sun and physical features, 
land-use patterns. The model limits are as follows: (i) the model applies 
to infused rivers, reservoirs, and water bodies in one dimension only 
(Whitehead et al., 1998; Paliwal et al., 2007); (ii) algorithmic problem and 
procedural; (iii) The precision of the model is restricted by geographical 
data and by the high enough standard inputs. 

5.7.5 INCA MODEL 

INCA is a dynamically built model that enables hydrological integration 
and irrigation quality to be incorporated into the watercourse (Whitehead 
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et al., 2015). It is also frequently utilized in the area of watershed manage-
ment, in conjunction with land-use changes, climate change, altering 
pollutant environments (points and diffuse pollution). INCA model 
is now used for diffuse and point source pathogen stream modeling in 
catchments. This model measures pollution flows on a day-to-day basis 
in both surface and aquatic areas of catchments. INCA models enable the 
geographic character of the watershed to vary the range of reach, the rate, 
the usage of the land, the flow-speed ratio and the loads from the point, 
diffuse land origins and diffuse air types of pollutants from input deposits. 
INCAN-N permits simulation of a single riverbed by tributaries processed 
as aggregate inputs in a half-distributed way (Whitehead et al., 2015). This 
model is based on the 4th order Range Kutta approach, a sequence of linked 
differential equations that may be solved with the numerical integration 
method. 

5.7.6 WASP (WATER QUALITY ANALYSIS SIMULATION PROGRAM) 
MODEL 

Water quality analysis simulation program (WASP) was created by the 
UEPA in 1983, enabling the simulation of water quality processes in 
waterways, lakes, reservoirs, and estuaries. The model may be used to 
mimic water quality. It may be implemented in one-, two- or three-dimen-
sional format and forecasts a range of contaminants such as acid, phos-
phorus, dissolved, BODs, sediment oxygen demands, algae, periphytons, 
organics, metals, mercury, pathogens, etc. It is a dynamic model program 
that can address varied flow conditions through aquatically modeled 
water environments (Ambrose et al., 1993). Simulation of water quality 
can be done by DYNHYD and WASP, the computer programs comprised 
by the model which can be used separately or together. A hydrodynamic 
software DYNHYD will be employed to model the flow of water over 
the range of the water system, while the WASP program will simulate the 
transportation of pollutants inside the column of water. Two broad kinetic 
components such as Advanced Eutrophication (EUTRO) and Improved 
Toxicant arrive in a recent version (TOXI). The TOXI model is often 
used in the simulation of pollutant toxicity by watercourses, while the 
Advanced Eutrophication Framework addresses the traditional pollution 
of naturally dissolved phosphate, salinity, solids, and CBOD, DO, BOD, 
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phytoplankton, periphyton, detritus, dissolved organic nitrogen, ammonia, 
nitrate associated sediment digenetics. WASP may also be associated with 
transport models of hydrodynamics and sediments which give flows, 
depths, speeds, temperatures, salinity, and silt flows. The model, however, 
has several limits, such as the need for large amounts of calibration 
and verification data (Kannel et al., 2011). The model does not manage 
plumbing/floating materials or mixing areas or close-to-field impacts. The 
model employs mass-equilibrium conservation to resolve the governing 
equations. The system requires certain input data to answer the equations 
of balance equations. Input, beginning, and limited levels, pollutant origin, 
coefficient of kinetic parameters, flow characteristics and fluvial design 
also are significant in solving the system of mass equilibrium. The conti-
nuity and momentum equations used by the model were shown below: 

dQ 1  dQ + = qs 
dt B  dx  
dQ ∂ Qw z Q Q   ∂ z z +   + gA + 

2  = 0
dt ∂x  A   ∂x K  

where; Z is the elevation of water surface; Q is the rate of flow; B is the 
wetted width; A is the wetted cross-sectional area; t is the time; x is the 
distance along the channel; K is the conveyance of the channel; g is the 
gravitational acceleration; q is the discharge per unit channel length. 

5.7.7 STREETER PHELPS MODELS 

Streeter and Phelps in 1925 designed the first tool for water quality 
modeling known as S-P model in order to measure water contamination 
inside the river or stream (Bai et al., 2012). Those models are designed 
to regulate oxygen and decaying BOD in one order. It is a standard one-
dimensional model. Streeter-Phelps equation also known as DO sag is 
derived on the linear differential equation of the 1st order (Streeter and 
Phelps, 1925, 1985). 

∂D
= K L  – K D1 t 2∂t 
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where; D refers to the saturation deficit; K
1
 refers to the deoxygenation 

rate; K
2 
refers to the reaeration rate; and L

t 
is the oxygen demand remaining 

at time t. 
This concept was initially utilized by sanitary technologist Harold 

Warner Streeter and Earle Berhand Phelps in the Ohio River in the United 
States (1876–1953). Like previous models, there is a certain mimicry in 
this model that is – simplification causes problems in the model due to 
single input, do sink and DO source (Streeter and Phelps, 1985). 

5.7.8 EXPORT COEFFICIENT MODEL (ECM) 

The export coefficient model (ECM) was created in 1976 and is a 
straightforward model (Omernik, 1976). The technique is beneficial for 
catchment management and evaluation, based on data from publicly avail-
able databases and its low data needs (Johnes, 1996; Burt and Johnes, 
1997; Johnes and Butterfield, 2002). The total quantity of phosphate and 
nitrogen provided at a surface water sample location in many nations was 
frequently utilized for prediction (Bowes et al., 2008; European Commis-
sion, 2003; Johnes, 1996; Ierodiaconou et al., 2005). 

The ECM technique aims at preaching the loading of nutrients for the 
water sample at a specified area based on the fertilizer exports from each 
pollutant in the above site downstream (Johnes, 1996). The ECM forecasts 
can be presented as the mean yearly concentrate of T-N and T-P in the water 
body by taking into consideration the total yearly outflow to the samples 
collected to eliminate the difficulties of foreseeing the accumulation of 
specific phosphorous fragments and nitrogen species introduced through 
nutrient cycling processes (Johnes, 1996). Johnes (1996) altered the model 
to take account of variables of nutritional export like forest and vegeta-
tion regions; cultivation of specific plants, which include cereal grains of 
autumn and fall, rape of oilseeds, field, and vegetable root, momentary, 
long-lasting, and rough grassland; and human settlement and septic tank 
systems. The model employs export coefficients chosen from the literature 
or from field trials for calibration to suit a model for the reported nutrient 
load of catchment outlets. 

The ECM catchment scale simulation model may be separated into 
three stages: Three data collecting programs such as the investigation of 
all farmers and owners of land in a catchment, literature surveys, and 
field 
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measurement device are undertaken in the first stage. In the second phase, 
the accuracy of the calibration process must be assessed. The validated 
model is utilized in the predictive stage in the third phase to assess the 
possibility for water quality improvements and the series of the possible 
managing options. 

5.7.9 MONERIS 

The Moneris model accumulates approximately eight different models 
that replicate the key processes in which suspended particles and nutri-
ents are produced and transported through the river system (Behrendt et 
al., 2007; Palmeri et al., 2005). That is because a watershed paradigm is 
pursued in many nations by WFD, the MONERIS concept is designed to 
promote environmental research in a shared setting (Venohr et al., 2009). 
MONERIS is a GIS model based on the empirical technique of simply 
describing complicated connections. It is a conceptual framework for 
quantifying nutrients emissions in catchment areas greater than 50 km2 

of the point- and non-point emitters (Behrendt et al., 2000). The model 
contains a scenario manager to calculate the impact of measures on the 
nutrient emissions of various geographical units and routes. The principal 
processes and pathways of the MONERIS model are: (a) groundwater, (b) 
erosion, (c) runoff (dissolved nutrients), (d) tiles drainage, (e) atmospheric 
deposition on water surface areas, (f) urban regions and (g) point sources 
(e.g., wastewater treatment plants). 

5.7.10 SIMCAT 

The model was created in the United Kingdom by Anglian Water (Warn, 
1987) and used for predicting conservation and non-conservative contami-
nants in the stream. It is a stochastic model which uses Monte Carlo 
simulation methods to assess the effect of pollution emissions on bodies 
of water (Warn, 2007). SIMCAT (Catchment Simulation), symbolizes the 
destiny and carriage of soluble compounds in a waterway and inputs to 
point-source wastewater oxygen concentration that are portrayed by the 
temperature, reaeration, and BOD decay, the decaying toxins which are 
non-conservative, and the conservative compounds which are supposed 
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to be non-decaying. The deterrent model (SIMCAT) is used to predict the 
metrics of river quality and flow characteristics of water (Cox, 2003). 

To increase the effectiveness of water by helping to plan actions, it has 
been created for Britain (Warn, 2010). The major river in either model is 
separated into user-defined ranges that are the distances between sites of 
interest or sources. Close to 600 reaches may be modeled and the model 
periodically picks quality and stream values from the ranges provided for 
all variables for every run. SIMCAT results are overview data for every 
approach and each contaminant (90th or 95th percentile and means). 

In its operation, it is restricted to use the SIMCAT model simulation 
software to simulate breathing, photosynthesis, the need for sediment 
oxygen and reaeration rate. It is an excellent tool for managing the quality 
of the water, but cannot reflect temporal variability and is not specifically 
suited for complicated scenarios. SIMCAT is yet a basic, adaptable, and 
flexible model that may be used to analyze water quality recognition in 
river systems. 

The model utilized its operational idea of mass balancing and depicts 
the extent of the river as the sequence of continually stirred tank reactors 
(CSTRS). The contaminants that do not depend on sediment reactions in 
freshwater can be predicted by SIMCAT. The flow speed is determined 
using the velocity flow connection and the size distribution for each area 
is calculated. It implies that pollutants are well mixed all over the river 
(Cox, 2003). 

5.7.11 TOMCAT (TEMPORAL/OVERALL MODEL FOR 
CATCHMENTS) 

The TOMCAT model was created to help to evaluate effluent quality stan-
dards on samples using an investigation by Monte Carlo to satisfy surface 
water quality conservation objectives (Bowden and Brown, 1984). With 
diurnal and seasonal influences in the measurement data and the quality 
of water captured, TOMCAT enables more complicated temporal corre-
lations that reproducing these influences in the simulation results. The 
TOMCAT River system is characterized by a variety of pollution incidents 
on the rivers, observation stations, abstraction, and effluent dumps. The 
TOMCAT model requires multiple input types with fixed values (usually 
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physical limitations that describe the response rates), quality, and flow 
data. 

The TOMCAT system is characterized according to the “seasons” 
contained inside the model, the model is executed, sub-seasons are 
reproduced, and monthly air temperatures are averaged. Several access 
variables are provided for each person’s reach which contains both BOD 
and NH

4
 concentrations and decomposition rates, oxygen exchange rate, 

runoff scale, thermal balance rate constant, diffuses drainage basin rate 
estimation number, runoff scale, reach duration and depth component, 
and mean sectional area cross-sectional area (Cox, 2003). The model can 
mimic the effect of overflowing of stormwater. By resolving the opera-
tional formulae, TOMCAT estimates the purity and flow at each level. The 
data collected from surveillance sites are correlated to generated stream 
flow. In addition, the generated streams are synchronized with the actual 
data automatically. This model may be used simply to simulate current 
flow and water quality situations in the stream (e.g., The TOMCAT may 
be used to forecast the amendments necessary for discharge in order 
to conform with the river statutory criteria). This model is meant to be 
straightforward to set up and the output produced may be compared with 
the values provided in the relevant law. The TOPCAT model has humidity 
shops such as the roots of the unsaturated region store, the saturated event 
store, and the old surface store (Quinn et al., 2008). 

In short, a percentage of hydrological effective rainfall (HER) rain-
water might circumvent the event subsurface and reach the old subsurface 
storage. A SPLIT parameter defines the fraction of HER that is entering 
the event surface. In the event of surface storage, SBAR represents the 
situation humidity condition. 

5.7.12 TOPCAT-NP 

Model TOPCAT is a MIR-version of TOPMODEL that utilizes floor flux 
calculations and the same moisture storage for soil (Quinn and Beven, 
1993). TOPCAT-NP is a Nitrate and Phosphate model (N-MIR) (P-MIR). 
This model can estimate nitrate and phosphorus losses every day or 
every day (Quinn et al., 1999). They constantly try to maintain a certain 
physical significance for the employed characteristics. Along with two 
surface runoff factors, TOPCAT has also an additional basic weather 
flow 
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element. The model utilizes a basic moisture root zone storage to collect 
possible evapotranspiration supplies and actual rainfall (Quinn et al., 
2008). Hydrologically effective rainfall (HER) is another vital component 
of the model which represents the surplus rain that can penetrate down 
into the soil. The reported root zone thickness value is normally greater 
than the actual “anti-drying” (SRMAX) parameter value, which initiates 
HER release. 

5.7.13 QUALS 

The United States Environmental Protection Agency (EPA) has provided 
several QUAL templates such as QUAL2E, QUAL2EUNCAS, QUAL2K 
and QUAL2Kw, which simulate up to 15 water quality factors (DO, BOD, 
temperature, algae as chlorophyll a, organic nitrogen N, ammonia as N, 
nitrites as N, organic phosphorus as P, dissolved phosphorus P, coliform 
bacteria and three conservative component solutes) in any combo that has 
been selected by the user. The heat and mass inputs of both QUAL2K and 
QUAL2E imitate loads and non-point points, abstractions. 

5.7.13.1 QUAL2K 

QUAL2K is a standard one-dimensional quality of water as well as in 
the flow model. The model would be neither stochastic nor dynamic. 
The QUAL2K model can replicate up to 16 determinants of quality of 
river water and its affluents (Brown and Barnwell, 1987). The stretch of 
the river is split into many sub-strips equally long. The model has these 
assumptions: 

 The average flow is the basis of the advective transport;
 In the cross-section, water quality indicators are fully mixed;
 The disseminative transport is linked to the gradient.

The model enables the user to evaluate the following variables in any 
combined effect: 

 Dissolved oxygen;
 Temperature;
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 Phosphorous;
 Nitrate, nitrite, ammonium, and organic nitrogen;
 Chlorophyll-a;
 Up to three conservative solutes;
 One non-conservative constituent solute;
 Coliform bacteria.

In addition, nitrate, phosphate, and DO have additional details; most 
drivers have been modeled as degradation of the first order. The QUAL2K 
is designed to represent contaminants in freshwater which rely on relation-
ships between sediment, in particular as a tank of inorganic and organic 
compounds. The first stage of the QUAL2K standard model is to split 
the river up to 50 spans, and each of them would then be subdivided into 
computer parts of similar length (up to 20 per reach). 

The flow and water quality data needs of the model require individual 
values for each variable. The river reaches are the major feature of such a 
model. The required data by the model with each river reach are as follows: 

 Flow data and hydraulic terms;
 Initial conditions;
 Response amount coefficients;
 Local climatological data for heat equilibrium calculations; and
 Rate constraints for all of the organic and chemical responses.

The model output contains answers to the mass balance of pollutants 
and the flow for every reach. The major benefit of QUAL2K is its capacity 
to simulate algae (Chlorophyll-a), its code and the theory of its rich 
literature. You may get QUALK2K from its website free of charge. The 
model requires a minimal quantity of sediment data and just incomplete 
hydraulic conditions. 

5.7.13.2 QUAL2E 

QUAL2E, an equilibrium model for the prediction of pollutants in extending 
streams and mixed lakes, was created by US Environment Protection 
Agency (USEPA) (Cox, 2003; Brown and Barnwell, 1987). It was consid-
ered that the river is a one-dimensional model which forecasts substantial 
nutrient cycle reactions, sediments, algae development, negative impacts 
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on the environment and its impact on the DO content in the body (Birgand, 
2004). It helps to forecast geographical and temporal fluctuations within 
the water column of certain characteristics, such as temperature, nutrients, 
BOD, and DO levels (Kannel et al., 2011). QUAL2E may be used to know 
the influence of multiple pollutant sources discharged into water systems 
and their effect on water quality. In addition, the impact of algal expansion 
and mortality rate may be anticipated using the model on DO in the water 
body. An implicit technique of finite-difference calculates the differential 
equation of the QUAL2E model. 

The QUAL2E model mimics the actual elements and components 
related to the amount of DO. Biochemical oxygen demands, algae 
processes and nutrients responses are the important sinks and/or sources in 
the equation. Furthermore, QUAL2E may demonstrate the reaeration that 
occurs when water pours over dams. The QUAL2E is created to mimic 
several aspects of water quality, including oxygen dissolved in water 
sources, nutrients, and conservative contaminants (Cox, 2003). A model 
QUAL2E cannot be used on a watercourse with a temporal fluctuation. 
Macrophytes, mobility of the sediments and denitrification mechanisms 
cannot be modeled. Because of its constant presumption of state, the 
model cannot represent the changeable flow conditions. 

5.7.14 AQUATOX 

USEPA has created an AQUATOX model that forecasts the destiny and 
effect of various pollutants in aquatic environments (Park et al., 2008; 
Sharma and Kansal, 2013). The model aims to anticipate environmental 
stressors and associated ecosystem consequences. It is an ecological 
mechanistic model and predicts different aspects of water quality, 
including nutrients, sediments, and hazardous substances. Furthermore, 
the model simulates their influence on aquatic creatures and plants (Park 
and Clough, 2004; Bingli et al., 2008). The model incorporates its methods 
from the clean model used for the living aquatic ecosystem and concur-
rently predicts almost 20 factors inside the water environment, making the 
model is among the finest WQM. It is highly advanced and developed to 
predict the fate of contaminants in the aquatic environment as a spatially 
and zeitally determined mechanistic model (Sharma and Kansal, 2013). 
It considers that the river consists of many well-mixed sections and 
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uses mean flow values for its functioning each time. The Runge-Kutta 
integration techniques in the fourth and fifth order were implemented 
to overcome the model problem. The model may therefore be used for 
understanding the influence on aquatic ecosystems of different water 
quality factors. The AQUATOX model can identify several environmental 
stresses causing ecological damage. It forecasts the ecosystem effects 
of contaminants. The model has assessed the impacts on watercourses 
of numerous environmental factors, including nutrients, silt, organic 
waste, hazardous chemicals, temperature, periphyton, phytoplankton, and 
macroscopic materials. The limits of this model have included the inability 
while modeling a variation in nutrient, chemicals, and Sediment levels in 
the watercourse and the lack of a representation for interior nutrients in 
the algae bioenergy sector, to model elements and connect hydrodynamic 
models. It is, nevertheless, superior to water quality models since it is open 
to the public and may be integrated with certain watershed models. 

5.7.15 CE-QUAL-RIV1 

A single-dimensional hydrodynamic water quality model was created in 
the US Army Engineers waterways experiment station (WES) in 1991 
for simulation of water quality parameters in tributaries and island creeks 
(Sharma and Kansal, 2013). Most models have been created under stable 
flow circumstances, but the CE QUAL-RIV1 model replicates extremely 
unstable river system flows (Martin et al., 2002). CE QUAL-RIV1 
comprises two codes, such as RIV1Q and hydrodynamic code, program 
code (RIV1H). At the very beginning, the river hydraulics are calculated 
by using RIV1H code for the water column with geometrical river char-
acteristics and boundary conditions. For its modeling of water quality, 
RIV1Q leverages the output generated from RIV1H. The RIV1H code can 
be used to measure the flow rate, depth, speeds, and breadth of the rivers 
in the four-point implicit solution procedure of the St. Venant equation. 
Whether the model is applicable in simulated characteristics in the water 
body, determines the character of the river flow. 

For its modeling of water quality, RIV1Q leverages the result gener-
ated from RIV1H. The RIV1H code can be used to measure the flow rate, 
depth, speeds, and breadth of the rivers in the four-point implicit analytic 
solution of the St. Venant equation. Whether the model is applicable in 
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simulated characteristics in the body of water, determines the character of 
the stream flow. The equations governing the model were continuity and 
momentum equations. The 1-D advection and dispersion equation united 
with the sink and source was shown below: 

∂α ∂α ∂2α q
k a  K  +U = D + ( − )− α + sin k

2 s s∂t ∂x ∂x A 

where; Q is the flow rate, (m3/s); U is the mean velocity, (m/min); A is the 
channel area, (m2); h is the depth, (m); g is the gravitational acceleration; 
S

o
 and S

f
 are the bottom slope and friction slope, respectively; x is the 

length (m); t is the time; α is the parameters; q is the lateral flow rate 
(m3/s); D is the dispersion coefficient (m2/min). 

The problem was computationally resolved since the variable was 
nonlinear, hyperbolic, and partial. CE-QUAL-RIV1 may be used to mimic 
river processes of chemistry, biology, and physics. With this model, it is 
possible to predict the lakes and estuaries reaction to pollutants. It might be 
utilized for the prediction and estimation of the hydraulic and geometrical 
characteristics of a watershed with several hydraulic structures like dams. 
In addition, several aspects of the quality of water, including thermal 
stratification, a lgal development and macrophytes, may be s imulated. It 
is, therefore, a one-dimensional model that requires considerable training 
sessions to efficiently use it. In addition, the model cannot be utilized for 
simulating activities of sediment movement in the systems of the river. 

5.7.16 CE-QUAL-W2 

The CE QUAL-W2 model for stream, estuarine, lakes, reservoirs, and 
basin river systems are a two-dimensional hydrodynamic (longitudinal 
and vertical) model of water quality. It has been created at the Waterway 
Research Institute of the United States Army Corps (Cole and Buchak, 
1995). The model takes the form of horizontal uniformity that is especially 
suitable for water applications with low horizontal water quality fluctua-
tion. Total organic carbon, DO, biological oxygen demand (BOD), algae, 
and Escherichia coli may also be simulated on this model. Around 17 
types of factors in the quality of water affect concentration. 
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∂C
∂(BD x∂BC ∂UBC ∂WBC ∂x+ + −

∂t ∂x ∂z ∂x 

 ∂C ∂  BD z 
 ∂z  =C B + SB

∂x
q 

Here, the layer of time-space change was designated as B; The hori-
zontal component of the normal concentration as C; U and W are the 
lateral average velocities in the x-direction and y-direction, respectively; 
The diffusion coefficients of temperature and composition as D

x
 and D

z 

respectively; The elements of input and output flow of material flow rate 
as C

q
, and Sources and sinks as S. 

5.7.17 SWAT 

SWAT is a USDA Agricultural Research Service (USDA-ARS), a hydro-
logical and river basin model created for water management (Neitsch et al., 
2002; Tolson and Shoemaker, 2007). This program is publicly accessible 
and is used to estimate the long-term influence on the vast and complicated 
watershed, land use and management situations of freshwater, products of 
sediment and agriculture by agricultural and rural management techniques 
(Srinivasan et al., 1998). It can mimic the movement of groundwater, 
nutrients from canals and dams. It may also be used to assess the effects 
on water resources of nutrient, toxic, and particle adsorption. The SWAT 
was used to forecast the impact on the aquatic ecosystem of agricultural 
and rural management strategies. 

The SWAT model requires precise foliage, terrain, climate, soil 
characteristics, and water body type to be functional. The model SWAT 
works every day. The model simulation comprises a division into a great 
number of compartments coupled into such a hydrological reaction unit 
and then further split into (HRU). Each hydrological responsive unit is 
used for water and pollution simulations to the watershed outflow via the 
stream channel. It may be utilized to address different management issues 
effectively and used to research unique pollution transport mechanisms in 
the vast river basin. 
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Everyday subsurface flows and transport of nutrients can be simulated 
by SWAT from canals and lakes and calculate the quality characteristics of 
flux water (algae, DO, and carbonated BOD). This concept has been used 
in diverse situations in a variety of applications. 

SWAT, though, does not replicate events that take place sub-daily, 
such as one cyclone and diurnal DO variations in a large body of 
water. The data types of a 100 whenever the water shift is so huge 
and separated into hundreds of reaction units, also tough to handle 
and alter. SWAT does not replicate comprehensive event-based floods 
and sediments and also has problems simulating lowland and snowmelt 
erosion in the springtime and fall periods (Shoemaker et al., 2005; Dai 
et al., 2005). 

5.7.18 ELCOM-CAEDYM 

The Center for Water Research at the University of Western Australia 
(COM–CAEDYM–ESL) is a three-dimensional hydrodynamic and 
ecology model, which has been created by the Center on Water Research 
at the University of Australia. It is commonly utilized in ponds, dams, 
and coastlines (Daniel and Imberger, 2012; Yajima and Choi, 2013). 
This is an environment-friendly model capable of simulating biolog-
ical three-dimensional phenomena (Hamilton and Schladow, 1997), 
macroscopic, zooplankton, fish, and bottom invertebrates (Hipsey et 
al., 2006). 

5.7.19 EFDC 

A comprehensive system of surface waves, including hydrodynamics, 
transporting sediments, transporting hazardous contaminants, and water 
quality-eutrophication elements have been created by Hamrick (1996). 
EFDC (environmental fluid dynamics code). It has been utilized for 
various water bodies, streams, lakes, reservoirs, humid areas, estuaries, 
and coastal areas in ecological monitoring and treatment. It is among the 
most extensively used water-dynamic models (Xie et al., 2010; Liu and 
Huang, 2009). 
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5.8 COMPLEXITIES INVOLVED IN WATER QUALITY
MANAGEMENT 

There are many complexities involved in water quality maintenance. For 
example, in the case of data requirements, it requires a huge number of 
constraints to be estimated and also the data varies with a variety of factors. 
Unlike water quality management, data requirements and the total number 
of parameters required for assessing the water quantity are very few. 

The field of knowledge has, nevertheless, advanced in recent years, 
especially in terms of the interconnections between contaminants and 
human health. There is also an increase of devices’ capacity to detect 
tremendously low levels of water bodies pollution. In contrast to parts per 
million only a few years ago, it is now feasible to detect extremely low 
levels of contamination (i.e., parts per milliard). In the context of these 
technological advancements, currently, newer, and emerging contaminants 
are monitored because of their real or imagined detrimental health effects. 
In recent decades, therefore, a quantity and monitoring of the number 
of water quality criteria and parameters estimated in the drinking water 
system have substantially risen in certain large cities in the industrialized 
nations. However, it is costing to monitor a large number of water quality 
related parameters, i.e., nearly 350 parameters, since it involves the collec-
tion of pure data volumes, advanced analytical laboratory and technically 
skilled data collection, analysis, and effective management employees. It 
can be conceivable, in some urban centers of the industrialized nations, 
to enable such complex data gathering, processing, data interpretation 
and management systems. But it is difficult for many poor countries to 
create a viable and useful system that can manage even around 25 water 
quality criteria routinely. This is simply one illustration of the complexity 
of an effective water quality management system as compared to a water 
quantity system (Biswas, 2007). 

5.9 CONCLUSION

This chapter provides various conventional, advanced wastewater treat-
ment technologies along with some of the currently available water quality 
models which are crucial for managing water quality. 

From this chapter, it can be concluded that the future water crisis may 
arise due to water quality deterioration. Even at present, most of the highly 
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populated countries like China and India are facing water scarcity due 
to polluted water in several parts of their countries. Hence, immediate 
measures should be taken to control water pollution which will otherwise 
constitute a dire threat to the entire life in the future. Even though Manage-
ment of water quality is much more challenging than management of water 
quantities, judicious use of water along with some treating technologies, 
monitoring programs, people’s participation, government decisions to 
control water pollution and using water quality models can bring down 
water quality related issues to a great extent. Along with some conven-
tional treatment technologies, some advanced treatment technologies are 
now available some of them may be costlier or some may be cost-effective. 
Now-a days, low-cost technologies which make use of low-cost materials 
for filtration, such as natural fibers, sand, gravel, etc., are also proven to 
be very effective in treating pollutants from different sectors. Due to the 
growing water quality significance, more, and more elements should be 
included in the model which is again a challenging task. Technologies 
to be selected mainly depend upon the extent and source of pollution. 
Combined water quality monitoring and water quality predictions using 
models may provide the best solution to combat water quality problems. 
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ABSTRACT 

Riparian areas exist as strips of vegetative cover adjacent to rivers, 
streams, wetlands, lakes, reservoirs, and other freshwater water bodies 
that affect and are impacted by the presence of water. This vegetation 
contributes to specific ecosystems which perform a wide range of 
ecological functions. Together the human and biodiversity values are 
crucial for the benefits of riparian/wetland habitats. The nearness of the 
river also shows that riparian areas provide a significant effect upon the 
quality of the water. Riparian vegetation impedes drainage from built 
lands, the removal of toxins, and the significant improvements in water 
quality that enters streams which results in improved water quality, 
specifically, by controlling non-point source contaminants. Except 
where human activity has occurred, riparian zones can be located next to 
most of the water sources. Human impacts vary from changes in riparian 
and river hydrology and geomorphic structural modification for loss of 
riparian vegetation. That is all why effective efforts ought to be made to 
preserve or to recover riparian buffers that are present next to streams by 
comprehensive watershed approaches. 

 

mailto:agasyedrouhullah@gmail.com


 122 Advanced Technologies for Water Quality Treatment and Management 

6.1 INTRODUCTION

Riparian zones and wetland habitats are vulnerable physical or vegetative 
environments that are formed through interaction with surface or subsur-
face water (Leonard et al., 1992). Riparian areas are generally known as the 
lands that surround streams, ponds, and reservoirs. An essential element 
of the arrangement and functioning of riparian regions is this interaction 
with adjacent waters. The riparian habitats are defined by National Water 
Act (1998) as: “Riparian habitat is described as the physical structure and 
vegetation of areas adjacent to a watercourse that are typically character-
ized by alluvial soils that are inundated or flooded to a degree and with a 
frequency sufficient to support vegetation of species with a composition 
and physical structure distinct from that of adjacent land areas.” These areas 
are characterized by numerous hydrology, soil, and biota transformations 
and occupy the gap between land and water. Riparian regions have a high-
water table and are prone to erosion and intrusion from the surrounding 
water body on a regular basis. Certain scientists (Gregory, 1997), defined 
riparian regions as “ecotones” or the transition zones between aquatic and 
terrestrial environments through some (Brinson et al., 1981) also have 
accepted riparian communities as units of landscape that contain a variety 
of divisions that stretch from water to upland surroundings. Ilhardt et al. 
(2000) define riparian regions by way of “three-dimensional ecotones of 
activity that involve terrestrial and aquatic habitats, spreading down into 
the soil, over the vegetation, over the floodplain, up surrounding slopes 
that drain into the river, laterally into the terrestrial environment, and 
along the waterway at variable distance.” 

Wetlands perform critical biological and environmental roles such as 
flow attenuation, sediment, and nitrogen preservation, and nature conser-
vation. Wetlands are distinguished by a number of characteristics, the 
most prominent of which are the appearance of water around or close to 
the surface, distinct hydromorphic soil, and vegetative cover suited to or 
resistant to soils that are saturated. At lower elevations, the water table is 
generally at or above the surface, or the ground is surrounded by shallow 
water not deeper than 6.6 feet. Wetlands’ importance has increasingly 
been recognized, and numerous wetland management programs have 
been developed (Junk et al., 2013). Unfortunately, farming operations and 
urbanization have resulted in the loss of the bulk of wetlands in settle-
ments (Douglas et al., 1994; Dugan, 1992; Johnson, 2013). Wetlands 
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conserve and maintain water resources. They act like giant sponges, 
holding onto water amid flooding and releasing this throughout dry spells. 
Wetlands help to mitigate soil erosion and flood destruction by control-
ling water levels during floods (Kumar et al., 2016; Bhat et al., 2019). 
They also recharge groundwater supplies and eliminate contaminants out 
from the water. Since they are natural filters, they aid in the purification 
of water by capturing a variety of contaminants such as heavy metals, 
sediments, and disease-causing species. Riparian wetland ecosystems are 
distinguished by high species diversity, density, and sustainability of both 
plant and animal species. Through nutrient, energy and organism transfer, 
the marine, riparian, and adjacent upland areas are constantly interacting 
(Meehan et al., 1997; Odum, 1979; Cummins, 1980; Franklin et al., 1981; 
Swanson et al., 1981). 

