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Preface

Biotechnology is constantly explored to develop methods for wastewater treatment 
for clean environment. In other words, new types of pollutants are also added to the 
waterbodies like engineered nanoparticles, microplastics, etc. Current wastewater 
treatment technologies are not sufficient to meet the ever-growing demands due to 
rapid industrialization and population growth, and they are also energy consuming 
and cost intensive. This book reviews the various ecological concerns and technolo-
gies in wastewater treatment.

In Chap. 1, Zaveri et  al. review the engineered nanoparticles released into 
wastewater from various products, their effects at different treatment stages, and 
their probable transformation and recovery. In Chap. 2, Kaisar Ali and Husain Mir 
discuss the involvement of microbial ecosystem in improving the environment. In 
Chap. 3, Maria Santos and Magalhães Pires present the advantages of using 
microalgal cultures for nutrient recovery from wastewaters, while in Chap. 4, 
Amita Shakya and Faraz Ahmad emphasize the importance of biochar for heavy 
metal- contaminated wastewater treatment. In Chap. 5, Arti Srivastava and 
Ashutosh Srivastava discuss the microplastics and nanoplastics and their emerg-
ing threat to the aquatic organisms. Srivastava, in Chap. 6, reviews the impact of 
sustainable energy resources on healthy environment. In Chap. 7, Kavitha and 
Inbakanadan discuss eco-friendly methods to produce biopolymer and nanomate-
rials. Moreover, in Chap. 8, Pabbathi et al. explain the metabolomics in marine 
toxicology assessment. In Chap. 9, Sahu et al. highlight the causes of epiphytic 
infestations and its economic implications. Finally, in Chap. 10, Geetanjali et al. 
discuss the potential applications and practical limitations of microbial fuel cell in 
wastewater treatment and energy generation (Fig. 1).

Thanks for reading.
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Fig. 1 Basic design of a microbial fuel cell
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Abstract Engineered nanoparticles have found widespread applications in tech-
nology, industry, healthcare and consumer products today. The magnitude of 
nanoparticles released by various industrial and domestic processes is as high as 
2985 tonnes/year into receiving water bodies. Yet the data on release of nanoparti-
cles from different types of products and their interactions in environment are 
scanty. These nanoparticles also undergo transformations in complex environment 
such as those of wastewater treatment plants, making their life cycle assessment 
difficult. Their high concentrations and the transformed products are expected to 
have adverse effect on functionality and survival of microflora in treatment plant. 
Silver and gold nanoparticles were found detrimental at even lower concentration of 
less than 1 ppm. The important microbial activity in wastewater treatment plants 
including nitrogen removal by nitrifying bacteria was found to be reduced by 85% 
and biogas production by 33–50% upon exposure to silver nanoparticles. Other pro-
cesses affected were microbial respiration, chemical oxygen demand reduction, 
substrate utilization, etc. Changes in structural diversity in presence of silver and 
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zinc oxide nanoparticles were observed indicating substantial change in microbial 
community composition and thus function. This review emphasizes on engineered 
nanoparticles released into wastewater from various products, influence of nanopar-
ticles at different treatment stages, their probable transformation and recovery and 
most importantly effect on wastewater microbial community and their function.

Keywords Engineered nanoparticles · Wastewater treatment · Microbial 
community · Structural diversity · Chemical oxygen demand

1.1  Introduction

In today’s world, engineered nanoparticles have acquired profound place in a vari-
ety of applications including industrial, agricultural and consumer-based products. 
The global production and use of nanoparticles and their products will be reaching 
1013 tonnes per year by the year 2020 (Borm et al. 2006). Nanoparticles carry dis-
tinct surface charges which induce specific chemical interactions with surrounding 
chemical milieu and microbial community (Maurer-Jones et al. 2013). The size of 
engineered nanoparticles being less than 100 nm gives them the advantage of enter-
ing any matrix easily and thus have upsurged their applications in various fields, 
including as drugs and vaccine, antibacterial and antifungal agents in a variety of 
products, biological probes, etc. (Patel et al. 2017). Moreover, they have enormous 
usage in fields of textile, cosmetics and electronics and as fuel additives, paints and 
coatings, plastics and glasses, etc. due to their size specific physicochemical proper-
ties (Boyoglu et al. 2013). Nonetheless, the same features have generated a risk for 
their frequent and unacquainted spread in nature. It is now well-known that majority 
of the nanoparticles have antimicrobial properties ranging from narrow to broad 
spectrum toward different groups of microorganisms (Wang et al. 2017a, b). Thus, 
although they have added values to the products manufactured using these nanopar-
ticles, concerns have increased for environmentalists. To the best of our knowledge, 
the review published by Baun et al. (2009) was first of its kind disseminating aware-
ness for ecological concerns and related impact of engineered nanoparticles on our 
environment. Since then, some studies related to nanoparticle release and their 
interactions at environmental interface have been carried out, but the magnitude of 
all such products is still not fully covered. It is required to assess their fate in envi-
ronment after their intended use is over.

According to the physical state of engineered nanoparticles, they may be released 
in the form of aerosols into the atmosphere or may get precipitated and released into 
soil and/or surface water (Bystrzejewska et al. 2009). It has been well established 
that during their life cycle, engineered nanoparticles are bound to encounter waste-
water treatment facility and mostly may end up settling in sludge (Brar et al. 2010). 
It means that to understand the effect of engineered nanoparticles on wastewater 

P. Zaveri et al.



3

microbial community and function, the concentration of nanoparticles released 
from manufacturing units or after use of individual products needs to be known. 
Still the data related to nanoparticles released from a variety of sources is fragmen-
tary in nature. Moreover, undefined concentration of nanoparticles in product manu-
facturing makes it difficult to estimate their release in wastewater and influence on 
treatment processes.

Some studies investigated the effect of varieties of concentrations of single type 
of nanoparticles using monoculture or mixed culture of prokaryotic and/or eukary-
otic organisms. Widely used nanoparticles, like cadmium, carbon-based nanomate-
rials, single-walled carbon nanotubes, multiwalled carbon nanotubes, aqueous 
phase C60, diamond and graphite, cerium dioxide, titanium dioxide, zinc oxide and 
cadmium-based quantum dots, have been investigated for their cytotoxicity and 
hazardous implications in the environment (Mahendra et al. 2008; Balmuri et al. 
2017; Kang et al. 2009; Zakrzewska et al. 2015; Pelletier et al. 2010; Forest et al. 
2017; Frenk et al. 2013; Shah et al. 2017; Zhang et al. 2016; Su et al. 2009; Oh 
et al. 2016).

Such studies are regarded as poor predictors of community interaction and mass 
microbial cytotoxicity reactions (Kang et al. 2009). In addition, transformation of 
engineered nanoparticles in the environment after their release from manufacturing 
or production units or domestic sources may lead to different types of interactions 
in environment as compared to that by native nanoparticles. Hence, influence of 
nanoparticles on complex microbial communities such as those in wastewater treat-
ment plant needs to be addressed effectively.

This review focuses on engineered nanoparticles released into wastewater from 
various goods and emphasizes on the influence of nanoparticles at different stages 
of wastewater treatment, their probable transformation and, most importantly, their 
effects on wastewater microbial community and function.

1.2  Gateways for Entry of Engineered Nanoparticles 
in Wastewater Streams

The release of nanoparticles from various consumer products creates entry portals 
of engineered nanoparticles into the environment. Thus, effluents released from 
industrial manufacturing units or domestic sources become carriers of these moi-
eties, and ultimately wastewater treatment plants become a sink for nanoparticles 
(Eduok et al. 2013).

Though many articles have summarized the worldwide use of various 
nanoparticle- based consumer products and derivatives and their release during pro-
duction (Kunhikrishnan et  al. 2015) as well as after usage of these products 
(Bystrzejewska et al. 2009), it is difficult to get actual data regarding concentrations 
of such nanoparticles released in receiving wastewaters. In case of unavailability of 

1 Trickling of Itinerant Nanoparticles in Wastewater Effluents
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such release data, probabilistic modelling approach has also been adapted by many, 
which is also discussed here.

1.2.1  Actual Estimations of Engineered Nanoparticle Releases 
from Different Sources

Being first of their kinds in this research field, Benn and Westerhoff (2008) studied 
six types of socks containing up to a maximum of 1360 μg silver nanoparticles/g 
sock and demonstrated that washing leads to leaching of as high as approximately 
50% (650 μg) of silver in 500 ml of distilled water. They indicated the empirical 
probability of similar amount of silver being released from various consumers 
worldwide.

Using inductively coupled mass spectrometry, Farkas et al. (2011) studied the 
effluent produced by nanosilver-producing washing machine. The experimental 
data suggested that effluent contained silver nanoparticles at an average concentra-
tion of 11 μg/l. The silver load released was shown to reduce the bacterial popula-
tion in wash water emphasizing the effect of silver nanoparticles on domestic 
wastewater treatment systems and risk associated with sludge produced thereof 
being used in agricultural fields.

Similarly, Mackevica et al. (2017) analysed release of silver nanoparticles from 
toothbrush. And the study indicated released quantities to be in nanograms, being 
10 ng per toothbrush, and concluded them to be close to negligible for human and 
environmental exposure but summoned for the requirement to determine the “safe 
level” from an environmental perspective. The findings were supported by similar 
studies conducted by Quadros et al. (2013) for the release of silver nanoparticles 
from clothing material and children’s consumer products. The released concentra-
tions were found to be 0.024 ± 0.02 mg Ag/kg from a foam material and 1.6 ± 0.3 mg 
Ag/kg from baby blankets when they were soaked in tap water. Some of the infor-
mation about the actual release of engineered nanoparticles from a variety of prod-
ucts including textiles is compiled in Table 1.1.

Apart from these limited findings on nanoparticle release data, no systematic 
approach was found to be adapted for a myriad of products developed incorporating 
nanoparticles. Hence, inadequate data of release of nanoparticles from the con-
sumer goods becomes a limiting factor for accurate analysis of their environmental 
impact. 

P. Zaveri et al.
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Table 1.1 Concentration of released engineered nanoparticles from various products reaching 
into wastewater

Sr. 
no. Nanoparticle Released amount

Description/measured 
parameter(s) Reference

1 Ag NPs 0.51 ± 0.04% Two textiles were studied, 
released into various body fluids 
and released after laundry was 
studied

Stefaniak 
et al. (2014)

2 Ag NPs 0 mg/kg to about 322 mg/
kg

Nanoparticle release from 
antibacterial fabrics into 
artificial sweat

Kulthong 
et al. (2010)

3 Ag NPs 1.5–650 μg From commercially produced 
socks after washing cycles

Benn and 
Westerhoff 
(2008)

4 TiO2 NPs 600 μg/l Ti concentrations in runoff 
water

Kaegi et al. 
(2008)

5 TiO2 NPs Estimated 230 tonnes/
year in France

Release in water from 
commercialized sunscreens

Botta et al. 
(2011)

6 Ag NPs 1.7%, 3.0% and 5.6% for 
3% (w/v) aqueous acetic 
acid at 20, 40 and 70 °C

Data is provided also for 
migration in ethanol

Song et al. 
(2011)

7 TiO2 NPs 1.5–15 mg/l of titanium 
in wastewater

Estimated release from textiles Lorenz et al. 
(2012)

8 Ag NPs 11.8 kg per year Estimated release from washing 
machine for 20% of Norway 
population

Farkas et al. 
(2011)

9 Ag NPs 0.32 and 38.5 mg/ l Release measured into washing 
solution from textile

Lorenz et al. 
(2012)

10 TiO2 NPs As high as 5 mg/l Nanoparticle release during 
textile washing cycles

Windler et al. 
(2012)

11 TiO2 NPs 0.3 mg TiO2/person/day Nanoparticle release from food 
and consumer products

 Weir et al. 
(2012)

12 Ag NPs 0.3–377 μg/g Release of nanoparticles from 
nanotextiles during washing

Geranio et al. 
(2009)

13 Au NPs 124 and 145 μg/kg Predicted environmental 
concentration in sludge 
(estimation for the UK and 
USA, respectively)

Mahapatra 
et al. (2015)

14 Nano-SiO2 0.04 and 0.1 mg/l Release of nanoparticles in 
water from paint

Al-Kattan 
et al. (2015)

15 Ag NPs 45 μg Ag/g product From products like shirt, 
detergent, humidifiers, etc. 
(from 1.4 to 270,000 μg Ag/ g 
product)

Benn et al. 
(2016)

16 Ag NPs 0.03–8.4 mg Ag/kg Plasticized polyvinyl chloride 
(PVC) nanocomposites

Cushen et al. 
(2013)

17 Ag NPs 0.003 to 0.005 mg/dm2 Polyethylene nanocomposites Cushen et al. 
(2014)

(continued)
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1.2.2  Modelling for Estimation of Engineered Nanoparticle 
Releases

Predicted environmental concentrations of nanoparticles are based on the probabil-
ity of material flow analysis. Mahapatra et  al. (2015) described the flow of gold 
nanoparticles. They indicated that the second largest flow of gold nanoparticles is 
from sewage treatment plants and were also able to tabulate their predicted concen-
trations in various receiving environmental compartments.