Riparian areas have typically been among the most productive areas on 
the planet, as well as valuable environmental resources, since they offer a 
variety of ecological assets, such as a high density of different species of 
plants as well as wildlife habitat (Bentrup, 1998). Wetlands and riparian 
areas play important roles in water quality improvement, marine ecosys-
tems, stream filtering, shoreline stability, flood at tenuation, and ground-
water exchange. Plant communities in riparian regions perform numerous 
functions in the absence of human alteration, including bank stability due 
to roots, accumulation of sediments on river banks at periods of overbank 
flow, i nterstitial fl ow of  se diments, an d ab undant wo od su pplies, al l of 
which have a direct impact on channel formation and ecological features. 
Substantial nutrient and contaminant retention capacities are character-
istics of riparian wetlands (Fisher and Acreman, 2004) that are defined 
as the transitional zones between the unsaturated zone, groundwater, 
and surface water (Casey et al., 2001; Zhao et al., 2009). Also, perhaps 
because of their vicinity to water sources and their physical, biological, 
and chemical characteristics they are amongst the most susceptible to 
erosion. Although sediment deposition is normal river processes, heavy 
floods along with human activities can accelerate the erosion, which could 
result in severe environmental issues. Soil erosion in streamlines and on 
rivers will lead, for example, to instability and failure in streamlines (Chu-
Agor et al., 2008, 2009; Daly et al., 2015; Bhat et al., 2017; Ul-Zaman et 
al., 2018) as well as increased load of sediment into the streams (Fox et al., 
2016). Nevertheless, utilizing naturally occurring traces of radionuclides, 
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Wilson et al. (2008) observed that 48% of suspended load was due to the 
streambank erosion. 

Riparian functions and water quality are intrinsic to hydrology because 
the water distribution canals grow throughout time dependent on ample 
water or saturated soils, depending largely on the conditions underlying 
atmosphere, geomorphic location, and stable vegetative growth (Winward, 
2000; Rosgen, 2006). Hydrology affects the consistency of water by 
affecting chemical composition, thermal mass, and aquatic habitats, not 
just the effect on soil, flooding, or deposition but also the profile, pattern, 
and size of channels (Bilotta and Brazier, 2009; Van Vliet and Zwolsman, 
2008). Diverse studies have identified the relevance of storm events for 
solvent exportation (Ulen, 1995; Neal et al., 2006; Mitchell et al., 2006; 
Raymond and Saiers, 2010). Particularly for smaller catchments, there is 
a considerable annual flux during individual storm events and a change in 
quality of the surface water within a few hours (Kirchner, 2003). System-
atic transfers of fluids during storm flux cycles, such as variations on 
water distribution pathways, are also attributed to hydrological processes 
(Christophersen et al., 1982; Davies et al., 1992; Hagedorn et al., 2000; 
Lyon et al., 2011). The latter may be attributed to fluctuations in the eleva-
tion of the riparian wetland water table, resulting in a variety of runoff 
events (Emmett et al., 1994; Bechtold et al., 2003; Inamdar et al., 2008; 
Kerr et al., 2008). Prior and Johnes (2002); Hooper (2008); Piatek et al. 
(2009); and O’Brien et al. (2013) found that processes in riparian wetlands 
frequently superimposed the effect of the catchment’s hill slope region 
on surface water content. Biogeochemists, in contrast to hydrologists, 
research wetland processes over weeks or months and, except for shifting 
groundwater levels, prefer to neglect changing hydrological patterns 
and boundary fluxes. Those trials concentrate on internal processes and 
are not related to output streams through the quality of the discharging 
stream (Knorr et al., 2009; Reiche et al., 2009; Pennington and Watmough, 
2015). This will probably affect significantly the quality of water sources 
by changing biogeochemical processes in riparian ecosystems, e.g., as 
extreme weather events (extended dry spells, severe rainfall) become 
increasingly previewed by changes in climate (Emmett et al., 1994; Kull 
et al., 2008; Szkokan-Emilson, 2013; Watmough and Orlovskaya, 2015; 
Dar et al., 2017, 2020). 

Diverse studies have clarified the interplay of hydrological and 
biogeochemical processes that have an impact upon the export of solutes 
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from rivers (Piatek et al., 2009; Vidon et al., 2014; Arnold et al., 2015), 
which comprise of fluctuation in seasonal hydrologic events (Kerr et al., 
2008), antecedent moisture conditions (Inamdar et al., 2009; Mitchell et 
al., 2006), climatic conditions (Kull et al., 2008), factors related to seasons 
(Muller and Tankéré-Muller, 2012), variations in the stream flow routes 
(Christophersen et al., 1982; Mitchell et al., 2006; Kerr et al., 2008), 
accessible solute concentration present in the wetland (Piatek et al., 2009), 
dilution of solutes (Inamdar et al., 2009), redox processes (Kerr et al., 
2008), and the flushing of solutes after drought periods (Emmett et al., 
1994; Szkokan-Emilson et al., 2013). Seasonal variations of fluctuations 
caused by flooding of stream water chemicals using a probabilistic clus-
tering process studied by Aubert et al. (2013). Similarly, the necessity to 
recognize temporal changes in the end-member chemistry as a function of 
catchment wetness for improved characterization of catchment flow-paths 
and mixing responses was highlighted by Inamdar et al. (2013). Knorr 
(2012) emphasized the importance of both hydrological and redox condi-
tions in the wetlands for solute export in the catchment of this study. 

The concerns regarding water quality and ecosystem services reduc-
tions are among the many factors that environmental science, manage-
ment, and decision-makers are seriously concerned about streambank 
and riparian degradation. The water quality functions are affected by the 
position of a wetland within the terrain affects. Many instances have been 
widely analyzed to determine how a specific wetland on a landscape scale 
would influence the water quality (Whigham et al., 1988). Whigham et al. 
(1988) consider wetlands that surround first-order streams to be effective 
in extracting nitrate from groundwater and sediments from the streams. 
However, for phosphor extraction, they are not shown to be much effec-
tive. Because of the lower proportion of water coming into contact with 
wetlands, the sediments and nutrients were found less successfully to be 
removed from the stream downstream of the first order streams (Whigham 
et al., 1988). Also, there are reports that suggest the portion of wetlands 
or the riparian environments immediately under the source of non-point 
emissions are the most efficient filters (Lowrance et al., 1983; Cooper et 
al., 1986; Phillips, 1989). Hydrological modeling based on Watersheds are 
being more and more developed and implemented to investigate wetland 
quantity and water quality impacts and agriculture practices (Fossey et 
al., 2015; Mahdizadeh et al., 2015; Valipour, 2015). Yang et al. (2010) 
have implemented HEW-based SWAT model to characterize flaws on 
an 
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isolated Canadian prairie watershed and have shown that conservation of 
wetlands can provide substantial environmental advantages for reducing 
sediments and nutrients. Applying wetland modeling to a Michigan 
watershed, Martineze-Martinezet al. (2014) demonstrated that growing 
wetlands had higher flood absorption than a rising depth of wetlands. In 
order to analyze various wetland regeneration scenarios for the removal of 
sediments in a Michigan, Martineze-Martinez et al. (2015) had created a 
SWAT pairing and a SUSTAIN field scale model (Alvi et al., 2009). Liu et 
al. (2008) have specifically established a module on riparian wetland in the 
SWAT for the evaluation of riparian wetlands and sediments formed from 
upland drainages and routed through riparian wetlands. These studies have 
shown the value of modeling wetlands in characterizing wetland systems, 
quantifying magnitudes of wetland hydrology effects, and considering 
spatial changes in wetland effects for restoration scenarios. 

Intact ecological riparian zones conserving, and recycling nutrients 
change local microclimate and sustain large networks of food, contributing 
to a wide variety of fish and other fauna. Typically, the ecological buffers 
within uplands and surrounding water sources are naturally wetlands and 
riparian regions. Wetlands and riparian areas can play a crucial role in 
reducing NPS emissions by surface river intercepting, subsurface flow, 
and other drainage flows. The aim of their work in improving water 
quality is to filter, remove, convert, and store contaminant products such 
as sediments, arsenic, ammonia, and some other heavy metals. Wetlands 
and riparian areas also shield the environment from the effects of pollut-
ants and discourage toxins from entering water. The importance of the 
collection, removal, transformation, and preservation of pollutants such as 
sediments, arsenic, ammonia, and some heavy metals is part of improving 
the water quality. Wetlands and riparian areas also avoid the entrance into 
waters of pollutants and safeguard the water from contaminant effects. 
Riparian woods have also been found to minimize instream emissions 
during flooding (Karr and Gorman, 1975; Kleiss et al., 1989). 

In increasingly advanced urban areas, building, filling, channeling or 
some other major modificatory m easures c an a lmost d estroy wetlands 
and riparian ecosystems. The intervention and the connection of dams 
inter-basin diversion, and irrigation of hydrological systems affect the 
biophysical characteristics of riparian ecosystems. For agricultural regions, 
wetland, and riparian zones might be disturbed by misuse of the pasture 
field and also by the loss of natural vegetative habitat and 
substitution 
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with annual or perennial cover. The elimination of the vegetation on the 
riverside not just eliminates the holding impact of root on the ground, 
but also reduces bank hydraulic strength and increases flow speeds on the 
bank (Sedell et al., 1991). Additionally, there may have been significant 
hydrological alterations to accelerate the drainage of farmland. Other 
significant impacts can r esult f rom a  variety o f activities l ike construc-
tion of highways, surface mining, dredged material build-up, and harbor 
and marina excavations. These kinds of practices will minimize or 
remove wetland and riparian roles that improve the quality of water and 
can worsen the issues with NPS. Modifications t hat w ould d egrade its 
current functionality would therefore inhibit the functioning of wetlands 
and riparian zones. Degraded wetlands and riparian zones should also be 
preserved in order to act as potential in reducing the NPS emissions. The 
erosion process can be accelerated with extreme floods and human distur-
bance and cause significant environmental issues. Shields et al. (1995), 
for example, estimated that about 480,000 km of degraded stream bank 
deposited about 450 million tons of sediment annually in the U.S. The 
effect of non-point sources of pollutants by catching overland flood nutri-
ents and sediments (Bentrup, 1998) and reducing banks’ susceptibility to 
erosion decreases with riparian plant buffers. Wetland conservation, water 
quality protection, the protection of threatened or endangered species and 
flood hazard control are direct concern for the protection and restoration 
of degraded riparian ecosystems. Hence, steps to restore riparian lands are 
also urgently necessary. 

6.2 IDENTIFICATION AND DELINEATION OF RIPARIAN AREAS

Riparian zones occupy a number of regions in different geomorphologic 
conditions (Ffolliott et al., 2004). These kinds of areas exist, in the vast 
regions with massive meandering waterways, mountainous terrain with 
small and deep ravine or valleys, to lowlands Riparian areas must be 
described and contrasted by other adjacent land and water components. 
Riparian areas are described also as “zones of influence” that exist within 
aquatic and terrestrial ecosystems. Riparian regions usually contain a 
portion or more of the wetlands, but they also include portions of adjacent 
upland and aquatic ecosystems. Figures 6.1 and 6.2 illustrates a “generic” 
informative riparian impact zone. 
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FIGURE 6.1 A characteristic riparian zone diagram that demonstrates influences on 
aquatic and upland areas.  
Source: Adapted from: Ilhardt et al. (2000).   

Areas of the riparia are distinguished from aquatic ecosystems, 
wetlands, and uplands on the basis of the same characteristics—soils, 
vegetation, and hydrology. Riparian habitats are usually populated by 
grasslands, trees and herbaceous plants as compared to aquatic environ-
ments in which these vegetation species are absent. Given the apparent 
distinction in the moisture regimes between riparian areas and aquatic 
habitats and their depth of water, a borderline that is reliable for separation 
cannot be established. This may define the aquatic boundaries of riparian 
areas where permanent water begins. 

The zonal orientation and location in the landscape are essential char-
acteristics of riparian regions. In contrast with wetlands, riparian zones 
from some perspectives are much wider and more restrictive. They are 
larger, and they include not just portions of the wetlands but also parts of 
areas that are not vegetated. Riparian zones are constrained rather than 
wetlands, as they are confined to the unique geomorphic conditions of the 
rivers, lakes, and marine habitats. For example, large peatlands cannot 
be referred to as riparian areas just because almost all of these deprive 
of linear landscape features, distinctive zones, and water body adjacency. 
Forests in riparian areas continue to exist in arid environments, with 
inadequate moisture to facilitate upland forestry (Brinson, 1990), and with 
distinctive borders as compared to uplands that receive precipitation, both 
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adjacent uplands and aquatic environments may provide water as their 
primary or sole water supply to riparian regions. Water takes the course 
of groundwater discharge, a surface and shallow sub-surface flows from 
the uplands into riparian areas. Contrary to uplands, riparian floods are 
important agents for the geomorphic transition, the degradation of soils 
and sediments from certain riparian sites and their deposit in several other 
areas to establish new geomorphic landscapes. A basic distinction between 
riparian and upland areas is the lateral movement of resources from 
beyond the floodplains to riparian areas. Riparian zones are comparatively 
shallow where the water table is depleted by some trees and shrubs that 
drain water directly from flooded areas which typically cannot occur in 
upland regions (Robinson, 1958). For arid landscape at lower altitudes, 
riparian can only be the place of willow and cottonwoods and the only 
place in which mesquite grows intensely (Stromberg et al., 1996). 

Riparian areas have their own collection of markers that can be used 
to delineate them when looking for their existence. The following factors 
must be considered during the delineation process (Department of Water 
Affairs and Forestry, 2005): 

	 Watercourse-related topography;
	 Vegetation; and
	 Alluvial and sediment deposits.

The final delineation of the riparian zones is supported by a range of 
information sources, including topographical maps, aerial photos and 
videos and eco-regions (predictive capability). 

Normally, riparian zones exist around a river or a stream flooded area. 
The edge of a macro channel bank is a good predictor of the riparian outer 
edge. The riparian region is mostly determined by plant indicators. The 
external border of a riparian region ought to be adjacent to the waterway 
and identified by vegetation as the zone where distinctive changes occur in 
the composition of the species relative to the adjacent terrestrial area and in 
physical structure such as vigor or strength of growth of species similar to 
those of adjacent territory (Figure 6.2). These variations between riparian 
and terrestrial plants are largely due to a higher availability of water for 
species adjacent to water bodies than for those that grow at a farther 
distance. Riparian regions have alluvial deposits mostly, though not neces-
sarily. While the occurrence of alluvial soils cannot always be used to 
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reliably demarcate riparian areas as the main predictor the topography and 
vegetation may also be verified. With alluvial deposits observable from the 
sky, aerial photographs and videos can help determine the deposits’ scale 
and the plant line that indicates a variation in the distribution of the species 
or robust growth. The distribution of plant species in riparian areas differs 
amongst regions depending upon climatic and geological conditions. The 
identification of species varieties that ought to grow in riparian zones in a 
specific region of the world is facilitated by using established eco-regional 
classification schemes. 

FIGURE 6.2  Vegetation line between riparian and terrestrial vegetation. 
Source: Department  of Water Affairs and Forestry (2005). 

6.3 IMPORTANCE OF RIPARIAN AREAS

Riparian area fulfills a number of socially valuable purposes, including 
the conservation and improvement of water supplies and the facilitation of 
habitats for fauna and flora. These regions have vital connections to aquatic 
and terrestrial habitats (Elmore, 1992; Osborne and Kovacic, 1993). 

Because of their usage qualities, the riparian areas are particularly 
important (Clary and Booth, 1993). Riparian regions perform several 
roles, including: 

	 Storing water and help in reducing floods;
	 Stabilizing stream banks;
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	 Enhancement of water quality by sediments and nutrients trapping;
	 Preserve the temperature of water for aquatic life;
	 Provide birds and animals with shelter and food;
	 Serve as a barrier between aquatic and adjoining land uses, etc.

The higher riparian vegetative density than neighboring uplands 
reduces the rate of overland or bank-overflow runoff, e liminating sedi-
ments and nutrients effectively (Correll, 1997). More density of vegetation 
leads to increased chemicals and nutrients being assimilated, immobi-
lized, stored, and transformed (Schultz et al., 2000). As riparian regions 
are slowing down and flood waters disperse through banks, more water 
penetrates the ground, recharges groundwater, and reaches the underlying 
streams (Wissmar and Swanson, 1990; Elmore, 1992). A very common 
feature of riparian vegetation is the dense root density. The high root 
density improves protection, reduces soil erosion, and improves the rate 
of infiltration. Increased riparian infiltration rates may contribute to a 
major reduction in overland flow or off-bank flood volumes (Schultz et 
al., 2000). Sediments, chemicals, and nutrients that otherwise reach the 
stream are reduced by the riparian vegetation. Therefore, these areas can 
enhance water quality by reducing emissions from non-point sources. 
Wetlands and riparian areas typically grow between the highlands and the 
neighboring waters as the natural buffers. The depletion of such mecha-
nisms enables NPS toxins to be more directly involved in water receipt. 
Sediment is removed, nutrients, and other contaminants are removed from 
the overland and low surface flow of riparian areas, and habitat values are 
created by streamside, creating coarse and fine particulates and wildlife 
cover and food. 

6.4 EFFECT OF RIPARIAN AREAS ON WATER QUALITY

The collection, removal, transformation, and preservation of substances 
like sediment, nitrogen, ammonia, and some heavy metals are all part of 
riparian areas’ role in enhancing water quality. As a result, wetland and 
riparian areas protect water from pollution by preventing pollutants from 
accessing the water. Wetland and riparian areas are efficient at eliminating 
dissolved solids, nutrients, and other toxins from upland drainage while 
also keeping the stream channel temperature stable. Riparian areas of 
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natural plants are critical for maintaining water quality. Grassy and wooded 
riparian areas have been studied for their role in regulating the transport 
of sediments, nutrients, chemicals, pollutants, microorganisms, and other 
pollutants into waterways by using buffers in and along the riparian areas. 
The capacity of a wetland or riparian area to eliminate NPS contaminants 
from drainage flowing through the wetland or riparian region is referred to 
as the abatement feature of NPS contamination. Riparian wetlands perform 
two important NPS emission control functions: as a phosphorus sink and 
by denitrification, which converts nitrate into nitrogen gas. Wetlands and 
riparian areas are more efficient at reducing non-point source contami-
nation because they are components of an integrated land management 
plan that includes nutrient, sediment, and soil erosion management. 
Furthermore, few researches suggest that riparian and wetland vegetation 
serve as a drain for nutrient uptake and storage (Richardson, 1988). This 
role, though, may be linked to the age of the wetland or riparian forest 
(Lowrance et al., 1983). 

Numerous experiments have looked at the impact of wetlands on water 
availability and quality. Gilliam (1994) conducted a study on riparian 
wetlands and water quality for North Carolina Coastal Plain watershed, 
USA. The existence of vegetated riparian areas between human activities 
and small streams was found to be the most significant factor affecting the 
amount of sediment and nutrients entering streams from nonpoint sources 
in the Eastern and Southern United States. Several studies have shown that 
sediment and nitrate concentrations in water flowing across riparian areas 
have decreased by more than 90% (Chescheir et al., 1991; Haycock and 
Pinay, 1993). Swanson et al. (2017) summarized the interagency riparian 
proper functioning condition (PFC) evaluation for lotic riparian habitats 
and drew links between PFC and water quality features. By dissipating 
energy associated with high water flow, the PFC relationship of hydrology, 
vegetation, and soils/landforms affects water quality by minimizing vertical 
instability and lateral erosion while creating floodplains with trapped sedi-
ment and nutrients. Another research was undertaken in the Black River 
basin in southern Ontario, Canada, to establish SWAT-based wetland 
modeling to analyze the water quality impact of riparian wetland degrada-
tion and regeneration scenarios (Yang et al., 2016). The research findings 
revealed that for 100% riparian wetland depletion, sediment, total nitrogen 
(TN), and total phosphorus (TP) loadings increased by 251.0%, 260.5%, 
and 890.9%, respectively, while for 100% riparian wetland regeneration, 
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they decreased by 34.5%, 28.33%, and 37.0%, respectively. The findings 
also showed that as the depletion of riparian wetlands rises, the resulting 
environmental damage worsens at a faster pace. The environmental effects 
of riparian wetland regeneration, on the other hand, rise at a slower pace as 
the restoration progresses. In the Lehstenbach catchment, an analysis was 
undertaken to further understand the observed pronounced temporal vari-
ability of stream water quality, i.e., to distinguish between biogeochemical 
and hydrological drivers (Weyer et al., 2018). Around 280 samples were 
collected in a creek that flowed through a shallow wetland. To distinguish 
stream water samples, researchers used cluster analysis (CA) based on 
the results of an Isomap analysis. In addition, the water stream sampler 
classification was contrasted with the renowned Schollerand Piper water 
sample classification (Piper, 1944; Schoeller, 1962). The conclusion 
was that bioactivity, interfering with dynamics of the water table in the 
riparian wetlands, was a major determinant for the quality of the stream 
and for solutions export. A thorough understanding of this dynamic is 
important for evaluation of the effects on water quality, nitrogen exports 
and carbon sequestration of the riparian wetlands of both climate and land 
use transition. 

The most important physical, chemical, and biological fates and 
processes for transport linked to riparian areas are infiltration, absorption, 
filtration, adsorption, decay, and assimilation. Infiltration is a primary 
method for transfer of water and dissolved chemical substances and particles 
to the ground. Infiltration is also known as percolation. Infiltrating is one 
of the processes that can be easily quantified and that influence the success 
of the riparian area used for chemicals removal. Therefore, several built-in 
riparian buffers are built to optimize precipitation infiltration (Midwest 
Plan Service. Livestock Waste Facilities Handbook, 1985). Adsorption of 
clay and organic matter in soils is more efficient i n t rapping dissolved 
materials with positive charges, such as heavy metals, orthophosphorus, 
and some contaminants, while filtration is more effective in trapping larger 
soil particles, aggregates, and organic particulates (National Research 
Council, 2002). When conditions are favorable, that is, when nitrate-laden 
groundwater flows from areas which are both rich in organic matter and 
anaerobic, denitrification is very good at separating nitrate from subsur-
face flow. Under aerobic or unsaturated soil environments, denitrification 
can also occur in localized soil micro-sites with large concentrations of 
organic carbon particulate matter (Parkin, 1987). Schade et al. (2001) 

 



 

 

134 Advanced Technologies for Water Quality Treatment and Management 

recognized the value of denitrification over plant assimilation as a method 
for extracting nitrate from shallow groundwater. Organic carbon provided 
by riparian shrubs served as an energy source for denitrification in this 
case. Slack water ecosystems (i.e., shallow, and slowly flowing portions 
of surface water channels) and hyporheic zones may experience the same 
processes mentioned above as subsurface water moving through riparian 
soils. Denitrification, for example, removes nitrate from running water in 
hyporheic zones (Hinkle et al., 2001). 

The length of time runoff and associated chemicals are stored in the 
riparian environment, which is largely a hydrological phenomenon, deter-
mines the degree to which these processes operate. Where overland flow 
and shallow subsurface flow are spread evenly across the riparian region, 
overall pollutant management is more efficient. When one progresses from 
ephemeral and first and second-order streams to broader, higher-order 
streams, the importance of biogeochemical transitions in terms of stopping 
toxins from accessing neighboring waters decreases. Before accessing the 
channel network, a larger portion of the current flows t hrough riparian 
areas along low-order waterways, rendering their riparian areas more 
effective in removing toxins from runoff. If water quality is a top priority, 
regeneration of usable riparian areas along ephemeral and first and second-
order streams should take precedence over broader, higher-order streams 
(Brinson, 1993; National Research Council, 2002). 

6.4.1 EFFECT ON SURFACE WATER QUALITY 

Before reaching the stream, drainage water from either agricultural 
or industrial uplands can travel through the riparian forest. The quality 
of the water joining the stream along its journey can be influenced by 
chemical, physical, and biological activities in the riparian environment. 
Runoff water from developed areas, such as farm fields, also absorbs 
elevated levels of nitrate-nitrogen (NO

3
––N) and phosphorus, which are 

important nutrients for growing crops but toxic to humans and animals 
in high concentrations. Furthermore, excess nutrients in receiving waters 
will promote algae formation, reducing the oxygen supply required for 
fishing and disrupting the aquatic food chain (Evans et al., 1996). When 
farm runoff water was drained into a wetland instead of released directly 
into a stream, plant nutrient and sediment concentrations in the water 
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were decreased by 30% to 100% (Chescheir et al., 1991). The smaller the 
quantities of contaminants that entered the stream when the drainage water 
remained in the wetland for a longer time. Only a small amount of drained 
water, as well as all contaminants were left in the wetland. The amount of 
nutrients and sediments reaching the sea also increased as runoff volume 
and velocity grew. Researchers conclude that a large amount of nitrate 
nitrogen has been lost as it crosses the rivers. The nitrate-nitrogen content 
of the highlands river was determined to be nearly 85% per year, with a 
shift of 27 pounds of NO

3
––N per acre on the farm’s edge to about 4 pounds 

per acre at the edge of the wetland near streams (Cooper et al., 1987a). 
Most nitrate-nitrogen was lost when flow traveled through farm fields 
and small streams through the thin vegetation bands. Most investigators 
believe that denitrification and plant intake are the main mechanisms of 

–the removal of NO
3 

 in riparian areas. It was noticed that the NO
3
/Cl– ratio 

was greatly changed because the water poured through the riparian area 
from the agricultural region. Denitrification was concluded to be primarily 
responsible for removing NO

3
 (Dar et al., 2020). 

Riparian wetlands are able to extract a considerable number of sedi-
ments and phosphorus from the surface flow. The thick growth of vegeta-
tion typical at the edge of riparian areas in the field-forest delays the water 
flow on the soil and deposits much of the coarse sediments. As the water 
flows through the wetland into the higher order streams and finally to 
the flora, the composition of the deposited sediments becomes finer and 
cleaner. When it enters the floodplain swamp, the sediment layer is very 
thin and consists mostly of clay-sized fragments. The impact of sediment 
and phosphorus accumulation on land surface runoff was calculated by 
a report (Cooper et al., 1987b). The investigators find that much of the 
sediment had been deposited at the field edge in the riparian region (Figure 
6.3). Around 85%–90% (after extrapolation of the data) of the water in 
wooded areas was trapped (Figure 6.4) and did never reach large streams. 

Another research was conducted also to assess the efficacy of riparian 
filters in separating sediment from surface waters using 137Cs (Lowrance
et al., 1988). It was discovered that the riparian forest deposited more soil 
than the surrounding farm area lost. This disparity was due to deposition 
from the watershed’s upstream sections (Lowrance et al., 1986). This 
group therefore claimed that riparian environments are effective and 
essential sediment traps based on this and their previous works. Similarly, 
it was discovered that 90% of the sediments were depleted in a forested 

 



 

 

136 Advanced Technologies for Water Quality Treatment and Management 

wetland receiving pumped farm runoff (Chescheir et al., 1991). The with-
drawal of P from drained agriculture runoff water necessitated sediment 
co-deposition (Chescheir et al., 1991). However, a study revealed that 
the soluble amounts in surface water that enters and leaves riparian areas 
remained unchanged (Peterjohn and Correll, 1984), implying that riparian 
buffers do a decent job at eliminating P bound to sediments but are largely 
inefficient at reducing soluble P (Gilliam, 1994). 

FIGURE 6.3  Depth of sediment accumulation in riparian wetlands. 
Source: Cooper et al. (1987a, b).  

 FIGURE 6.4 Cumulative deposition of sediments on base of riparian wetland (Cooper 
et al., 1987a); and phosphorus deposits and its spread in riparian wetlands (Cooper et al., 
1987b). 
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6.4.2 EFFECT ON GROUNDWATER QUALITY 

A high quality, but rarely significant in amount, water percolates from 
unfertilized wetland soils to existing groundwater supply. Wetlands are 
damp due to one or both factors: (i) they produce a huge amount of water 
from surface flow or precipitate or (ii) water is percolated naturally through 
the soils. Subsequently the amount of groundwater recharge is small when 
percolation is small (Evans et al., 1996). In the Coastal Plain of Northern 
Carolina, Jacobs and Gilliam (1985) noted that NO

3
––N was reduced from 

approximately 15 mg/L to 1–2 mg/L in shallow waters flowing from agri-
culture to the small streams shown in Figure 6.5. This decrease occurred 
on the riparian region of the first 10 to 15 m. 

Riparian wetlands, for example, corn fields or interstream receive a 
significant amount of drainage from steep slope areas. Whereas some 
contaminants are eliminated and trapped, groundwater has little time for 
refilling as this water flows rapidly across the soil surface on its way to the 
outlets. In addition, riparian regions present next to streams directly drain 
groundwater into them. 

 

  

FIGURE 6.5 Concentrations of nitrate–nitrogen and chloride in shallow groundwater 
flowing from a cultivated coastal plain area to a small stream through a wooded riparian 
filter.  
Source: Adapted from: Jacobs and Gilliam (1985).  
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6.5 MANAGEMENT OF RIPARIAN WETLANDS

Although wetland regions and riparian areas reduce pollution due to NPS, 
it is done under certain specific operating conditions. If hydrological 
modifications or NPS emissions surpass the normal assimilation capability 
of such systems, areas of the wetlands and riparian areas are disturbed and 
may be degraded. Deteriorated wetlands are less able to eliminate contami-
nants from non-point sources and to control flood water peak flows (Rich-
ardson and Davis, 1987; Bedford and Preston, 1988). A degraded wetland 
may also provide the surrounding water bodies with elevated amounts 
of sediment, nutrients, and other environmental contaminants, which are 
not a treatment, but a source of non-point contamination (Brinson, 1988). 
There must also be protection against alterations to wetlands and riparian 
regions that would disrupt their prevailing roles. Additionally, deterio-
rated wetland and riparian area shall, where appropriate, be reclaimed to 
facilitate a reduction in NPS emissions. The conservation projects seek to 
maintain current roles as part of the NPS for improvements in water quality 
in wetlands and riparian areas. The solution in general is to establish a 
series of operations that preserve wetland and riparian functions and avoid 
adverse effects on areas which have a reduction in the emissions caused by 
the NPS. A combination of programmatic and structural practices should 
protect the ecosystem and water quality functions of wetlands and riparian 
areas serving an NPS pollution abatement function. The ecology and water 
quality role of wetlands and riparian areas performing an NPS pollution 
reduction role should be protected by a balance of programmatic and 
structural activities. 

Erosion of the horizontal channel (meanders), typical in the floodplain, 
which damages soil and riparian vegetation only to be deposited down-
stream. Floods intensify erosion and deposition, deluge vegetation on the 
banks of the river, and distort, destroy, ruin, or uproot vegetation. Mass 
flooding, sediment torrents and organic debris barriers are also related 
to floods (Swanson et al., 1976; Swanston, 1978, 1980). These activities 
disrupt riparian vegetation but may also develop new riparian or wetland 
conditions with the modification o f t he s tream p rofiles. If  unchecked, 
wildlife species can have major impacts in riparian and wetland habitat 
concentrated locations. An effective riparian planning strategy for 
protecting water quality and fishery and biodiversity resources is the main-
tenance of barriers or leave strips. Forest routes, if built along waterways 
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or over waterways, limit wetland habitat and riparian productivity for 
many species of wildlife. Road building has the greatest and much more 
long-lasting effects on riparian areas than any other management or devel-
opmental work (Thomas et al., 1979). When grazing in riparian areas and 
wetlands is intense and persistent, it can diminish, alter, or remove the 
vegetation which supports the important habitats for wildlife (Kennedy, 
1977; Platts, 1981; Storch, 1979). 

Protection of uninterrupted riparian areas is extremely important, 
as conservation on both environmental and economic grounds can 
require much more than merely avoiding changes caused by humans as 
a management method. Measures to maintain intact habitats are often 
reasonably simple to introduce, are equally possible and less expensive 
than to restore damaged structures (NRC, 1992; Cairns, 1993). Proto-
cols must be formulated in order to promote effective measures in the 
conservation of productive riparian/wetland habitats in response to the 
effects of drought as well. Alternatives of riparian or wetland monitoring 
must incorporate changes of grazing seasons and seasonal restrictions 
in order to safeguard the needs of flora, vulnerable watersheds, riverine, 
fauna, and other resources values. Restructuring is also a social and 
scientific c hallenge i n d eteriorated r iparian a reas. T his m eans that 
restoration applies to both the recovery and the expected outcome of 
the degraded riparian areas. A primary goal of riparian restoration is to 
encourage natural pathways and connections among terrestrial, river, 
and aquatic environments on a self-sustaining basis. Initiatives such 
as the Conservation Reserve USDA Program and the Wetland Reserve 
Program focus on providing ways to restructure and preserve riparian 
regions and wetlands. The ecosystem restoration of Riparians may 
include attempts to modify or repair their properties or environments 
physically, chemically, scientifically, b iologically o r i n t he interest 
of the wetland habitats. Some of the riparian restoration approaches 
include control over exotic species, riparian-growing, cottonwood 
protection, proper use of fire, contouring, and s tabilizing floodplains, 
closed-loops, optimized grazing methodologies, better education or 
even other forms of handling or management to enhance the healthy 
ecological systems. In addition, implementation of a habitat conserva-
tion plan in the riparian/aquatic/floodplain areas may be considered part 
of management programs. 
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6.6 CONCLUSION

Wetlands and riparian areas serve significant roles, such as feeding a range 
of birds, nesting materials sources, habitat for aquatic animals, and wildlife 
nurseries (Atcheson et al., 1979). Floodwater storage, erosion control, 
and groundwater recharge are other important purposes of the wetlands 
and riparian areas. Riparian areas protect water receiving from pollutant 
impacts by preventing pollutant intrusion into the receiving waters. Usually, 
wetlands, and riparian areas act as natural buffers between uplands and adja-
cent water bodies. Decline of such networks enables NPS contaminants to 
make an increasing contribution to the water supply. Over 50% of suspended 
particles enter wetlands and riparian zones and are removed. 