More than 30,000 metric tonnes only of zinc oxide-engineered nanomaterials 
was estimated to be produced globally by Keller et al. (2013). They estimated the 
release of zinc oxide-engineered nanomaterials to be 170–2985 tonnes/year into 
receiving water bodies. Using modelling studies, probabilistic estimates were gen-
erated for zinc oxide-engineered nanomaterials released through several applica-
tions, e.g. plastics, cosmetics, coatings and cleaning agents, batteries and capacitors, 
paints, consumer electronics, textiles, dietary supplements and research and devel-
opment (Keller and Lazareva 2013; Keller et al. 2013). In addition, for certain appli-
cations such as aerospace and automotive fields, where no actual estimates could be 
produced regarding nanoparticle release, they estimated from exposed surfaces con-
sidering high and low production volumes as well as emission factors. These reports 
are the finest of the presentations based on the presumed values, and great efforts 
were put for the compilation of information available from different countries.

Caballero-Guzman and Nowack (2016) mentioned that, apart from actual 
nanoparticle release information available and even with the best prediction meth-
ods, studies related to release of nanoparticles from products cover only 20% of the 
engineered nanoparticles used industrially and just 36% of the consumer product 
categories. The report indicates that there are less than 50 research articles available 
containing release-related information, most of them being only qualitative in nature.

It is clear so far that such studies have been restricted to limited types of nanopar-
ticles, and hence it undoubtedly indicates the need for intense research on release of 
nanoparticles involving all varieties of nanoparticles and related products.

Table 1.1 (continued)

Sr. 
no. Nanoparticle Released amount

Description/measured 
parameter(s) Reference

18 Cu NPs 0.024 to 0.049 mg/dm2 Polyethylene nanocomposites Cushen et al. 
(2014)

19 Ag NPs 30 ng/cm2 Silver released from commercial 
plastic food containers into 
different food simulants

Goetz et al. 
(2013)

20 TiO2 5 mg/l Release of titanium in one wash 
cycle from textile

Windler et al. 
(2012)

Note: Quantities presented in the table include both estimated and predicted values
Abbreviations used are Ag NPs silver nanoparticles, TiO2 NPs titanium dioxide nanoparticles, Au 
NPs gold nanoparticles, nano-SiO2 nanoparticles of silicon dioxide, Cu NPs copper nanoparticles
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It is also important to note that all such reports do not necessarily mention mobile 
phase carrying the nanoparticles for their further dissemination. But it is apparent 
that most of the time, water/wastewater stream becomes a carrier. Such flowing 
streams while carrying nanoparticles may not lead to accumulation of substantial 
amount in it as the released concentrations are generally small. However, these 
streams growing together and reaching to treatment plant are bound to accumulate 
them, and hence, it becomes inevitable to speculate the impact on wastewater treat-
ment processes. One of the recently published reports by Wang and Chen (2015) 
summarized the measured and predicted concentrations of various engineered 
nanoparticles in wastewater effluents and sludge samples collected from different 
countries. The report was prepared after extensive study and delivers appreciable 
information related to this field. It was reported that the concentration of silver, 
titanium dioxide, zinc oxide and carbon-based nanoparticles and fullerene C60 and 
fullerene C70 were present in terms of ng to μg/l levels in wastewater effluents, 
whereas the concentration of the same in sewage sludge was alarmingly very high, 
i.e. few hundred to thousand parts per million levels. The concentrations of silver, 
titanium dioxide, zinc oxide and carbon-based nanoparticles and fullerenes in 
wastewater were found to vary from 1 ng/l to 1.5 μg/l, 1.75 to 4.28 μg/l, 0.3 to 
0.441 μg/l, 8.6 to 14.8 ng/l and 0 to 19 μg/l, respectively, whereas sludge generated 
from wastewater treatment plants was found to contain 0.84 to 1880 mg Ag nanopar-
ticles/kg, 136 to 211 mg TiO2 nanoparticles/g, 17.1 to 23.2 mg ZnO nanoparticles/
kg and 0.062 to 0.069 mg carbon-based nanoparticles/g of biosolids.

Moreover, latest technologies have started using nanoparticles for treatment of 
wastewater itself, making it amenable for release directly into wastewater stream 
(Amin et al. 2014; Gehrke et al. 2015).

1.2.3  Nanotechnology in Wastewater Treatment

Application of engineered nanoparticles for wastewater treatment adds a new 
dimension of entry of nanoparticles in the effluent. Thus, apart from all conven-
tional entry points of engineered nanoparticles from domestic, industrial and inci-
dental release in the environment, varieties of novel water treatment technologies 
are also probable concern points for bulk entry of nanoparticles.

For treatment of wastewater, use of nanotechnology is based on two basic prin-
ciples of photocatalysis and nanosorbents (Bora and Dutta 2014).

Photocatalysis Nanostructured visible light photocatalysis uses semiconductor 
photocatalysis involving titanium dioxide (TiO2), zinc oxide (ZnO), ferric oxide 
(Fe2O3), zinc sulphide (ZnS) and cadmium sulphide (CdS) nanoparticles. Such 
semiconductors have proven to be quite useful and efficient for degradation of vari-
ous chlorinated organic contaminants and phenolic derivatives which are difficult to 
be removed biologically (Dasgupta et al. 2017). Compounds like tetrachloroethyl-
ene, trichloroethylene and carbon tetrachloride which are not easily mineralized 
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biologically were reported to be degraded by the metallo-porphyrinogens, a type of 
engineered nanoparticle, under anaerobic conditions (Dror et al. 2005; Chen et al. 
2005). Antimicrobial potential of engineered nanoparticles has also been explored 
as a support system to chlorination and ozonation for removal of protozoa from the 
waste stream. Fullerenes and titanium dioxide nanoparticles produce reactive oxy-
gen species and enhance disinfection capability of ultraviolet radiation applied at 
the tertiary stage of wastewater treatment. Thus, increased concentration of engi-
neered nanoparticles in the waste stream also forces us to monitor and process for 
their removal from the effluent stream.

Nanosorbent Heavy metals are one of the major pollutants in wastewater. They 
are removed from wastewater majorly through sorption onto developing biomass in 
secondary biological treatment stage. Since this biosorption is physicochemical in 
nature, there is a limitation on the concentration of heavy metals which can be 
removed (Zafar et al. 2007). Nano-sized metal oxides, viz. ferric oxides, manganese 
oxides, aluminium oxides, titanium oxides, magnesium oxides and cerium oxides, 
are now used for wastewater treatment processes to remove heavy metals (Singh 
et al. 2013; Sadegh et al. 2017). They provide exceptionally high surface area and 
specific affinity in their nano-forms to remove heavy metals from aqueous system 
by faster adsorption rates in water treatment (Sadegh et al. 2016; Dil et al. 2017). 
With ample amount of surface modification and structural variation, this application 
has become a popular research field (Hua et al. 2012). Availability of resources and 
ease of synthesis render nano-sized ferric oxides to be low-cost adsorbents for toxic 
metal sorption. Direct application of iron oxide nanoparticles in wastewater treat-
ment is a unique and advantageous process involving adsorption of contaminants 
(heavy metals and organic pollutants) with negligible risks of secondary contamina-
tion of nanoparticles (Deliyanni et al. 2004) as they can be removed from the aque-
ous phase by magnetic separation. In case of polyethylenimine (PEI)-coated 
magnetic nanoparticles used for wastewater treatment, the majority of engineered 
nanoparticles are recovered and reused (Lakshmanan et al. 2014); however, concen-
trations of nanoparticles remaining in wastewater stream after treatment still need to 
be evaluated. Apart from the mentioned metal oxides, removal of inorganic com-
pounds such as metal ions can be achieved by the dendrimer (poly(amidoamine))-
carrying nanoparticles. The dendrimers serve as chelating agents and allow binding 
of metals to functional groups, such as primary amines, carboxylates and hydroxy-
mates (Diallo et al. 2005). One such accepted example is the application of blended 
dendrimer, polycitrate-Alumoxane nanoparticles with polyether sulfone (fabricated 
nanofiltration membrane) in foul prevention and dye removal in wastewater treat-
ment plants (Zinadini 2016). One of the major concerns of wastewater, hexavalent 
chromium, is also reported to be removed using adsorption and magnetic separation 
using nanoscale maghemite (Hu et  al. 2005), but the remaining nanoparticles’ 
concentration- related information was not provided.

P. Zaveri et al.
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Recently various types of nano-sized materials were reported for their applica-
tion in degradation of organics. Other nanomaterials are indirectly involved in 
 biodegradation process by enhancement of polyaromatic hydrocarbon bioavailabil-
ity (Tungittiplakorn et al. 2005; Kumari and Singh 2016).

All these applications developed for the treatment of wastewater imply deliberate 
addition/exposure of engineered nanoparticles to the effluent stream. The regenera-
tion and retention of engineered nanoparticles are also important aspects of 
nanotechnology- enabled device design due to both cost and public health concerns.

1.2.4  Recovery of Nanoparticles from Effluent Stream

As seen earlier, photocatalysis of metal nanoparticles is widely used in wastewater 
treatment process for remediation of non-bio-remediated pollutants. It is very dif-
ficult to separate such suspended nanoparticles present in aqueous system. 
Nowadays, more efforts are put forth at the time of manufacturing of nanoparticles 
to find solution for recovery of nanoparticles. The coupling of the photocatalysis of 
titanium dioxide nanoparticles with membrane technology was done to overcome 
separation issues after completion of treatment. The following are the list of mem-
branes which have incorporated titanium dioxide nanoparticles for recovery pur-
poses: poly(vinylidene fluoride), polyether sulfone, polymethyl methacrylate and 
poly(amide-imide). A simple filtration technique is efficient to remove such 
membrane- coupled nanoparticles from the aqueous phase (Lu et  al. 2016). 
Immobilization of various nanoparticles using resins and membranes was done for 
regeneration of nanoparticles from treatment process, but it significantly reduces the 
treatment efficiency (Chorawala and Mehta 2015).

Another aspect for removal of titanium dioxide nanoparticles is surface modifi-
cation at the time of production. Doped titanium dioxide magnetic nanoparticles 
have been synthesized in a spinning disk reactor, which can be easily recovered 
using external magnetic field. Nano-sorbent magnetic magnetite (Fe3O4) and mag-
netic maghemite (γ-Fe2O4) are widely used in wastewater treatment for removal of 
various metal ions in wastewater treatment system. These magnetic nanoparticles 
also could be easily separated and recovered from the system by applying external 
magnetic field (Lu et al. 2016).

Intensive use of nanoparticles for various product preparations and their unknown 
release in wastewater streams drive us to the important question of their impact on 
physiology of microorganism functioning in the treatment plant.

1 Trickling of Itinerant Nanoparticles in Wastewater Effluents
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1.3  Engineered Nanoparticles and Wastewater Treatment 
Processes

In any circumstances, engineered nanoparticles would follow one of the paths to 
reach to the environment, (1) direct release into any ecosystem and (2) being carried 
away with effluent stream reaching to various stages of treatment and ending up 
with effluent disposal and sludge (Fig.  1.1). In the first case, wastewater is not 
involved in mobile phase, and thus engineered nanoparticles would not encounter 
wastewater treatment facility and its microbial community, while in the second 
case, engineered nanoparticles with/without transformation would interact with 
wastewater microbial community. However, in both cases, they will be influencing 
the environment via various mechanisms. Such interaction of engineered nanopar-
ticles with wastewater treatment process is discussed here.

Conventional wastewater treatment technologies have been utilizing several 
physicochemical and biological procedures for removal of organic pollutants, xeno-
biotic compounds as well as excess inorganic nutrients. The most commonly 
employed phases include primary, secondary and tertiary treatment stages. 
Wastewater treatment facilities are designed to either remove or degrade contami-
nants and pollutants from the aqueous phase. Microbial community plays a very 
crucial role in the reduction of organic load which is accomplished at the secondary 
stage of treatment mostly involving activated sludge process or anaerobic digestion 

Fig. 1.1 Fate of engineered nanoparticles in the environment. Nanoparticles reach the environ-
ment either through direct or indirect routes. Direct route implicates release from manufacturing 
units and various consumer products through their disposal ultimately reaching air, water bodies or 
soil, while indirect route indicates their release in wastewater, which carries them finally to natural 
water bodies where wastewater is disposed after treatment as well as landfills where solids pro-
duced from wastewater treatment plants are disposed, ultimately affecting the soil environment
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(Bitton 2005). Wastewater treatment not only gives solution for safe disposal of 
treated water, but it also plays an important role in water recycling.

Keller et al. (2013) indicated wastewater treatment plants as a consistent passing 
place for engineered nanoparticles before they reach the final destination. It is 
expected that huge amount of engineered nanoparticles reaching into wastewater 
treatment plant ultimately becomes part of sludge which is mostly disposed off in 
landfills.

Separation of solids from the liquid phase is accomplished in the primary treat-
ment process which involves settling and removal of mainly settleable or larger 
particles. The settling ability of particles depends on the particle size, physicochem-
ical properties and density. Due to their nano-size, engineered nanoparticles have 
very low settling potential. As gravitational force does not affect nanoparticles, gen-
erally they tend to escape the primary treatment process. The experiments con-
ducted by Hou et al. (2012) mentioned retention of silver nanoparticles after primary 
clarification by 90% of the initial concentration. Thus, in the secondary biological 
treatment, microbial community, which may be part of suspended or attached 
growth systems, is bound to encounter nanoparticles.

When nanoparticles enter secondary treatment phase, they can combine with 
oppositely charged chemicals and form stable super-micellar aggregates (Brar et al. 
2010). Such active interaction of nanoparticles is required to be suspected for micro-
bial toxicity and plausible effect on community function.

Apart from settling of nanoparticles, diffusion is a major factor affecting the 
microbes-nanoparticles interaction. The rate of diffusion of smaller particles is very 
high as compared to aggregates and bigger particles (≥ 1000 nm) (Eduok et al. 2013).

Moreover, there is still a limitation for determination and monitoring of actual 
levels of nanoparticles at wastewater treatment plants. Under normal condition, 
well-developed techniques like scanning electron microscopy, X-ray diffraction, 
various spectroscopies, service meter, zeta potential, etc. have been used to charac-
terize and quantify nanoparticles (Patel et  al. 2017), but their use at wastewater 
treatment plants has not been developed. The challenge is fostered by interactions 
of multiple types of engineered nanoparticles present and their transformation by 
other organics present in wastewater affecting accurate detection of nanoparticles.

Quantitative measurements of nanoparticles, if possible in different matrices, 
will also find their application in the field of agriculture to detect engineered 
nanoparticles from soil; will help in elucidation of complete picture of their fate by 
determination of life cycle assessment with accurate concentrations, in designing of 
advance material so as to retain nano-catalyst; and would increase probability of 
recovering, reuse and removal of engineered nanoparticles after their application.

1 Trickling of Itinerant Nanoparticles in Wastewater Effluents
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1.4  Probable Transformations of Engineered Nanoparticles 
in Wastewater

The environment around nanoparticles changes drastically during their life cycle, 
and hence we can expect a change in the forms of engineered nanoparticles, such as 
agglomeration (Chaúque et al. 2016). Certain stabilizing agents and coating materi-
als are known to help in stabilizing nanoparticles with respect to their size under 
aqueous conditions and also in complex systems like wastewater (Kunhikrishnan 
et  al. 2015). Transformation of bare and coated nanoparticles normally differs 
according to the nature of coating material used.

Interaction of these nanoparticles with other chemical matters present in receiv-
ing wastewaters, its interplay with fluids, change in its electrostatic condition, 
hydraulic conditions and the presence of various natural organic matter may lead to 
the transformation of engineered nanoparticles. These molecular interactions are 
expected to play a major role in deciding the fate of nanoparticles under aqueous 
conditions including wastewaters (Wagner et al. 2014).

It is important to mention that release scenario and transformation for any engi-
neered nanoparticles will depend on various factors mentioned as follows (Caballero- 
Guzman and Nowack 2016; Reidy et al. 2013):

• Temperature
• pH of surrounding environment
• Humidity of the environment
• Dissolved oxygen
• Composition of wastewater
• Ionic strength of wastewater
• Concentration of dissolved organic matter
• Product type
• Concentration of nanoparticles
• Incorporation type (i.e. embedded or suspended)
• Frequency of exposure to release procedures such as weathering, washing, recy-

cling, etc.

Moreover, toxicity of nanoparticles was found to be altered by humic acids, pro-
teins and other organic ligands that reduce metal bioavailability in a study based on 
quantum dot weathering (Mahendra et al. 2008). Under certain environmental con-
ditions, silver nanoparticles were converted to reactive species by oxidation and 
dissolution mechanisms or were found to be responsible for the generation of reac-
tive oxygen species (Reidy et al. 2013), whereas some of the metal oxide nanopar-
ticles, such as cerium dioxide, tend not to undergo a complete transformation, 
remain as native species and further get accumulated in the sludge (Barton et al. 
2015). On the other hand, in sludge treatment process, homo-coagulation or hetero- 
coagulation of engineered nanoparticles occurs where the nature of coagulation 
depends on the interaction of nanoparticles with organic chlorides and minerals 
present in the sludge (Doolette et al. 2013).
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Laboratory-based toxicity studies of nanoparticles with or without agglomera-
tion and aggregation of nanoparticles may not be appropriate for evaluation of 
actual cytotoxicity and genotoxicity of nanoparticles to any living cells in the envi-
ronment (Thio et al. 2011). Such transformed nanoparticles are bound to influence 
wastewater microbial community and community functions at various stages.

1.5  Influence of Engineered Nanoparticles on Microbial 
Community of Wastewater

As the composition of wastewater changes with respect to geographical location, 
climatic conditions, sources of pollutants, water usage types, frequency, etc., the 
behaviour of engineered nanoparticles present will also vary with different waste-
waters relatively.

In one of the monoculture studies with gold nanoparticles, concentration higher 
than 1 μM was found to be toxic to bacteria and was also reported to be photo- 
mutagenic in combination with citrate (Wang et al. 2016). Palladium nanoparticles 
which are widely used as a catalyst were found to display size-dependent toxicity to 
E. coli and S. aureus at concentrations as low as 10−9 M (Adams et al. 2014). But 
since wastewater treatment employs activity of the whole microbial community, 
such studies can only provide effect on individual species; nonetheless, the concen-
tration of nanoparticles affecting these environmental species is noteworthy.

The influence of increasing concentration of nanoparticles in wastewater was 
analysed by García et al. (2012) with studies on cerium dioxide, titanium dioxide, 
silver and gold nanoparticles in the range of 100 to 1120 ppm on the activity of 
microbial communities of wastewater. The authors had combined data for aerobic 
and anaerobic conditions. The techniques employed included respiration rates and 
biogas production analysis. Major observations comprised cerium dioxide nanopar-
ticle treatment, resulting in complete inhibition of biogas production with 1 h of 
exposure time, whereas silver nanoparticles led to 33–50% inhibition in biogas pro-
duction within 4 h of exposure. But it is also important to note that experimental 
setups designed by García et al. (2012) used concentrations higher than they are 
observed in actual conditions of wastewater.

The reduction in levels of organic pollutants in wastewater is monitored mostly 
by determining the chemical oxygen demand from wastewater under treatment 
where active microbial community oxidizes the organic compounds. Similarly for 
reduction in inorganic nutrient levels of nitrogen and phosphorus, efforts are made 
to avoid eutrophication problems due to disposal of treated waters carrying traces of 
these nutrients in receiving waters. The removal of nitrogen nutrients from waste-
water is dependent on nitrification and denitrification activity of microbial commu-
nity. Hou et  al. (2012) studied the effect of silver nanoparticles on various 
functionalities of wastewater treatment, i.e. reduction in chemical oxygen demand 
and ammonia levels. The results suggested that exposure to silver nanoparticles did 
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not affect chemical oxygen demand reducing capacity of the microbial community, 
but in the first exposure itself, the quantities of nanoparticles were sufficient to mel-
low down the activity of the ammonia oxidizing community of nitrifying bacteria. 
It was marked very substantially that, looking to the antibacterial properties of such 
engineered nanoparticles, the effect on environmental bacteria should not be over-
looked. They observed that concentration of 1 mg/l of silver nanoparticles reduced 
respiration of autotrophic nitrifying bacteria by more than 85% when compared to 
controls, thus reducing ammonia removal efficiency. In the similar type of investi-
gation, Zheng et al. (2011) found the adverse impact of zinc oxide nanoparticles on 
the biological removal of nitrogen and phosphorous from wastewater. The study 
suggested that presence of 10 and 50 mg/l of zinc oxide nanoparticles decreased 
total nitrogen removal efficiencies from 81.5% to 75.6% and 70.8%, respectively.

Hou et al. (2014) reported a study on the effect of zinc oxide nanoparticles on 
wastewater biofilms and respiration rates determined by oxygen microelectrode. 
The authors claimed that presence of zinc oxide nanoparticles at a concentration of 
50 mg/l was found to be toxic to the microorganisms developed in the biofilms on 
rotating biological contactors, on the upper layer of about 200 μm. On the effective 
note, the authors also clarified the fact that 5 mg/l of zinc oxide nanoparticles hardly 
disturbed the microbial respiration.

In the lab-based reactor experiments, Jeong et al. (2014) studied the difference in 
the susceptibility of various bacterial communities in wastewater toward silver 
nanoparticles. As the longer exposures to silver nanoparticles were considered 
(50 days), the data evaluation was found to be more reliable. It was found that with 
an increase in the silver nanoparticle concentration, both organic oxidation and 
nitrification processes were adversely affected, but nitrification was more severely 
inhibited even at low concentrations of silver nanoparticles (<1 ppm). On long-term 
exposure, the substrate utilization rate by the microbial community was negatively 
affected by even a concentration of as low as 0.5 ppm for silver nanoparticles.

The microbial activity for oxidation of organics in secondary treatment stages is 
accomplished by either attached growth systems in the form of biofilms as in the 
case of rotating biological contactors, trickling filters, etc. or suspended growth sys-
tems as in the case of activated sludge process, lagoons, oxidation ditches, etc. 
Techniques like polymerase chain reaction-denaturing gradient gel electrophoresis 
(PCR-DGGE) were used to assess the diversity of microbial communities after 
exposure to silver nanoparticles. This technique gives the idea of component mem-
bers present in microbial community including both culturable and non-culturable 
species. They observed a significant loss of microbial diversity. PCR-DGGE analy-
sis showed that Thiotrichales was more sensitive to silver nanoparticles than other 
types of biofilm bacteria in attached growth system for wastewater treatment, while 
Bacteroidetes and Proteobacteria were sensitive to silver nanoparticle treatment in 
activated sludge, i.e. in a suspended condition (Jeong et al. 2014).