Wetlands and riparian areas typically remove 60–75% of overall 
nitrogen contaminants from surface water as well as from groundwater. 
The removal of phosphorus ranges from 50% to 80% in wetlands and 
riparian areas. Therefore, a strong effort should be made for preserving 
wetland acting as a vegetated buffer alongside seasonal and intermittent 
channels or streams. Building, excavation, channeling, or other major 
changes may virtually destroy wetland and riparian regions for highly 
developed urban areas. Overexploitation of the grassland or loss of natural 
plants and substitution by annual or perennial cultivation may be affecting 
wetlands and riparian areas in agricultural areas. These are such practices 
that will degrade or eliminate wetland and riparian’s role to enhance the 
quality of water and may exacerbate NPS problems. Riparian and wetland 
zones should be protected, as these areas are the most critical areas to 
preserve water quality and enable control of both the NSP and the corol-
lary advantages of such natural aquatic environments. 
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ABSTRACT 

The deteriorating water quality in almost all the water systems of the world 
is an alarming concern for scientists throughout the world. Therefore, 
identification of the contaminants, the contribution of different sources of 
pollution and to keep its track in real-time is a challenging task. Continuous 
and accurate monitoring of large-scale waterbodies with limited resources 
can be effectively managed through remote sensing technologies. Satellite 
imaging can help us develop an integrated water quality monitoring data-
base for effective assessment and management of our precious resources. 
The water quality parameters help in deciding the suitability of particular 
water to its best possible use based on its quality. The satellite remote 
sensing helps to acquire information on the water quality parameters based 
on the optical properties of water has proved to be a great boon to provide 
real-time synoptic view for mapping the water quality parameters. With 
the improvement in technological developments in sensor technology in 
terms of resolutions and accuracy, i.e., the latest hyperspectral imaging, 
improved algorithms, availability of data, use of artificial intelligence 
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and neural networks have enabled us in monitoring not only the optically 
active water quality parameters, but also the distribution of optically inac-
tive water quality parameters. In this chapter will discuss in brief about 
the principle behind the estimation of different water quality parameters 
using remote sensing, the type of sensors employed both spaceborne and 
airborne and different approaches used to estimate various types of water 
quality parameters. 

7.1 INTRODUCTION

Water resources are one of the most precious and important natural 
resources on earth. Almost all living beings rely on water for their survival 
including human beings. Our water resources play an important role in 
sustaining different ecosystems, acting as a source of food, income, and 
livelihood for many. With a rapidly growing population, socio-economic 
development, urbanization, and globalization, an increased amount 
of stress has been placed on our water resources especially in times of 
changing and uncertain climate change (Hameed et al., 2017; Dar et al., 
2017). The water quality has been deteriorating in more than half of the 
water systems around the world due to anthropogenic pollution (Dai et al., 
2017). 

Water quality, in general, describes the characteristics of water in terms 
of chemical, physical, and biological attributes of water. Water quality is 
rather a relative term than an absolute, usually defined with respect to 
its suitability for a specific need or purpose. The water quality param-
eters suitable for irrigating the crop may not be suitable for direct human 
consumption. So, the criteria, one standard fit all is not applicable in this 
case and the treatment level required depends on the purpose for what it 
is being utilized. Most commonly, the standards used to assess the water 
quality differs with its requirements for human consumption, agriculture, 
animal husbandry and industry needs. Water quality is affected by pollut-
ants delivered from both point and non-point sources (Dar et al., 2020). 
Point source refers to a single source of pollution, such as a pipe outlet 
or ditch. Non-point sources are difficult to t race as they are diffuse and 
depends on the response of watershed to the water movement, land use 
management, and human and natural activities in a watershed (Ritchie et 
al., 2003). Agricultural and urban runoff, treated, and untreated 
sewage 
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discharge, industrial activities like mining, construction, and manufac-
turing are all sources of pollution that negatively affects the quality of 
water. Water pollution not only affects the inland freshwater resources but 
also the fragile coastal ecosystems like estuaries, which are more sensi-
tive to changing environments due to anthropogenic activities. Therefore, 
it is vital to develop an integrated water quality monitoring database for 
efficient and sustainable management of existing water resources (Wang 
et al., 2017). 

Traditionally, the water quality indicators, including physical, chem-
ical, and biological properties, are determined by in situ observations by 
collecting samples from point of interest followed by analyzing them in 
the laboratory. Although these conventional point sampling measurements 
are accurate at particular discrete points, they are time consuming, labor 
intensive and costly. Moreover, they do not provide real-time synoptic 
view of water quality parameters required for accurate assessment and 
management of global water systems. Different studies have demonstrated 
that remote sensing can act as a valuable tool for monitoring water quality 
in a cost-effective way, especially for large scale monitoring. It provides 
quick, detailed, and reliable information for systematic water management. 
Remote sensing has an upper hand over conventional in situ measure-
ments because it makes it possible to identify, monitor, and quantify the 
water quality parameters in a more efficient and effective way (Lindell 
et al., 1999). Remote sensing can be used successfully in countries that 
either lack in conventional water quality monitoring programs or they are 
unsatisfactory (Bonansea et al., 2019). 

Many different types of sensors mounted either on a spacecraft or 
any other platforms are used to measure the radiation reflected from the 
water surface at different wavelengths for water quality analysis. This 
reflected radiance has different characteristics because of the presence 
of different constituents in water. These reflections are used to detect 
different water quality indicators like chlorophyll concentrations (chl-a), 
total suspended solids (TSS), turbidity, colored dissolved organic matter 
(CDOM), Secchi disk depth (SDD), water temperature, salinity, pH, 
dissolved oxygen (DO), total phosphorus (TP), etc., either directly or 
indirectly. The essential factors for monitoring and assessment of water 
quality depend on the spectral signatures of water and its constituents. 
This chapter will review in brief the different types of sensors used for 
analyzing water quality and the different water quality indicators that 
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are currently analyzed through remote sensing. Many different types of 
multispectral and hyperspectral satellites have successfully been used for 
the estimation of different water quality parameters that are discussed in 
detail in further sections. 

7.2 BASIC PRINCIPLE BEHIND WATER QUALITY
MEASUREMENT USING REMOTE SENSING 

The remote sensing of water bodies is based on the radiation backscat-
tered from its surface. The water body receives the radiation emitted from 
the sun. The presence of different substances causes water to backscatter 
the light differently which is then sensed by the remote sensing sensor. 
Observing the spectrum of water also called spectral signature helps us to 
interpret water quality parameters like color, saturation, transparency, etc. 
The satellite images derived from the sensor needs to be processed before 
utilizing them for analysis purpose. The images need to be preprocessed 
for geometric, radiometric/atmospheric corrections and reduce noise. 
Geometric corrections are done to ensure that each pixel in the image 
is at its correct position w.r.t. earth surface. Atmospheric or radiometric 
correction is done to remove the effect of clouds, water vapor, or other 
gasses present in the atmosphere. Water generally reflects light in the 
visible range of the EM spectrum however some also reflect light in the 
near-infrared (NIR) section of the spectrum. 

In general, the major water quality indicators that affect water quality 
can be classified as physical, chemical, biological, and esthetic indicators 
as given in Figure 7.1. But for estimating water quality parameters through 
remote sensing, the water quality parameters can be classified into two 
categories based on their optical properties, i.e., optically active and opti-
cally inactive components. These parameters are described in detail in the 
section. The presence of optically active elements in water interacts with 
light and changes the energy spectra of reflected solar/thermal radiation 
through different absorption of the spectrum. The changes in the spectral 
signature backscattered from water are sensed through remote sensing 
sensor and related to the parameter of interest using empirical or analytical 
models. Some of the chemicals and pathogens, which are not optically 
active, are inferred indirectly from the measurement of detectable water 
quality parameters having strong correlations with them (Ritchie et al., 
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2003). The optimal wavelength corresponding to a water quality param-
eter depends on the substance being measured, its concentration, and the 
sensor characteristics. 

 FIGURE 7.1 Classification of water quality indicators. 

The development of remote sensing technology for water quality 
measurement through airborne, space-borne platforms or close-range 
optical devices like spectrometers and radiometers started in the late 1970s. 
The initial techniques focused on measuring the spectral and thermal 
differences in the emitted energy from the water surfaces and empirical 
relationships were drawn between spectral properties and the water quality 
parameter of interest. The various approaches used in remote sensing to 
estimate water quality parameters are discussed in further sections. 

7.3 REMOTE SENSING APPROACHES FOR WATER QUALITY
ASSESSMENT 

Various approaches are used to derive water quality parameters through 
remote sensing. They are divided into empirical, semi-empirical, analyt-
ical, and semi-analytical methods (Wang and Yang, 2019). The various 
approaches are used and then validated by in situ measurements. The 
images obtained through remote sensing are high in accuracy and can 
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generate spatially explicit water quality maps in a more efficient way even 
limited in situ data (Gholizadeh et al., 2016; Giardino et al., 2010; Wang 
et al., 2012). 

7.3.1 EMPIRICAL METHOD 

Here, statistical relationships/regression is established between the 
in-situ measurement of water quality parameters and the characteristic 
spectral bands or combination of spectral bands, i.e., reflectance values 
extracted from the image through remote-sensing to obtain the empirical 
algorithm (Qi et al., 2014). This empirical algorithm is then used to obtain 
the distribution of water quality parameters in a larger space for a longer 
time. An empirical method was first used by (Ritchie et al., 1975) to 
estimate suspended sediments (SS) using equation, Y=A+BX or Y=ABX 

where, Y is the reflectance/radiance from the remote sensing sensor 
and X is the water quality parameter that needs to be determined, i.e., 
chlorophyll, suspended sediment, etc. A and B are empirical coefficients 
derived from the statistical relationship between spectral reflectance 
value and the corresponding in situ water quality parameter. Techniques 
like linear regression, use of single-band method, combination of more 
than 1 band like band ratios, artificial neural network (ANN), principal 
component analysis (PCA) are generally used to solve for the empirical 
algorithm. These methods have been widely used to estimate chlorophyll, 
TSS, SDD, CDOM, water clarity and turbidity. Empirical methods are 
easy to use as no understanding of the underlying physics is needed to 
model the atmospheric and underwater optical properties. The simplicity 
and reliability of empirical methods makes them preferable over other 
complex methods (Matthews, 2011). Empirical methods can also be used 
to model parameters which are not optically active, e.g., phosphorus 
(Torbick et al., 2013). The negative side of the use of empirical methods 
is their inability to distinguish the non-unique signals from the param-
eters that reflect in similar spectrum, e.g., TSS, and Chl-a (Matthews, 
2011). Another disadvantage is the use of the empirical approach is that 
the shallow waters cause high reflectance values probably due to bed 
reflectance and results in overestimation of water column constituents 
(Mbuh, 2019). 

 



 

 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

155 Role of Remote Sensing in Assessing Quality of Water 

7.3.2 SEMI-EMPIRICAL METHOD 

The use of semi-empirical method is considered an improvement over 
empirical method because here the band selection is based on the prior 
knowledge of how our parameter of interest will affect reflectance in 
different spectral bands. Spectral characteristic identification aids in 
model creation which can be applied for assessment of a larger area/ 
reservoir. It combines the measured in situ spectral data along with the 
statistical relationships (Li, 2009). Semi-empirical methods are utilized in 
combination in hyperspectral remote sensing as it allows the identification 
of narrow spectral bands, and hence, it requires a lot of manpower for data 
collection. 

The semi-empirical methods have been used widely for retrieval 
of chlorophyll-a (chl-a) concentration in high turbid waters in which 
the wavelengths from dissolved organic matter (DOM) and tripton 
overlap with that of chlorophyll (Gitelson et al., 2003; Reif, 2011) 
using band ratio algorithms. Though the semi-empirical methods have 
higher accuracy than the empirical methods (Huang et al., 2018), they 
require thorough in situ data for validation and testing and can only be 
applied to water bodies with similar conditions, i.e., they are scene and 
time-dependent. The applicability of these algorithms to different envi-
ronments calls for accurate atmospheric corrections and background 
information which is difficult to obtain on a  local basis (Feng e t al., 
2005). 

7.3.3 ANALYTICAL OR PHYSICAL METHOD 

The analytical models are complex theoretical models based on the 
radiation transfer theory. The absorption and scattering coefficients 
of the reflectance leaving the water surface are studied at multiple 
wavelengths. The relationships are established between the reflectance 
leaving the surface of water and the concentration of the constituent in 
water and their inherent optical properties (IOPs) (Giardino et al., 2007; 
Knaeps et al., 2010; Reif, 2011). An analytical model was first proposed 
by Schiebe et al. (1992) based on the IOPs of water and the relationship 
between the spectral and physical characteristics of the surface water to 
determine suspended sediment concentrations. The model had the form 
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Rj = Bj[1 – e(c/Si)] where Bi and Si were statistically determined coef-
ficients, Rj is the reflectance obtained from the RS in ith wave band and 
c is the suspended sediment concentration. The analytical methods have 
the ability to measure simultaneously different water quality parameters 
provided IOPs of the parameters are known and a huge amount of in situ 

data is available. When measured in situ data is not available, inversion 
methods are used to optimize the unknown parameters to determine the 
water quality parameter through inversion of radiative transfer equation 
(RTE) (Giardino et al., 2007). 

7.3.4 SEMI-ANALYTICAL METHOD 

This method is similar to the analytical method but here the analytical 
techniques are empirically parameterized with the in-situ measurements. 
The three-band model, utilizing absorption coefficients from three wave-
lengths was used to estimate chlorophyll in terrestrial vegetation (Gitelson 
et al., 2003) and turbid waters (Dall’Olmo et al., 2003) and retrieval of 
suspended sediment concentration (Kong et al., 2015). A Quasi Analytical 
model was used by Matin et al. (2019) to study the variability of backscat-
tering coefficient to estimate chl-a in coastal regions of Kerala in India. 
The semi-analytical method is more convenient, flexible, and offers higher 
inversion accuracy. 

Model inversion accuracy is an important component for the 
development of the four methods described here especially in shallow 
waters to separate the reflectance from the surface and the bed of the 
water body (Reif, 2011). Scientists, over the world have used many 
methods to improve the accuracy of these methods by using analysis of 
the measured spectra, band combinations/band-ratios, time segmenta-
tion, water space division, etc. (Wang and Yang, 2019). It is difficult 
to conclude which method is better because the choice of method 
depends on the resources available and the amount of accuracy needed 
to estimate these water quality parameters. In general, analytical and 
semi-analytical methods are a better choice over other methods as they 
combine both the physical and spectral aspects of the modeling, but 
they are complex and computationally intensive in comparison to the 
empirical methods (Reif, 2011). 
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7.4 SENSORS FOR WATER QUALITY ANALYSIS

The different types of sensors employed for water quality analysis are 
given in the Figure 7.2 and Table 7.1. 

 FIGURE 7.2 Classification of the different types of sensors used in water quality studies. 

The optical sensors are the ones that convert light to an electric signal 
which is then read by an integrated measuring device. Optical sensors 
have been extensively adopted in water resource management because of 
availability of optimum spatial and spectral resolution along with higher 
data availability (Huang et al., 2015). They are classified b ased o n the 
mounting of the platforms. Airborne sensors work within the periphery 
of the earth’s atmosphere while the space-borne sensors work beyond 
the boundary of the earth’s atmosphere. Airborne sensors are perfect 
for monitoring small waterbodies because they offer higher spectral and 
temporal resolution and are much more flexible than spaceborne sensors. 
The commonly used airborne sensors along with their spatial resolution 
applied for water quality assessments are listed in Table 7.2. More detailed 
information on these airborne sensors can be found in (Gholizadeh et al., 
2016). 
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TABLE 7.1 Commonly Used Airborne Sensors Used in Water Quality Assessments 

Sl. Sensor Type Resolution (m) 

No. 

1. Airborne visible infrared imaging
spectrometer (AVIRIS)

Hyperspectral 17 

2. Airborne prism experiment (APEX) Hyperspectral 2–5 

3. Airborne imaging spectrometer (AISA) Hyperspectral 1 

4. Compact airborne spectrographic imager
(CASI-1500)

Hyperspectral 0.5–3 

5. Digital airborne imaging spectrometer
(DAIS 7915)

Hyperspectral 3–20 

6. Daedalus multispectral scanner (Daedalus
MSS)

Multispectral 25 

7. Environmental protection system (EPS-H) Hyperspectral Minimum 1 m 

8. HySpex hyperspectral cameras (HySpex) Hyperspectral 0.5 m at 2,000 m 

9. Hyperspectral digital imagery collection
experiment (HYDICE)

Hyperspectral 0.8–4 

10. PROBE-1 in the U.S. (HyMap) Hyperspectral 3–10 

11. Multispectral infrared and visible imaging
spectrometer (MIVIS)

Multispectral 3–8 

Source: Adapted from: Gholizadeh et al. (2016). 

Satellite sensors are generally employed to study larger water bodies 
because of high spectral resolution. Space-borne sensors are further 
classified based on the spatial resolution of the sensors. Spatial resolution 
is the area on the ground that is clearly discernable from a certain height 
within a pixel and how precisely these details are captured for the 
construction of a digital image. The three categories are high (<5 m), 
medium (5–200 m), and coarse (>200 m) resolution. The commonly used 
space-borne sensors falling in these three categories are given in the table 
along with their spatial and temporal resolution. More detailed information 
on other aspects of these sensors can be found in (Gholizadeh et al., 2016; 
Huang et al., 2018). 

 



 

 

Sensor Group Satellite/ Full Form Spatial Temporal 

Sensor Resolution (m) Resolution 

(days) 

High IKONOS Greek word for 1.4 1.5–3 
resolution image 
sensor QuickBird – 0.61–2.24 2.7 

WorldView Digital 
GlobeWorldView-2 

1.85–0.46 1.1 

Digital 
GlobeWorldView-1 

0.5 1.7 

 NOAA – 1.24–3.7–0.31 1–4.5 
WorldView-3 

RapidEye – 5 1–5.5 

ZY-3 – 2.1–5.8 5 

GF-1/GF-2 – 1–16 4–5 

Medium Landsat Landsat-5 MSS 80 18 
resolution Landsat-5 TM 30–120 16 
sensor 

Landsat-7 ETM+ 30–15–60 16 

Landsat-8 OLI/TRS 30–15–100 16 

ASTER Advanced 15–90 16 
spaceborne thermal 
emission and 
reflection radiometer 

Sentinel-2 MSI Sentinel-2 multi 10–60 5 
spectral instrument 

SPOT Systeme probatoire 
d’observation dela 

2.5–20 26 

tarre 

Coarse- NOAA/ National Oceanic 1,100 0.5 
resolution AVHRR and atmospheric 
sensor administration/ 

advanced very high-
resolution radiometer 

SeaWiFS Sea-viewing wide 
field-of-view sensor 

1,130 1 

AATSR Advanced along 
track scanning 

1,000 3–6 

radiometer 
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TABLE 7.2 Commonly Used Spaceborne Sensors Used in Water Quality Assessments 

 



 

 

 TABLE 7.2 (Continued) 

Sensor Group Satellite/ Full Form Spatial Temporal 

Sensor Resolution (m) Resolution 

(days) 

MODIS  Moderate 250–1,000 0.5 
resolution imaging 
spectroradiometer 

Suomi Suomi national 375–750 0.5 
NPP-VIIRS  polar-orbiting-visible 

infrared imaging 
radiometer 

MERIS  Medium resolution 300 3 
imaging spectrometer 

Sentinel-3 Sentinel-3 Ocean and 300 2 
OCLI land color instrument 
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Source: Adapted from: Gholizadeh et al. (2016); Huang et al. (2018). 

The coarse resolution sensors are characterized by low accuracy 
because of high information generalization but higher temporal resolu-
tion and broad coverage. A popular coarse resolution sensor MODIS 
has been used extensively used for detecting surface water (Peng et al., 
2005; Chen et al., 2013) and lake water variations (Peng et al., 2005; 
Feng et al., 2012; Cai et al., 2016; Lu et al., 2017) because of its high 
spatial resolution and short revisit time. VIIRS has also been used as an 
upgradation to AVHRR and MODIS (Huang et al., 2015). Medium resolu-
tion sensors are widely used in studies concerned with the dynamics of 
most kinds of surface water bodies because of its optimum spatial and 
temporal resolution. Landsat series is one of the most successfully used 
satellite series in history. Starting with the launch of Landsat-1 in 1972 
to the latest Landsat-8, launched in 2013, the spatial resolution of these 
satellites has improved from 80 m to 15 m over the years. The quality of 
sensors has also improved from the use of multispectral scanner (MSS) in 
Landsat-1, thematic mapper (TM) in Landsat 4 and 5, enhanced thematic 
mapper (ETM+) in Landsat-7 to the latest operational land imager (OLI) 
in Landsat-8. The latest OLI sensor has already been applied for surface 
water studies (Acharya et al., 2016; Ji et al., 2015; Li et al., 2016; Singh 
et al., 2015). The Landsat series has been most preferred because of its 
universal appeal and easy accessibility. Another medium resolution satel-
lite series, i.e., SPOT is loaded with sensors having resolutions (10 m) 
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higher than that of Landsat imagery has limited application because of 
the non-availability of freely distributed data. High resolution sensors like 
IKONOS, QuickBird, RapidEye, and WorldView have been used for the 
detection of small water bodies because of its finer spatial resolution of 1 
m or less. They are generally not applicable to large water bodies because 
of its small scene coverage, limited availability of images and shadow 
problem in images (Sawaya et al., 2003). 

The selection of appropriate optical sensors should be done after careful 
consideration on parameters like spatial and temporal resolution. There is 
no doubt that the higher resolution sensors have higher accuracy, but they 
generally have low temporal resolution, that hinders the intensive real-
time monitoring. Therefore, high resolution is not always a good option. 
On the other hand, the coarse resolution sensors have lower accuracy but 
have higher temporal resolution. It is therefore important to choose the 
data from the sensor with suitable resolutions keeping in view the scale of 
water bodies to be studied. 

The other types of sensors include synthetic aperture radar (SAR) and 
microwave radiometers (MWR). Passive MVRs uses long wavelength 
radiation called microwaves. Because they are not dependent on radiation 
from sunlight, they can work day and night in any weather as microwaves 
can penetrate both cloud and vegetation coverage. These types of sensors 
are generally used by oceanographers to study salinity and surface temper-
ature of the waterbodies. SAR creates 2D and 3D images of objects, and 
can be used either as a spaceborne or airborne sensor. SAR has been used 
for detecting oil spills in water, for studying wind speed at sea-surface, 
ocean topography and regional ice monitoring but there use is limited in 
water quality assessment studies (Gholizadeh et al., 2016). 

7.5 WATER QUALITY PARAMETER ESTIMATION THROUGH
REMOTE SENSING 

Water quality studies determine the physical, chemical, and biological 
characteristics of waterbodies and identify the possible contaminants 
that deteriorate the water quality (Usali and Ismail, 2010). Some of 
the reasons behind the water quality deterioration are heavy metals, 
waste discharges nutrients, pesticides, sediments, and microorgan-
isms. Most of the research conducted previously have emphasized on 
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optically active parameters, like chlorophyll-a (chl-a), turbidity, and 
TSS that reflect light in a particular wavelength. In a systematic review 
conducted by (Huang et al., 2018) to review the water quality moni-
toring and evaluation studies conducted in China using remote sensing, 
out of the 403 studies taken into consideration, 212 studies were only 
focused on chl-a and another 171 studies were for SS. In contrast, only 
a limited amount of literature has been reported for optically inactive 
parameters like TP, Nitrogen, pH, Electrical conductivity, BOD, and 
COD, etc., because of their weak reflectance characteristics and low 
signal noise ratio. The assessment of these parameters is also necessary 
for estimating water quality indices and further efforts are needed to 
assess these parameters. Some of the commonly estimated water quality 
parameters through remote sensing are discussed in this chapter. The 
most commonly measured qualitative water quality parameters through 
remote sensing are listed in Table 7.3. 

TABLE 7.3 Commonly Evaluated Water Quality Parameters via Remote Sensing 

Water Quality Parameter Abbreviation Units 

Optically Active Water 
Quality Parameters 

Chlorophyll-a 

Turbidity 

(Chl-a) 

(TUR) 

milligram/liter 

NTU 

Total suspended solids (TSS) milligram/liter 

Total organic carbon (TOC) milligram/liter 

Temperature T °C 

Electrical conductivity (EC) μs/cm 

Colored dissolved organic 
matter 

(CDIM) milligram/liter 

Secchi disk depth (SDD) meter 

Sea surface salinity (SSS) PSU 

Optically Inactive Water 
Quality Parameters 

Chemical oxygen demand 

Dissolved organic carbon 

(COD) 

(DOC) 

milligram/liter 

milligram/liter 

Total phosphorus (TP) milligram/liter 

Biological oxygen demand (BOF) milligram/liter 

Ortho-phosphate (PO
4
) milligram/liter 

Source: Gholizadeh et al. (2016). 
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7.5.1 OPTICALLY ACTIVE WATER QUALITY PARAMETERS 

7.5.1.1 CHLOROPHYLL 

As discussed earlier, Chlorophyll-a (chl-a) is one of the most intensely 
studied water quality parameters as it acts as an important water trophic 
level indicator, especially for lakes (An et al., 2013). Chl-a is present as 
a photosynthetically active pigment in plants, algae, phytoplankton, and 
cyanobacteria. The chl-a concentration is thus a representative of these 
algal, phytoplankton, and cyanobacterial blooms driven by eutrophication 
phenomenon in freshwater lakes. So, monitoring chlorophyll concentra-
tion through remote sensing helps quantify the eutrophication of lakes both 
spatially and temporally. In most cases, detection of chlorophyll through 
remote sensing is based on empirical relationships between reflectance in 
narrow bands and chlorophyll concentrations. The in-situ measurements 
are conducted to calibrate and validate these empirical relationships. Chl-a 
absorbs energy in the violet-blue and orange-red region of the electromag-
netic spectrum (EM) while reflecting green causing chlorophyll to appear 
green. 

A large number of wavelengths and algorithms have been used to 
monitor chlorophyll concentrations in estuaries, oceans, and freshwaters. 
Initially, bio-optical algorithms were designed. In ocean waters, whose 
IOPs are dominated by phytoplankton, i.e., Case 1 waters, spectral bands in 
the blue to green region were adequate for identifying chl-a concentrations. 
However, advanced approaches are needed for detection chl-a in Case 2 
waters, whose IOPs are affected by CDOMs, mineral particles in addition 
to phytoplankton. The retrieval algorithms for chl-a concentrations differs 
depending on the type of water (Gitelson et al., 2009; Gordon and Wang, 
1994). In a study conducted by Schalles et al. (1997) to estimate algal 
loads, he showed increased reflectance with the increase in chlorophyll 
concentration across most of the wavelengths but decreased reflectance of 
chlorophyll for the wavelength range of 675 to 680 nm. Some researchers 
have also reported that at short wavelengths, i.e., blue, the spectral response 
decreases with increase in chl-a concentration (Brivio et al., 2001; Bukata 
et al., 1995; Dekker and Peters, 1993). 

The different types of bands used in multispectral and hyperspectral 
imaging are shown in Figure 7.3 (Suarez et al., 2018). The single band of 
red (600–700 nm), green (500–600 nm) and blue (400–500 nm) of Landsat 
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5-TM were used as linear models for chl-a studies by Ritchie et al. (1990);
Dekker and Peters (1993); and Lathrop and Lillesand (1986), respectively.
As a further improvement, band combinations and band ratios are also
used widely to quantify chl-a (Dekker et al., 1991). Combination of
bands and band ratios can significantly reduce the air and water surface 
interactions, irradiance, and atmospheric effects in the remotely sensed 
signal (Dekker and Peters, 1993). Different authors have reported different 
spectral responses of chl-a in different types of water, but it mainly reflects 
in visible and NIR region. Most commonly, the chl-a studies show high 
absorption in the blue (450–475 nm) and red (670 nm) region and the 
reflectance peaks in green (550 nm) and NIR (700 nm) region (Gholizadeh 
et al., 2016). Another sensitive indicator for chlorophyll concentration lies 
at the reflectance height of 690 nm above the base line from 670 nm to 850 
nm (Gitelson et al., 1995). The ratio between green and red was used by 
Allee and Johnson (1999); Brezonik et al. (2005); Hellweger et al. (2004) 
using Landsat 5-TM data. Similar studies were conducted using ratios 
between Near Infrared Region (NIR) and red (Hunter et al., 2010; Le et 
al., 2013) between green and blue (Giardino et al., 2007), between blue 
and red (Han and Jordan, 2005) respectively. Similarly, combinations of 
more than three bands were also applied for chl-a studies (Ekercin, 2007). 

Large uncertainties exist in chlorophyll detection during cyanobacte-
rial blooms, also known as blue-green algae. The distribution of cyano-
bacterial blooms has been studied using broadband sensors like AVHRR 
(Hakansson and Moberg, 1994), multispectral sensors like SeaWiFS 
(Siegel and Gerth, 2000) and SARs (Svejkovsky and Shandley, 2001). 

While several studies have claimed to achieve satisfying results for 
chl-a estimation using broadband sensors, a lot of other authors have 
claimed that the estimation of chl-a is difficult in waters dominated 
by SS (Dekker et al., 1991; Ritchie et al., 1994) because the spectral 
response is dominated by SS in highly turbid and eutrophic waters 
(Harma et al., 2001). It is also difficult to extract chl-a from ocean color 
measurements due to the independent variation in CDOM concentrations 
in inland waterways like lakes, rivers, and reservoirs having high chl-a 
concentrations. The three-band model has also been used to predict chl-a 

concentration in case 2 waters (Bhatti et al., 2010). The reflectance ratio 
of R700/R670 has been used in a number of studies to develop different 
algorithms to retrieve chl-a in turbid waters (Bhatti et al., 2010; Gitelson 
et al., 2008). 
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 FIGURE 7.3 Image showing difference between multispectral and hyperspectral bands. 
Source: Suarez et al. (2018) 

These limitations suggest that new approaches need to be exploited to 
map chl-a in case 2 waters, i.e., application of hyperspectral data. Hyper-
spectral sensors are being used as the future sensors for measurement of 
chl-a concentration in water. The chlorophyll absorption occurs in short 
wavelengths and hyperspectral imaging allows us to detect small changes 
in the narrow bands of the EM spectrum (Harrington and Repic, 1995). The 
hyperspectral data from satellite sensors like SeaWiFS, IKONOS, ocean 
color, temperature scanner (OCTS) and modular optical scanner (MOS) 
can be used to differentiate different groups of algae. Field and labora-
tory studies with hyperspectral data have been employed to differentiate 
blue-green and green algae (Dekker et al., 1995). Two and three band 
models have been used to estimate chl-a concentration in turbid waters 
using satellites like MODIS, SeaWiFS, MERIS, and RapidEye (Choe et 
al., 2011). Combination of four bands, i.e., Band 1 to band 4 of IKONOS 
data was also used for predicting chl-a concentration in Turkey (Ekercin, 
2007). 

Many satellites and sensors have been used over the years for chl-a 
estimation, but the use of Landsat TM data is one of the most widely used 
data for chl-a determination because of its easy accessibility and free data 
availability in comparison to other sensors. Hyperspectral imaging is a 
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way forward in chl-a estimation through remote sensing however it is not 
easily accessible. Further improvements in hyperspectral imaging will 
allow us to monitor chlorophyll in a more efficient way. 