Wang and Chen (2015) reported literature regarding the adverse effect of engi-
neered nanoparticles on various enzyme activities involved in important processes 
of nitrogen (nitrification and denitrification ability) and phosphorus removal as well 
as sludge anaerobic digestion.
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Using X-ray absorption spectroscopy, Clar et al. (2016) described the mecha-
nism of copper nanoparticle-induced toxicity on nitrifying bacteria. When coated 
and uncoated copper nanoparticles were selected for study, uncoated ions were 
found to inhibit the specific oxygen uptake rate as compared to treatment by coated 
one. The mechanism of toxicity was attributed to copper-induced cytotoxicity by 
the production of reactive oxygen species by ionic copper in the solution released 
by catalytic reactions of copper nanoparticles.

In an initial report by Brar et al. (2010), details of nanoparticle toxicity and its 
interactions at various stages and ultimate fate of nanoparticles in the environment 
have been discussed. Other studies related to impact of engineered nanoparticles on 
wastewater microbial community function that include effect of silver nanoparticles 
on biofilm microbial community demonstrated with observed 34.6% decreases in 
gene number using GeoChip; effect of graphene on activated sludge microbes which 
was found to be toxic between 50 and 300 mg graphene/l; effect of copper oxide on 
rotating biological contactor biofilm microbial activity where 50  mg/l coper 
nanoparticles proved to be toxic; effect of zinc oxide nanoparticles on microbes 
present in activated sludge with 100 mg/l of zinc oxide nanoparticles leading to 
decrease of 57.09% reads indicating considerable loss of bacterial abundance; etc. 
have been reported in the literature (Sheng et al. 2015; Ahmed and Rodrigues 2013; 
Miao et al. 2016; Meli et al. 2015).

The fixed/attached biofilm systems for wastewater treatment when encountering 
flow of effluent with engineered nanoparticles face multiple dynamic interactions. 
Due to the change in ionic conditions upon interaction, aggregates may also be 
formed. This may lead to hindering the diffusion of oxygen to the surface layer of 
microbes present. This ultimately may lead to fouling and failure of treatment pro-
cess on repeated and long-term exposures affecting wastewater treatment efficiency 
(Eduok et al. 2013).

Thus it is evident that exposure of engineered nanoparticles is affecting nega-
tively the structure and function of microbial communities which are key players in 
wastewater treatment. Impairment of biological activity of microbial community in 
wastewater due to the toxicity of nanoparticles is still one of the hidden impacts on 
the environment. Removal of such nano-particulate matters remains one of the big-
gest challenges for water and wastewater treatment authorities. As discussed, 
nanoparticles may affect adversely the biological stage of the treatment process and 
ultimately decrease the contaminant removal efficiency of the entire process which 
may lead to failure of wastewater treatment. Challenge in this field of research also 
lies in bridging the gap between investigated and actual concentrations of nanopar-
ticles available in various effluents and toxicity studies. It is important to note that 
microbial toxicity studies, if conducted with an actual simulation of treatment plant 
condition, may lead to a firm conclusion regarding the effect on the performance of 
treatment plant. Advance microplate arrays are being developed to study monocul-
tures, and the same lineage should be extended for study on microbial community 
(Wang et al. 2017a, b).

As we can see very clearly, all these research and development have occurred in 
just the last decade. The flourishing number of products on shelves of market 
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 incorporating nanoparticles demands strong change in research themes today. The 
gap in the research at this stage is observed in nanoparticles-microbes interaction 
analysis at the microbial community level. Largely various disciplines need to come 
together for making a significant contribution to generating quantitative data related 
to exposure of engineered nanoparticles at various stages of wastewater treatment.

Moreover, research findings strongly indicate possibility of biomagnification of 
engineered nanoparticles in food chains. The study on cadmium selenium quantum 
dots observed magnification by five times of the nanoparticle concentration in pred-
ator, Tetrahymena thermophila, of Pseudomonas aeruginosa (Werlin et al. 2011). 
The risk associated with biomagnification of gold nanoparticles was also reported 
indicating the possibility of potential human exposure (Judy et al. 2011). What if all 
the species of primary producers are accumulating one or more than one type of 
nanoparticles at the same time? Multiple such questions need to be answered by 
extensive research in the field.

Current development in regulatory policy includes amendments to section 8(a) in 
TSCA (Toxic Substances Control Act) which indicates the requirement of declara-
tion for the amount of engineered nanoparticles used and/or manufactured by the 
industrial units annually (www.epa.gov). The importance of presence and effect of 
engineered nanoparticles in wastewater is yet to be realized by environment protec-
tion agencies across the world other than the US Environment Protection Agency 
(USEPA). The speed at which consumers are accepting and utilizing such nano- 
based products is alarming for policy makers as well. Soon global stand for con-
trolled release, removal of engineered nanoparticles from effluent, treatment 
guidelines and safe disposal related policies are expected.

1.6  Conclusion

Microbial toxicity studies with engineered nanoparticles have been mostly based on 
behaviour of monoculture and mixed cultures, but actual community dynamics is 
not fully clear yet, and such studies are still scanty. Only few treatment processes 
have been speculated by some researchers, such as adverse effect on nitrification, 
phosphorus removal, microbial respiration, substrate utilization by microbial com-
munity and reduction of chemical oxygen demand. For removal of inorganic nutri-
ents, few microbial species have specialization, and those have been found to be 
sensitive toward presence of engineered nanoparticles; it seems that we need to 
worry as far as removal of these important nutrients is concerned. The functionality 
of enzymes and degradative capabilities of microbial communities exposed to 
nanoparticles still need to be addressed completely under different environmental 
and climatic conditions. Improving detection methods and detailed studies on 
microbial community metabolic responses needs to be taken up by the research 
community to sustain the wastewater treatment performance and ultimately the 
environment from adverse cumulative effects of nanoparticles.
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Abstract As our admiration for the extent and complexity of microbial ecosystems 
grow, we can extrapolate how our new comprehension could shape our future. No 
doubt, microbes can alter their environments and can be harnessed to engineer our 
planet as well as our health. Indeed, even ecosystem restoration has deep apprecia-
tion for the role of microbes in shaping the relevant environment, by decomposition 
of biomass and recycling of nutrients. Although our present knowledge about evo-
lutionary processes and metabolic mechanisms that fortify most microbial ecosys-
tem dynamics is extremely limited, rapid advances in technologies that help 
elucidate these processes are set to increase the current rate of knowledge acquisi-
tion. Microbial ecology gives a new and safe way to make our environment 
pollution- free by degrading the contaminants from water to make it useful for 
humans. It changes the way how human diseases are being treated, by using 
microbes as prebiotics and probiotics and transfaunation procedures. Similarly, 
industrial processes that once relied on microbe-based technology to produce bioac-
tive molecules that are extensively used in medical industry, chemical industry, 
food, and agriculture, as well as biofuel and bioelectricity give an alternative way to 
fulfill the demand of energy-hungry civilization.

Keywords Microbial ecosystem · Microbial diversity · Molecular evolution · 
Biogeochemical cycle · Decomposition · Bioremediation · Biofuel · Bioelectricity · 
Microbial therapeutic and molecular tools

Abbreviations

AOA Ammonia-oxidizing archaea
AOB Ammonia-oxidizing bacteria
C  Carbon
CO2  Carbon dioxide
DCM Dichloromethane
DNA Deoxyribonucleic acid
EBPR Enhanced biological phosphorus removal
ECM Ectomycorrhizal
GAO Glycogen-accumulating organisms
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N  Nitrogen
NOB Nitrite-oxidizing bacteria
NPP  Net primary productivity
OTUs Operational taxonomic unit
P  Phosphorus
PAH  Polycyclic aromatic hydrocarbons
PAO  Polyphosphate-accumulating organisms
RNA Ribonucleic acid
SOM Soil organic matter
WWTPs Wastewater treatment plants

2.1  Introduction

Microbial ecology has historically pinpointed on the relationship of microbes and 
their biotic and abiotic environments. This relationship either form beneficial link, 
e.g., nitrogen fixation bacteria present in plant root nodules, or harmful link such as 
pathogenic relationships between microbes and host (Keymer et al. 2006; Peterson 
et al. 2008; Taylor et al. 2005). Several interesting features of microbial ecosystems 
make it as a model system: first, there is rapid growth of species in controlled envi-
ronments (Ballyk et al. 2001); second, number of individuals in microbial ecosys-
tem is usually so large, meaning the system is useful and justified by physics; and 
third, classical microbial techniques coupled with molecular techniques make it 
more accurate to monitor the evolution of individuals’ number of different species 
inside a bioreactor (Bastin and Dochain 1991). Because of these features, ecologists 
consider the microbial ecosystems as dominant candidates to test hypotheses, prin-
ciples, and concepts of general ecology (Jessup et al. 2004).

Microbial evolution is defined as the study relation between organisms and genes 
as well as genetic diversity of evolution in microbes and important tools for the 
analysis of phylogenic relationships, population genetics, comparative genomics, 
and genome analyses (Reno et al. 2009; Thompson et al. 2005). To explore the deep 
microbial phylogeny, researchers focused on comparisons of small subunit ribo-
somal RNA (16S rRNA) oligonucleotides (Sapp 2007). This depicted sequence data 
in a phylogenetic tree was reminiscent of Woese’s “Universal Phylogenetic Tree.” 
As trees allow microbial ecologists to allocate 16S rRNA gene sequences to phyla, 
genera, and species and identify the previously unknown groups, diversity became 
a main theme in microbial ecology (Woese 1987). The comparative analysis of 
16rRNA sequences suggested that all of the cellular life belonged to one of the three 
domains, namely, Bacteria, Archaea, and Eukarya (Woese and Fox 1977). This 
allowed to define the major lineages (phyla or divisions) within these three primary 
domains (Woese et al. 1990).

Microbial diversity is defined as variability and complexity of microbes at differ-
ent levels of biological organization, including genetic variations within taxons and 
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richness and relative abundance of functional groups in communities (Fierer et al. 
2012; Ghiglione et al. 2012). Recently, the global survey of microbial diversity has 
been performed by the Earth Microbiome Project, to expose the existence of 5.6 
million OTUs (97% similarity) in the first 15,000 samples, which set a new lower 
bound on the number of bacterial and archaeal phylotypes on earth (Gilbert et al. 
2014). Range of factors is responsible for the variation of microbial diversity in the 
ecosystem, including stress factors such as pH, moisture, pressure, temperature, 
global warming, and presence of chemical species and disturbance factors that 
involve rapid changes such as occurrence of plant litter and deadwood, rhizosphere, 
root exudates, and availability of nutrients in environment (Lladó et al. 2017).

Today, many molecular tools are available to investigate the complexity and 
structure of microbial communities. Classical methods for determining the com-
plexity of microbial ecosystem were insufficient. New molecular method with high 
throughput, quantitative, and focus better disclose structure and function of micro-
bial ecosystem in parallel. Moreover, these new tools need to expand beyond the 
genomics, transcriptomics (study of mRNA as an indicator of gene expression), 
proteomics (identification, characterization, and quantification of protein and 
enzymes relate to cellular function), and metabolomics (study of metabolic interme-
diates of cellular functions) (Rittmann 2006).

Microbial communities are closely linked with animals and plants making neces-
sary nutrients, metals, and vitamins available to their hosts and beneficial for 
humans and the environment. Microbial ecosystem performs a wide range of ser-
vices, with reliable, continuous, economic, health, and social benefit. Moreover, 
microbial communities involved in removal of pollutants from soil, water and air to 
clean the environment. Moreover, remove and degrade the pesticides and other toxic 
material using in agricultural practice from the soil, remove and detoxify heavy 
metal from the environment, involved in nutrient cycle, detoxification of contami-
nated from wastewater, generate bioelectricity and biofuel in eco-friendly manners 
and also use as a therapeutics (Rittmann 2006). In this chapter, we discussed the 
involvement of microbial ecosystem in the betterment of environment in providing 
for the welfare of the human being.

2.2  Microbial Ecology: Historical Perspective

The word ecology originated in the late nineteenth century from two Greek words 
oikos (household) and logos (law) to suggest that the study of the relations between 
organisms comes from “law of the household.” Ernst Haeckel (Haeckel 1866), a 
German biologist, identified ecology as a separate branch of science that deals with 
the interactions of living organisms with their biotic and abiotic environments. 
Microbial ecology is the study of microbes and their correlation with the (living and 
nonliving) environment. Microbes mould the earth’s climate, directly and indirectly 
during the evolution of the earth’s atmosphere, which was tightly correlated with 
evolution of its biota (Kasting and Siefert 2002). However, the term “microbial 
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ecology” was not used commonly until the 1960s when public interest in environ-
mental issues and in the essential roles of microbes in the earth’s biosphere led to 
the emergence of the new field of “microbial ecology” (Rashid and Stingl 2015; 
Xu 2006).

Microbial ecology has historically focused on the relationship microbes have in 
host systems as they form beneficial link (e.g., nitrogen-fixing rhizobia in plant root 
nodules) and pathogenic relationships (e.g., Pseudomonas aeruginosa in the lungs 
of people suffering from cystic fibrosis) with their hosts. Moreover, microbes drive 
the nutrient cycles that make earth habitable for humans (Keymer et  al. 2006; 
Peterson et al. 2008; Taylor et al. 2005).

Microbial ecosystems represent a number of interesting features. First, it is pos-
sible to work with rapid growth species in controlled environments such as the 
“chemostat” (Ballyk et al. 2001). Second, in any microbial ecosystem, the number 
of individuals considered is usually so large (i.e., of the order of 107–1012 individu-
als/ml) that the formalization using concentrations in an ordinary differential equa-
tions’ system is meaningful and is justified by physics while it may be highly 
questionable when working with macroorganisms (as, for instance, lions driving out 
gazelles), and third, molecular techniques together with the classical microbial tech-
niques allow to accurately monitor the evolution of the individual number of differ-
ent species inside a biological reactor, at least in a “planktonic” mixed culture 
(Bastin and Dochain 1991). For these reasons, microbial ecologists claim that 
microbial ecosystems are good candidates to test hypotheses, principles, and con-
cepts of general ecology (Jessup et al. 2004).

2.3  Molecular Evolutionary of Microbial Communities

This process is a mechanism of evolutionary change, particularly in microbes, 
because it makes considerable contribution to the instant creation and spread of 
biological innovation in many lineages that otherwise would have taken millions of 
years to proceed. The size of genetic material can be transferred horizontally from 
small gene fragments (Wang and Zhang 2000) to entire operons (Omelchenko 
et  al. 2003) and super-operons that can encode complex biochemical pathways 
(Igarashi et  al. 2001) and in some cases even to whole chromosomes (Akagi 
et al. 2009).

Evolutionary microbiology can be defined as the study of patterns (relation 
between genes and organisms) and processes (generating diversity and selecting 
operating on it) of evolution in microbes. Its main tools are reconstruction of rela-
tionships (using phylogenies and networks), population genetics, comparative 
genomics, and genome analyses. These three major discoveries had an impact on 
the branches of microbiology as those molecular markers can be used to reconstruct 
a phylogeny of all organisms (a “Universal Tree of Life”); they followed as a frame-
work to scientific inquiry in microbiology for decades. Another main discovery is 
that the extent of genetic diversity in microbes is much higher than expected and can 
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vary among species, which conduct into question the universality of species as a 
unit of diversity or evolution (Reno et al. 2009; Thompson et al. 2005).

Whole genome reconstruction was first accomplished in 1995, with exponential 
increase in the number of draft genomes reported each subsequent year. There are 
30,437 genomes from all three domains of life—Bacteria, Archaea, and Eukarya, 
currently available in the Joint Genome Institute’s Integrated Microbial Genomes 
database (accessed 24 September 2015) (Castelle et al. 2013).

To explore the deep microbial phylogeny, beginning in 1970, Woese and his col-
leagues at the University of Illinois focused on comparisons of small subunit ribo-
somal RNA (16S rRNA) oligonucleotides (short fragments of 5–20 or more 
nucleotides). Although it was not possible to sequence the larger RNA outright in 
those days, it was possible by using specific ribonucleases (such as T1 ribonuclease) 
to cleave a large RNA into oligonucleotides with a length of 5–20 bases. These then 
could be experimentally sequenced and catalogues made (Sapp 2007).

In 1990, two teams of microbial ecologists published the first 16S rRNA gene 
clone libraries from the Sargasso Sea and hot springs in Yellowstone National Park 
in the same issue of Nature (Giovannoni et al. 1990; Ward et al. 1990). This method 
was revolutionary, as clone libraries allowed sequencing of 16S rRNA genes 
amplified directly from environmental DNA, thereby avoiding the requirement for 
cultivation of their host. The Sargasso Sea study depicted its sequence data in a 
phylogenetic tree, including sequences from cultured organisms, allowing research-
ers to identify previously uncultured bacteria from the environment. Their depic-
tion of sequence data in a phylogenetic tree was reminiscent of Woese’s “Universal 
Phylogenetic Tree” (Woese 1987), as was their choice of molecular marker, which 
was guided by his previous work. As trees allow microbial ecologists to assign 16S 
rRNA gene sequences to phyla, genera, and occasionally species and reveal previ-
ously unknown groups, diversity became a central theme in microbial ecology. 
Consequently, the 16S rRNA gene is the most sequenced of all genes. Previously 
unknown groups of organisms can now be studied directly in the environment 
using molecular techniques and often prove to be abundant, confirming what 
microbiologists had long suspected: prokaryotes are the unseen majority (Whitman 
et al. 1998). This approach yields a higher-resolution tree that is obtained from a 
single gene, such as the widely used 16S rRNA gene (Hug et al. 2013). The use of 
ribosomal proteins avoids artifacts that would arise from phylogenies constructed 
using genes with unrelated functions and subject to different evolutionary pro-
cesses. Another important advantage of the chosen ribosomal proteins is that they 
tend to be syntonic and co-located in a small genomic region in Bacteria and 
Archaea, reducing binning errors that could substantially perturb the geometry of 
the tree (Fig. 2.1). Included in this tree is one representative per genus for all gen-
era for which high-quality draft and complete genomes exist (3083 organisms 
in total).
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2.4  Microbial Diversity Matter for the Environmental 
Factors

For the last few decades, microbial ecologists have used a variety of molecular tools 
to characterize the microbial communities and observe particular organismal assem-
blages or community characteristics. There have been few reports on the global 
surveys of microbial diversity, which have revealed dominant physicochemical 
drivers of microbial community structure using consistent methodologies (Fierer 
et al. 2012; Ghiglione et al. 2012). To date, the largest global survey of microbial 
diversity carried out by the Earth Microbiome Project (http://www.earthmicrobi-
ome.org/) exposed the existence of 5.6 million OTUs (97% similarity at the V4 
region of the 16S gene; not including singleton OTUs) in the first 15,000 samples, 
which set a new lower bound on the number of bacterial and archaeal phylotypes on 
earth. The rapid evolution and speciation in microorganisms can contribute signifi-
cantly to diversity on ecological timescales (Morris et al. 2014; Raeside et al. 2014). 
Beyond fine-scale niche partitioning, microbial diversity is also influenced by 

Fig. 2.1 Schematic phylogenic tree of life based on the 16sRNA. Green/light triangles represent 
phyla, division, or groups of high taxonomic rank for which at least one member has been culti-
vated and/or properly described. Red/dark triangles represent candidate division or highly diver-
gent lineages without cultivated/described species. The tree is highly simplified, only known 
eukaryotic phyla are described, and, in the case of bacteria, only phyla and candidate divisions are 
described
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 stochastic forces, like extremely high rates of dispersal, coupled with the ability of 
many microorganisms to become dormant when conditions are not conducive to 
growth (Gibbons et al. 2013). The balance between niche (e.g., pH or temperature 
driving changes in microbial dominance) and neutral (e.g., stochastic dispersal and 
dormancy) processes will influence the diversity of microbial ecosystems. Recent 
work has suggested that increasing environmental heterogeneity or noise disrupts 
the deterministic coupling between ecosystem properties and ecological diversity, 
which results in neutrally assembled communities (Fisher and Mehta 2014). There 
are complex interactions within and between biological and physicochemical 
parameters that determine how microbial communities assemble in natural ecosys-
tems. Several factors influence the microbial diversity as described in Fig. 2.2.

2.4.1  Plant Litter

Due to the activity of primary producers, dead plant biomass—litter—is consid-
ered as the main source of C for the forest soil microbes. The estimated 1011 tons 
of fallen leaf litter that accumulate yearly on the surface of the forest floor trans-
form into other components and contribute in cycling of C and other nutrients in 
ecosystem (Austin et al. 2014). The diversity of fungal communities is dominant 
in litter habitat that has traditionally been considered to be the main player in litter 
decomposition. In addition to fungi, bacteria also actively participate in litter 
transformation (Štursová et al. 2012). In contrast to fungi, bacteria inhabiting the 
phyllosphere of living leaves do not seem to be more involved in litter decomposi-

Fig. 2.2 Environmental factors influencing the diversity of microbial communities
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tion and replaced by other taxa (Tláskal et al. 2016). The cellulose-C is accumu-
lated mainly by Betaproteobacteria, Bacteroidetes, and Acidobacteria (Eichorst 
and Kuske 2012). Many of these bacteria belong to the Proteobacteria, 
Actinobacteria, Bacteroidetes, and Acidobacteria, but members of other phyla are 
also active (Kim et al. 2014). Moreover, Proteobacteria and Bacteroidetes are con-
sidered copiotrophs that consume the labile pool of organic C (Fierer et al. 2007) 
and are thus typical for freshly fallen litter. The bacterial biomass aggrandize grad-
ually during decomposition (Voříšková and Baldrian 2013), as does their diversity 
(Tláskal et al. 2016). During decomposition, the abundance of mycophagous bac-
teria co-occurred with the peak of fungal biomass in fresh litter. In this stage of 
decomposition, potentially mycolytic bacteria in Quercus litter represent about 
40% of the total microbial community (Tláskal et al. 2016). Several bacterial taxa 
seem to be associated with decomposing fungal mycelia, including members of 
genera Pedobacter, Pseudomonas, Chitinophaga (Bacteroidetes), Variovorax, 
Ewingella, and Stenotrophomonas (Brabcová et al. 2016). Indeed, significant dif-
ferences in the chemical structure of litter and root exudates among tree species 
influence soil bacterial communities through changes in substrate chemistry 
(Augusto et al. 2002).

2.4.2  Deadwood

In contrast to litter, coarse deadwood is also a considered a structural component of 
forest ecosystems, especially in unmanaged forests. Wood debris represents a rich 
yet recalcitrant source of organic matter, mainly due to its physical impermeability 
and high content of lignin that is beneficial for filamentous, macroscopic fungi (de 
Boer et al. 2005), which seem to be dominant decomposers of deadwood. However, 
bacteria are also important inhabitants of decaying wood, especially during the ini-
tial phases of decay (Kielak et al. 2016). The physicochemical composition of wood 
that is tree specific, such as pH, density, and water and nitrogen content, decide the 
diversity of bacterial communities (Johnston et al. 2016). The most dominant bacte-
ria belong to the phyla Proteobacteria, Acidobacteria, Actinobacteria, and 
Firmicutes (Hoppe et al. 2015). Because fungal decomposition changes the proper-
ties of wood substantially by the removal of easily available C, acidification, and 
production of fungal mycelia, bacteria that can thrive at an acidic pH and utilize C 
from fungal mycelia are positively selected (Valášková et al. 2009). The assembly 
of the bacterial community appears to be a stochastic process during the initial stage 
of wood decay, and the abundance of bacteria in fresh wood is very low, while dur-
ing decomposition, the abundance of bacteria gradually increases reaching a high 
level (Rinta-Kanto et  al. 2016). Bacterial genera such as Burkholderia, 
Phenylobacterium, and Methylovirgula, which are dominant in middle and late 
stages of wood decomposition, are involved in the degradation of aromatic com-
pounds and use methanol as a main carbon source (Hoppe et  al. 2015), while 
N-fixation bacteria are abundant during the late stages of wood decomposition (such 
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as the members of the Rhizobiales, which may account for 25% of all bacteria in 
this phase), which potentially and mutualistically interact with fungi that provide C 
via wood decomposition (Hoppe et al. 2015).