7.5.1.2 TOTAL SUSPENDED SOLIDS (TSS)/TURBIDITY 

The particles having a size greater than 2 microns are termed as TSS. It 
comprises of both inorganic materials like sand, silt, sediments, and chem-
ical precipitates; and organic matter like plankton, bacteria, and algae. The 
breakdown of organic material through decomposition contributes to the 
TSS concentration in rivers. The turbidity has often been used as a water 
quality indicator to estimate these suspended sediment concentrations 
(Wass et al., 1997). The presence of SS and dissolved colored material 
causes water to appear opaque, muddy, and hazy in appearance. This type 
of water is called turbid water. Turbidity is commonly referred to as the 
opposite of water clarity. 

The SS is the most common pollutant in surface waters and one of 
the earliest and most commonly studied water quality indicators through 
remote sensing (Wang and Yang, 2019). It is a key water quality indicator 
because of the presence of heavy metals and micropollutants. In situ, labo-
ratory, satellite, and aircraft measurements have shown that the reflectance 
due to SS in surface water is affected by color, texture, and sediment type 
(Novo et al., 1989), sensor view, sun angles (Ritchie et al., 1975) and water 
depth (Blanchard et al., 1973). Many researchers have tried to establish 
the relationship between suspended sediment and the sensor reflectance. 
The SS present in surface waters tends to increase the reflectance in the 
visible and NIR region of the EM spectrum (Ritchie et al., 1976). The 
radiance absorption by suspended sediment is much smaller as compared 
to the chlorophyll. The SS are mainly responsible for the scattering part 
whereas chl-a, colored dissolved or particulate matter are responsible 
for the absorption part of the EM spectrum (Myint and Walker, 2002). 
The scattering is more prominent if more particles are present and less 
otherwise. 

Different techniques of Remote sensing are widely used to map and 
monitor the concentration of SS in large water bodies. Studies have shown 
that single bands and algorithms sensitive to SS concentration can estimate 
the TSS provided suitable band is chosen. In an in-situ study conducted by 
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Ritchie et al. (1976), he concluded that the wavelengths between 700 nm 
and 800 nm are most suitable to determine suspended sediment in surface 
waters. Some scientists also claim that the optimum wavelength depends 
on the concentration of SS (Curran and Novo, 1988). Ritchie et al. (1976) 
found that a linear relationship exists between SS and its reflectance at any 
wavelength provided SS concentration is between 0 mg/L and 50 mg/L. 
However, it exhibits a curvilinear relationship if the concentration of SS 
lies between 50 mg/L and 150 mg/L. Also, different SS reflect light differ-
ently causing variation in color. In such cases, a combination of different 
bands and band ratios can be employed for TSS retrievals (Doxaran et al., 
2002; Nechad et al., 2010). The presence of dark-colored humus acids due 
to vegetation decay results in high turbidity and TSS readings. Therefore, 
single bands can be combined with band ratios to increase accuracy in 
such waterbodies. 

Many studies have reported that the first four bands of Landsat give 
a good estimation of TSS. Dekker et al. (2002) showed that Landsat-4 
TM gives a good estimation of suspended matter. The wavelength in the 
red region is found to be the best estimator of turbidity. Various satellite 
platforms such as Landsat, MODIS, SPOT, etc., have been used for TSS 
estimation. The single band of NIR and red were used by Onderka (2008); 
and Papoutsa et al. (2014), respectively using Landsat 7-ETM+ and green 
band of Landsat 5-TM was used by Khorram et al. (1991). Combination 
of bands such as green and red, blue, and red, NIR, and red were studied 
by Akbar et al. (2010); and Cox et al. (1998), respectively using different 
satellites. The higher resolution satellite like IKONOS has also been used 
to estimate turbidity in Charles River of USA (Hellweger et al., 2007). A 
combination of more than two bands have also been used successfully for 
TSS estimation in many studies (He et al., 2008). 

The use of empirical relationships and algorithms to estimate TSS from 
other water quality parameters has also been studied, but few studies have 
extended the applicability of these equations in a different environment. 
An algorithm developed by Ritchie and Copper (1991) for a watershed 
was found to be applicable for some coming years until an event occurs 
that changes the quality of SS in the given watershed. 

The literature review showed that Landsat has been used much more 
in comparison to other sensors. The hyperspectral images have been used 
for the studies involving higher spectral resolution. Over the years, the 
methods used to interpret and evaluate images have been improved from 
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the use of simple linear regression models in earlier studies to the complex 
non-linear multiple regression models, PCAs, and the use of ANNs in 
modern studies. 

7.5.1.3 COLORED DISSOLVED ORGANIC MATTERS (CDOM) 

Organic carbon in marine waters also known as dissolved organic matter 
(DOM) is a major contributor to the global carbon cycle (Downing et al., 
2009). CDOM, also called Gilvin, yellow matter, gelbstoff, or aquatic 
humus is the general term given to the naturally occurring soluble organic 
substances that can pass through a 0.45 μm filter. CDOM is generally 
brown in color but gives yellowish brown color when present in higher 
concentrations (Aiken, 1985). CDOM is also the largest reservoir of 
dissolved organic carbon (DOC). CDOM is the dominant photoactive 
portion of DOM that affects the color of water and is used as a tracer 
to map the spatial distribution of DOC in aquatic ecosystems. Addition-
ally, CDOM helps determine the photochemical characteristics of ocean 
ecosystems along with chlorophyll and non-algal particles (NAPs). In 
general, CDOM dominate the watercolor along with chl-a and TSS. 

CDOM absorbs light in the UV and visible portion of the EM spec-
trum. The absorption spectrum of CDOM overlaps with the wavelengths 
at which chl-a is measured. The absorptivity of CDOM increases quasi-
exponentially with decreasing wavelengths and is increasingly subdued in 
green and red regions (below 500 nm). Also, at higher CDOM concentra-
tions, it significantly absorbs red lights (Strombeck and Pierson, 2001). 

Similar to the estimation of chlorophyll and TSS, CDOM concentra-
tions can also be estimated by the single bands, combination of two or 
more bands and band ratios. Many such studies have been conducted for 
estimation of CDOM concentrations using sensors such as Landsat 5-TM, 
EO-1 Hyperion with MIM (matrix inversion method), SeaWiFS, MODIS, 
HICO, etc. Many new techniques like neural networks, fuzzy modeling, 
and multi-band quasi-analytical algorithm (QAA) have also been applied 
for CDOM estimations (Gholizadeh et al., 2016). 

Remote sensing of CDOM provides a rapid, efficient, and extensive 
approach to monitor the spatial and temporal dynamics of CDOM. The 
inversion algorithms are widely used to retrieve CDOM concentrations. 
The CDOM absorption coefficient at 440 nm accounts for 50% of 
the 
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total absorption of CDOM; hence, it is usually taken as representative of 
CDOM concentrations in ocean studies (Corbett, 2007). The algorithms 
used to measure chl-a concentrations are inverted empirically to derive 
its covariance with chlorophyll (Hoge et al., 1995). Waters with a low 
concentration of CDOM have shown relatively higher accuracy probably 
because of uniform phytoplankton degradation (Mannino et al., 2008). 

However, since both CDOM and chlorophyll absorb light in the similar 
spectral range, it is difficult to differentiate between the two especially in 
river and coastal waters. Therefore, hyperspectral remote sensing is used 
for CDOM estimation due to their spectral response of water IOPs. Hyper-
spectral imaging has an advantage of spectral responses to water IOPs and 
their broad spectrum of narrow bands. It increases the accuracy of estima-
tion by incorporating bottom effects and computational techniques. The 
identification of the wavelength corresponding to the CDOM concentra-
tion from the narrow bands of hyperspectral RS is a difficult task and it is 
accomplished by techniques such as spectral indices, derivative analysis, 
band selection, or hyperspectral transformation to reduce the dimensions 
of hyperspectral data. Ground truthing of the remotely sensed data is done 
using in situ hyperspectral measurements, spectroradiometers, and ship-
board data acquisition approach. The hyperspectral remote sensing is used 
in combination with semi-analytical and empirical models. 

The use of semi-analytical algorithms for CDOM is based on the 
assumption that the spectral slope is constant for CDOM (Maritorena et 
al., 2000), but such a hypothesis does not always hold true, especially 
in turbid waters. In such cases, empirical approaches are used, but their 
applicability is limited in space in which they are applied. 

7.5.1.4 SECCHI DISK DEPTH (SDD) 

A white circular disc 20 cm in diameter, later modified to a black and 
white disk 20 cm in diameter, is called a Secchi disk. When a Secchi disk 
is immersed into a water body, the depth at which the disk is no longer 
visible is referred to as Secchi disk depth (SDD) (Z

SD
, m). It works on the 

principle of light attenuation (Mobley, 1994). SDD is used as an indicator 
of water clarity or transparency and is also related to water turbidity. The 
changes in Zsd values have been linked to variation in eutrophication and 
phytoplankton biomass (Fleming and Laamanen, 2012) hence, it is also 
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referred to as an index of water quality and eutrophication. The previous 
studies have also shown that TSS has an inverse correlation with the 
Secchi depth of the waterbodies. 

In situ determination of Zsd values can be an unproductive despite of 
its low cost and easy operation because it not does not provide its distri-
bution in space and time. The remote sensing has been used to map the 
distribution of Zsd values in large areas. Empirical and semi-analytical 
approaches are the two basic approaches are employed to retrieve Zsd 
values from remote sensing data. The empirical approach uses the regres-
sion principles as discussed earlier but the semi-analytical approach is 
based on classical theory, also called underwater visibility theory. Lee et 
al. (2015) found some flaws in the classical theory which was strongly 
based on the bean attenuation coefficient and proposed a new theory 
known as Lee15 algorithm based on the diffuse attenuation coefficient 
(Kd) at a wavelength corresponding to the maximum transparency for Zsd 
retrieval. The Kd varies with IOPs. He used the QAA (version 6) to obtain 
the values of IOPs. Many different algorithms have been developed to find 
Zsd values using the remote sensing data from Landsat-TM, IKONOS, 
MSS, etc., but Landsat-TM remains the most frequently used sensors for 
Zsd estimations. 

Many different relationships have been established between the SDD 
and other water quality variables. In a study conducted by Khattab and 
Merkel (2015), they derived algorithms between SDD and different water 
quality indicators for the upper 6 meters of Mosul Lake in Iraq. The SDD 
was highly correlated with turbidity (R2 >0.9) and pH (R2 > 0.8) respec-
tively. Significant c orrelation w as f ound b etween S ecchi d isk visibility 
and the TDS, temperature, DOC, EC, and phosphorus concentration at 
most of the depths (R2 > 0.7) through signal regression analysis. Similar 
to the previously discussed water quality parameters, Zsd values can also 
be estimated from spectral bands, a combination of bands and band ratios 
(Gholizadeh et al., 2016). 

7.5.1.5 WATER TEMPERATURE 

Water temperature is a key factor that regulates the physical, chemical, and 
biological processes in all the aquatic ecosystems as well as the air-water 
interactions. The solubility of various chemical constituents is affected by 
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the water temperatures. It especially influences the DO concentration in 
water, as the solubility of DO decreases with increase in temperature. So, 
during the summer season, the DO concentrations are low as compared to 
the winter season. 

Lakes are considered as an indicator of climate change because of 
its sensitivity to respond to variations in energy exchanges with the 
atmosphere. Lake surface water temperature (LSWT) are traditionally 
measured by in situ sensors or gages; however, because of limitations 
of expenses, time consumed, and spatial heterogeneity of these systems, 
they are not generally preferred. Thermal infrared (TIR) bands were 
previously employed to detect thermal pollution from anthropogenic 
activities but with the improvement in the abilities of satellite sensors 
in terms of spectral, radiometric, temporal, and spatial resolutions have 
made it possible to measure LSWT in the top layer (upper 100 µm, also 
called the skin temperature) of the water bodies with determined accu-
racy and uncertainties. Thermal infrared (TIR) bands measure LSWT but 
their availability is limited to a few sensors that detect thermal radiation 
in the wavelengths of 3–14 µm (Atwell et al., 1971; Chen et al., 1998; 
Robinson et al., 1984). The choice of bands should be done after care-
fully considering the noise and atmospheric effects. The choice between 
spaceborne or airborne sensor should be based on the spatial (pixel size) 
and temporal (revisit interval) resolution and radiometric precision of 
the sensor. Airborne sensors with finer pixel size are suitable for small 
water bodies like rivers, whereas space-borne sensors are apt for larger 
waterbodies. Some of the commonly used thermal sensors for surface 
temperature estimation include TIR bands of Landsat sensors including 
TM, ETM+ and OLI/TRIS, MODIS, ASTER, and AVHRR (Gholizadeh 
et al., 2016). Tavares et al. (2019) in a comparative analysis of two thermal 
sensors, i.e., MODIS, and Landsat 7 ETM+ to estimate the surface water 
temperatures recommended MOD11 (RMSE 1.07C) for large lakes and 

AtmCorr Landsat-derived LSWT (RMSE of 1.07°C) for small lakes. He 
also showed that LWST derived from Landsat using the RTE is very 
sensitive to atmospheric parameters and emissivity. Passive microwave 
techniques like microwave radiometers can be used in cloudy conditions 

with an accuracy of 1.5–2°C. A combination of point in situ measure-
ments and the remotely sensed data can provide accurate estimates of the 
surface temperatures at low costs. 
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7.5.1.6 SALINITY 

The distribution of sea surface salinity (SSS) gives information about 
the physical and biochemical processes in marine ecosystems. It plays 
an important part in global water balance, evaporation studies and air-
water interactions. Methods like microwave remote sensing (microwave 
radiometers and airborne radiometers) and optical remote sensing are 
used for SSS determination (Font et al., 2008; Talone et al., 2010), e.g., 
soil moisture and ocean salinity (SMOS) is used to measure SSS with 
high accuracy. Microwave imaging radiometer using aperture synthesis 
(MIRAS) is used as one of the main instruments on the SMOS sensing 
at wavelengths of 20–30 cm having a spatial resolution of 40 km and a 
three-day temporal resolution (Barre et al., 2008). Another sensor used 
in SSS studies is Aquarius with a spatial resolution of 100–150 km and a 
7-day temporal resolution. Optical methods include developing algorithms 
from satellites like Landsat-TM, MODIS through regression analysis. 
Sun et al. (2019) applied a regionalized algorithm to data obtained from 
geostationary ocean color imager (GOCI) to estimate SSS in the yellow 
sea. Since salinity has no direct color signal, indirect methods are used 
like establishing empirical relationships between different water quality 
parameters (sensitive to color signal) and salinity, e.g., SSS, and CDOM 
have been found to have an inverse relationship (Yu et al., 2017). The 
literature suggests that identification of appropriate algorithms, calibra-
tion, and validation is a key to estimate SSS with higher accuracy.

7.5.2 OPTICALLY INACTIVE WATER QUALITY PARAMETERS 

7.5.2.1 DISSOLVED OXYGEN (DO) 

Dissolved oxygen (DO) is an important parameter as too high or too low 
affects the living conditions of the organisms that depend on oxygen to 
survive. The combined effect of water temperature, salinity, DO, turbidity, 
and nutrient availability directly affects the phytoplankton and plant 
communities (Carr et al., 2016; Pesce et al., 2018). Respiring and decaying 
organisms reduce the amount of DO in the system while photosynthetic 
plants, stream flow and aeration increase the DO concentrations in marine 
ecosystems. Decrease in DO concentrations over the years due to rising 
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ocean temperatures has caused a negative effect on the marine ecosystems, 
especially in coastal and oceanic environments (Breitburg et al., 2018; 
Diaz and Rosenberg, 2008). 

The relationship between water quality data like chemical oxygen 
demand (COD), nutrients, DO, and remote sensing data is quite complex, 
and methods like neural network, artificial i ntelligence, a nd machine 
learning have been used (Kim et al., 2014; Sharaf et al., 2017). Kim et 
al. (2020) used a multiple-regression approach to measure DO concentra-
tions. He used the satellite data from MODIS and VIIRS and correlated 
it to the long-term monitoring datasets of 15 water quality parameters 
measured in situ in coastal waters of Korea. These results showed that the 
DO and water temperature were highly correlated, and the in situ DO can 
be estimated from the sea surface temperature (SST) values of present and 
a month prior and the information on chlorophyll-a. 

7.5.2.2 BIOLOGICAL OXYGEN DEMAND (BOD) AND CHEMICAL 
OXYGEN DEMAND (COD) 

Both BOD and COD represent the oxygen demanding strength of the 
wastewaters (Shah et al., 2020). BOD is defined as the oxygen consumed 
by the micro-organisms while decomposing organic matter under aerobic 
conditions at a given temperature. The microorganisms present in the 
wastewater released from the sewage treatment plants (STPs) use the 
DO from the waterbodies to decompose the organic matter and hence 
can reduce the amount of DO to a point that can be lethal to marine life. 
COD is defined as the amount of oxygen required to chemically oxidize 
both the biologically active, i.e., bacteria, and biologically inactive 
matter in water. The values of COD are greater than BOD because COD 
calculates the total oxygen required to decompose both the organic and 
inorganic matter present in water. The estimation of these optically 
inactive water quality parameters has been done mostly by correlating 
it with optically active constituents. Gholizadeh et al. (2016) used an 
empirical method of regression and selected bands based on spectral 
response of target objects to assess the COD and BOD. Several linear, 
exponential, and logarithmic models are studied to establish relation-
ships between in situ measurements and the remote sensing data, but 
these relationships are not implicit. Compared to the optically active 
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water quality parameters, very few studies have focused on the estima-
tion of BOD and COD (Wang et al., 2004; Yang et al., 2011). Sharaf et 
al. (2017) used a back propagation neural network (BPNN) to map the 
concentration of BOD and COD using satellite data from Landsat-8. 
The developed algorithm was able to estimate BOD (R2 = 0.93) and 
COD (R2 = 0.937) with reasonable accuracy in the testing phase. Zhang 
et al. (2020) also obtained similar results for BOD and COD estima-
tion using hybrid BPNN and hyperspectral data from unmanned aerial 
vehicle (UAV). He also compared the hybrid BPNN model with the 
other models like ANN-BP, semi-analytical and empirical regression 
method and found that the R2, RMSE, and MPAE values were most 
favorable in case of hybrid BPNN method. 

7.5.2.3 TOTAL PHOSPHORUS (TP) 

Total phosphorus (TP) act as an indicator of plant nutrient availability 
that promotes phytoplankton growth and eutrophication of lakes. 
Agricultural runoffs containing fertilizers and wastewater effluents 
contribute largely to the TP in waterbodies. It is therefore required to 
reduce the TP concentration to limit the eutrophication process. TP can 
be derived both directly and indirectly. Many studies have been reported 
where the TP has been determined directly through statistical relation-
ships between the reflectance from single bands or band ratios and in 

situ observations, but the results have not been synonymous in terms 
of characteristic bands and the procedure used to derive estimation 
algorithms (Gong et al., 2008; Isenstein and Park, 2014; Kutser et al., 
1995). Since TP does not has a direct influence on the spectrum and 
monitoring TP through remote sensing is not very clear, so the values 
are found out indirectly by correlating the reflectance values with other 
optically active water quality parameters like chl-a, TSS, and CDOM 
(Li et al., 2017; Song et al., 2012; Wu et al., 2010) and then estimating 
the TP using empirical algorithms. TP increases with increase in chl-a 
concentration (Chen et al., 2003; McQueen et al., 1986; Vollenweider, 
1976) whereas TP increases with the decrease in SDD concentrations 
(Heiskary and Wilson, 2005). 

Most of the studies related to developing algorithms to estimate TP are 
only applicable to the study area being studied and the algorithms fail to 
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perform in other environments (Gao et al., 2015; Hui and Yao, 2016; Wu et 
al., 2010). Band combinations like blue and green, red, and green available 
on sensors like Landsat-TM, MODIS, CASI, and SPOT are widely used to 
monitor TP. The hyperspectral data sets can also be used for detection of 
TP in smaller water bodies. 

7.6 CONCLUSIONS

The remote sensing techniques combined with the conventional in situ 

measurements are a cost-effective and efficient way to monitor the 
Spatio-temporal variations of the water quality parameters in different 
waterways. The sensor technology has improved from the use of multi-
spectral sensors having only 5–10 bands to hyperspectral sensor which 
can have as many as 224 bands that can cover narrow regions of the 
spectrum with reasonable accuracy. The selection on the type of sensor 
to be used for a particular study should be based on the temporal, radio-
metric, spectral, and spatial resolution and the amount of precision and 
accuracy required by the study. The literature review suggests that the 
Landsat series has been most commonly employed for different water 
quality studies because of easy and free data availability and universal 
appeal. Optically active water quality parameters like chlorophyll, SS, 
CDOM, temperature, and salinity have been effectively monitored by 
remote sensing techniques, but the use of remote sensing for optically 
inactive water quality parameters is relatively limited because they do 
not influence the spectrum directly. Different empirical and analytical 
approaches are employed to relate optically active and inactive param-
eters. Although analytical approaches offer much more in terms of the 
physics involved, they are relatively complex and difficult to understand. 
These approaches have different limitations in terms of the environments 
in which they are applicable. In short, remote sensing is an indispens-
able tool for water quality measurements, but it cannot fully replace the 
conventional methods. Therefore, combining remote sensing with the 
in-situ measurements is necessary along with adequate calibration and 
validation of the remotely sensed data. Further research is needed in 
the field of remote sensing to understand the dynamics of the optically 
inactive water quality parameters. 
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ABSTRACT 

Biosand filtration technology is a water purifying technology for drinking 
purpose getting popularized in the third world countries of Africa and Asia, 
where it is an economically viable source of clean drinking water as compared 
to other conventional alternatives like boiling. This technology has come up 
as an institutional reform in the society of developing countries as boiling 
of water is mostly fueled by forest wood in African countries like Ethiopia. 
Therefore, it is also contributing to reducing carbon emission and economic 
stress. A lot of biosand filtration models have been developed which roots to 
modern history as well, but in this chapter, some of the successful filtration 
models have been mentioned. This technology’s success in improving water 
quality conditions depends on mass participation as per the guidelines of 
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local responsible authority working in accordance with WHO guidelines. In 
order to provide a technology for household wastewater filtration biosand 
filtration is a promising technology which has a lot of scope for improve-
ment in the existing filtration models. 

8.1 INTRODUCTION

Biosand filters are the filters made from biosand material used as filtering 
media; in which water is passed at a slow rate through a process which 
removes pathogens and other impurities from wastewater, i.e., biological 
as well as physical processes sometimes involve chemical processes also in 
an enclosed chamber. Studies have shown that bio-sand filters are useful in 
treating wastewater containing heavy metals, pathogens, and turbidity (Chan 
et al., 2018; Ram et al., 2007; WHO, 2006). It is also useful in treating water 
making it suitable in the form of color, smell, and taste. There are various 
recommendations from international health agencies like WHO which 
promote biosand filters as a suitable technique in developing countries for 
their effectiveness, ease of use and easy maintenance (WHO, 2006; Makutsa 
et al., 2001). Many biosand filters are being popularized in African subconti-
nent as economically weaker section of the society of the third world country 
to be able to have ease of access to clean water facilities; so that they could 
be saved from water-borne diseases like diarrhea and cholera, etc., as every 
year many lives are lost due to drinking of contaminated water. 

To cope up with contaminated water sources, biosand filters could be 
a reliable alternative. Dr. David Manz in the late 1980 at the University of 
Calgary proposed the concept of this filter based on the historical literature 
which included this technology as a water purifier by passing through sand 
bed layers for drinking purposes (Elliott et al., 2008; Earwaker, 2006). This 
technology was patented in 1993 after the series of tests was conducted in 
labs and field i n 1991. T his t echnology w as fi rst ap plied in  Nicaragua. 
Center for affordable water and sanitation technology (CAWST) was 
co-founded in 2001 to promote such technology in the field of water puri-
fication and sanitation for household purposes (Clasen et al., 2004, 2005). 

8.2 STRUCTURAL PARTS

Filters are generally constructed of plastic or concrete at the top of the filter 
is covered with a lid that prevents pest or insects from contaminating the 
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entire water present in the container. As they carry with them microbes on 
their body parts. Below the top lid there is a diffuser chamber which checks 
the surface of biofilm when water is poured into the filter container. The 
water inserted then passes through the media which removes the harmful 
microbes and other contaminants. Below the media strata of gravel checks 
sand from entering the drainage chamber so that proper functioning of 
water flow may get carried out smoothly. 

8.2.1 WORKING PRINCIPLE 

Biological and physical filtration processes are carried out inside the 
filtration unit to remove microbes and other contaminants by passing them 
through the media under a hydraulic head maintained due to impure-water 
reservoir. Under these processes basically include trapping of microbes 
between the media particles. Pathogens are also consumed by the microbes 
of biofilm in media of filter as interaction takes place between microbes 
of biofilm and pathogens of wastewater, leading to their entrapment and 
gradually killing them because of the absence of food and oxygen as 
illustrated in Figure 8.1. 

FIGURE 8.1  Stages involved in the process of bio-sand filtration. 
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8.2.1.1 WORKING 

The hydraulic head of the filter is kept high at the inlet reservoir, which 
pushes water into the diffuser chamber from where filtration occurs and 
decreasing a water flow through the media. The flow rate is low as there 
is gravitational force of water only acting force on the entire system. The 
wastewater includes oxygen component nutrients and other contaminants 
of which oxygen present in the contaminated water is absorbed by the 
microbes present in the biofilm. The other components, including large, 
suspended particles and harmful microbes are captured in the top section 
of media and purified water passes through the filtration media at a slow 
flow rate. 

8.3 RETENTION TIME

Also known as ‘idle time’ this time is generally referred to as 80% of 
the daily cycle, as during this cycle major microbial count is decreased. 
The major removal of contaminants occurs in the section where biofilm 
is present. When the hydraulic head at the input is equivalent to the outlet 
pressure, the flow stops. Generally, the flow should be kept constant to 
keep the media wet and to keep the microbes in the biolayer active. This 
time responsible for the microbes to consume pathogens and nutrients 
are contaminants present in wastewater poured. If this period is generally 
accepted from more than two days that is 48 hours depending on the stan-
dard size of the filtration unit, then the biolayer is expected to consume 
all the microbes, including the desirable also and ultimately reducing its 
efficacy to clean water leading to decrease in efficiency of the system. 
Pathogens other than present in biolayer get killed due to the absence of 
food for nutrients by getting in trapped in the inert media. 

8.4 REGULAR CLEANING

With regular use of the filtration unit to clean wastewater, the microbes 
present in the wastewater get concentrated in the filter media over time. As 
water passes through the filtration media, the biofilm presents at the diffuser 
chamber leading to the decrease in flow rate which is inconvenient to the user 
on the consumer side as the quantity of desirable quality water is required at 
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a fast rate. It is recommended by CAWST as if the flow rate is less than 0.1 
liter per the servicing of the filtration unit is suggested. The servicing includes 
the cleaning of media the diffusion chamber and the inside of the filtration 
unit. This process is done repetitively until desired flow rate is achieved. 
Cleaning should also be done for the outside surface of the filter. One of the 
major factors playing a role in servicing of biosand filters includes educa-
tion and awareness level of the user as the long-term sustainability of the 
filter is very much dependent on these factors. For example, in Haiti several 
cleaning programs based on usage of biosand filters to provide safe drinking 
water to the people include regular servicing protocol after the prescribed 
time of the servicing depending on the type and scale of biosand filters under 
operation under these special appointees visit at regular intervals of time to 
the beneficiary homes to provide proper training and awareness to use the 
filtration unit safely. Such awareness programs led to use of long-term use of 
biosand filters among public beneficiaries (Duke et al., 2006). 

8.5 TYPES OF CONTAMINANTS REMOVAL

8.5.1 TURBIDITY 

Turbidity removal depends on the composition of media that is the composi-
tion of various ratios of sand silt and clay. Some studies suggested removal 
of turbidity to a significant level. In a study based on the local water supplies 
from 30 sources show the decrease in turbidity of 1.45 units being filtered 
using slow sand filters using biolayers (Makutsa et al., 2001). 

8.5.2 HEAVY METALS 

There is need to carry out more studies on the removal of heavy metals 
from wastewater using biosand filters as information on removal of many 
heavy metals is still limited (Sobsey et al., 2008). 

8.5.3 BACTERIA REMOVAL 

In studies carried out over the removal of bacterial count from household 
wastewater indicate that biosand filters are capable of removing E. coli 
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bacteria at significant level making it safe for drinking purpose which 
depends on the biofilm formation and the supply of wastewater (Ander-
sson, 2017). Research also shows that biosand filters remove a higher 
number of bacteria in lab conditions as compared to field conditions. 
Research conducted in the households of Dominican Republic the average 
equalizer reduction was 93% from wastewater (Souter et al., 2009). 

8.5.4 VIRUS REMOVAL 

Removal of viral load from the water depends on the retention time of 
wastewater being passed through the filtration unit. A recent study indi-
cated that approximately 99% viral load was removed after a retention 
period of 150 days (Andrew et al., 2013). 

8.5.5 PROTOZOA 

Studies indicated the removal of 99% of protozoa after retention time of 
29 days, making it at a par with slow sand filter (Hendricksn and Bellamy, 
1991). 

8.5.5.1 MATERIALS 

Concrete is the most widespread material used for the construction of 
biosand filters as it is easily available around the world, and it is of low 
cost. CAWST has suggested several designs for construction with concrete 
for the filter of version 9 biosand filter has the maximum loading rate. 
Recent searches have biosand filters maximum loading rate decreases 
by significant rate to keep constant hydraulic head in contact with media 
(Stauber et al., 2009). Biosand filters are also available using plastic 
containers or barrels of food grade and medical grade with ultraviolet 
resistance as plastic barrel makes it light in weight and more portable in 
nature. Stainless steel is another material which is being employed by 
several engineering agencies like as Sehgal Foundation an NGO from 
India that has used stainless steel filter based on the principle of biosand 
and filtration process developed filtration unit called ‘Jal Kalp’ which 
offers increased filtration rate and better portability as compared to the 
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concrete models (WHO, 2006; Ram et al., 2007). Concrete models are 
prone to breaking and are difficult to carry, which makes it unsuitable 
as compared to stainless steel models. It also depends on the skill of the 
manufacturer to build concrete filter whereas quality of material is also 
important; but in case of stainless-steel filter such issues do not arise as 
skill of manufacturer is the only factor. Therefore, stainless steel has clear 
advantages of strength, durability, portability, and even appearance as 
compared to the same capacity of concrete filtration model of biosand 
filter. Water quality test study carried out on ‘Jal Kalp’ model against 
microbes like E. coli, other color forms, turbidity, and iron contamination 
indicate the effectiveness of ‘Jal Kalp’ stainless steel model as comparison 
to plastic as well as concrete model in Indian subcontinent study area. This 
filter model like other biosand filter models can be improved depending 
on the financial input in the construction of the filter. 

8.5.5.2 LIMITATIONS 

Water quality decreases with high water intake rate. If the water supply is 
stopped for a few hours, biofilm microbes which are desirable are unable 
to survive because of unfavorable conditions created by dryness of biofilm, 
thus affecting the efficiency of the purification. If the turbidity is more than 
30 NTU in input wastewater the clogging of filter media may occur which 
may require prefiltering of input water before bio-filtration. Depending on 
the quality of water media has limitation of cleaning wastewater input to a 
certain contamination level. Smooth vertical surfaces in the filtration unit 
may cause bypassing of wastewater through the filtration media; leading 
to contaminated water as the output. There could be regions where filtra-
tion media or biofilm could not be easily available, therefore alternate 
media such as rice husk could be used, but that could add to the cost of the 
technology application. Disposal of the used contaminated media is also a 
challenge which could itself act as pollutant (WHO, 2006). 

8.5.5.3 ADAPTATION 

The success of the technology is dependent on the adoption of technology 
by the masses which is equally true for the Bio-sand filtration tech-
nology. This technology needs to be promoted to the masses by effective 
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communication which is based on the communication process (Roma et 
al., 2014; Wells and Harris, 2007; WHO, 2006). To promote this tech-
nology there are mainly four components required to communicate on the 
importance and necessity of clean potable drinking water issue concerned 
with health and sanitation, i.e., communicator, message, channel, and 
receiver as illustrated as Figure 8.2. The process is initiated by the personal 
appointed to deliver the details of bio-sand filter technology. 

FIGURE 8.2  Stages involved in the process of communication. 

Communicator, the personnel appointed should be well aware of the 
topics, i.e., hygiene, importance of hygiene, role bio-sand filter technology 
can contribute in improving drinking water condition at the household 
level. The communication skills of the communicator play a pivotal role 
in convincing the masses to adopt this technology in their personal spaces. 
To promote bio-sand filtration technique, the communicator should deliver 
the information in the form message addressing target masses by displaying 
them model bio-sand filters unit in working condition, for the receiver to 
get better clarity regarding the working of technologies (Roma et al., 2014; 
Wells and Harris, 2007; WHO, 2006). The communicator should be clear 
about the objective of delivering the message on the bio-sand filter unit as 
all the receivers of the message may not be interested in listening to the 
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technical details of the unit as they could be more interested in utility and 
cost of the technology. Also, the message being delivered to the receiver 
should be based on strong scientific research being validated for region 
specific sites. The communicator is supposed to develop good functional 
relationship with local authorities with good rapport responsible for health 
and sanitation related to cleanliness of water so that effective communi-
cation of higher degree could take place. The communicator should be 
able to analyze the extent of awareness regarding bio-sand filtration of the 
receiver of information so that planning and execution of the information 
delivery process to be completed. The following flow chart should be kept 
in mind while preparing a message for effective communication on bio-
sand filters so that general queries in the mind of the receiver should be 
answered as illustrated in Figure 8.3. The information being delivered in 
the form of the message must communicate the basic details of the bio-
sand filter which the receiver could understand. The communicator must 
check the receivers’ information being enhanced by asking for frequent 
feedback regarding technology being displayed. 

FIGURE 8.3  Stagewise points to be considered in the planning by the communicator. 
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The message containing basic information regarding the technology 
should be lucid and must be focused on the advantage of bio-sand filter tech-
nology to be adopted over the alternative ways of purifying water under the 
given conditions. The message must highlight repetitively the importance of 
adopting water purification technique of bio-sand filtration but keeping in 
content of comparison to other water purifying technologies and advantages 
or limitations of the bio-sand filter in the target region. Masses should be 
appealed based on facts based on research along with emotional appeal as 
well as such kind of technology is meant for the overall health development 
of the society which is fundamental in nation building. The key character-
istics which a message based on the topic of bio-sand filtration should hold 
are represented as flowchart illustrated in Figure 8.4. 

FIGURE 8.4 
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Channel of communicating this specific technology involves language 
of message delivery communicator, language understood by translator 
if any or language understood by receiver which is a cyclic process is 
illustrated as Figure 8.5. It is important that messages containing informa-
tion to be delivered in regional languages or the lucid manner which may 
create significant awareness among the masses (Roma et al., 2014; Wells 
and Harris, 2007; WHO, 2006). Another mode of communication which 
could be used to deliver information are as follows: Newspaper articles, 
magazine articles, leaflets, descriptive folders, television programs, live 
working demonstrations, booklets, radio programs, community level plays, 
skits, videos uploading on social media platforms, organizing pilot project 
demonstrations to create awareness, interviewing successful operators of 
bio-sand filters. 

 FIGURE 8.5 Cycle to be followed to deliver message using suitable channel. 

The receiver of the information is the main center of communication as 
the key idea behind the entire idea of communication to create awareness. 
Before information is transmitted to the receiver following steps illustrated 
as Figure 8.6 in the form of a flow chart should be followed to meet the 
baseline information already acquired by the receiver (Roma et al., 2014; 
Wells and Harris, 2007; WHO, 2006). 

8.6 FUTURE CONSIDERATION FOR THE TECHNOLOGY

Removal of harmful pathogens have been proved to be controlled by bio-
sand filter technology based on the supportive results of several researchers 
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(Stauber et al., 2009). It is still recommended to carry out research on the 
removal of heavy metals from the wastewater using bio-sand filters. 

FIGURE 8.6  Steps to be followed while communicating message to receiver. 

Also, there is need for standardization of the designs as well as process 
of filtration so that there is no limitation of using information regarding 
experiences of adaptation of technologies under various situation which 
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will help to improve water quality conditions in the developing countries. 
By getting this information, it could be recommended that how many 
cycles of water passing does contaminate media or biofilm to make filter 
unsuitable for use. 

Region specific socio-economic research studies are carried out to 
identify the niche target section of the receiver of this technology. As 
already this technology has indicated promising results in the developing 
countries; but still significant part of the needy population is unaware of 
this technology which need to be addressed for every possible platform of 
media. A major challenge in this technology is its adoption which could 
only be executed by organizing institutional reforms targeting hygiene and 
clean drinking water condition as its goal. 

Governments of the world especially need to make policies and allo-
cate funds towards the research and extension of the technologies. For 
instance, financial support could be provided to promote the adaptation of 
this technology. 
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ABSTRACT 

Due to fast population expansion and wastewater production as a result of 
that expansion, freshwater supply is diminishing annually due to anthropo-
genic activities. Urban and industrial wastewater that has not been cleaned 
is released into the surrounding environment. It pollutes and reduces the 
quality surface waters. Villages account for around 70% of India’s popula-
tion, and they need better sanitation. Rural regions are usually un-sewered, 
owing to a lack of water supply required for the efficient functioning of 
the water transport network as well as the dispersed population. Tradi-
tional technologies for wastewater treatment having a considerable carbon 
impact on the environment require mechanical processes and should be 
rendered economical while also being simple to operate. To get beyond 
the roadblocks that come with it, earthworm-assisted bio-remediation, 
which uses earthworms in a filter-bed to treat effluent waste, has shown 
to be a viable option in contrast to standard “treatment and recycling” 
techniques. Because of its simplicity, the application of the earthworm bio-
remediation method in sewage-water treatment is simple to implement in 
underdeveloped nations and processes water to appropriate levels. In this 
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chapter, the application of earthworm assisted bio-filtration technology for 
the treatment and reuse of local and industrial wastes utilizing different 
filter designs and methods are presented. Furthermore, new possibilities 
for improving the efficacy of the earthworm assisted bio-remediation 
technology for “wastewater treatment and recycling” are discussed. 

9.1 INTRODUCTION

Increased worldwide population, urban settlements, and industry have 
resulted in overall deterioration of the environment, particularly decay of 
water quality (Bhat et al., 2017, 2020). Wastewater from rural regions is 
disposed off in its natural state, with no treatment. It is usually dumped onto 
highways, local watercourses, cultivable lands, and public places around 
settlements in most underdeveloped/developing nations. Water contami-
nation results from the discharge of unfiltered pollutants and waste from 
industries into local waterways (Goel, 2006; Shah et al., 2020). Degra-
dation of “dissolved oxygen (DO)” as well as eutrophication are issues 
caused by wastewater containing organics such as “biological oxygen 
demand (BOD), chemical oxygen demand (COD), and minerals” (Zheng 
et al., 2013; Bhat et al., 2020). Also, water-borne infections are transmitted 
by coming into contact with water infected by pathogens discharged from 
sewage into surface waterways. This results in the creation of harmful 
surroundings around living beings due to loss of freshwater supplies and 
the degradation of river ecosystems (Reddy and Smith, 1987; Wang et al., 
2012). Also, due to scarcity of freshwater resources, the amount of acces-
sible water per capita is decreasing as the population grows (Bhat et al., 
2017; Dar et al., 2017; Hameed et al., 2017). As a result, at a given level of 
treatment, wastewater created in homes as well as in other locations needs 
to be recycled and used again. Due to water shortages and pollution caused 
by anthropogenic activities, wastewater treatment and then using it again 
for commercial, farming, and non-drinking applications is essential (Dar 
et al., 2020; Pimentel et al., 2004). 

Anaerobic and aerobic methods are utilized to clean wastewater 
all over the world (Speece, 1983). Bacteria transform organic matter 
to produce methane gas and CO

2
 in the anaerobic respiration, whereas 

aerobic microbes transform organics to form biomass and CO
2
. As 

compared to the aerobic process, the anaerobic one has more effectiveness 
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for wastewater with large COD, uses lesser energy, and generates minimal 
sludge. However, when it comes to acclimatizing the changes in pH, 
heat, and organic loading rates (OLR), the anaerobic method falls short 
of aerobic method (Bhat et al., 2020; Metcalf et al., 1991). Furthermore, 
restarting of the aerobic method requires lesser duration and functions at 
temperatures ranging from 25 to 35°C, whereas 30°C optimal temperature 
is required for the anaerobic method (Singh et al., 2019b). “Oxidation 
ponds, lagoons, stabilization ditches, activated sludge, up-flow anaerobic 
sludge beds, sequencing biological reactors, and land treatment” are some 
of the conventional waste cleaning and recycling technologies utilized in 
rural regions. Both traditional wastewater treatment procedures, on the 
other hand, need a large initial investment, recurrent expenses, special-
ized labor, more restarting time, and automated and power consuming 
processes. Furthermore, waste produced by traditional methods requires 
further treatment until it is discharged to the surroundings. Physical and 
chemical treatment techniques are also employed in around the globe 
in addition to biological therapy (Adin and Asano, 1998; Noumsi et al., 
2005). On the other hand, these procedures are ineffective in removing 
organic and nutritional contaminants from wastewater (Ra et al., 2000). 
Many poor countries cannot afford to build and operate big, expensive 
sewage treatment facilities (STPs), and even wealthy countries must focus 
on decentralized solutions in the future to ensure sustainable wastewater 
management. Furthermore, most nations choose sewage treatment tech-
nologies that can deliver a high-quality effluent at a low cost. As a result, 
in the current environment, an affordable and long-term wastewater treat-
ment method is required whist also having simplicity of operation and 
functioning. 

On-site wastewater treatment seems to be a cost-effective and energy-
efficient option, as well as easy and dependable enough for even the most 
inexperienced operators to use (Schudell and Boller, 1989). The use of 
earthworms to filter effluents and waste came out to emerge as an environ-
mentally benign and cost-effective option as compared to traditional waste-
water treatment, and is known as earthworm bio-remediation (Carballeira 
et al., 2017). The microbial transformation of liquid/wastewater forming 
a value-added final p roduce i s k nown a s “ earthworm bio-remediation,” 
while as “vermicomposting” is the earthworm assisted breakdown of 
solidified sewage. In other words, earthworm bio-remediation is the entry 
of worms into a filter system containing appropriate bedding materials 
for 
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decomposing organics (Tomar and Suthar, 2011). The combined activity 
of worms and microbes in earthworm bio-remediation results in the break-
down of organic contaminants in wastewater. The worms decompose the 
organics to humus across the first layer, and then the waste is filtered via 
the filter medium, which promotes microorganism development, and then 
secondary treatment takes place. Throughout the procedure hardly any 
sludge is generated, rather economically and environmentally beneficial 
“vermicompost” is produced. Furthermore, the procedure is odorless, with 
the earthworm bioremediated water produced being excellent for irrigating 
agricultural fields as well as for use in parks and gardens. Recent research 
has demonstrated that the earthworm bio-remediation technology can be 
a viable and long-term wastewater treatment and recycling option (Bhat 
et al., 2020). 

9.2 OVERVIEW OF EARTHWORM BIO-REMEDIATION
TECHNOLOGY 

Earthworms and microorganisms work together to cleanse wastewater in 
the “earthworm assisted bio-remediation” process. In addition to micro-
biological deterioration, earthworms provide a variety of useful functions 
such as grinding ingested dirt with ingested organics, adding gut bacteria, 
and excreting soil and organic matter in the form of vermicast (Xing et al., 
2014). It functions as an “aerator, grinder, crusher, chemical decomposer, 
and bio-accelerator” in wastewater, encouraging the growth of “beneficial 
decomposer bacteria.” Earthworms have millions of bio-degrader bacteria 
in their guts, which in addition to minerals like “nitrogen and phosphorus” 
are excreted into the soil (Sinha et al., 2002; Singleton et al., 2003). For the 
household and industrial wastewater treatment, an earthworm bio-reme-
diation system consists of an “active worm zone” and a “filter medium 
bed” that sustains a microbiological population. Eisenia fetida, Lumbricus 

rubellus, Eudrilus eugeniae, and Eisenia andrei are among the earthworm 
species used in earthworm bio-remediation technology, with a filter bed 
made up of soil, compost, and cow dung. Different types of components 
like “sand, gravel, cobblestone, and quartz sand” are widely utilized in 
the design of filter medium, through which the wastewater flows (Singh 
et al., 2019b; Xing et al., 2011). In an earthworm bio-remediation system, 
wastewater passes through the earthworm active zone first, then through 
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the filter medium bed. The earthworms digest the suspended particles 
caught on top of the earthworm bio-filter and are then given to the immo-
bilized soil microorganisms. Wastewater is cleaned in this method as it 
percolates through the earthworm bed, where it is degraded both physi-
cally and microbially, while the organic materials pass via the gut of the 
vermicompost. 

The “earthworm assisted bio-remediation systems” may be classi-
fied into two categories based on the path in which the effluent travels: 
“horizontal flow systems (HFS) and vertical flow systems (VFS).” As 
illustrated in Figures 9.1 and 9.2, wastewater in “HFS” travels horizon-
tally via the medium, whereas wastewater in “VFS” travels vertically via 
the medium. For wastewater treatment, a mechanism that uses fusion of 
“HFS” and “VFS” in the same order is also utilized. In this hybrid system, 
wastewater flows from a horizontal system to a vertical system or the other 
way around, as depicted in Figures 9.3(a) and (b). 

To enhance wastewater treatment efficiency, researchers are now 
concentrating on a combined macrophyte earthworm bio-remediation 
technology. It is based on the idea of swamps and marshes utilizing 
diverse types of flora such as “Canna indica, Phragmites australis, Typha

angustifolia, Saccharum spontaneum, and Cyperus rotundus,” and others 
in combination to earthworm bio-remediation method for treating effluent 
waste. When a macrophyte absorbs a considerable quantity of nutrients 
for its development, it is removed from wastewater (Bhat et al., 2020; 
Chen et al., 2016; Samal et al., 2017a; Wang et al., 2010b). In Figure 9.4, a 
“macrophyte-assisted” earthworm bio-remediation mechanism is depicted 
schematically. 

FIGURE 9.1  Layout of a “horizontal-flow” earthworm bio remediation mechanism. 
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FIGURE 9.2  Layout of a “vertical-flow” earthworm bio remediation mechanism. 

 FIGURE 9.3 Layout of a “hybrid earthworm bioremediation system” on the basis of flow 
path of the effluent: (a) VFS followed by HFS; (b) HFS followed by VFS. 

The plants’ root or “rhizospheric” zone contributes to the establish-
ment of a varied microbial population that degrades organic pollutants 
by providing a favorable environment for their growth. The macrophytes 
transport oxygen from air to the rhizospheric zone, where it is used by 
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the micro-biological population as discovered by the scientists (Bezbaruah 
and Zhang, 2005; Bhat et al., 2020). The excess oxygen level keeps the 
microorganisms and earthworms in an aerobic state, which helps to speed 
the breakdown of organic pollutants. 

 FIGURE 9.4 Layout of a “macrophyte-assisted” earthworm bio remediation mechanism. 

9.2.1 EARTHWORMS 

In India, there are around 500 kinds of earthworms as compared to 3,000 
worldwide. Earthworms known as “soil-eaters” are excellent decomposers, 
with more than “600 million years” of trash and nature maintenance expe-
rience (Julka, 1986). Thus, there is no surprise in the fact that “Charles 
Darwin” dubbed the earthworms as “the unheralded warriors of mankind,” 
and “Aristotle” described them “the intestine of the earth,” implying that 
they digested a diverse range of organics, including waste organic materials 
of the soil (Martin, 1976). The “earthworms” are segmented creatures with 
no bones that are long, cylindrical, thin, bilaterally symmetrical, and have 
“100–200” roughly cylindrical rings or segments, which are lined by small 
hair-like spikes and weigh about “1,400–1,500 mg” after 2–3 months (Bhat 
et al., 2020). The earthworms are expected to live around “3–7 years,” 
based upon the breed along with the environmental condition. According 
to research, they have a rapid reproductive rate and may double, their 
population in 60–70 days (Sinha et al., 2008). Millions of beneficial micro-
organisms, such as nitrogen-fixing and decomposer bacteria, live in the guts 
of earthworms. The availability of “organic matter, soil moisture, and soil 
pH” determines the presence of the worms in soil. They breathe through their 
skin, and they like a dark, wet environment. They can withstand temperatures 
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ranging from 5 to 29°C. Earthworms may thrive in environments having 
temperatures of 20–25°C and a water content of 60 to 75%. The earthworm 
activeness is decreased by lower temperatures, while higher temperatures 
may quickly burn and wipe them out. These worms are sexually dimorphic 
creatures with a fast rate of reproduction. If given the ideal circumstances 
of temperature, moisture, and food sources, earthworms may grow by “256 
worms every 6 months” from one single worm. They have the potential to 
generate 300–400 young during their life cycle (Hand, 1988). Earthworms 
use their muscular gizzard to grind dirt, detritus, food, and other materials 
to smaller sizes of 2–4 micrometers. The worms perform a critical function 
in the earthworm bio-remediation process as they rapidly eat organic matter 
in the effluent water. As a result, the earthworm bio-remediation bed’s 
population density, maturity, and health play a vital part in the treatment 
process. Maintaining an optimal worm density is critical for the earthworm 
bio-remediation system’s efficient operation. The quantity of earthworms 
per unit area in the earthworm bio-filter bedding unquestionably influences 
the treatment effectiveness of the earthworm bio-remediation process (Li et 
al., 2008). As a result, a sufficient number of worms should be introduced 
at first to decompose the entering effluent and generate an adequate “humus 
filter.” According to research, at least “15,000–20,000 worms” per cubic 
meter are necessary to get an earthworm bio-remediation system up and 
running (Sinha et al., 2008). 

The worms may be categorized into three groups depending upon 
their eating and excretion habits, as well as the spatial structure in the soil 
layers., as given below: 

1. EPIGEIC: These earthworm species have a rapid reproductive
rate and are voracious eaters of organic materials, despite their
tiny body size. Because they live on the surface, they do not
alter the soil structure, therefore they are commonly employed
in vermicomposting. “Eisenia fetida (brandling, red wiggler, or
dung worm), Eisenia andrei (red tiger), Lumbricus rubellus (red
worms),” etc., are some examples of epigeic earthworms.

2. ENDOGEIC: Endogenic species are darkly colored and have a
wide range of body sizes. They eat dirt rather than organic mate-
rials and dwell in large horizontal burrows. Despite their ability to
digest dead plant roots, these species are rarely utilized in vermi-
composting. They actively participate in soil formation processes
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such as mixing and aeration due to their burrowing habit. Some 
examples include Allolobophora  chlorotica (green worms), Apor-

rectodea  caliginosa (gray-worm), etc. 
3. ANECIC: Burrowing earthworms known as anecics develop a

complex tunnel system beneath the land surface that aids in the
thorough blending of top layer materials with that of lower layers.
These worms are large in structure, live for longer periods, but
grow and reproduce more slowly than “epigeic” worms. Anecic
worms are sometimes employed in decomposing of effluents,
although they are generally utilized along with epigeic worms. For
example, “Aporrectodea longa (black-headed worms), Lumbricus

terrestris (lob worms),” etc.

The compatibility of “Eisenia fetida, Eudrilus eugeniae, and Perionyx 

excavates” is given by Reinecke et al. (1992) in Table 9.1. 

TABLE 9.1 Description of Worms Used for Wastewater Treatment 

Parameters Eisenia Eudrilus Perionyx 

fetida eugeniae excavatus 

Duration of life cycle (days) 70 60 46 

Growth rate (mg/worm/day) 7 12 3.5 

Maximum body mass (mg/worm) 1,500 4,294 600 

Maturation attained at age (days) 50 40 21 

Start cocoon production (days) 55 46 24 

Cocoon production (worm/day) 0.35 1.3 1.1 

Incubation period (days) 23 16.6 18.7 

Hatching success in water (%) 73 50 63.4 

Mean number of hatching (cocoon) 2.7 2.7 1.1 

Number of hatchings from one 1–9 1–5 1–3 
cocoon 

Source: Reinecke et al. (1992). 

9.3 EARTHWORM BIO-REMEDIATION TECHNIQUE MECHANISM

Earthworms and microorganisms are used in the earthworm bio-remedi-
ation process. Macrophyte-assisted earthworm bio-remediation, which 
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evolved from the fundamental technology, is emerging to be an environ-
mentally acceptable option for “wastewater treatment and recycling.” The 
functioning of different strata and elements of a “macrophyte-assisted 
earthworm bio-remediation system” has been depicted in Figure 9.5 so 
as to figure out how the system works. Earthworms eat the sediments 
that remain on the filter bed and convert them to “humus” (Singh et al., 
2017). The formation of a microbiological coating on the filter-bed aids 
in the breakdown of pollutants. In general, an earthworm bio-remediation 
system is made up of two parts: earthworms and a filter bed. The filter bed 
which provides food via sorption from the effluent, aids in the develop-
ment of worms while a microbiological layer like coating is produced due 
to the limited porous nature of the bed. In earthworm bio-remediation, the 
worm active zone is called the “aerobic zone,” whereas the filter bed is 
known as the anoxic zone (Samal et al., 2018a; Singh et al., 2017; Wang 
et al., 2010a, b). 

FIGURE 9.5  Schematic representation of the role of different layers and components in 
macrophyte assisted vermifiltration system. 

The borrowing activity of earthworms raises the oxygen level in the 
filter bed. Furthermore, the increased volume of “soil” particulates and the 
increased porous nature of the filter-bed allow earthworms to hold extra 
biological contaminants, facilitating in more degradation (Singh et al., 
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2018; Bhat et al., 2020). Ingestion, grinding, digesting, and excretion are 
all processes that earthworms use to process waste, and these processes 
have a variety of “physical, chemical, and biological” impacts upon the 
interior ecology of the “earthworm active zone” (Singh et al., 2017). Apart 
from this, the intake and crushing operations of earthworms convert input 
wastes into tiny particulates of 2–4 micrometers in size, which are then 
digested in the gut thanks to the activities of bacteria along with intestinal 
secretions (Sinha et al., 2010; Wang et al., 2011). In the gizzard and gut 
of earthworms, enzymes such as “protease, lipase, amylase, cellulase, 
and chitinase” are released, resulting in the biological breakdown of 
cellulose and protein components in the effluent. The waste intake items 
are expelled to the surroundings in the form of nutrient-rich “vermicast,” 
since the earthworm stomach contains a complex microbial community. 
Microbes in the biofilm breakdown nutrients kept on it, as well as nutrients 
in the vermicast, for their population development (Sinha et al., 2008, 
2010). To keep their body surface, moist, earthworms produce mucus (a 
sticky fluid made up of different metabolites), that aids in the absorption 
of “oxygen,” too. These worms may transform huge amounts of organic 
materials into complex amorphous solids including phenolic chemicals, a 
process known as humification. These humic chemicals found in vermi-
bed aid in gathering of elements and comprise organics with complicated 
molecular structures such as “aromatic rings, carbonyl groups, phenolic, 
and alcoholic hydroxyl” groups. The same chemical structure bonds to 
various metal ions, thus assisting in the elimination of metals (Bhat et 
al., 2020). The clay particles are granulated by earthworms, boosting the 
system’s “hydraulic conductivity,” which increases the “organic” presence 
in the earthworm biofilter. The crushing actions of the worms results in 
the increase of filter medium volume, allowing “organic and inorganic” 
contaminants to be absorbed from the effluent. This method has been 
proven to be suitable for diluted wastes such as effluents and wastewater. 
Apart from this, the worms swallow and eat the excess dangerous as well 
as inefficient microorganisms present in “wastewater,” to form earth-
worm biofiltered effluent free of germs. Due to their burrowing nature, 
earthworms also prevent the medium from choking and retain a culture 
of efficient bio-degrader bacteria to work (Bhawalkar, 1995; Bhat et al., 
2020). 

Furthermore, the earthworm bio-remediation method has been shown 
to reduce pathogens significantly. These worms possess the ability to 
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eliminate infections found in the things they eat. The decrease in pathogen 
number in “earthworm assisted bio-remediation” is mostly due to enzy-
matic and microbiological activity (Hartenstein, 1978; Samal et al., 2017a; 
Sinha et al., 2010; Swati and Hait, 2018). 

Treatment of different kinds of effluent/wastewater using earthworm 
bio-remediation mechanism is shown in Table 9.2. 

TABLE 9.2 Treatment of Wastewaters Using Earthworm Bio-Remediation 

Source: Patel et al. (2018). 

Organics Nutrient HLR 

Sr. Types of Earthworm removal removal Bed material and (m31 HRT 

no. wastewater species (%) (%) size m2d) (h) 

Sewage Eisenia BOD Pure soil, sand 1-2 

fe/ida 98,COD (10-12 mm), 

45,TSS gravel (7.5, of 

90 3.5-4.5) 

2 Dairy Earthwonn BOD Pure soil, sand 6-10 

industry 98, COD (10-12 mm), 

effluent 80-90, gravel (7.5, of 

TSS 90- 3.5-4.5) 

95, TOS 

90-92 

3 Synthetic Eisenia COD TN Cobblestones (6- 0.2 48, 

sewage fe/ido 83.6 63, TP 10 cm), soil, 72,96 

86.7, sawdust 

NH3-N 

70.5 

4 Urban Perionyx COD 80- No3 Surface vegeta-

wastewater sansibariclls 9O,TSS 92.7, tion, soil, dried 

88.6, P03-4 leaves, sawdust, 

TOS99.8 98.3 small stones (5-

7 cm),large 

stones (10-
15 em) 

5 Cheese Eisenia BOD TN Ligneous mature 0.04 

whey fe/ida 76, COD 60, TP compost, stones 

82, TSS 77 

77 

6 Sewage Eisenia BOD Garden soil, sand, - 2 

fe/ida 98, COD aggregates (3-5, 
70, TOS 7-8cm) 

95 

7 Rural Eisenia BOD NH+ Cerarnsite (3- 4.2 

domestic fe/ida 78, COD 492.1 5mm) 

sewage 67.6, TSS 

89.8 

8 Synthetic Eisenia BOD Vermicompost, 1.5, 

wastewater fe/ida 96, COD riverbed material 2,2.5, 

90, TOS (6-8 mm), sand 3 
82 (1-2 mm), 

gravels (10-

12.5 mm) 

2 

2 
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The worms consume residual particulates in the filter, considerably 
decreasing amount of “BOD by more than 90% and COD by 80–90%,” as 
well as a considerable drop in nutrient content. The worm types “Eisenia 

fetida and Eudrilus eugeniae” used to treat wastewater generated from 
homes resulted in reductions of BOD by around 88% and 70%, TSS by 
78% and 67%, and TDS by 75% and 66%, respectively, while as scientific 
research found that pollutants including BOD5, COD, and TSS were 
removed about “55–66%, 47–65%, and 57–78%,” respectively, from 
household wastewater (Li et al., 2009; Kumar et al., 2016; Xing et al., 
2010). “Eisenia fetida” ranks among the frequently earthworms used to 
clean “household wastewater.” Separate research on “treatment of house-
hold wastewater” depicted that using “Eisenia fetida” reduced BOD5, 
COD, and TSS by 78%, 68%, and 90%, respectively (Gunadi et al., 2002; 
Liu et al., 2013; Sinha et al., 2008). The treatment of “synthetic waste-
water” utilizing a variety of “vertical sub-surface flow created wetlands” 
seeded with the “macrophyte Acorus calamus and the earthworm Eisenia 

fetida.” In addition to earthworm bio-remediation, revealed the removal 
of up to “87%–COD, 86%–total nitrogen (TN) and 83%–total phosphorus 
(TP)” (Zhao et al., 2014). 

The nitrifying and de-nitrifying microorganisms present in intestinal 
tracts of the worms are mostly responsible for nitrogen removal from 
wastewater (Ihssen et al., 2003). The removal of about 99% “Escherichia 

coli (E. coli), total coliform (TC), fecal coliform (FC) and fecal streptococci 
(FS)” from constructed effluent in an earthworm assisted bio-remediation 
system was reported. The filtration of domestic effluent water with earth-
worm bioremediation showed a reduction of FC by 99% (Arora et al., 
2014; Kumar et al., 2016). Using household wastewater, during research 
period of one year of earthworm bio-remediation revealed a decrease in 
“COD by around 87% and in thermotolerant coliforms by 99%” (Furlong 
et al., 2014). 

The earthworm bio-remediation technology, which was first restricted 
to the treatment of household wastewater, slowly progressed to the point 
that it is being investigated for treating “industrial” effluents. The earth-
worm assisted bio-remediation technology, when used on wastes coming 
out of the “food and beverage” industry, has demonstrated promising 
waste cleaning effectiveness and might open a new road for its use on a 
variety of other less toxic industrial effluents. In addition, the earthworm 
bio-remediation system has been used to reduce the toxicity of various 
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industrial effluents, such as those from the petroleum and pharmaceutical 
industries (Dhadse et al., 2010; Singh et al., 2019a; Sinha et al., 2012). 
The earthworm bio-remediation process is successfully utilized in the 
treatment of dairy effluent, w hich i s m ostly m ade u p o f organics such 
as proteins, carbohydrates, and lipids. The earthworm “Eisenia fetida” 

removes about “99% BOD5 and COD in the range of 80%–90% and the 
removal of TDS and TSS in the range of 90–92% and 90–95%, respec-
tively” (Sinha et al., 2007). The earthworm biofiltration of “petroleum 
industry” effluent depicts the elimination of “C10–C14, C15–C28 and 
C26–C36” by around 99% (Sinha et al., 2012). Furthermore, the use of 
earthworm bio-remediation to treat cheese whey waste removed around 
76%-BOD, 82%-COD, and 77%-TSS. The worm “Lumbricus rubellus” 
removed COD by 89% and BOD by 90% from gelatin industrial effluent. 
The usage of the worm “Eudrilus eugeniae” to treat “herbal pharmaceu-
tical” wastes at varied “OLR” showed removal effectiveness of around 
90%-COD and 93%-BOD. Using the macrophyte “Canna indica,” earth-
worm bio-remediation to treat synthetic dairy effluent, depicted removal 
rates of 81%–BOD, 76%–COD, 85%–TSS, 23%–TDS, and 43%–TN 
(Dhadse et al., 2010; Ghatnekar et al., 2010; Merlin and Cottin, 2009; 
Samal et al., 2017b). 

9.4 TYPES OF WASTE WATER TREATED USING THE 
EARTHWORM ASSISTED BIO-REMEDIATION TECHNOLOGY

“Earthworms, soil, sand, and gravel particles” all work together in the 
earthworm bio-remediation process. In poor nations with a variety 
of wastewater treatment difficulties, the earthworm bio-remediation 
technique has been recommended as an alternate wastewater treatment 
approach. 

9.4.1 URBAN AND DOMESTIC WASTEWATER 

The earthworm biofilter might be a good way to stabilize surplus sludge 
from the household and urban “wastewater treatment” facilities. Earth-
worm bio-remediation is considered as environmentally benign and cost-
effective method for treating household sewage in rural regions as well as 
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herbal medicinal effluent (Dhadse et al., 2010; Li et al., 2009; Wei et al., 
2003). The earthworm “Eudrilus eugeniae” was able to function in the 

filter at temperatures over 40°C, which improved the earthworm bio-filter 
conditions. It has been observed that the earthworm bio-filter can elimi-
nate BOD5, COD, TSS, and coliform organisms more effectively than the 
filters which do not use worms. The combined earthworm bio-remediation 
reactor depicts to remove major chemical contaminants from wastewater 
more effectively than a conventional biofiltration system. The proportion 
of earthworms having weight above 0.3 grams is substantially related to 
“COD, BOD5, SS, and NH

4
-N” elimination rates, suggesting that bigger 

worms like “Eisenia fetida” may contribute in a much greater way in the 
treating the sewage than smaller earthworms. However, the “hydraulic 
loading” had minimal effect on earthworm reproduction, and the rise in 
juveniles, as well as the reduction in elder and bigger worms, shows the 
reduction in “treatment efficiency” earthworm bio-filter (Adugna et al., 
2014; Xing et al., 2010). Application of sawdust into soil, which may 
increase porosity, substantially enhanced the characteristics of sewage 
water. Earthworm development, growth, reproduction, and survival in a 
moist environment are all said to be excellent (Garkal et al., 2015). 