2.4.3  Rhizosphere

The roots and rhizospheres of trees as well as ground vegetation associate with 
fungi to form mycorrhiza (Markkola 1996). The large absorptive area and exudation 
of labile compounds by ECM hyphae make it important niches for different bacte-
rial communities (Vik et al. 2013). The input of labile C compounds into the rhizo-
sphere selects for bacterial strains with rapid growth and low-affinity substrate 
enzymes (r-strategists) that are enriched in comparison to the bulk soil profile 
(Loeppmann et al. 2016). The quantity and quality of exudates select for specific 
microbial communities and the expression of specific genes and may prime the 
decomposition of recalcitrant organic matter (Tefs and Gleixner 2012). Considering 
the seasonal changes in NPP, seasonality is a major factor of microbial community 
composition and functioning in the rhizosphere (Kaiser et al. 2010).

Recent studies from nonforest environments, including grasslands (Mao et al. 
2014; Shi et al. 2015), croplands (Donn et al. 2015), and other ecosystems, observed 
that the rhizosphere contains a certain subset of bulk soil microbes, which is domi-
nated with phyla Proteobacteria, Actinobacteria, and Bacteroidetes (Ai et al. 2015; 
Donn et  al. 2015). Moreover, Alphaproteobacteria, Betaproteobacteria, 
Actinobacteria, and Bacteroidetes were also observed as dominant members in the 
rhizospheres of beeches in mountainous forest (Gschwendtner et  al. 2016). An 
enrichment of Proteobacteria (e.g., Burkholderia, Rhizobium, and Pseudomonas) 
and Actinobacteria (such as Streptomyces) in the mycorrhizosphere was reported 
based on culture-dependent studies (Tanaka and Nara 2009; Yu et al. 2013). A recent 
molecular study of Pinus sylvestris mycorrhizospheres indicated that the commu-
nity composition is much more complex and includes both copiotrophic and oligo-
trophic bacteria (Marupakula et al. 2016).

2.4.4  Carbon Dioxide

Increasing CO2 concentrations are predicted to boost NPP in ecosystem (Norby 
et  al. 2005); however, their capacity to maintain such high levels of NPP will 
strongly depend on their ability to overcome nutrient limitations (Luo et al. 2004). 
It is clear that the increasing level of CO2 will be offset by C sequestration in forest 
ecosystems and will strongly depend on the adaptation of both trees and soil micro-
organisms to the altered environmental conditions. The effects of elevated CO2 lev-
els do not directly affect soil bacterial populations, because the concentration of 
CO2 s in soil pores is normally higher than those in the atmosphere and the response 
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of bacteria to small CO2 changes is thus negligible (Dunbar et al. 2014). In addition, 
changes in organic acid exudation by mycorrhizal fungi as a result of the presence 
of CO2 will affect the bacterial community composition (Fransson et al. 2016), and 
this process also depends on the vegetation properties. The expected increase in root 
exudation should generally be favorable to the development of soil copiotrophic 
bacteria over specialized oligotrophs. A good example of this response is the 
decrease in abundance of oligotrophic Acidobacteria in various soils following an 
increase in CO2 (Dunbar et al. 2014; Fransson et al. 2016).

2.4.5  Global Warming

The rise in temperature is closely associated with increased CO2 concentration in 
the atmosphere, because the latter largely causes the former. This long-term sce-
narios are, however, not clear because multiple long-term events, such as depletion 
of labile C limiting bacterial growth, thermal adaptation of microbial processes, and 
shifts in microbial communities or in the expression of their metabolic potential, 
may attenuate positive feedbacks of warming (Reich et al. 2016). The C balance 
after warming will chiefly depend on the efficiency of soil microbes by accessing 
and using C in response to the altered environmental conditions. A very recent work 
showed that an increase in temperatures can increase tree exudation rates (Schleppi 
et al. 2012). As a consequence, warming can alter soil drivers through exudation, 
which in turn might produce different responses of soil rhizosphere bacterial com-
munities, affecting SOM decomposition differently in different environments, 
depending on the tree-specific exudation (Schleppi et  al. 2012). However, it has 
been suggested that warming affects bacterial diversity and that these changes 
reflect the magnitude of the temperature change (Wu et al. 2015). These shifts in 
bacterial communities may affect the C cycling processes that involve bacteria. 
Members of the Alphaproteobacteria and Acidobacteria display increased abun-
dances after simulated warming, suggesting a change in soil bacterial lifestyle from 
copiotrophy to oligotrophy, which coincides with the depletion of labile C while 
maintaining high levels of respiration (Pold et al. 2015). The warming also impact 
N cycle process by increase in temperature to accelerate nitrification and denitrifica-
tion processes, affecting the N cycle in soils that largely influence the bacterial com-
munities (Schütt et al. 2014).

2.4.6  Nitrogen Deposition

Globally, anthropogenic N inputs are estimated to be 30–50% higher than those 
from natural sources. They have been raised tenfold in the past 150 years and are 
projected to double during the next century (Galloway et al. 2008). Since N is a 
limiting nutrient in mostly terrestrial ecosystems, anthropogenic N deposition may 
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largely influence the NPP in these environments by reducing this limitation (Högberg 
et al. 2014). N deposition also has a range of additional consequences from shifts in 
the soil C/N ratio, soil acidification, and root exudation to changes in the vegetation 
and microbiota (Wallenstein et al. 2006). Bacterial soil communities are highly sen-
sitive to elevated level of N itself (Fierer et al. 2011; Frey et al. 2014). It has been 
observed that N deposition increases soil C sequestration due to the decline in SOM 
decomposition via the reduction of biomass and activity of soil microbial popula-
tions in many different soil environments (Freedman and Zak 2015; Frey et  al. 
2014; Ramirez et al. 2012; Zak et al. 2008). Although the reduction of biomass fol-
lowing N input was mostly observed in fungi (Frey et al. 2004; Högberg et al. 2014), 
it was recently noted that the biomass of soil bacteria can be reduced as well, by up 
to 50% (Long et al. 2012a; Maaroufi et al. 2015). At chronically low levels of N, 
which are typical of boreal and temperate forest soils, the bacterial biomass may 
remain stable while the fungal biomass markedly drops. This decrease in the fungal/
bacterial biomass ratio due to N addition is consistently found across forest soils, 
where it ranges from 25% to 70% (Frey et al. 2004; Maaroufi et al. 2015).

N deposition also changes the composition of bacterial communities in forest 
soils. The abundances of Acidobacteria and Verrucomicrobia decrease, while those 
of Actinobacteria and Firmicutes increase, following the addition of N to a variety 
of soils (Ramirez et al. 2012). Also, in other cases, the deposition of N significantly 
affected relative abundances of core bacterial phyla, but it reduced bacterial diver-
sity and altered the bacterial composition at lower taxonomic levels (Freedman and 
Zak 2015; Frey et al. 2014). When genes of the N cycle (fixation, nitrification, and 
denitrification) were assessed in N deposition experiments, the metabolic potential 
of the bacterial community remained stable or even decreased in terms of gene 
abundance (Long et al. 2012a).

2.4.7  pH

Soil pH is a crucial factor affecting the microbial communities in soil and influences 
the rates of substrate utilization. The values of substrate utilization by soil microbes 
were significantly higher in soils with higher pH (Anderson and Joergensen 1997). 
It has been observed that soil acidity considerably decrease in the availability of 
carbon to microbial communities (Bååth et al. 1995) and lower the rate of bacterial 
growth (Bååth 1998). For instance, bacterial communities associated with conifer-
ous forest soils may contain larger proportions of Gram-positive bacteria adapted to 
the acidifying environment; in contrast, increases in soil pH may result in larger 
proportions of Gram-negative bacteria (Pennanen 2001). Additionally, a number of 
bacteria have been shown to decrease in acidified soils (Baath et al. 1980), possibly 
because bacteria are less adaptive to acidic conditions in soil compared to fungi 
(Matthies et al. 1997).
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2.4.8  Occurrence of Chemical Species

A wide variety of pesticides including herbicides, fungicides, and herbicides are 
used in agricultural practices in order to improve the yield of various crops. The use 
of such pesticides beyond recommended concentrations or their accumulation into 
soil following continuous application leads to changes in soil microbial population 
in agroecosystem. For instance, the application of endosulfan, profenophos with 
alphamethrin, and methamidophos has shown considerable inhibition in bacterial 
population in cotton (Gossypium hirsutum) agroecosystem, while monocrotophos 
and bifenthrin with acetamiprid enhanced the bacterial population of soil. Fungal 
population was depressed with endosulfan, while monocrotophos, methamidophos, 
endosulfan with dimethoate, fenpropathrin, bifenthrin with acetamiprid, or with 
ethion or with a mixture of carbosulfan and chlorpyrifos and profenophos alone or 
with ethion or cypermethrin or alphamethrin stimulated fungal counts. Another 
study investigated the effect of 11 pesticides on the populations of bacteria, actino-
mycetes, fungi, and protozoa by treating a garden soil with their recommended rates 
(Ekundayo 2003). Wang et al. (2006) showed that both a low and a higher dose of 
methamidophos (0,S-dimethyl phosphoroamidothioate) in soil significantly 
decreased microbial biomass C by 41–83% compared to control. In contrast, the 
respiration activity of the applied soils was significantly higher than the control. It 
was concluded that methamidophos reduces microbial biomass and enhances func-
tional diversities of soil microbial communities; meanwhile, some species of bacte-
ria may be enriched in soils under methamidophos stress. Similarly, Ratcliff et al. 
(Ratcliff et al. 2006) reported that commercial formulation of herbicide (glypho-
sate) applied at the recommended field rate to a clay loam and a sandy loam forest 
soil has a benign effect on community structure and produced a nonspecific, short- 
term stimulation of bacteria at a high concentration.

2.5  Microbial Ecosystem for Environmental Betterment

Microbes are recognized as an important component of the earth’s ecosystem and 
key player for controlling the composition of atmosphere and surface waters, form-
ing the basis of the marine food web and the cycling of chemicals in the ocean, 
terrestrial ecosystem, agroecosystem, and interaction with human to make several 
beneficial approaches in the environment. A revolution in microbial ecology has 
occurred in the past 15–20 years with the advent of rapid methods for discovering 
and sequencing the genes of uncultivated microbes from natural environments 
(Ward 2005). In this topic we discuss about the involvement of microbial communi-
ties toward the environmental betterment as well as human welfare; an outline is 
mentioned in Fig. 2.4.
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2.5.1  Soil Pollution

Soil pollution is the most problematic in all kinds of environmental pollution, 
because soil is a point of concentration and recovery of toxic compounds, chemicals, 
salts, radioactive materials, or disease-causing agents, which have adverse effects on 
plant growth and animal health. Additionally, soil pollutants can contaminate water, 
which is a valuable resource that supports cultures and plant life (Ranieri et al. 2016).

Bioremediation is effectively applied in in situ and ex situ treatment of contami-
nated soil. In situ degradation of soil contaminants in the subsurface depends on the 
type of contaminants, the type of microorganisms, and the physicochemical condi-
tions. Soil contains several types of microorganisms including bacteria, actinobac-
teria, cyanobacteria, fungi, microalgae, and protozoa. Usually bacteria are far more 
numerous than any other soil microbes and are the most focused group for bioreme-
diation, mainly due to their rapid growth and fast metabolic rate (Sana 2014).