9.4.2 DAIRY EFFLUENT TREATMENT 

“Dairy wastewater” when utilized as a feed for worms shows to be 
excellent at eliminating ‘COD, NH

4
, and total-nitrogen.’ The use of 

“Canna indica” and “Eisenia fetida” in treatment of dairy-effluent, 
reduces “BOD and COD by 75–81%,” as well as “total-nitrogen by 
24–42%,” and is suitable to be utilized for a variety of sewage filtra-
tion systems (Rodgers et al., 2006; Samal et al., 2017a, b). Earthworm 
bio-remediation of wastewaters from breweries and milk dairies with 
high BOD5 and TSS levels showed that earthworms decreased elevated 
BOD5 loadings by 99% and TSS by 98%. “Hydraulic retention periods 
(HRTs)” were observed to be 3–4 hours for “brewery wastewater” and 
6–10 hours for dairy wastewater. The worms must respond quickly to 
the movement of effluent inside their gut, including the decomposition 
of organics and swallowing the sediments. This is why the wastewater 
must be maintained in the earthworm bio-filter bed for a fair amount of 
time (HRT must be in terms of hours) (Sinha et al., 2007). 
Earthworm 
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bio-remediation contains a hybrid of conventional filtration and “vermi-
composting.” The earthworm’s body functions as a “biofilter,” with 
BOD5 removal rates of 97.95%, COD removal rates of 91.64%, TSS 
removal rates of 76.39%, and TDS removal rates of 84.27%. The oil 
and grease content dropped by 84.13% (Telang and Patel, 2015). The 
earthworm bio-filter has micro-environments which are useful for nour-
ishment of bacteria required in the conversion of “organic nitrogen into 
N

2
.” Also, the earthworm bio-filter’s dual nature (aerobic/anaerobic) 

creates a perfect environment for degradation of microbes along with 
removing nitrogen, lowering lower strata nitrogen loads while reducing 
greenhouse gas emissions Earthworm bio-remediation can enable 
efficient treatment of dairy effluent depending on the parameters of 
the wastewater to be treated. Furthermore, in treating higher quantities 
of effluents via earthworm bio-remediation, these procedures must be 
optimized economically (Lai et al., 2018; Natarajan et al., 2015). In the 
process of earthworm bio-remediation, vermi-bed height is a crucial 
variable. The use of a horizontal subsurface flow earthworm bio-filter 
system in conjunction with a vertical down flow earthworm bio-filter 
system seeded with different “macrophytes” along with worm, “Eisenia 

fetida” was able to considerably lower organic matter, minerals, and 
particles in “dairy” effluent (Bhat et al., 2020; Samal et al., 2018a, b). 

9.4.3 SWINE WASTE TREATMENT 

The earthworm assisted bio-remediation is also used to treat diluted swine 
manure. In comparison to raising on a slatted floor having a buildup of 
slurry, the wastewater may be utilized to throw out the manure, resulting 
in lower NH

4
 levels, thus influencing concentrations of gases emitted (Li 

et al., 2008). In freshwater recycled manure systems, the number of earth-
worms may be utilized as indicators for verifying lower energy intakes, 
lower green-house emissions as well as low NH

4
 generation (Luth et al., 

2011). Pollution levels in the important hybrid-built wetland were assessed 
at various levels. This might be due to variations in “pig-waste” concentra-
tion, farming techniques, along with preservation factors, besides it can 
arise from inefficient processing of “raw piggery” sewage (Borin et al., 
2013). 
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9.5 ADVANTAGES AND DRAWBACKS OF THE EARTHWORM
ASSISTED BIO-REMEDIATION TECHNOLOGY

9.5.1 ADVANTAGES 

The earthworm bio-remediation treatment offers several benefits over all 
other standard biological wastewater treatment systems while considering 
energy use, economics, and operational easiness. 

	 The earthworm assisted bio-remediation technology may be
carried out with very little capital and operational expenditures,
and the nutrient-rich vermicompost and earthworm biomass may
be used to produce money (Xing et al., 2005).

	 The earthworm bio-remediation method produces no sludge,
which is impossible to achieve with any other wastewater treat-
ment technology.

	 Earthworms eat all of the germs such as “bacteria, fungi, protozoa,
and nematodes” contained in effluent waste, therefore earthworm
biofiltered sewage is devoid of pathogens.

	 The earthworm bio-remediation process is odorless, and earth-
worms play a significant role in this because their burrowing
efforts prevent the operation of anaerobic bacteria in the filter-bed
material, by promoting aerobic environments.

	 Because earthworms can bioaccumulate large amounts of
hazardous compounds from sewage, such as “heavy metals and
endocrine disrupting compounds (EDCs),” the earthworm bio-
remediated waste is devoid of harmful substances (Bhat et al.,
2020).

	 Various types of effluent and wastewaters may be filtered and
recycled for relatively little money in terms of operation and
maintenance.

9.5.2 DRAWBACKS 

The lab-scale functioning of the earthworm assisted bio-remediation 
process has been more effective thus far. During field-scale deploy-
ment, certain limitations were discovered, which have been described 
below: 
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 Because earthworms cannot live in submerged conditions, the
majority of the earthworm assisted bio-remediation process takes
place in subsurface vertical/horizontal reactors. Most reactors are
designed such that influent enters one end and effluent exits the
other in horizontal reactors, whereas influent enters from the top
and effluent exits from the bottom of vertical reactors.

 Because earthworms dislike daylight and respire via the skin, their
activity is practically non-existent throughout the day. As a result,
caution should be exercised while situating the reactor by shielding it
from direct sunlight, either using jute sacks or trying to keep it shady.

 Because the majority of earthworms are surface feeders, they tend
to congregate at the top portion of the system, with limited activity
in the lower layers and it might result in the filter’s efficiency
being reduced.

 The presence of too much moisture in the filter may cause anaer-
obic conditions, resulting in the death of earthworms. As a result,
caution must be exercised while determining the filter’s hydraulic
loading rate.

 Wastewater containing a high concentration of sodium chloride
(NaCl) cannot be treated in an earthworm biofilter because it is
poisonous to earthworms. The deaths of earthworms might reduce
the overall ability of treating the sewage, lowering the effective-
ness of the filter (Hughes et al., 2007, 2008).

 Heavy metals can be accumulated in the bodies of earthworms.
However, the earthworm’s ability to absorb heavy metal is
restricted. As a result, the efficiency of treatment of wastewater
containing heavy metals is reduced (Bhat et al., 2020).

 Worm possesses a high reproduction rate, and after some time
period, a scarcity of food and space can arise, reducing the effec-
tiveness of the treatment process.

 After the reactor’s working period has ended, the earthworm
biofilter must be cleaned, which is a time-consuming procedure.
Handling earthworms should be done with caution since they are
delicate and any harm might result in their death.

 When using wastewater with high organic contents, earthworm
biofilters may become clogged. Another significant restriction is
the earthworm biofilters’ depth, as earthworms cannot survive at
greater depths.
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9.5.3 FUTURE PERSPECTIVES 

Earthworm bio-remediation’s ability to treat both household and industrial 
wastewater has been widely established. An understanding of earthworm 
bio-remediation has been presented on the basis of scientific research, 
construction layouts, along with treatment process. Earthworm bio-reme-
diation with macrophyte is a relatively new wastewater treatment method. 
The majority of studies have only shown vertical earthworm biofilters at a 
laboratory size for synthetic wastewater treatment. Earthworm bio-reme-
diation experiments with genuine wastes from industries can be helpful in 
determining the effectiveness of ‘organic, nutrient, and pathogen removal.’ 
Moreover, high quality scientific-research into the various earthworm 
bio-remediation system design configurations for wastewater treatment 
is required. For scaling-up the process, a number of control factors like 
“earthworm stocking density, flow rate, hydraulic retention time (HRT), 
OLR, and filter bed design” must be adjusted. Furthermore, the vast bulk 
of researches have exclusively used the epigeic worm, “Eisenia fetida.” As 
numerous worms are present in the soil, it is important to investigate and 
study these different worm types in isolated and symbiotic trials in order 
to effectively remove pollutants from effluent and wastewaters. 

9.6 CONCLUSIONS

The usefulness of the earthworm bio-remediation technology for sewage 
and industrial effluent treatment, as well as the treatment processes 
involved, has been thoroughly explored. The earthworm bio-remediation 
technique may be used to cleanse wastewater from a variety of sources or 
tailored to a specific wastewater. As a result, earthworm bio-remediation 
has been discovered to be an effective method. This is also a viable 
option for decentralized wastewater treatment. The presence of earth-
worms provides a feasible aerobic environment for the earthworm bio-
remediation process to take place in. This creates a favorable environment 
for aerobic decomposer bacteria. The earthworm bio-remediated water 
included higher levels of nitrate and phosphate, making it suitable for farm 
and horticultural irrigation. Earthworms feed on the organic content and 
particulates in the effluent, converting them into useful vermicompost, and 
so no sludge is generated, as in previous treatment systems. As a result, 
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the need to dispose the sludge does not arise; and to the benefit, vermi-
compost created is utilized as a fertilizer due to its high nitrogen and phos-
phate content. Furthermore, we obtain earthworm biomass, which may be 
utilized as fish and poultry feed. Additionally, macrophytes’ potential in 
an integrated earthworm bio-remediation mechanism for treating effluents 
is also addressed. In addition, the impact of various filter-design as well 
as operating factors on the efficacy of the process is also discussed. The 
combined impact of the earthworm active zone and filter medium has been 
documented in efficiently removing pollutants from sewage and effluent 
in the “earthworm bio-remediation” technique. The studies on earthworm 
bio-remediation of effluent wastes document that “maximum organic and 
nutrient removal” efficiency of “99%-BOD, 96%-COD, 86%-nitrogen, and 
83%-phosphorus” is observed. The earthworm bio-remediation approach 
has been shown to remove 90–99% of FC and 99% of the “TC, FS, and E. 

coli” pathogens. The components of the earthworm biofilter, such as the 
filter medium construction materials, worm type, as well as macrophytes 
used during the procedure, are extremely selective in terms of pollution 
removal. Furthermore, because different earthworm species coexist in 
nature, an earthworm bio-remediation technique for treating effluent 
and waste-water using symbiotic cultures must be evaluated. During 
earthworm bio-remediation, the impact of different procedure factors 
such as HLR, OLR, and number of worms is unclear. Earthworm assisted 
bio-remediation technique can be highly suggested as a feasible option to 
traditional procedures in treating organic effluents generated from village 
areas, smaller towns, and enterprises as long as the circumstances are 
suitable for earthworm proliferation. For successful wastewater treatment 
and recycling, extensive study is required to improve different process 
parameters as well as an optimal earthworm bio-filter design. 
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ABSTRACT 

Arable land degradation has arisen as a severe concern, posing a 
danger to agricultural productivity. Chemical fertilizers, farm manure, 
pesticides, waste sludge, plastic mulch, irrigation, and other farming 
activities and agro-inputs are all substantial sources of toxins on agricul-
tural land. These hazardous pollutants include a wide range of organic 
chemicals and heavy metals, many of which are detrimental to human 
health. Heavy metals, which are the most frequent types of contaminants 
in agricultural soil, have a significant impact on crop yields by reducing 
microbial activity and soil fertility. Decontamination of heavy metal 
contaminated soils is therefore crucial. Over the past few years, micro-
bial pest control has acquired increasing interest as a feasible in situ 

remediation option for degraded soil restoration. Phytoremediation can 
help to reduce pollution and the negative effects of agricultural pollut-
ants upon on ecosystem. Plants can support pollution clearance through 
a variety of mechanisms, including absorption and concentration, 
pollutant conversion, stability, and degradation of rhizosphere, which 
involves plants induced production of root bacteria that breakdown the 
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pollutants. The adoption of plants in order to lower contaminant levels in 
the soil is an affordable way to lessen the risk on human and ecological 
health of polluted soil locations. The purpose of this chapter is to outline 
numerous agricultural pollutants, phytoremediation methods, and their 
potential as remediation procedures that rely on growing plants’ inherent 
capacity to remove toxins from the environment. 

10.1 INTRODUCTION

Since the dawn of civilization, human actions have posed a danger to the 
planet’s sustainability and stability. Human actions have potential and 
severe environmental repercussions (Varallyay, 1994). Human activities 
such as urbanization, industrialization, and shifting agricultural tech-
niques have severely altered the nature of the environment across the 
world. Each of such practices damage the land, air, and water, causing 
a major and significant danger to ecologies and the health of humans 
and animals as well (Kang, 2014). Arable land degradation has arisen 
as a severe concern, posing a danger to agricultural productivity (Bhat 
et al., 2017, 2019; Zaman et al., 2018; Dar et al., 2020) Agricultural 
contaminants could occur as natural chemicals or energy generated 
in exceeding natural limits, as well as xenobiotic chemicals created 
by humans. A pollutant is a toxin (organophosphorus compounds, 
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons 
(PAH) radionuclides, HM, etc.), or geochemical materials (sediments, 
dust), physical matter (radiation, heat, noises) or biological organism 
or produce, that are purposely or unintentionally discharged into the 
atmosphere with potential or actual detrimental, damaging, undesirable, 
or toxic implications. The extensive deterioration of the soils and water 
with organic substances and HM, as well as municipal effluents and 
consumer products, led to a severe effect on the environment and health 
impacts (Pandey and Singh, 2019). The decline in the health of soil and 
water ecosystems is largely caused by organic and inorganic contami-
nants. Inorganic pollutants include heavy metals (Ni, Cd, Pb, Co, Cr, Zn, 
Se, Cu, and, Cr), metalloids (Hg, Se, and As) (Ye et al., 2011; Pandey et 
al., 2011), and radionuclides (Ra, Ra, Sr, Cs and U) (Dushenkov, 2003; 
Cerne et al., 2011), whereas organic pollutants encompass mainly hydro-
carbons (Hong et al., 2001; Davis et al., 2002). Each of these xenobiotics 
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is non-biodegradable and can persist in soil for longer durations in soil 
ecosystems, representing a significant environmental risk. Since inor-
ganic pollutants are toxic, they affect ecosystems adversely, and as a 
result of its mutagenic properties, DNA damage eventually happens in 
humans and animals (Baudouin et al., 2002). 

Agriculture is a vital source of income and employment. Despite its 
numerous advantages, farming operations cause pollution, which has 
negative consequences both towards the human health and the environ-
ment (Abbasi et al., 2014). Heavy metals, polymers, toxic substances, 
greenhouse gases, particulate matter, microorganisms, and other toxins are 
all emitted by its activities (Vejan et al., 2016). Agriculture has employed 
chemical fertilizers, herbicides, and pesticides to increase crop production 
and productivity while adding toxic levels of nitrogen and phosphorus to 
soil and terrestrial ecosystems. Furthermore, harmful pollutants released 
by diverse man-made causes contaminate natural resources, resulting 
in a shortage of potable water as well as a degradation of land soil and 
water contamination due to metals, metalloids, and radio nuclei poses a 
hazard for plants,’ humans,’ and animals’ health. Heavy metal pollution is 
a serious danger to agricultural land worldwide (Mico et al., 2006; Lone 
et al., 2008; Lin et al., 2012; Efremova and Izosimova, 2012a, b), limiting 
the amount of land appropriate for generating the world ‘s nutrition 
supplies The buildup of heavy metals, that do not disintegrate over time, 
many of those are harmful in almost any amount, and other toxic metals 
that are not accepted as important micronutrients, negatively impact crop 
productivity by reducing microbial growth and soil quality. For instance, 
Cadmium (Cd) has contaminated 13,330 hectares of agricultural land in 
China (Singh et al., 2011). Around 1,400,000 heavy metal polluted sites 
were found in Western Europe (Wei et al., 2005). Excess heavy metals 
contained by the soil also represent a considerable risk to the well-being 
of plants and animals and to human health also, when they enter the food 
chain. These can infiltrate the food chain by means of crops and build 
up within the body of humans via biomagnification, which poses a major 
health risk (Sarwar et al., 2010; Rehman et al., 2017). Figure 10.1 shows 
the impact of several heavy metals affecting humans. Inappropriate 
farming methods that escalate soil contamination by heavy metals makes 
it more difficult to generate safe food for human and animal use. It also 
increases land pollution. 
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 FIGURE 10.1 Impact of different heavy metals on humans. 
Source: Reprinted from Qadir et al. (2021). 

The extremely fast growth and extensive use of chemical products to 
protect plants and address certain human parasites like malaria and typhus 
have also caused ongoing farm and natural agrochemical contamination 
(McKone and Ryan, 1989). 1,1,1-trichloro-2,2-bis (p-chlorophenyl) 
ethane (DDT) was, for example, the main insecticide used for agricul-
ture, forestry, and controlling malaria and typhus mosquito vectors. Its 
low biodegradation makes it persistent and is anticipated for a half-life 
of quite a few decades (Crowe and Smith, 2007). Moreover, in animals 
affected by it, have an accumulation of toxins in their adipose tissue. This 
has caused a concern that species in particular birds are at significant risk, 
and that they would be banned in the industrialized countries, even to 
battle malaria. However, scores of years after it had been prohibited in 
many nations, substantial quantities are still observed. Another example 
is Atrazine, an herbicide that has been detected in water ecosystems 
afterwards getting leached out from the soil and has been used widely in 
maize farming. It has been banned in several countries it is claimed to be 
responsible for endocrine disruptions, particularly in batrachians (Hayes 
et al., 2002). Topsoil contamination is a major problem in both developed 
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and developing nations, posing serious implication on environmental and 
health of humans (FAO and ITPS, 2015). Furthermore, land contaminants 
might be transported to aquatic habitats over time due to leaching or wind 
dispersal. Contaminated areas must be remedied, and pollutant penetra-
tion into the food chain must be reduced for long-term environmental and 
agricultural growth. It is thus essential to consider what actions may be 
taken to make sure food is safe to consume, including on arable soil with 
a variety of heavy metal pollutants (Nicholson et al., 2003; Adefemi et al., 
2012). The existing physicochemical remediation procedures are already 
yielding promising results; nevertheless, these procedures frequently result 
in secondary contamination and additional obliteration of soil productivity 
(Kokyo et al., 2013). These traditional soil remediation procedures are 
costly, time-consuming, and occasionally ecologically harmful. They are 
extremely tough and impractical. As a result, there is a pressing need to 
promote efficient soil and water treatment technologies that aim to elimi-
nate pollutants. Plants and other creatures can be utilized to treat soil as a 
replacement or supplement to engineering-based remediation approaches 
for pollutant stabilization, removal, deterioration, or dissolution. 

Phytotechnology is a collection of techniques used for soil, surface 
water, groundwater, or sediment contamination utilizing or including 
vegetation. The comparatively modest capital requirements and the 
esthetical quality of the planted areas have made these technologies 
enticing alternatives compared to traditional cleaning technology. 
Phytoremediation technique harnesses plants’ capacity to repair polluted 
sites from toxins. The phytoremediation subtype of bioremediation, which 
is mostly used to limit the levels or deleterious implication of contami-
nants present in the environment, corresponds to the employment of plants 
and related soil organisms. The word phytoremediation originates from 
a Greek term “Phyto,” which means plant and “Remedium,” the Latin 
term which means a restoration, elimination, and repair. Therefore, the 
need arises for competent plant species for holding, breaking, or removing 
metal, salt, fungicide, herbicides, insecticides, organic solvents, harmful 
explosive materials, crude oil and extracts or various other environmental 
pollutants, that mitigates or removes pollutants from polluted land, water, 
or air by the phytoremediation process. A number of possible pollutants, 
e.g., petroleum hydrocarbon, organic pollutants, chlorinated substances, 
heavy metals, radioactive waste, agricultural waste, pentachlorophenol 
(PCP), polycyclic aromatic hydrocarbons (PAHs), etc., may be treated
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with the method for phytoreconciliation (Pivetz, 2001). Soil remedia-
tion methods based on plants can be considered as biological restoration 
technologies with a large self-extended root system that enriches the 
underground ecosystem for potential productive usage. Plants may 
absorb ionic substances through the root system even at low quantities 
in the soil. The root systems of plants are distributed throughout the soil 
matrix, creating a rhizo environment for heavy metals and bioavailability, 
allowing polluted soil to be restored and soil quality to be stabilized (Ali et 
al., 2013; Jacob et al., 2018; DalCorso et al., 2019). Likewise, utilizing salt 
tolerating flora (halophytes) to restore saline soils has been recommended 
as a cost-effective approach. Such halophytes can reduce salt levels in the 
soil, particularly at the rhizospheric level, allowing for the establishment 
of higher-yielding crop plants (Zuccarini, 2008). Different plant species, 
including snow-pine tree (Salix viminalis), poplar (Populus Deltoids), 
water hyacinth (Eichhornia crassipes), basket willows, etc., have the 
capability to extract cyanides from contaminated habitats (Larsen et al., 
2004; Taebi et al., 2008). In phytoremediation investigations, certain food 
crops are renowned, like, Zea mays L. Czern, Brassica napus L., Brassica 

juncea and Czeren, Helianthe annuus L. (Pandey and Bajpai, 2019). The 
adoption of a certain species of plants in polluted regions for recommen-
dation and growth will rely on the kind of contamination, method utilized 
to remove the contamination from that species, plant species’ pollutant 
resistance capability, and many more ecological restrictions (Huang and 
Cunningham, 1996; Meagher, 2000; Memon et al., 2001). 

10.2 MECHANISM OF PHYTOREMEDIATION

Phyto-remediation refers to any physical and biological processes influ-
enced by plant, or soil microbial and plant associations that contribute 
to pollutant absorption, sequestration, degradation, and metabolization. 
Phytoremediation makes use of the root system’s particular and exact 
absorption capacities, as well as translocalization, bioaccumulation, and 
the overall plant’s capacity to store and breakdown pollutants. Plants 
possess a number of ways for contributing in phytoremediation. The kind 
of pollutant, bioavailability, and soil conditions all influence the processes 
and efficacy of phytoremediation (Cunningham and Ow, 1996). Because 
inorganic pollutants could not be chemically destroyed, various plant 
species can trap them in their rhizosphere or aggregate them in roots and 

 



 233 Phytoremediation Technique for Agricultural Pollutants 

thereafter plant biomass, where they can be removed. During their devel-
opment, plants absorb metals from the contaminated soil. Plant-metal 
absorption could remain passive when metal ions flow through the root cell 
wall. It might possibly play a role in metal ion transport through the root 
cell membrane (Pilon-Smits, 2005). The chemical characteristics of the 
major metals are recognized by plant membrane proteins and bind to them 
for the absorption and transportation of metals (Axelsen and Palmgrem, 
2001). Some of these metal ions have similar chemical compositions, so 
proteins mistake them for one another. The root system offers a massive 
surface area which, together with other non-essential pollutants, collects, 
and stores water and nutrients necessary for development. The rhizosphere 
of these plants emits a variety of biochemical compounds such as bicar-
bonate anions, protons, organic acids, and additional cations, which have 
an impact on the mobility, availability, and degradation of different soil 
contaminants, as well as its chemical properties (Stephenson and Black, 
2014; Gerhardt et al., 2015; Ullah et al., 2015). By absorbing water 
from the ground, plants greatly limit pollution discharge to groundwater 
(Vangronsveld et al., 2009; Mench et al., 2010). There are several types of 
phytoremediation strategies based on distinct mechanisms (Figure 10.2). 

FIGURE 10.2  Phytoremediation techniques shown schematically.  
Source: Reprinted with permission from Abdel-Shafy and Mansour (2018). © Springer 
Nature.  
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10.3 TYPES OF PHYTOREMEDIATION TECHNIQUES

The different types of phytoremediation techniques are listed in Table 10.1. 

TABLE 10.1 Phytoremediation Technologies, Their Mechanism and Examples of 
Contaminants 

Technique Mechanism Contaminants 

Phytoextraction Hyperaccumulation of 
contaminants into the 

Pb, Cd, Zn, Ni, Cu 

plant 

Phytostabilization Immobilization of 
contaminants through 
sorption by roots 

Cd, Zn, As, Pb, Cu, Cr, Se, U, furans, 
pentachlorophenol, DDT, dieldrin 

Rhizofiltration Accumulation of Metals like Zn, Ni, Cu, Pb, Cd, 
contaminants in 
rhizosphere 

radionuclides – Sr, Cs, U, hydrophobic 
organics, and radionuclides 

Phytovolatilization Volatilization of 
contaminants in the 
transpiration stream 
through leaves 

Se, Hg, chlorinated solvents like 
methylene chloride (MC), carbon 
tetrachloride, 1,1,1-trichloroethane 
(TCA), trichloroethylene (TCE), 
carbon tetrachloride (CT), 
tetrachloroethylene (PCE) 

Phytodegradation Degradation of 
contaminants in plant 
through internal 
enzymatic activity and 
photosynthetic oxidation/ 
reduction 

Nutrients like NO
3 
−, NH

4 
+, PO

4 
3−,

Herbicides such as atrazine, alachlor, 
mixtures benzene toluene ethylbenzene 
and xylene (BTEX), ammunition 
wastes, 2,4,6-trinitrotoluene (TNT), 
rapid detonating explosive (RDX), 
chlorinated aliphatic compounds-
trichloroethylene (TCE) 

Rhizodegradation Contaminant 
biodegradation by 
microbes in the 
rhizosphere 

Polycyclic aromatic hydrocarbons 
(PAHs), Petroleum hydrocarbons, 
chlorinated solvents, pesticides, 
polychlorinated biphenyls (PCBs), 
toluene, ethylbenzene, benzene, and 
xylenes 

10.4 PHYTOEXTRACTION

The absorption and transloading of contaminants from plant roots into 
the biomass of plants, including the stems, leaves, and tissues of trees, 
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is known as phytoextraction. Phytoextraction, sometimes called phyto-
accumulation, is utilized mostly for polluted soils (USEPA, 2000). The 
plants’ procedure of extracting contaminants like heavy metals involves 
those some steps: (i) rhizosphere mobilizing heavy metals; (ii) plant 
root heavy metal ion absorption; (iii) heavy metal ion transport to aerial 
parts; (iv) heavy metal ions sequestered and divided in plant tissue by 
the plant (Ali et al., 2013). The aqueous phase through the root is one 
of the most common methods of chemical absorption. Plant transpiration 
moves organic ions and molecules from the soil and sediments to the roots 
(Figure 10.3). Ion transport from the soil to the root happens concurrently 
with water flow (National Research Council, 2003). Chemicals must pass 
through the plasma membrane and then into the cytoplasm of the cells to 
be absorbed; the plasma membrane functions as a barrier to absorption. 

 FIGURE 10.3 Image showing phytoextraction from soil.  
Source: Reprinted from Etim (2012). © Modern Scientific Press Company. Open access.  

For optimal phytoextraction, the plant species must be chosen care-
fully. Hyperaccumulator species are the best species for phytoextraction 
because they possess a high capacity for accumulating pollutants (Cristaldi 
et al., 2017). Natural heavy metal hyperaccumulators may accumulate 100 
times more metals than non-hyperaccumulating species under the same 
conditions (Rascio and Navari-Izzo, 2011). Metal hyperaccumulators 
have been discovered in approximately 450 plant species from at least 45 
angiosperm families (Suman et al., 2018), ranging from annual herbs to 
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perennial shrubs and trees, including Brassicaceae, Fabaceae, Solanaceae, 
Lamiaceae, Asteraceae, Scrophulariaceae, and Euphorbiaceae (Salt et al., 
1998; Dushenkov, 2003). Plant species that generate a large quantity of 
biomass in a short period of time can also be used for phytoextraction 
(Li et al., 2018; Nakajima et al., 2019). Zea mays, Nicotiana tabacum, 
Helianthus annuus, and Cannabis sativa have all been shown to remove 
heavy metals from contaminated soil via phytoextraction by Kayser et 
al. (2000); Vangronsveld et al. (2009); and Herzig et al. (2014). Phyto-
extraction eliminates pollutants from the soil permanently and is far less 
costly than other approaches. The plants must: (i) absorb into their roots 
enormous concentrations of heavy metals; (ii) translate heavy metal into 
the biomass; and (iii) create huge amounts of plant biomass, in order to 
be viable. In addition, remedies should have detoxification and/or toler-
ance mechanisms that amass large amounts of toxic metals in their shoot 
systems (Brennan and Shelley, 1999). 

10.5 PHYTOSTABILIZATION

Heavy metal absorption by roots or heavy metal precipitation in the rhizo-
sphere are examples of phytostabilization, both of which reduce pollutant 
mobility in the soil. Root absorption, precipitation, complex formation, 
or metal valence change or decrease in the rhizosphere zone are all ways 
that heavy metals might be immobilized in soils utilizing plants (Ghosh 
and Singh, 2005; Ali et al., 2013). Phytostabilization has been shown to 
be effective in managing Cd, Cr, Cu, Pb, Zn, and As polluted soils, as 
well as the removal of metals and other inorganic pollutants from sedi-
ments. Festuca spp. and Agrostis spp. are used to phytostabilize Cu, Zn, 
and Pb in the most heavily polluted soils in European countries (Mahar 
et al., 2016). Metal-tolerant species, such as Brassica juncea, Epilobium 

dodonaei, (Banuelos et al., 2005; Shiyab et al., 2009), Vicia vilosa, 
Hordeum vulgare (Katoh et al., 2017), Phragmites australis and Typha 

domingensis (Bonanno, 2013), help to stabilize metals and protect soils. 
Arundo donax, Typha domingensis, Phragmites australis, Vossia cuspi-

date, Nasturtium officinale, Apium nodiflorum, and Zannichellia peltate 

are some macrophytes that have shown to be effective in phytostabilizing 
heavy metal-contaminated aquatic environments (Bonanno and Vymazal, 
2017). 
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In locations with fine-textured s oils a nd a bundant organic material, 
phytostabilization may be very efficient in reducing the toxicity of a diverse 
variety of surface pollutants (Cunningham et al., 1995). This method 
could potentially be employed to restore plant covers in locations wherein 
natural vegetation has died owing to excessive concentrations of metals 
in soil profile or disruptions on the material’s surface. The abundance of 
the vegetative cover causes impacts on soil chemistry and ecology, that 
might lead to pollutant adsorption by plant roots in soil. Another benefit 
of this method is that it does not need the disposing of potentially harmful 
materials/biomass, and so it is highly successful when fast immobilization 
is necessary to safeguard surface and groundwater (Zhang et al., 2009). 
Nonetheless, there are many key drawbacks associated with this meth-
odology, including pollutant retention in the soil, intensive fertilization 
or soil supplements, obligatory monitoring, and the stability of pollutants 
may be largely attributable to the soil supplements. 

10.6 RHIZOFILTRATION

Rhizo filtration is a method of plant-based remediation that includes 
filtration of water via roots to eliminate hazardous contaminants of 
undesirable nutrients. Rhizofiltration is mostly used to restore slightly 
contaminated groundwater, surface water, and wastewater (Raskin and 
Ensley, 2000). It is a kind of phytoremediation, which is the technique of 
eliminating pollutants from contaminated water by the use of hydroponi-
cally grown (Figure 10.4) plant roots to absorb, concentrate, and precipi-
tate them (Ramanjaneyulu et al., 2017). These plants are placed in a 
polluted location, within which their roots absorb the water as well as the 
pollutants. The plants are harvested when their roots get saturated by the 
pollutants. The similar fundamental approach to remediation is followed 
by phytoextraction and rhizofiltration. Rhizofiltration is utilized for the 
treatment of waters, whereas phytoextraction is employed for soil amend-
ment. Cu2+, Cd2+, Cr6+, Ni2+, Pb2+, and Zn2+, that are predominantly held 
inside the roots, can be filtered via rhizofiltration (USEPA, 2000). The 
capacity of Indian mustard, sunflower, corn, spinach, tobacco, and rye, 
to detoxify lead from water has been confirmed, with sunflower showing 
the best potential (Sharma and Pandey, 2014). Indian mustard has been 
shown to remove lead from a broad range of concentrations (4–500 mg 
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L–1) of lead (Raskin and Ensley, 2000). Panda (1996) used aquatic plant 
spp. for rhizofiltration of Zn and Ni in liquid culture medium. Water 
lettuce and water hyacinth were discovered to be efficient as Zn (18,041 
and 14,423 ppm) and Ni hyperaccumulators (7,850 and 5,315 ppm). 
Low-level radioactive pollutants can also be managed to removed off 
the liquid streams, according to these findings. In a test in Chernobyl, 
Ukraine, various varieties of sunflowers were effectively employed to 
eliminate radioactive pollutants from pond water (Ramanjaneyulu et 
al., 2017). Terrestrial plants are recommended as their root systems are 
fibrous and considerably deeper, expanding the quantity of root area 
(Raskin and Ensley, 2000). 