 Removal of Hydrocarbons from Contaminated Soils

Several strains of microbes have been reported to degrade petroleum hydrocarbons 
from contaminated soils. Numerous bioremediation techniques were used individ-
ually as well as in combination for  treatment of hydrocarbon contaminated soil. 
Laboratory-scale bioremediation of petroleum-contaminated soil has been studied 
to increase the growth of the indigenous microorganisms of the contaminated site 
with and without addition of a petroleum-degrading Pseudomonas aeruginosa 
strain (Karamalidis et  al. 2010). Several other Pseudomonas species are also 
involved in the bioremediation of petroleum hydrocarbons, polyaromatic hydrocar-
bons (PAH), and organochlorine pesticides (Kumar et al. 2008; Tang et al. 2013). 
Bioaugmentation with a defined microbial consortium containing two diesel- 
degrading strains (Gordonia alkanivorans CC-JG39 and Rhodococcus erythropolis 
CC-BC11) and three oil-degrading strains (Acinetobacter junii CC-FH2, 
Exiguobacterium aurantiacum CC-LSH-4, and Serratia marcescens KH1) removed 
∗65% aromatic hydrocarbon after 140 days of treatment (Alisi et al. 2009). The 
most active microbes were observed in the bioremediation of diesel oil in a co- 
contaminated soils of genera Arthrobacter, Pseudomonas, Rhodococcus, Bacillus, 
Exiguobacterium, and Delftia (Sprocati et al. 2012). Bioremediation of a viscous 
oil-contaminated soil was facilitated by ultraviolet-induced mutation of a microbial 
consortium constructed with seven oil-degrading microbial strains (including 
Acinetobacter sp. YC-X2, Kocuria sp. YC-X4, and Kineococcus sp. YC-X7) isolated 
from crude-oil-contaminated soil (Chen et  al. 2011). PAH are one of the most 
widespread organic pollutants found mainly in soil and sediment. It has been 
reported that about 36% PAH is removed from a contaminated soil (containing 
∗10 mg PAH per kg of dry soil) after 56 days of treatment with a PAH-degrading 
microbial consortium isolated from a PAH-contaminated site (Mao et al. 2012). 
Molecular phylogeny identified the most abundant populations of the consortium 
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as close relatives of the Mesorhizobium, Alcaligenes, and Bacillus species (Silva 
et al. 2009a).

 Removal of Agricultural Pesticides from Soil

Indiscriminate use of pesticides in agricultural activity causes continuous contami-
nation of farming lands, which can further pollute surface water as well as under-
ground water when washed out by rain. Several studies were conducted on the 
microbial biodegradation of chemicals present in pesticides or insecticides. As a 
consequence, pesticide degradation—whether complete mineralization or partial 
transformation to elemental substances by the soil microbes—has received ongoing 
attention from microbiologists over the last 60 years (Dechesne et al. 2014). Many 
pesticides can be metabolized by bacteria and derive energy, carbon, and other ele-
ments (N, P) from their degradation. It has been demonstrated that rapid degrada-
tion of phenylurea pesticide in agricultural soils is associated to Sphingomonas 
populations with narrow pH optimum (Bending et al. 2003; Shi and Bending 2007). 
Frequently used organochlorine pesticide degrade by microbial bioremediation, 
pesticide, such as  lindane was also reported by some researchers. Four lindane- 
degrading microbial strains have been isolated from the rhizosphere of selected 
plants at lindane-contaminated site and identified as Kocuria rhizophila, 
Staphylococcus equorum, Microbacterium resistens, and Staphylococcus cohnii 
(Abhilash et  al. 2011). Several endosulfan-degrading bacteria have been isolated 
from contaminated soil, and by molecular phylogeny some of the isolates were 
identified as Ochrobactrum sp., Pseudomonas sp., Burkholderia sp., and 
Arthrobacter sp. (Sana 2014).

 Removal of Heavy Metals from Soil

Heavy metals are hazardous to human health, and their presence in soil creates a 
serious concern as they can easily enter the human body through contaminated 
drinking water and vegetables. Serious heavy metal toxicity may be caused by 
arsenic, cadmium, chromium, lead, and mercury poisoning, which may cause per-
manent damage to the skin, teeth, bone, liver, kidney, and nervous system. Study 
showed that microbial consortia containing Bacillus subtilis, P. aeruginosa, and 
Saccharomyces cerevisiae victoriously reduced the chromium content by <1% of 
its original concentration. Another study reported 51 heavy-metal-resistant 
microbes isolated from three different composts, using different raw materials 
such as horticulture waste, sewage sludge, and municipal solid waste (del Carmen 
del Carmen Vargas-García et al. 2012). Most of the microorganisms were able to 
remove several heavy metals including Cd, Cr, Ni, Pb, and Zn. Some of the iso-
lates were able to remove more than 90% of Pb, and other metals were removed 
within the range of 20–60%. Molecular phylogeny identified the best performing 
isolates such as Graphium putredinis, Fusarium solani, Fusarium sp., and 
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Penicillium chrysogenum. Most metals were removed predominantly by intracel-
lular accumulation within the microorganisms, with the exception of Ni that was 
equally removed by extracellular absorption and intracellular accumulation 
(Sana 2014).

2.5.2  Water Pollution

“Water for Life” initiative was declared as the International Decade (2005–2015) 
for Action for water by the United Nations General Assembly in 2005. Because of 
the rapid increase in demand for water, and increase in occurrences of pollution of 
numerous water sources, environmental risks to humans and other life beings are 
enhanced (Bhuiyan et al. 2013). Groundwater is one of the main sources of potable 
and drinking water. Many methods are used to reduce the contamination from the 
groundwater, including MFC technology which has been studied for the removal of 
nitrate from polluted groundwater (Tang et  al. 2013; Virdis et  al. 2008). A two- 
chamber MFC was designed for simultaneous carbon and nitrogen removal using an 
acetate-adopted microbial consortium obtained from another MFC of a water man-
agement center (Virdis et al. 2008).

Mining has an extremely destructive effect on the biosphere as well as source of 
various contaminants for water pollution. Long-term bioremediation may be useful 
for eliminating mine-associated pollutants from water. Sulfate and heavy metal con-
tent of an acid mine drainage water were successfully reduced in an ex situ biore-
mediation technique by using sulfate-reducing bacteria (Greben et  al. 2009). 
Another study showed that the biofilm was developed by batch mode for 60 days in 
biocontactor with microbial consortium; it victoriously removed 20–50% of various 
heavy metals from the highly contaminated acid mine drainage after 10 weeks of 
continuous treatment. Removal of various metals was on the order of Cu > Ni >  M
n > Zn > Sb > Se > Co > Al, and the biofilm was dominated by algae Ulothrix spe-
cies (Orandi et al. 2012).

2.5.3  Control Air Pollution

The air pollution treatment by microbes is the least studied field as compared to soil 
or water pollution. Airborne phototrophic microorganisms and hydrocarbon- 
utilizing heterotrophic bacteria were isolated from dust samples collected at 15 m 
height of Kuwait City air. Three phototrophic microorganisms were identified by 
molecular phylogeny, including Leptolyngbya thermalis, Nostoc commune, and a 
chlorophyte of genus Gloeotila, and each of them was correlated with unique con-
sortia of oil-vapor-degrading bacteria that may be involved in in situ bioremediation 
of atmospheric hydrocarbon pollutants. Novel methods were taken for in situ flue 
gas bioremediation and simultaneous production of microalgal biomass (Chiu et al. 
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2011; Douskova et al. 2009). Onsite bioremediation of nitrogen oxide, carbon diox-
ide, and sulfur dioxide of coke oven flue gas was accomplished by directly passing 
flue gas through photobioreactor containing a culture of CO2 and heat-tolerant engi-
neered Chlorella species (Chiu et al. 2011). Another study conducted showed that 
CO2 present in a municipal waste incineration flue gas was absorbed by Chlorella 
vulgaris and simultaneously reduced biomass production cost (Douskova 
et al. 2009).

Increasingly stringent environmental legislation is generating a great interest in 
the industry for the effectiveness of biological waste air treatment techniques. The 
pollutant vapors and oxygen are transported in humid air by forced convection. 
Interphase mass transfer occurs, and, provided that the biofilter bed particles are 
small, interfacial equilibrium is achieved so that gas phase resistance can be 
neglected. In the biofilm, simultaneous diffusion and biodegradation of the pollut-
ants occur as a result of growing or resting microorganisms. As biodegradation 
occurs in the biofilm, metabolite formation is possible. If formed, metabolites will 
undergo the same simultaneous diffusion/biodegradation/sorption processes. Acidic 
metabolites will be neutralized by limestone or other pH buffer agents generally 
mixed with the support prior to the packing of the biofilter. The fact that metabolites 
are seldom observed suggests that they are degraded faster than the primary pollut-
ant either by ancillary strains in direct contact with the primary pollutant degraders 
(consortia) or directly by the primary pollutant degraders themselves. The carbon 
dioxide resulting from the oxidation diffuses back and is further transferred to the 
gas phase. Some of it can also accumulate as carbonate (Deshusses 1997).

2.5.4  Wastewater Treatment

Fresh drinking water is a constant necessity of humans, while wastewater is con-
stantly produced. The provision of drinking water and the management of wastewa-
ter have thus been crucial to the success of human civilization. However, when it 
comes to the purification of sewage water, microbes are superior to humans, and 
their abilities to degrade the most diverse of organic substances and to cycle ele-
ments such as nitrogen, phosphorus, and carbon are unmatched in nature. The suc-
cessful exploitation of these features has been achieved for almost a century in 
biological wastewater treatment plants (WWTPs) (Daims et al. 2006).

The removal of nitrogen from wastewater includes three main processes: nitrifi-
cation, denitrification, and anaerobic ammonium oxidation (anammox). Nitrification 
consists of two steps that catalyzed sequentially by aerobic chemolithoautotrophic 
ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB). The 
model organisms for nitrification are ammonia oxidizer Nitrosomonas europaea 
and nitrite-oxidizing Nitrobacter species, both of which can be isolated from the 
most nitrifying activated sludge and biofilm samples (Daims et  al. 2006). For 
decades, these microorganisms are believed to be the main nitrifiers in wastewater 
treatment. Nitrification has long been one of the wastewater treatment processes 
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that most frequently causes trouble, and because of the slow growth of nitrifiers, 
nitrification activity does not promptly recur after breakdown events. The genus 
Nitrospira, and not Nitrobacter, was identified in mostly wastewater treatment 
plants by in situ as a main NOB (Daims et al. 2001). Moreover, ammonia-oxidizing 
archaea, which were only recently discovered in marine and terrestrial habitats also 
involved in nitrification, occurred in WWTPs (Könneke et al. 2005; Schleper et al. 
2005). The chemolithoautotrophic bacteria are responsible for anammox, the direct 
combination of ammonium and nitrite into dinitrogen gas (Strous et  al. 1999). 
Molecular methods disclosed that these uncultured bacteria present large amounts 
in WWTPs with nitrogen removal and anaerobic niches (Egli et al. 2001; Schmid 
et al. 2000).

The biological elimination of phosphorus from WWTP is achieved through 
EBPR bacteria, by the accumulation of polyphosphate intracellularly; these organ-
isms are selected during sequential anaerobic–aerobic phases (Blackall et al. 2002). 
The main players in this process are PAO and GAO. The cultivation studies sug-
gested that Acinetobacter spp. were PAO responsible for EBPR in activated sludge 
proved misguided (Wagner et al. 1994), and many new PAO candidates have since 
emerged, such as uncultivated betaproteobacterium ‘Candidatus Accumulibacter 
phosphatis’(Hesselmann et  al. 1999). The evidence showed that this and other 
Rhodocyclus-related microorganisms are major PAO in both laboratory- (Crocetti 
et al. 2000) and full-scale (Kong et al. 2004) EBPR systems. Uncultivated gamma-
proteobacterial GAO (e.g., ‘Candidatus Competibacter phosphatis’ have commonly 
occurred in EBPR plants (Crocetti et al. 2002).