 FIGURE 10.4 Engineered rhizo filtration system.  
Source: Reprinted from Etim (2012). © Modern Scientific Press Company. Open access.  

The flexibility to employ both terrestrial and aquatic plants for in situ 
and ex situ applications is one of the benefits of rhizofiltration. Another 
advantage is that there is no need to transfer pollutants to the shoots. 
As a result, non-hyperaccumulator species can be utilized. Constant pH 
adjustment, early plant development in a greenhouse or nursery, ongoing 
harvesting and plant disposal, and a thorough understanding of chemical 
speciation are all disadvantages. Rhizo filtration has estimated the cost 
of remediation to be between $2–$6 per 1,000 liters of water (USEPA, 
2000). 
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10.7 PHYTOVOLATILIZATION

The use of plants to absorb soil contaminants in volatile forms and subse-
quently to transport it into the environment is involved in the process of 
phytovolatilization (USEPA, 2000). Arsenic, mercury (Hg, more toxic to 
Hg2+, less harmful) and selenium (Se, more poisonous to (CH

3
)2se, 600 

times lower harmful), etc., are the volatilized metals through perspira-
tion. Arabidopsis thaliana and Musk Grass is plant species that adopt 
the method of phytovolatilization for the removal of pollutants. Indian 
moutar was shown to decrease Selenium (Se) to non-toxic concentration 
(Banuelos and Meek, 1990; Banuelos et al., 1997). The distributions and 
volatilizations of selected organic pollutants through the use of hybrid 
poplar trees were studied by Burken and Schnoor (1999). Built wetlands 
are very successful in the removal of Se from selenite polluted wastewater 
as reported by Hansen et al. (1998). They have reported Se volatilization 
maximum rates at five locations of vegetated wasteland. Rabbit foot grass 
and cattail were Se’s most effective phyto volatilizers, as a result of a 
Se m2 day–1 volatilization rate of 180 ± 100 ug. Popular trees have been 
shown to volatilize 90% trichloroethylene (TCE) in use. In comparison 
to other methods of cleanup, after the pollutants have been eliminated by 
volatilization, their migration into other regions is not under control. 

10.8 PHYTODEGRADATION

The utilization of plants and microorganisms for organic pollutant absorp-
tion, metabolization, and breakdown is called phytodegradation. This 
is called Phyto transformation as well. It involves the decomposition or 
integration of complex organic compounds into plant-based tissues by 
simple molecules (Trapp et al., 2005). Plant roots are utilized to eliminate 
soil pollution with organic chemicals in conjunction with microbes in this 
technique (Garbisu and Alkorta, 2001). The plants include enzymes that 
catalyze and accelerate chemical processes. They are complex chemical 
proteins. In certain enzymes, ammunition waste is broken up and converted 
while in other cases the chlorinated solvents like trichloroethylene (TCE) 
decompose. Different bacterial and fungal micro-organisms may help 
convert hazardous metals into less hazardous conditions. Phytodegrada-
tion has been found in soil, sediment, or groundwater pollutants, in order 
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to remedy some organic pollutants, including chlorinated solvents, herbi-
cides, and ammunition (EPA, 2000). Some plant species may effectively 
degrade the pollutant into less hazardous chemicals inside the plant system 
such as atrazine and TNT poplar tree. Plants such as Avena sativa and 
Beta vulgaris have been shown to be appropriate for the decontamination 
of TNT and GTN (Ramanjaneyulu et al., 2017). In addition, transgenic 
tobacco seeds that emit a Penta Ertrythritol tetranitrate reductase (PETR) 
enzyme can be utilized for phyto remediation and germinating and growing 
in the presence of GTN and TND (Gong et al., 1999). 

10.9 RHIZODEGRADATION

The disintegration of the contaminants into the rhizosphere or root region 
of the plant, also known as phyto stimulation, is called Rhizo degrada-
tion Because of the abundance of microorganisms in the rhizosphere, the 
plant releases enzymes, amino acids, sugars, and other chemicals that may 
promote bacterial growth. The rhizodegradation process is thought to be 
carried out by these bacteria or other microorganisms. Treatment of a broad 
array of mainly organic contaminants, including pesticides, PAH, toluene, 
benzene, xylene, polychlorinated bipherylsethyl benzene, petroleum 
hydrocarbons, and chlorinated solvents, and are particularly useful in case 
of contaminated soils. It may be also seen as a facilitated bioremediation 
of plants, which stimulates the release of microbial and fungal breakdown 
to the root region of exudates and enzymes. Phytostimulation may also 
be implicated in aquatic plants that allow the active microbial degrading 
communities as in the example of speeding of the atrazine break-down 
with hornwort. 

10.10 PHYTOREMEDIATION OF AGRICULTURAL POLLUTANTS

Humans are increasing the production of environmental pollutants such 
as pesticides, salts, oil products, acids, and heavy metals, among others. 
While some pollutants, such as salts and heavy metals, are found naturally 
in soils, they are the most significant sources of anthropogenic, induced 
pollution in the environment caused by the industrial and agricultural 
sectors (Delibacak et al., 2002; Suci et al., 2008). According to Dubois 
(2011), one-third to one-half of the world’s agricultural fields 
have 
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deteriorated, while a quarter has been severely damaged. Polluted agricul-
tural environments significantly damage plants, micro-organisms, aquatic 
creatures, and essential processes such as soil productivity mineralization, 
immobilization, and nitrification (Batayneh, 2012). Pesticides, chlorinated 
solvents, heavy metals, and a vast range of other pollutants are released 
into the soil on a continuous basis, with the increasing international 
industry, urbanization, and intense agricultural land usage (FAO, 2015). 
The overuse of agrochemicals (fungicides, herbicides, chemical fertil-
izers, etc.), sewage sludge, animal feeds and plastic are mostly mediated 
through agricultural pollution. A substantial amount of soil pollution has 
resulted with the use of fertilizers and pesticides in agriculture. Although 
the use of these chemical compounds is considered to be an efficient 
means of control of pesticides and diseases, their use can have detrimental 
consequences on flora and fauna such as invertebrates and vertebrates 
(Schluz, 2004). Insecticides are by far the most significant for threatening 
environments and poisonous for living creatures among many groups of 
such chemical substances. Herbicides, bactericides, and fungicides follow 
(Goel and Aggarwal, 2007). Heavy metal pollution is also increased by 
chemical substances, such as pesticides. The plants may readily absorb and 
bioaccumulate in various organs, mostly heavy metals (Wang et al., 2003). 
Excessive heavy metal buildup affects the microbiological activity, soil 
fertility, soil quality and crop productivity. With food intake, the usage of 
water polluted with metals or air with hazardous metals, these metals may 
eventually come into the human systems (Jarup, 2003). Cyanide is another 
type of pollutant introduced to plant environment. In certain bacteria, 
fungus, algae, and higher plants, cyanogenic chemicals exist naturally. 
They are therefore present in a range of foodstuffs and plants. When eaten 
inadvertently or hydrolyzed by plants, cyanogenic chemicals are very 
poisonous (Schnepp, 2006; Barillo, 2009). They inhibit ATP production 
which leads to rapid death of plants or animals since no energy for regular 
tasks is available. Massive amounts of salt in various soil profiles are also 
a source of contaminants that cause salinity issues. Almost half of the 
irrigated land is highly salinated, making it unfit for crop production (Zhu, 
2001; Bhat et al., 2107). NaCl and MgSO

4
 are the most prevalent salts that 

cause soil salinity. 
Increased accumulation of environmental pollutants causes biodiver-

sity loss, greenhouse effect land degradation, pollution, deforestation, 
desertification, acid rain, and other environmental issues. In contrast to 
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organic pollutants that are eventually converted to CO
2
 or H

2
O, inorganic 

pollutants such as metals and salts are likely to accumulate in a variety 
of ecological constituents, including lake, estuary, and marine sediments 
(MacDonald et al., 1996). Several pollutants may flow readily and eventu-
ally build in soil and water bodies from one environmental component 
to another. Most poisons may flow r eadily a nd eventually b uild i n soil 
and water bodies through one of the ecological units to another. Water 
contamination is largely driven by wastewater, food manufacturing unit 
residue, agricultural usage of fertilizer and pesticides, etc. (Shah et al., 
2020). Plants and aquatic animals and flora may take up these contami-
nants readily and transmit them to the human body wherein they lead to 
severe disease and disorders (Albering et al., 1999; Korte et al., 2000). 
However, the crops produced should be provided with drought-tolerant, 
disease-resistance, stress resistance to heavy metal, and improved nutri-
tional benefits for sustainable farm output and must not just be remedied 
(Vejan et al., 2016). Consequently, their removal compared with the 
extraction of organic contaminants is significantly more challenging and 
needs a separate method. Phytoremediation is a potential technique for 
removing and plummeting the bioavailability of agricultural pollutants 
present in the soil. Farming and phytoremediation are inseparable bodies. 
Phytoremediation is in reality a farming technique that can only succeed 
when only a suitable approach is used. 

10.11 HEAVY METALS

For their normal development and metabolic activities, plants require 
certain nutrients. Based on their requirements, these important nutrients 
are classified as macronutrients and micronutrients. Apart from these basic 
heavy metals of nutrients, non-nutrient heavy metals, like Pb and Cd are 
quite common. These metals turn into hazardous components to plants 
if they are present in soils above the necessary threshold levels. Plants 
frequently collect heavy metals at levels above their soil levels in large 
amounts from whence they reach the food chain. The use of excess heavy 
metals by plants in solar solutions leads towards various interactions at the 
cell level, which have toxic impacts on enzyme activities, protein struc-
tures, mineral nutrition, plant breathing and ATP content, photosynthesis, 
growth, and morphogenesis and reagent oxygen plants formation (ROS). 
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In heavy metal stress circumstances, transpiration rate and water content 
in treated plants have been observed to decrease (Ashraf et al., 2010). The 
enormous territory of China, Japan, and Indonesia, with metals such as Cd 
and Cu, and Zn, and North Greece, Albania, and Australia, Cr, Cu, Pb, and 
Ni, has been contaminated by anthropogenic agriculture operations (Song 
et al., 2019). The main sources of agricultural soil metals are sewage sludge, 
liming, untreated irrigation water and pesticides. Also, potential sources 
of heavy metals include fertilizers (organic and inorganic). In particular, 
phosphate fertilizers include Cd, Cr, Ni, Pb, and Zn at a varying amount 
(Nagajyoti et al., 2010). The most commonly used insecticides are organic 
arsenic compounds, particularly on cotton plants, whereas the major usage 
of inorganic arsenic is to protect wood. Wastewater for irrigation has led to 
the buildup in soils and plants of metals exceeding the maximum allowable 
animal feed in Gaza, Egypt (FAO, 2015). The Kapungwe (2013) discov-
ered that in Zambia, soils, water, and crops pollution from metals (Co, Cr, 
Cu, Pb, and Ni) was reported due to the presence of heavy metal on the 
levels more than acceptable in soils and crops from both locations. Heavy 
metal pollution penetrates the human and cattle food chain and build up 
in them, known as bio-accumulation. One more process is also known 
as biomagnification. The percentage of a certain heavy metal within the 
food chain is increasing. When heavy metals reach an individual’s system, 
several biological processes are disrupted. Other molecules, like the lethal 
reactive oxygen, can be broken down into more reactive species by these 
metals. Fe2+ and Fe3+ are also capable of reacting with common molecules 
like O

2
 and H

2
O

2
. Some chronic consequences are carcinogenesis, mental 

lapse, renal, hepatic, GI, central nervous system issues, and many more 
(Ramanjaneyulu et al., 2017). 

Phyto-remediation is the most ecologically acceptable and economi-
cally practical remediation method utilized for the mitigation of agricul-
tural land pollution to successfully remediate vast regions of heavy metal 
pollution Plants collect metals from different media, including water, 
wastewater, and soil. The media function as pools for trace metal and plant 
nutrient. Some plants have a range of possible techniques that can detox 
heavy metals and tolerate mental stress. Mechanisms of this kind include: 
binding to the cells’ walls, reduced absorbing, or flux p umping o f the 
plasma membrane by metals, the repairing of stress-damaged proteins, and 
the vacuole metal sharing by tono-plastic transporter of different ligands 
such as plant cell walls, metal bindings and metallic binding proteins. 
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Figure 10.5 illustrates heavy metal transport and detoxification in plants. 
In Thlaspi caerulescens (Sachs, 1865), the large amounts of heavy metals 
accumulated in plants that initially appeared are reported and the first 
person to coin the name “hyperaccumulator” was Brooks et al. (1977). 
Chaney (1983) originally addressed the notion of hyperaccumulator plants 
for heavy metals from polluted soils. Environment Canada has published a 
Phytorem database compiling a global inventory of over 750 terrestrial and 
aquatic species with potential phytoremediation value (Ramanjaneyulu et 
al., 2017). Only around 0.2% were found as metal hyperaccumulators of 
all angiosperms (Ashraf et al., 2010). 

Lead (Pb), Aluminum (Al), Copper (Cu), Molybdenum (Mo), Manga-
nese (Mn), Chromium (Cr), Platinum (Pt), Zinc (Zn), Selenium (Se), 
Mercury (Hg) and Naphthalene are tolerated by these accumulators or 
species (Zn). There have been reports on a list of 26 species of cobalt 
hyperaccumulators from Lamiaceae, Scrophulariaceae, Asteraceae or 
Fabaceae families (Baker and Smith, 2000). Phytoremediation of lead 
(Pb) by the use of corn in polluted agricultural areas was reported by 
Cheng et al. (2015). The results revealed, as demonstrated by minimum 
impacts in the development and production of biomass, that Bright Jean 
7 maize has a high tolerance to lead. Every year, up to 93.37 tons of dry 
matter could be produced per ha of corn and a maximum amount of 7.2 
kg of lead was removable. Cadmium-polluted agricultural land has been 
examined by Hamzah et al. (2016) on the use of five i ndigenous plant 
species. The average Cd reduction capacity in this selected facility was up 
to 71.2%. Each plant, Vetiveria zizanioides, Eleusine indica, L., Ageratum 

conyzoides L., Euphorbia hirta, and Chromolaena odorata, decreased 
by percentage of 71.2%, 58.9%, 52.2%, 51.8% and 22.1%, respectively. 
They have numerous desirable properties, such as high heavy metal toler-
ances, large surface/volume ratios, and phototaxy expressions, genetic 
modification potential, and auto- and heterotrophic growing capacity 
(Chekroun and Baghour, 2013). Because of their efficiency in absorbing 
heavy metals and concentrating them in tissue, macroalgae are increas-
ingly being used as metal biomonitors in marine and aquatic ecosystems 
(Gosavi et al., 2004). Cyanophyta and Chlorophyta were reported to be 
boron and arsenic hyperaccumulators and hyper absorber (Chekroun and 
Baghour, 2013). Plants used for heavy metal phytoremediation should 
tolerate heavy metals collected in their tissues, be fast-growing and should 
be able to thrive in nutrient-deficient soils with spreading branches 
and 
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large root systems, easily harvestable and animal-unconsumable. But the 
technology of phytoremediation is constrained by reasons such as time-
consuming considering chemical treatment and demands more labor and 
costly capital. But it has the benefit of being dependable, environmentally 
friendly, and sustainable. 

 FIGURE 10.5 An illustration of the way heavy metals are collected, translocated, and 
sequestered in plants.  
Source: Reprinted from Yan et al. (2020). https://creativecommons.org/licenses/by/4.0/  

10.12 AGROCHEMICALS (PESTICIDE AND HERBICIDE

In agriculture, huge amounts of inorganic and organic pollutants are depos-
ited in farmlands by extensively used agrochemicals (synthetic fertilizers, 
insecticides, herbicides, pesticides, etc.). In addition to their biocidal and 
fertilizing effects, fertilizers, and pesticides supply the environment with 
significant amounts of heavy metals, notably in land and plants. Such 
compounds may have serious implication on humans and the environment, 
due to their presence in soil, plants, and water and also on their potential 
pharmacodynamic qualities. Human disorders, such as neurological 
disorders and many forms of malignancies are accountable of pesticides. 
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Moreover, as its selectivity and efficiency increase, pesticides are increas-
ingly costly for farmers’ selectivity, misuse, and over-exploitation which 
can lead to a risk of polluting soils, food, and drinking water for living 
creatures and humans. Similarly, herbicide accumulation endangers crop 
growth and development. DDT was typically the first chemical identified 
as the primary agent of bird population declines after 1945, owing to 
environmental impacts. Atrazine, a photosynthesis inhibitor herbicide, is 
mostly employed in maize and sorghum, and also in sugar cane, vines, 
citrus, and bananas as well as many more crops, Atrazine (2-chloro-4-
(Aminoethyl)-6-(amino isopropyl), s-1,3,5-triazine) has been proven to be 
a major contaminant of water, which contaminates both surface (Garmouna 
et al., 1998) and underground water (Davoli et al., 1987), leading to its 
prohibition in the European Union in 2004. For male frogs particularly, 
Atrazine (Hayes et al., 2003) is reportedly as an endocrine disruptor and 
promoting the amphibian susceptibility to viruses, causing the decrease of 
amphibians across the world (Forson and Storfer, 2006). Food, water, soil, 
and sediments residues of organochlorine pesticide might lead to cancer 
on the whole food web (Taiwo, 2019). Dimethoate and benomyl also cause 
symbiotic activity of mycorrhizal fungus (Chiocchio et al., 2000). Pollu-
tion with pesticides therefore is one of scientists and environmentalists’ 
most significant issues. 

Soil microflora is used in plant remediation to improve the abilities of 
the soil to break down pesticides by means of bacterial or fungal growth. 
Numerous investigations have shown that plants are able to quickly restore 
solutions that include significant pesticide concentration, specifically under 
hydroponic circumstances, or at times when axenic plants are used (Gao et 
al., 2000). The pesticide is immobilized in the roots after ingested by the 
plant, either translocated or metabolized into the aerial portions by means 
of a translocation process. The medium level hydrophobic pesticide can be 
transmitted to the xylem vessels after roots absorb it and transport it into 
the shoots via the evapotranspiration flux, therefore resulting in a build-up 
of the chemical. In a research by Wilson et al. (2000) for example, a pesti-
cide of the triazine family absorbed and translated the sweet flag (Acorus

gramenius) and pickerel weed (Pontederia cordata). Erdei et al. (2005) 
performed research on pesticide phytoremediation from polluted soil and 
groundwater using Kochiasp. According to the findings plants have a signifi-
cant innate capacity to detoxify some xenobiotic chemicals. By generating 
laccase and secreting it into the rhizosphere, tobacco, a transgenic plant, 
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can remove pentachlorophenol (PCP). Tobacco plants have been geneti-
cally modified with a bacterial organophosphorus hydrolase (OPH) gene 
in order to clean and eliminate organic phosphorus pesticides. Transgenic 
plants were able to absorb more than 99% of methyl parathion after 14 
days of growth, according to the study. Glutathione, cytochrome P450 
sterase, O- and N-malonyltransferases, O-, and N-glucosyl transferases 
carboxylesterases, peroxygenases, peroxidase and transferases are among 
the plant enzymes involved in the phyto transformation of xenobiotics in 
the plant cells (Karavangeli et al., 2005). Phytoremediation has been shown 
to be the best approach to detoxify polluted herbicide soils with effective 
use of certain fungus and poplar tree (Ramanjaneyulu et al., 2017). The 
percent of metribuzin and metobromuron depleted in non-contaminated 
and polluted sites of liquid culture media was calculated by Bordjiba et 
al. (2001) and found the most effective depletors to be Byssochleamys 

sp., Sordaria sp. (Ascoycentes), Botrytis sp. (Dematiaceae), Abscidia sp. 
and (Zygomycents) fungi. Komives et al. (1994) observed that the safener 
Benoxacor protected maize against chloracent anilides by generating 
enhanced conjugative metabolism. Hence pesticide and herbicide polluted 
land and water seem to be a useful method in phytoremediation of the soil 
or water. 

10.13 SALTS

The excessive quantities of salt are the world’s biggest source of pollutants 
creating the salinity problem. It is believed that around 7% of the entire 
earth is impacted by excessive salt concentration and 20% of the total 
agricultural land. Though high soil salt content can have many biochem-
ical, molecular, and physiological effects on crops, the more frequent 
impacts are photosynthesis inhibition, unbalanced nutrients, alterations in 
metabolism, accumulation disturbance of the solutes, enzyme activity and 
hormonal imbalances (Ashraf, 1994; Munns, 2005). Salt-affected soils 
generally include a range of inorganic salts, including cations like Mg2+, 
Na+, K+, and Ca2+, as well as anions such as NO3–, HCO3–, Cl-, SO

4
2–, 

and CO
3

2–, which have a detrimental influence on plant development and 
production owing to ion toxicity or osmotic effect on plants (Tanji, 2002; 
Parida and Das, 2005). 
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Many studies have shown that phytoremediation may effectively remove 
salts from polluted soils. Thus, according to scientific studies (Ashraf et 
al., 2010) farmers may now use plant-based techniques to eliminate salt. 
Kallar grass is beneficial f or s oil c onservation a nd r ecovery i n saline-
sodic areas on a long-term basis (Akhter et al., 2004). Shekhawat et al. 
(2006) studied salt-tolerant plants Suaeda nudiflora, Haloxylon recurvum 
and Salsola baryosma and discovered that after three months of growth, 
Haloxylon recurvum eliminated the most Na+ (17 g/plant) and retained the 
maximum biomass preceded by Suaeda nudiflora (15.6 g), and Salsola 
baryosma (9.6 g). Halophytes are plants that can desalinate and recover 
salt affected soils, as well as endure irrigation with extremely salty water 
(Lokhande and Suprasanna, 2012). In areas where rainfall is insufficient, 
halophytes can be utilized to drain salt from rhizospheres (Rabhi et al., 
2009). When halophytes are cultivated in salinized soil, sodium ions are 
quickly absorbed by the roots and stored in the plant’s above-ground parts 
(Rabhi et al., 2010). Cadmium-polluted saline soils may be readily phyto 
remediated by planting and growing Salicornia europaea (Ozawa et al., 
2009). After phytoremediation, total nitrogen (TN), accessible potassium 
ions, available phosphorus and the organic carbon content in saline soils 
increase. Increases in exchangeable magnesium and calcium levels have 
also been seen, resulting in a rise in soil bulk density. Phytoremediation 
is connected to increased field capacity, soil permeability, soil porosity, 
infiltration rate and water holding capacity. Salt-tolerant and accumulator 
species have a significant impact on soil fertility and sustainability (Mishra 
et al., 2004). 

10.14 ADVANTAGES AND LIMITATIONS OF
PHYTOREMEDIATION 

Phytoremediation is a relatively new method in which contaminated areas 
can be remediated using trees, grasses, and plants. Phytoremediation 
techniques, as contrasted with physical or chemical methods, are simple, 
cost-effective, broadly accepted publicly and adaptable in broad regions. 
Furthermore, phytoremediation also provides a variety of environmental 
and socio-economic benefits. The phytoremediation process has been 
discovered as a possible method for inorganic, organic, or combined 
pollutant contaminated remediation sites. Phytoremediation is, however, 
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generally slower than other typical treatment procedures and relies on the 
climate. Plants may also absorb harmful heavy metals, which may poten-
tially endanger wildlife and pollute the food supply chain. The potential for 
these plants to infiltrate food systems is worth contemplating and should 
be taken into account (Burken et al., 2011). In addition, this technology is 
still evolving and seems to be unknown to authorities. Some advantages 
and disadvantages of phytoremediation are discussed in subsections. 

10.14.1 ADVANTAGES 

 Depending on the situation, phytoremediation could be used in

situ or ex situ. In situ treatments are commonly chosen because
they decrease pollution transmission by air and waterborne
wastes while minimizing disturbance of the soil and surrounding
ecosystem.

 It is a green technology that, when correctly applied, adds to the
landscape aspect and is eco-friendly.

 It can permanently remove a wide range of contaminants in a
variety of ecological situations.

 It aids in decreasing surface runoff as well as pollutant mobiliza-
tion and/or leaching into the soil.

 In comparison to traditional clean-up technologies, phytoremedia-
tion has the most cost-effective benefit. It is quite simple to execute
and does not need expensive equipment or highly trained staff.

 Plant monitoring to track the phytoremediation process is simple
to do.

10.14.2 LIMITATIONS 

 The effectiveness of phytoremediation is limited only by the depth
of the roots.

 Plant-based remediation is a considerably slower process, hence
cleaning up a hazardous waste site might take several years or
more, and the pollution may not be completely removed.

 The method for removing the strong sorbet is ineffective (such as
PCBs).
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 The products may be bioaccumulated by animals or mobilized into
groundwater.

 The use of invasive, non-native species has the potential to reduce
biodiversity, and plants might not be able to adapt to changing
environmental and climatic circumstances.

 Wildlife feeding on polluted plants is also a significant problem.
 Pollutants created by the phytoextraction process bioaccumulate

in harvested plants, which are classed as hazardous waste and must
be handled and disposed of properly.

 Plant growth and phyto mass output might be limited by an un
favorable environment, reducing process efficiency.

10.15 CONCLUSION

Phytoremediation has proven to be a potential approach for revegetating 
polluted soil that has a high level of public acceptability and offers a 
number of benefits over other physicochemical methods. Phytoremedia-
tion is a process for cleaning soils that have been contaminated by both 
inorganic and organic agricultural pollutants. Because it is a biological 
method, it has a bright future ahead of it. It has the ability to provide a 
low-cost and long-term means of boosting the economy of poor nations. 
The selection of the appropriate plant species is critical to the technol-
ogy’s success. Phytoextraction, phytodegradation, rhizodegradation, 
phytostabilization, rhizofiltration, and phytovolatilization are some of the 
possible pollutant removal methods. A key advantage of phytoremediation 
is, by making the leaves unpleasant and evading herbivores from using 
the cumulative metals in the food chain. Plants may be used for various 
positive uses, such as biofuels, following the phytoremediation. Suitable 
combinations and agronomic methods of soil, plant species, plants or vari-
eties might prevent the transmission of trace metals to the food chain and/ 
or industrial extract energy and metals, and provide safe farming activi-
ties. However, phytoremediation of heavy metal-affected soil has certain 
limits seeing as it is a time-consuming technique that takes a long time to 
clear up, especially in moderately and severely polluted areas. As a result, 
improving plant performance is an important step in developing highly 
effective plant remediation. Fortunately, genetic engineering is a powerful 
tool for adapting to various climatological and geological environments, 
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with essential characteristics such as quick development, high biomass 
output, and high heavy metal toleration and accumulation. More research 
and skill are required before this technology can be commercialized on a 
large scale and food safety can be assured in a long-term way. 
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ABSTRACT 

Wastewater treatment is one of the major challenges in developing coun-
tries. The majority of the industries disposes the effluent in the natural 
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streams and adjoining water bodies. Among those industries, pulp, and 
paper mills cause the major degradation of water bodies through their 
effluents containing organic compounds like lignocellulosic material as 
well as chemicals like chlorinated compounds and other acids. This paper 
mill industry is mainly chosen because of the enormous amount of water 
required as well as it has certain benefits of producing a potential source 
of biogas using wastewater. To degrade the sludge decomposition from the 
waste, anaerobic biovalorization treatment is generally used because of 
the high loading rate and can produce energy using biomass. The complete 
illustration regarding anaerobic treatment, enhancement strategies to 
improve the anaerobic treatment, production of the value-added products 
through this treatment were briefly discussed. Therefore, the anaerobic 
treatment plays a major role in not only generating biogas but also trans-
forming the sludge into useful material by adding it as a fertilizer, as well 
as producing chemicals, etc. 

11.1 INTRODUCTION

The pulp and paper industry are the prime industries in the world, (Bajpai, 
2017) which contributes essential products such as paperboard, paper, and 
insulation material to individuals across the world are China and United 
States being the largest paper producing countries. Each year, more than 
400 million metric tons of paper and cardboard are produced globally. On 
average, an individual uses 60 kg paper/year approximately but the usage 
ranges between 265 kg and 7 kg in the United States and some African 
countries. India has a relatively low paper consumption of about 9 kg/year/ 
person which is about 2% of the global output. The market is projected to 
raise extensively because of the fast-growing population. 

Due to several reasons, the market of pulp and paper industry was 
down. The main cause is the falling product prices, rising production costs 
and risky environmental conditions. Also, the industry is subjected to a 
lot of criticism owing to detrimental environmental impacts. According 
to Chellipan et al. (2012), 60,000 L of water is essential to produce 1 
ton of paper which generates bulky volumes of wastewater. However, a 
substantial amount of organic content in the wastewater is used to produce 
biogas. Hence, creativeness in the industrial process, as well as waste 
valorization, play a vital role for the development and nourishment of the 
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paper industry (Gottumukkala et al., 2016). The large amount of waste that 
is produced from pulp and paper industry is a major challenge connected 
with this industry. The comprehensive analysis on pulp and paper mill 
waste biorefineries is less investigated, and progress is critically important 
in the process of pulp or paper mill waste recovery into chemical and fuel 
use and for the overall sustainability of this industry. 

11.2 PULP AND PAPER MILL WASTE

The paper and pulp mill waste plays a major role in generating a massive 
quantity of wastewater. These wastes are obtained as wastewater and 
sludge. The wastewater is generated from different procedure involved 
in paper production. Mud is the major essential which is generated due to 
the technical process involved in the wastewater treatment. These wastes 
become a potential problem because of its organic nature as well as usable 
raw material for energy creation (Bajpai, 2017). 

11.3 WASTEWATER

Besides chemical and steel industries, Pulp, and paper industries are the 
third-largest wastewater generating industry (Gottumukkala, 2016). The 
different techniques entailed in pulp and paper mills are wet debarking, 
mechanical/chemical pulping, bleaching, and paper-making. The step-
wise production of the paper mill waste is shown in Figure 11.1. 

The first stage is the removal of the hard-outer covering of wood, 
generally termed as debarking. There are two methods for debarking 
wood. They are: 

1. Wet Debarking: The procedure of water removal includes
thawing, removal of barks and the washing of wood logs. This
process comprises of 5% of the chemical requirement for oxygen
and 16% of the total wastewater for suspended solids (SS)
(Thompson et al., 1991).

2. Dry Debarking: The technique of dry debarking involves washing
and thawing. This method decreases 10% chemical oxygen
demand (COD)/biochemical oxygen demand. The quantity of
water required is very low in this process.
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FIGURE 11.1 Foremost wastewater causes from pulp and paper mills. 
Source: Kumar et al. (2020). 

The wet debarking method is generally preferred to dry debarking due 
to quality reasons (Pokherel and Veeraraghavan, 2004). 

The second stage is the pulping, which aims at separating fibers from 
lignin and conversion of fibers into the slurry which can be used as source 
material for the papermaking production. The most prevalent methods 
used for pulping are 1. Mechanical pulping and 2. Chemical pulping. 
Chemical pulping is widely used when compared to mechanical pulping. 
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The third stage is the bleaching step used for the whitening of papers. 
The color of the pulp is generally detached by means of chemicals such as 
chlorine, sodium hypochlorite, chlorine dioxide or ozone (Ashrafi et al., 
2015). In pulping and bleaching processes of industrial plant, the maximal 
amount of wastewater is created by the overall analysis. 

11.4 SLUDGE

Waste from this manufacturing contains of chemical substances which are 
toxic to the various ecosystems. The effluent treatment process produces a 
huge load of solid waste (primary and secondary sludge) which comprises 
inorganic and organic chemicals (Veluchamy and Kalamdhad, 2017; Shah 
et al., 2020). Hemicellulose, celluloses, lignin, their derivatives, and other 
fibers are the major organic compounds present in the wastewater. The 
primary sludge in this industry consists of nearly 40–95% of fibers and 
5–60% of ash content (Alda, 2008). Various chemicals like chlorine and 
its derivatives were found which makes the sludge unfit for application on 
agricultural fields. 

11.5 PROCESS INVOLVED IN THE PAPER PRODUCTION

Two sorts of paper, i.e., high, and low grades, are prepared based on the 
pulp quality. Around 43% of overall paper output is high, and 57% of 
paper pulp is reused (Santos and Lobo, 2012). Generally, two methods are 
used for pulp production. 

11.5.1 PULP MAKING 

The pulp process involves numerous steps from the debarking of wooden 
logs through the washing of logs with water and then chipping them into 
small parts. These chips are stored in containers for feed (Bajpai, 2015). 

Several treatments have been evolved to split up biomass into the indi-
vidual components of lignin, hemicellulose, and cellulose. Solubilization 
or separation of lignocellulosic elements leads to the separation. Pulping 
operations are divided into chemical pulping and mechanical pulping, as 
shown in Figure 11.2, based upon the approach and equipment utilized. 
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FIGURE 11.2 Flowchart of the mechanical and chemical pulping process. 
Source: Kumar et al. (2020). 

11.5.2 CHEMICAL PULPING 

Initially, wood chips are heated with chemicals containing reactive species 
like bisulfate ions (sulfite process) and hydroxide ions-hydro sulfide ions 

(Kraft process) at higher temperatures (150–200°C) and an increased pres-
sure of 100–135 psi. The very complicated structure of lignocelluloses 
breaks down and the fiber is separated from lignin. Due to the manu-
facturing of pulp, the kraft pulp production method in pulp industry is 
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dominating and extensively practiced (Monica et al., 2009). The following 
are detailed several procedures used for chemical pulping: 

1. Kraft Pulping: In this process, sodium hydroxide and sodium
sulfide are used as cooking chemicals. The chips are cooked in the
digester for the period of 2–3 in order to separate the lignin. The
lignin and hemicellulose get dissolved in the water leaving behind
the cellulose fiber in the solid form due to the chemical combina-
tion with high pressure and at high temperature. Cellulosic fiber
is then thoroughly cleaned with water and further bleached for
whitening of pulp (Mendes et al., 2009). The pulp produced is of
high strength which yields about 50%.

2. Sulfide Pulping: In this process, calcium/magnesium bisulfite and
sulfuric acid act as cooking liquor for biomass treatment. This
Acid-Base combination initiates the process for the separation of
lignin from the fibers, which results in leaching the lignin from
the fibers (Evutuguin, 2016). Pulp yield is higher (approximately
55%), but the strength is very less when compared with kraft pulp.

3. Soda Pulping: In this process, sodium hydroxide is used because it
increases the pH so that the lignin is easily dissolved and fibers can
be separated (Holm, 2018). This biomass is treated with 14%–16%
of alkaline solution at 140–170°C. This method is predominantly
used for nonwoody biomass resources.

11.5.3 MECHANICAL PULPING 

The mechanical pulping is generally done with the aid of machines that 
withdraws fibers from the lignocellulosic material. The fibers yield is high 
(approximately 97%) compared to chemical methods (40–45%), but the 
quality of fibers is inferior to the chemical one (Ewjik et al., 2017). Some 
of the mechanical pulping processes are listed below: 

i. Stone groundwood;
ii. Refiner mechanical pulp;
iii. Thermomechanical pulping;
iv. Chemo thermal mechanical pulping.
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After the pulping process, bleaching is done so that to enhance the 
color of the fibers which is termed whitening. The washed-out pulp is 
kept at low temperatures for the preservation of fiber before paper making 
(Ahvazi et al., 2007). 

11.5.4 PAPERMAKING 

Papermaking is a historical practice that passes through several phases 
through the slurry of fibers. These steps include refining/beating, wire 
mesh, pressing, drying, size pressing/metering, calendaring, reeling, and 
the final product (Biermann, 1996a). In the papermaking process, the 
desiccated pulp is mixed with water in which the slurry is prepared in the 
pulp. Then the pulp is beaten in the beater/refiner (machine equipped with 
the stationary metal bar and the rotating metal bar). This refiner is mainly 
used to shorten the fibers. Thereafter, to improve the quality of the paper 
additives like talc, clay, and resin are added. This process is known as 
sizing (Rittmann and McCarty, 2001; Bajpai, 2008). 

The stock is finally transferred into the head of the Fourdrinier drying 
machine. The wire, Dryer, and press sections remove 99.5% of the water 
contained in the pulp (Biermann, 1996b). After that, pulp forms a web over 
the mesh which is conveyed for drying in the dryer. This dryer consists of 
Yankee cylinders comprised of well-polished metal cylinders of 2.4–4.5 m 
diameter used to eliminate the residual water from the pulp piece (Smook, 
1992a). 

Eventually, the dried sheet is passed through the various highly pres-
surized cylinders to make it flat, eliminating wire symbols and lumpy 
creations to produce the final sheet uniform. This whole process is called 
calendaring. The end product is rolling and cut in rolls (Smook, 1992b). 
The steps involved in the papermaking is shown in Figure 11.3. 

11.6 MAJOR CONTAMINANTS PRESENT IN THE PULP AND THE
PAPER MILL WASTEWATER 

These mills cause the effluent load consists of solid, liquid, and gaseous 
pollutants (Ugurlu and Karaoglu, 2009). The main challenge involved in 
this industry is to deal with the huge amount of wastewater per ton of 
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paper produced. The wastewater is dumped into the water bodies which 
leads to the degradation of the environment with its brown color and odor 
which causes a threat to aquatic life. In the papermaking process, approxi-
mately 55% of the wood weight is going as waste that contributes a large 
amount of organic load to the wastewater (Young and Chase, 1965). This 
organic content leads to high COD, BOD, suspended, and dissolved solids 
in the wastewater discharge. Also, there are certain chemical compounds 
like chlorine, stilbenes, resin acids, chlorinated lignins, lignin, phenols, 
dioxins, and furans (Singh, 2015). The major pollutants entailed in this 
wastewater are tannins, resin acids, and halogenated compounds. 

FIGURE 11.3  Flowchart of the papermaking process. 
Source: Kumar et al. (2020).  
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11.6.1 TANNINS 

These are the polymeric chemical compounds whose molecular masses 
range between 500 g/mol and 3,000 g/mol. It consists of several benzenes’ 
rings with various –OH groups which are soluble in water (White, 1957). 
These compounds generally impart color to the water due to their polar 
nature. Water also retains less oxygen and decreases light penetration 
via these fluids. This process severely affects the aquatic life, leading to 
reduced growth, long term exposure causes death (Loomis and Battaile, 
1966). 

11.6.2 RESIN ACIDS 

These resin acids generally originate in the pulp and paper mill wastewater 
in which the majority of these acids are tricyclic diterpenoids containing 
the carboxylic acid function group (Martin et al., 1999). The most 
commonly found resin acids are the habitats and the primaries. The resin 
acids concentrations are very less in the chemical pulping wastewater 
than in the mechanical pulping. Taylor et al. (1988) showed the noticeable 
effect of resin acids on the bluegill, salmon species, fathead minnows, 
rainbow trout and sunfish. The resin acids effected on vertebrates is two 
to threefold higher compared to invertebrates (Zanella et al., 1983; Servizi 
et al., 1986). 

11.6.3 HALOGENATED COMPOUNDS 

The pulp involved in paper mill process is processed for the brown color 
removal using chlorine as a bleaching agent (Solomon, 1996). This step 
plays a crucial role in the contamination of the wastewater using halogen 
compounds. This wastewater also contains the furans and dioxins which 
are produced while pulp washing after bleaching with the pentachloro-
phenol (PCP) (Adergani et al., 2016). It also contains chlorinated lignin 
compounds, chlorinated phenolics as well as non-phenolics. Even though 
these are present in a minute concentration, they can cause acute toxicity 
to the aquatic ecosystem (Leach, 1980). 

 



 

	 	 	 	 	 	 	

271 Anaerobic Biovalorization for Paper Mill Wastewater Treatment 

11.7 ANAEROBIC TREATMENT OF PULP AND PAPER MILL
WASTE 

Anaerobic digestion is a process that occurs naturally such that the organic 
substances are decomposed by the micro-organisms under anaerobic 
conditions. During the anaerobic conditions, less energy is consumed 
compared to the aerobic process. The energy harnessed during the process 
is rewarded by the production of the 1.16 kWh/kg COD energy removal 
in the methane form. The anaerobic process is simple, economical, less 
energy and area, less sludge production, higher organic loading rate when 
associated with the aerobic procedure, that leads a vital role in wastewater 
treatment technology. The flow chart of anaerobic treatment of pulp and 
paper mill waste is shown in Figure 11.4. 

FIGURE 11.4  Steps involved in the anaerobic treatment process. 
Source: Kumar et al. (2020).  
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11.7.1 ANAEROBIC TREATMENT OF WASTEWATER 

For one ton of paper production, 16,000 gallons of water is required, so that 
a considerable quantity of organic wastewater is generated which can be 
harnessed as a potential energy source called biogas. To convert to biogas, 
Methanogens are generally used to decompose the waste and convert to 
water and gas as a by-product. There are different types of reactors used 
for wastewater treatment: 

 Up-flow anaerobic sludge blank reactor (UASB) (Gomez, 2011);
 Anaerobic filter (Show and Tay, 1999);
 Expanded granular sludge bed reactor (ESGB) (Kato et al., 1994);
 Continuous stirred tank reactor (CSTR) and anaerobic contact

process (ACP) (Zhang et al., 2015).

11.7.1.1 UP-FLOW ANAEROBIC SLUDGE BLANK REACTOR (UASB) 

The UASB reactor is maximum chosen reactor for the anaerobic wastewater  
treatment. It has the capability that they can work on the large organic loading 
rates. The influent is bottom fed and the accumulation of sludge takes place 
at the bottom and agitation takes place due to the gas formation (Gomez, 
2011). The gas is accumulated and received at the top and preserved in the 
gas storage tank which is used for energy generation. The treated wastewater 
discharged at the tank top, which is again processed further. The UASB 
reactor removes 80–93% of COD removal from the inflow (Chinnaraj and 
Rao, 2006). The schematic diagram of the UASB is shown in Figure 11.5. 

EffluentGas Collection 

Baffle 

Influent Sludge blanket 

FIGURE 11.5  Schematic diagram of UASB process. 
Source: Kumar et al. (2020).  
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11.7.1.2 ANAEROBIC FILTER 

In this type of filter, a column is used which is surrounded with supportive 
media such as glass, pall ring, open-pored, baked clay, PVC, coral/mussel 
shells and polypropylene rings (Show and Tay, 1999). This media is useful 
for developing bacterial progress and exopolysaccharides production. In 
this secondary treatment process, anaerobic digestion is combined, and 
the produced biogas is recovered which is used for energy purposes. 
Depending on the influent flow, it is divided into two types: (i) up-flow 
filter; and (ii) downward filter. The Schematic diagram of the Anaerobic 
filter is shown in Figure 11.6. 

 

 

FIGURE 11.6 Schematic diagram of anaerobic filter. 
Source: Kumar et al. (2020). 

11.7.1.3 EXPANDED GRANULAR SLUDGE BED FILTER 

The granules are fluidized by the action of influence or recirculation of 
gas, which is a perpendicularly extended improved UASB reactor (Jian-
long and Jing, 2005). In the one-stage, three-stage separators which are 
present on reactor top, the wastewater, biogas, and biomass are separated. 
When compared with USAB, it has more potential to treat wastewater 

containing COD< 1 at a low temperature of 10°C and improved mass 
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transfer characteristics (Kato et al., 1994). The Schematic diagram of the 
Anaerobic filter is shown in Figure 11.7. 

 

 

FIGURE 11.7 Schematic diagram of EGSB reactor. 
Source: Singh et al. (2006). 

11.7.1.4 CONTINUOUS STIRRED REACTOR AND ANAEROBIC 
CONTACT PROCESS (ACP) 

It is a batch type reactor consists of a rotor used to agitate the constituents 
mix properly in the tank. Generally, ACP, and CSTR are two popular 
types of agitated reactors used. In both the reactors, the main principle 
involved is stirring the waste inside the anaerobic tank and gas produc-
tion. When it comes to ACP, the effluent recirculation is done back into 
the tank itself (Zhang et al., 2015). Due to proper mixing, constituents in 
the tank are homogenous throughout t (McCarty and Smith, 1986). The 
Schematic diagram of the continuous stirred reactor and ACP is shown 
in Figure 11.8. 
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FIGURE 11.8 Schematic diagram of CSTR and ACP. 
Source: Kumar et al. (2020). 

11.7.2 ANAEROBIC DIGESTION OF SLUDGE 

The amount of sludge produced from this industry is very large due to half of 
the lignocellulosic material is converted into pulp for the papermaking process 
and the remaining is produced as waste (Balwaik and Raut, 2011). The dry 
sludge of 40–50 kg is produced for 1 ton of paper manufacture (Mahmood and 
Elliott, 2006). After the wastewater treatment, the solid part left is called the 
biosolid (sludge). This sludge has much water and is not very dry, i.e., 0.5–2% 
of overall weight. The large organic load and lower sludge production usually 
make anaerobic treatment preferable in pulp mill storage. 

The digestion of anaerobic waste in the world is intriguing and is 
utilized to convert sludge into value-added goods. The amount of methane 
generated in the reactor is measured by sludge degradation. Lin et al. 
(2009) described the process of sludge bioconversion and focused on 
the importance of pretreatment in broadening sludge biogas production 
potential. There is an increase of 183% in in pre-treatment procedure in 
methane generation compared to untreated sludge. 

11.8 STRATEGIES TO ENHANCE THE ANAEROBIC PROCESS OF
WASTE TREATMENT 

11.8.1 CODIGESTION OF WASTE 

This is an extraordinary method of integrating the pulp and paper mill 
waste with the simply recyclable substrate. It is usually done to preserve 
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the optimal balance of biodegradation nutrients. This sludge has a neces-
sary amount of carbon but is low in nitrogen. A suitable C/N ratio must be 
maintained by providing enough nitrogen for the efficient decomposition 
of nitrogen limiting waste (Thanarasu et al., 2018). Several studies have 
shown that anaerobic digestion and biogas generation from paper mill 
waste has a positive code show. Teghammar et al. (2013) demonstrated 
that the decrease of hydraulic retention time (HRT) from 20–25 days leads 
to the 15–34% rise in the yield of methane when nitrogen loaded industrial 
waste was combined with sludge. There are various studies investigated 
by different researchers that the quantity of gas attained with and without 
codigestion was observed to be 246±10 L CH

4
/Kg VS (20-day HRT) 

and 201±18 L CH
4
/Kg VS (60-day HRT), respectively (Chatterjee et al., 

2018). The codigestion of this waste and monosodium glutamate waste 
liquor was reported that there was an optimum feed of mesophilic bacteria 
and generated 200 mL/g VS methane (Lin et al., 2011). The same group of 
researchers examined the highest output of methane: the effective mixing 
of food waste with pulp and paper mill sludge in 1:1 reached 256 ml/g VS 
with a COD deduction of 94%. This combination demonstrated that the 
buffer and the pH were retained in the 5.8–8.4 range (Lin et al., 2012). 
Municipal wastewater and paper mill sludge output increased in 19 days 
by 50% (Hagelqvist, 2013). In addition, the pig manure and the 1:3 paper 
sludge in combination and 250 mL/g VS in 14 days obtained methane 
from the pulp and paper mill (Parameswaran and Rittmann, 2012). Waste 
coding has speeded up the degradation process, decreased COD, and 
increased methane generation. 

11.8.2 PRETREATMENT 

Before anaerobic digestion sludge, pre-treatments were generally carried 
out for lignin removal. Lignin, hemicellulose, and cellulose are the three 
major constituents of lignocellsic waste. The cellulose in the lignin is 
a fragrant, composite heteropolymer. Lignin has a complicated three-
dimensional assembly which works as an inhibitor to the enzyme activity 
of the sludge of a paper mill. Elimination of inhibitors for methanogenic 
microorganisms and simple digestion of LINCALLUSIC materials. In the 
case of digestion of sludge different strategies such as lignin depolymer-
ization, breakdown of covalent ties and cellulose reduction can also be 
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boosted (Taherzadeh and Karimi, 2008; Hendriks and Zeeman, 2009). In 
subsections, many techniques for biomass pre-seeding are explored. 

11.8.2.1 MILLING AND THE IRRADIATION 

In this process, milling, and irradiation are used to reduce the particle 
size and crystallinity for enhancing the enzyme hydrolysis and biomass 
biodegradability (Harmsen et al., 2010; Menon and Rao, 2012). The 
milled generated lignin represents lignin that is natural but the extraction 
of lignin is low that cause structural changes (Harmsen et al., 2010; Duval 
and Lawoko, 2014). Microwave along with alkali, acid, and H

2
O

2
 was 

observed to raise the efficacy of pre-treatment by accelerating reaction 
(Menon and Rao, 2012; Moretti et al., 2014). 

11.8.2.2 STEAM EXPLOSION 

The biomass is processed for a period under high-pressure saturated stream 
and immediately depressurized and cooled down to the biomass, resulting 
in an explosion of the water. This results in the breakdown of hemicel-
lulose and lignin conversion for different biomass residues (Harmsen et 
al., 2010; Menon and Rao, 2012; Moretti et al., 2014). 

11.8.2.3 AMMONIA FIBER EXPLOSION AND AMMONIA RECYCLE 
PERCOLATION 

The biomass is handled at a high pressure, then abrupt reduction in the 
pressure and the biomass with ammonia fiber-explosion (AFX) ammonia 
solution in ammonia-recycle percolation (ARP) (Harmsen et al., 2010; 
Menon and Rao, 2012). It is extremely effective, leading to a disruption 
in the decrystallization, dealignment, depolymerization, and deacetylation 
of cellulose lignin-carbon linkage (Menon and Rao, 2012; Moretti et al., 
2014). For enzyme activity, the surface area in this treatment has been 
enhanced, which does not generate biological process inhibitors and the 
recycling and utilization of ammonia. This method is very effective for 
Herbaceous crops and grasses (Harmsen et al., 2010; Menon and Rao, 
2012). 
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11.8.2.4 ORGANOSLOV LIGNIN 

Biomass is treated with organic solvents and acids and further acid or 
alkaline is increased to enhance the Solubilization of pulping and lignin 
(Harmsen et al., 2010; Lange et al., 2018). Lignin derived from organo-
solve is highly pure and relies on the parameters of processing. Lignin is 
sulfur-free; however, the resulting pulp is low-quality in comparison to 
others like pulping or sulfite pulping (Lange et al., 2018; Moretti et al., 
2014). 

11.8.2.5 OTHER PROCESSES 

In the pretreatment process, conversion of the lignocellulosic biomass 
into value-added products played a major role. Ionic liquids have been 
applied for the pretreatment of biomass. Ionic liquids have been applied 
for the pretreatment of the biomass components. At room temperature, 
they are liquids and composed of only ionic species. The cellulose is 
amorphous because of this treatment and enhances enzymatic hydrolysis. 
This technique is straightforward to run, energy-efficient, and cleaner than 
other widely applied technologies (Harmsen et al., 2010; Menon and Rao, 
2012). Dilute and strong acid procedures, CO

2 
explosion, liquid hot water 

pre-treated, deep eutectic solvents, etc., are many additional pre-treatment 
methods (Harmsen et al., 2010; Moretti et al., 2014). 

11.8.2.6 BIOLOGIC PRETREATMENT 

For pre-treatment of lignocellulosic biomass, microorganisms or their 
enzymes are generally used. In this biological treatment, microorganisms 
including white, brown, and soft red fungus and bacteria are produced by 
wood-feeding. The main degraders of lignocellulosic biomass are fungi 
and bacteria which can cause alteration in the chemical configuration and 
the biomass structure (Menon and Rao, 2012). Solubilization of lignin and 
fewer inhibitors generation takes place in this process. The benefits of 
this treatment are low energy consumption, mild operation conditions, no 
chemical treatment and environmental friendliness. The major disadvan-
tages are the very slow processing, large space requirement, requirement 
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of proper growth conditions, contamination issues and slow hydrolysis 
rate (Harmsen et al., 2010; Menon and Rao, 2012; Moretti et al., 2014). 

11.9 OPTIMUM CONDITION FOR THE ANAEROBIC DIGESTION

In addition to pretreatment and codigestion, various operating conditions 
should be considered for sludge digestion. The temperatures, pH, alka-
linity, C/N ratio and heavy and total ammonia levels of such anaerobe 
species are extremely sensitive to sulfur. These factors should thus be 
checked correctly throughout digestion (Kamali et al., 2016). 

11.10 BIOAUGMENTATION

The prospective degraders of lignocellulosic biomass may efficiently 
convert waste into methane by different microorganisms (Kamali et al., 
2016). The use in anaerobic reactor of efficient microbial strains degrading 
biomass and methane-producing systems can boost digestion and the 
generation of biogas. 

11.11 ANAEROBIC DIGESTION AND PRODUCTION OF VALUE-
ADDED PRODUCTS 

During wastewater treatment the produced sludge has a high-water content. 
Sludge is usually burned or composted, thus. This precious resource is 
usually not used as the incineration technique. Researchers will address 
waste recovery for the creation of value-added goods with technological 
advancements. The following are the most important value-added goods. 

11.11.1 BIOGAS 

The main reason for using the anaerobic digestion process is the biogas 
production. The production of electricity or heat that can be generated using 
biogas. Biogas contains a mixture of methane (60%–70%), carbon dioxide 
(30%–40%), and nitrogen (less than 1%), water vapor (1%–2% v/v) and 
trace compounds like mercaptans (RSH), siloxanes, and hydrogen sulfide 
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(H
2
S) (Rasi et al., 2007). Biogas can be used for operating furnaces, boilers, 

heaters, etc. The usage of gas turbines and internal combustion engines, 
Biogas can be transformed into electrical energy. The harmful trace gases 
such as H

2
S are need to be removed to avoid corrosion for turbine metal 

parts (Schweigkofler and Niessner, 1999). The biogas upgrading the 
methane with a purity of >95% then biomethane is extracted from biogas. 
The effective substitute of natural gas for smooth running of vehicles is 
clean methane is because of its wide acceptability (Zak et al., 2018). Saha 
et al. (2011) analyzed that the 90% methane production increase in using 
various pretreatment methods such as ultrasonication, chemo-mechanical, 
and microwave methods in pulp and paper sludge utilization. 

11.11.2 BIOHYDROGEN 

Hydrogen is one of the cleanest burning fuels which have a high calorific 
value fuel (142 kJ/kg) (Zilouei and Taherdanak, 2015). The Hydrogen 
production than can be done using various methods such as chemical, 
electrochemical, and biologic methods. In order to transform the biomass 
into valuable chemicals and fuels such as nitrogen, methane, and oxygen 
anaerobic digestion is adopted. The production of Biologic hydrogen can 
be divided into two categories: light-independent (dark fermentation) and 
light-dependent (Bakonyi et al., 2014; Wang et al., 2014). Dark fermenta-
tion process is widely used for the production of hydrogen because of its 
flexible operation and no need for external energy (Zilouei and Taher-
danak, 2015). The high BOD in the pulp and paper mill waste is beneficial 
for the production of hydrogen. Vaez et al. (2017) reported that using dark 
fermentation 62.2 mL/g COD of hydrogen generation is generated after 
the alkaline hydrolysis of paper mill effluent. Lin et al. (2013) showed that, 
usage of food waste and sludge in an equal ratio in anaerobic codigestion, 
the generation of the hydrogen production is about 64.48 mL/g volatile 
solid. Lakshmidevi and Muthukumar (2010) showed the utmost amount 
of production of hydrogen is about 2.03 mol H

2
/mol sugar. 

11.11.3 BIOFERTILIZER 

The huge quantity of sludge is generated as a by-product during pulp 
making and treatment of this wastewater. This sludge act as a 
fertilizer 
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which contains a considerable quantity of macronutrients (NP) needed for 
plant growth. Ribeiro et al. (2010) described that the paper sludge act as 
a potential fertilizer containing phosphorus (167–370 mg P/kg), organic 
matter (11%–47%), and nitrogen (38–2,560 mg N/kg). Fahim et al. (2019) 
concluded that the pulp and paper mill primary sludge is more effective 
than secondary sludge on the growth of Microtus sachalinensis and Abel-
moschus esculentus plants due to the large availability of macronutrients. 
According to US EPA Factsheet for Biosolid Application (2000), 120 
pounds of nitrogen/acre/year is needed for corn crop. The major challenge 
that is faced while applying low nutrient sludge is nutrient immobiliza-
tion. In order to reduce the impact of nutrient immobilization composting, 
delayed crop planting, use of legumes and supplemental fertilization 
(Camberato et al., 2006). Vasconcelos and Cabral (1993) proved that 
Pulp Sludge and Paper Sludge may be employed as an efficient fertilizer 
because of high bio-nutrient content. 

11.11.4 VOLATILE FATTY ACIDS (VFAS) 

During the anaerobic degradation of organic compounds as well as 
acidogenic fermentation period, there is a generation of volatile fatty 
acids (VFAs). During the fermentation process, the most common VFAs 
produced are butyric acid, propanoic acid and acetic acid. The VFAs play 
a major role for the production of polyhydroxy alkenoates (PHAs) and 
useful chemicals. Bengtsson et al. (2008) reported the VFA generation was 
based on the pH and retention time using paper and pulp mill wastewater. 
The important fermentation products obtained are butyrate, propionate, 
and acetate. Sharma et al. (2013) concluded that the electrochemical 
synthesis method is used for the decrease of VFAs to alcohol. 

11.12 CHALLENGES ASSOCIATED WITH ANAEROBIC
TREATMENT AND MITIGATION STRATEGIES 

Pulp and paper mill trash consists of valuable components of organic 
waste. Anaerobic treatment is usually employed to degrade these chemi-
cals. UASB and CSTR anaerobic reactors as well as their modifiers are 
used mostly for anaerobic digestion of waste. The anaerobic therapy is 
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utilized and more successful, however this technique presents numerous 
problems. Below are some major problems. 

11.12.1 C/N RATIO 

Pulp and paper waste, since organic entities like lignin, cellulose, and 
phenol-like substances contain a significant quantity of carbon. The 
presence of extra carbon changes the C/N ratio needed by the anaerobic 
digester to properly operate and metabolize microbials. This causes extra 
ungated loop to accumulate, which stops the entire treatment process due 
to sluggish anaerobic processes and reduces waste decay. Moreover, the 
C/N ratio impacts the microorganisms responsible for this anaerobically 
therapy for the hydrolysis and methanogenesis process severely. During 
the early stage of growth, a rise in VFAs effects hydrolytic bacterial 
development causes imbalanced C-N ratio (Mao et al., 2017). For the 
microbial population growth in the tank, the C/N ratio has an important 
function. The report also investigated the influence of ammonia on 
the anaerobic process by Yenigun and Demirel (2013), which found 
that an extensive ammonia concentration has a detrimental impact on 
methanogenesis, which leads to a poor biogas production. The C/N ratio 
may be controlled and balanced with the use of coding technology. It 
is a procedure by adding some additional digestive waste to increase 
the processing rate of digester. Waste is selected to keep the C/N ratio 
optimal for the correct microbial activity. 

11.12.2 ENERGY RECOVERY FROM BIOGAS 

In anaerobic chamber, the biogas produced is around 40% that is both 
dissolved and inaccessible. Dissolved methane is washed away with bulk 
liquid effluent. One of the biggest problems is to exploit the entire biogas 
generated. Also important are ongoing biogas generation in the anaerobic 
digester. Due to the higher costs of biogas technology as a fuel and the 
current engine changes, biogas is a problem for commercial usage. Other 
obstacles to this technology include the government’s interest in biogas 
in the generation of energy, cheap investment, economic practicability, 
dependency on local conditions, biogas stockpiling and supply (Salomon 
and Lora, 2009). Thus, the research and development focus on equipment 
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such as biogas burners that make biogas inexpensive and viable. The usage 
of biogas in enhanced biogas will be diversified in order to improve the 
methane (>95.5%), using appropriate and cost-efficient biogas upgrading 
or enrichment technology. Methane is highly heated, having 40–80% of 
biogas (25.1–28.7 MJ Nm3). In pulp and paper industries, biogas may be 
used for the fueling of boilers, kilns, and firms. Power equipment in pulp 
and paper mills can be supplied using energy generated by turbines. The 
reduction in the anaerobically chamber of dissolved methane (Hartley 
and Lant, 2006) can be achieved by employing degasification membranes 
using biogas micro aeration method. Luo et al. (2012) have utilized over 
86% methane; however, this technology has not been applied on a wide 
scale because of the high membranes’ costs. 

11.12.3 HYDROGEN SULFIDE (H
2
S) FROM PULP AND PAPER 

MILLS 

Kraft processes are frequently employed in pulp and paper mills to pre-
treat lignocellulosic biomass. In addition to NaOH a cooking liquor, i.e., 
Na

2
S is used, however a significant amount of Na

2
S is left in the liquid 

that causes a foul stench. H
2
S, extremely malodorous and metal corrosive, 

are the most important gas produced. In addition, sulfide ion interacts with 
different cellulose and lignin side-chain radicals, forming tiny quantities 
of methyl mercaptans and dimethyl sulfide. According to calculations, 
roughly 6.2 pounds of sulfur are emitted for one ton of pulp (Hansen, 
1962). Pulp mill employees exposed to the dangerous H

2
S gas suffer from 

headaches and take longer leave than unexposed people (Kangas et al., 
1984). Besides this, a major concern related to hydraulic sulfide is the 
corrosion of the metallic facilities in the digestors. To manage the odor of 
H

2
S, it is the most often utilized way to add some other gas or chemical. 

But this approach does not eliminate the gas source, i.e., the bacteria that 
reduce sulfur (SRB). The reactor’s H

2
S control can only be carried out 

with the injection of certain chemicals to prevent SERB bacterial reac-
tions. The iron that interacts with H

1
S and generates iron sulfide and 

removes H
2
S from the gas is one of the best additions. Cherosky and Li 

(2013) highlighted reduced anaerobic digestion inhibition owing to H
2
S. 

FeCl
3
 was utilized by Romero-Guiza et al. (2014) and the H

2
S decrease 

was approximately 97% . 
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11.13 CONCLUSIONS

The amount of organic waste that comes from pulp and paper mills 
is complicated and comprises lignin model compounds, lignin, chlo-
rolignin, cellulose fibers and hemicelluloses that enhance the waste 
stream’s COD, BODs, and total suspended solids (TSS). Biological 
treatment is used to reduce the BOD and COD to allowable levels in 
order to handle this waste. One of the most used biological techniques 
is the activated sludge process because of the excellent treatment effec-
tiveness. The biggest problem with this approach is the large volume of 
sludge produced. Anaerobic treatment of these wastes is one of the most 
famous technical methods for the wastewater treatment in order to utilize 
a cost-efficient and environmentally beneficial technology. Wastewater 
may efficiently be treated and converted to value added products such as 
biogas, biohydrogen, biofertilizers, and VFAs with the help of anaerobic 
treatment. Bio valuation of waste from these mills will offset the total 
cost and environmental effect of pulp and paper mills. Biogas is anaerobic 
treatment’s potential product, of which the methane is between 40% and 
70%. The most widely utilized anaerobic digesters are UASB, CSTR, 
and their many variations. Microbial development and its functioning 
within these reactors are the driving factors of this technology. Metha-
nogens are very susceptible to temperature, C/N, pH, and inhibitors. The 
optimal circumstances for the functional microorganisms, which can 
be maintained with the initial pH monitors and alters, the correct C/N 
ratio maintained and the hazardous gas monitoring. More targeted study 
to identify effective microbes/consortiums should be done to increase 
the anaerobic process development. Improving biogas production will 
help you to grasp the functional details at the micro level which can 
be applied at the digester level by better knowing the structure of the 
microbe population using metagenomics, met proteomics and metabolic 
methods. The biovalorization of effluent waste also entails the use of 
Genetically Engineered Anaerobic Microbes. A crucial consideration 
of essential factors, procedure plan and anaerobic digestion process 
community structure would allow waste and bioconversion from the 
pulp and paper mill into different bioproducts and increase biomethane 
quality and quantity. 
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This new volume explores important recent approaches and advanced
techniques for the effective management and treatment of wastewater.
The book provides a range of diverse techniques for achieving optimum
water quality management, for restoration of water bodies, for the
improvement of a circular water economy, and for effective water reuse.

Many of the new methods and technologies included in the book focus
on sustainable phytoremediation techniques, such as the use of earthworms,on sustainable phytoremediation techniques, such as the use of earthworms,
ecological floating beds, and anaerobic biovalorization. The book also
comprehensively discusses the scope of nanomaterials for wastewater
treatment. Some of the least explored aspects of water quality improvement,
such as use of eco-roofs, the role of remote sensing in water quality
management, and biosand filters for household wastewater treatment,
are discussed as well.
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