Good settling properties of activated sludge are the main step for the separation 
of sludge from treated wastewater. Bulking and foaming are the main sludge settling 
problems that are frequently caused by excess growth of filamentous bacteria 
(Martins et al. 2004). The filamentous morphotype contains a large number of phy-
logenetically and physiologically different bacteria, most of which are uncultured 
and poorly characterized. This part of wastewater microbiology has benefited to 
particularly high degree from molecular methods compared with traditional, 
morphology- based approaches (Eikelboom 1975). The filamentous Microthrix par-
vicella is notorious for causing sludge bulking and foaming and has been studied 
extensively by cultivation-dependent as well as -independent methods. Interestingly, 
M. parvicella has a more hydrophobic cell surface than most other activated sludge 
bacteria, which might facilitate the uptake of lipids (Nielsen et al. 2002). Addition 
of polyaluminum chloride selectively suppresses M. parvicella (Roels et al. 2002), 
probably by affecting surface-associated lipases, thereby reducing its ability to 
metabolize lipids and lowering the competitiveness of this organism (Nielsen 
et al. 2005).
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2.5.5  Biogeochemical Cycles

 Carbon Cycle

The flux of C in ecosystem is initiated by the fixation of atmospheric CO2 by photo-
synthesis and mediated by the distribution of recalcitrant and simple organic com-
pounds into the soil (Fig. 2.3). When simple organic compounds and plant biomass 
are decomposed by microorganisms, in this process, some C is returned to the atmo-
sphere via respiration (Xia et al. 2015). Recently, it has been suggested that bacteria 
are the key players in the transformation of dead plant biomass than was previously 
assumed and significantly contribute in decomposition processes of litter and soil 
(López-Mondéjar et al. 2016a). The plant biomass is composed of hemicelluloses in 
a recalcitrant complex with lignin, cellulose represents the most accessible biopoly-
mer, and its degradation is thus a key step in the C cycle. The enzymes involved in 
this degradation process are endocellulases, exocellulases, and glucosidases (Rytioja 
et al. 2014). The 24% of all sequenced bacterial genomes contain cellulases encod-
ing genes (Berlemont and Martiny 2013), and glycosyl hydrolases, which are 
involve in degradation of other plant structural biopolymers (Berlemont and Martiny 
2015). Recently, some cellulolytic bacteria belonging to a variety of phyla isolated 
from deciduous forest topsoil, demonstrated, for the first time, the presence of cel-

Fig. 2.3 Schematic view of the coupled biogeochemical cycles of phosphorus, carbon, and nitro-
gen in ecosystems. Colored arrows show the transfer of elements between ecosystem compart-
ments. In colored arrow, P is represented in blue, C in orange, and N in green
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lulolytic members among some abundant soil genera, e.g., Mucilaginibacter, 
Luteibacter, and Pedobacter (López-Mondéjar et al. 2016a).

Other studies highlight the important ecological role of strains of the phyla 
Acidobacteria and Actinobacteria as degraders of plant biomass polysaccharides 
in the acidic soils of temperate forests (Větrovský et al. 2014). The rich suite of 
auxiliary proteins expressed by a Paenibacillus sp. strain from a temperate forest 
soil suggests their important involvement in polysaccharide decomposition 
(López- Mondéjar et al. 2016b). The fungal mycelia represent the large C and N 
pool that typically contains chitin and other polysaccharides, including glucoman-
nans and glucans, as well as phenolics, such as melanin (Fernandez and 
Koide 2014).

Up to 40% of newly photosynthesized C can be allocated to the soil via roots, 
where it is rapidly respired or incorporated into the microbial biomass (HoÈgberg 
et  al. 2001; Kuzyakov and Cheng 2001). The rhizosphere of roots colonized by 
mycorrhizal fungi is specific in that a portion of the plant-derived C is released into 
the soil through the ECM mycelium (Korkama et al. 2007). Methane that occurs in 
gaseous form of organic C can be oxidized by methanotrophic bacteria under aero-
bic conditions (Lau et al. 2015), which are the key consumers of atmospheric meth-
ane as well as methanogenic archaea-generated methane in waterlogged anaerobic 
horizons of certain soils (Savi et al. 2016; Shoemaker et al. 2014). Phylogenetically, 
methanotrophs commonly belong to the bacterial phyla Alphaproteobacteria and 
Gammaproteobacteria (Esson et al. 2016; Fig. 2.4).

 Nitrogen Cycle

Nitrogen is the most common limiting nutrient that enters into the ecosystem 
mainly through biological fixation process (Fig. 2.3). This process is dominated by 
bacteria that are estimated to be responsible for more than 95% of the N input in 
the ecosystem (Berthrong et al. 2014). It has been observed that nifH gene is ubiq-
uitously present in symbiotic as well as free-living N-fixing bacteria, including 
Alphaproteobacteria (Bradyrhizobium, Azospirillum, Hyphomicrobium, and 
Gluconacetobacter) and Deltaproteobacteria (Geobacter spp.) (VanInsberghe 

Fig. 2.4 Microbial involve in benefit for environment and human welfare
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et al. 2015). Nitrification and denitrification cause the N loss from soils in the form 
of NO, N2O, and N2 gas as well as through the leaching of NO3 if its concentration 
exceeds to the ecosystem retention capacity (Levy-Booth et al. 2014; Pajares and 
Bohannan 2016). Nitrification is a multi-enzymatic process for the biological oxi-
dation of ammonia into nitrate. The first step of nitrification is performed by AOB 
as well as AOA, which contain ammonia oxidase encoded by amoA gene. The 
AOB are more dominant in the soil (Isobe et al. 2011; Long et al. 2012b), belong-
ing to the Betaproteobacteria and Gammaproteobacteria, and mostly represented 
under genera Nitrosomonas, Nitrosococcus, and Nitrosospira (Laverman et  al. 
2001; Szukics et al. 2012). Denitrification is a key step for the global N cycle to 
manage the reduction of nitrate or nitrite to gaseous nitrogen compounds, includ-
ing N2 and nitrous oxide. This process is known as dissimilatory nitrate reduction 
because nitrate or nitrogen oxides are the final electron acceptors, allowing bacte-
ria to generate energy at the cost of reduced electron donors in the absence of 
oxygen. In denitrification pathway, different genes are involved in individual enzy-
matic steps, such as the reduction of nitrate (narG), nitrite (nirK/nirS), nitric oxide 
(norB), and nitrous oxide (nosZ) (Jung et al. 2012). Mostly denitrifying bacterial 
strains with denitrifying genes belong to the phyla Proteobacteria and Firmicutes 
(Nelson et al. 2016; Priyanka and Koel 2015; Rösch et al. 2002). In addition to 
mineral N forms, bacteria also obtain N from a range of organic compounds pres-
ent in soils, including chitin present in the form of polysaccharides of fungal 
mycelia and amino acids and proteins from the dead organic matter (Izumi 
et al. 2008).

 Phosphorus Cycle

In contrast of potential source of N—the atmosphere—is theoretically unlimited, 
the sources of phosphorus (P) is limited in ecosystem, which is mostly supplied by 
weathering of minerals (Fig. 2.3). Bacteria are key player of P cycle by solubilizing 
and immobilizing the mineral P in their biomass. The key mechanism involved in 
the uptake of P by bacteria is through the solubilization and uptake of inorganic P, 
its most abundant source. The capacity to solubilize inorganic P correlated with the 
release of organic anions, such as gluconate, citrate, oxalate, and succinate into the 
soil (Richardson and Simpson 2011). The phosphatase enzymes are responsible for 
the release of phosphate from organic phosphate esters during organic matter decay. 
The gene related to P solubilization is dominant in P-rich soil, and those involve in 
P uptake systems are more dominant in P-limited soil. Additionally, recent metage-
nomic analysis reveals that members of Alphaproteobacteria, Betaproteobacteria, 
Actinobacteria, and Acidobacteria are dominant in the processes related to P turn-
over (Bergkemper et al. 2016a; Bergkemper et al. 2016b).
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2.5.6  Natural Products from Microbes

Nature has provided some useful products for humans, known as “natural products.” 
These have therapeutic and biotechnological values. Almost half of the therapeutic 
drugs available in the market have been derived from natural products. Recent find-
ings have suggested that many natural products are of bacterial origin. Most often, 
bacteria producing natural products live in symbiotic relationship with eukaryotes 
like fungi, marine invertebrates, insects, or nematodes (Rashid and Stingl 2015).

The phytopathogen Moniliophthora roreri and endophyte Trichoderma harzia-
num cohabit in cacao plants. The T. harzianum is extensively used as a biocontrol 
agent and has the ability to antagonize M. roreri. The four secondary metabolites 
(T39 butenolide, sorbicillinol, harzianolide, and an unknown substance) have been 
identified, with its production phytopathogen dependent and spatially localized in 
the interaction zone (Tata et al. 2015).

Trichoderma atroviride, commonly used as a biocontrol agent, produces acetic 
acid-related indole compounds that may promote plant growth. The T. atroviride 
involved stimulate the growth and provide resistance against hemibiotrophic and 
necrotrophic phytopathogens, by the colonization with Arabidopsis roots (Salas- 
Marina et al. 2011). Araújo et al. (Araújo et al. 2002) isolated a great number of 
Methylobacterium strains from asymptomatic citrus plants (with Xylella fastidiosa 
but without disease), and then Lacava et  al. (Lacava et  al. 2004) showed that 
Methylobacterium mesophilicum SR1.6/6 and Curtobacterium sp. ER1.6/6 isolated 
from health and asymptomatic plants inhibited the growth of the phytopathogen 
Xylella fastidiosa, the causal agent of citrus variegated chlorosis.

Hopanoids are essential  composition of  the cell membrane of some bacteria 
(Bradley et al. 2010), that perform the similar function of eukaryotes cholesterol 
(Welander et  al. 2009). Knockout of hopanoid biosynthesis genes such as hnpF 
(squalene hopene cyclase-shc) affects the tolerance to various stress conditions, 
such as extreme acidic environments; toxic compounds as DCM as well as resis-
tance to antibiotics and antimicrobial lipopeptide; involve in bacterial motility and 
multidrug transport (Braga et al. 2016).

The mycoparasite S. elegans release several mycotoxins, mainly trichothecenes 
and atranones. It has been hypothesized that trichothecenes were triggered by 
R. solani responsible for the alteration in its metabolism, growth, and development 
(Chamoun et  al. 2015). Many microbes secrete siderophores in the environment 
and are involved in the crucial mechanism to obtain iron as well as its secretion 
recognized by cell surface receptors and then transported into the microbial cell 
(Faraldo- Gómez and Sansom 2003). Siderophores can also perform diverse of 
functions, such as sequesters of metals and even heavy metal toxins, as signaling 
molecules, regulating oxidative stress regulatory agent, and as antibiotics (Johnstone 
and Nolan 2015). Some Pseudomonas species secrete a group of siderophores 
called pyoverdines which is involved in the infection and biofilm formation and 
regulate bacterial growth (Visca et  al. 2007). The endosymbiotic bacteria 
Burkholderia spp. secrete the phytotoxin rhizoxin, which are responsible for the 
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rice seedling blight  (Partida- Martinez and Hertweck 2005). Moreover, Burkholderia 
gladioli produce enacyloxins in co-culture with R. microspores and showed 
polyketides with potent antibiotic activity. The fungus induces the growth of 
B. gladioli by increasing the production of bongkrekic acid, which inhibited the 
fungal growth (Ross et al. 2014).

2.5.7  Production of Bioactive Compounds by Microbes

Bioactive compounds are valuable for both industrial and medicinal applications. 
Microbial processes used in the production of such valuable compounds are not 
only eco-friendly processes but also are safe and have less disadvantages. These 
bioactive compounds play dynamic roles in cellular communication processes by 
attaching to antibodies and other molecules and act as receptors for bacterial and 
viral particles (Hossain et al. 2016). Some commonly used active compounds pro-
duce by microbes are described below.

 Amino Sugar

N-Acetylglucosamine and glucosamine are amino sugars derived from substitution 
of a hydroxyl group of a glucose molecule with an amino group or its acetylated 
derivative (Liu et al. 2013). They are extensively used in food, pharmaceuticals, and 
cosmetics industries (Dostrovsky et al. 2011) and produced by the acid hydrolysis 
of chitin extracted from shrimp shells and crab. However, microbial fermentation by 
the recombinant strains of Bacillus subtilis, Escherichia coli, or fungi is an alterna-
tive method for the production of these amino sugars (Deng et al. 2005). The expres-
sion of N-acetylglucosamine transferase and deletion of nagE by using the 
metabolically engineered E. coli increased the production of glucosamine titer by 
17 g/L and N-acetylglucosamine titer by 110 g/L (Deng et al. 2005). In B. subtilis, 
the modular pathway was engineered to improve the production of 
N-acetylglucosamine by fine-tuning synthetic pathways and balancing the metabo-
lism of host cells (Liu et al. 2014).

 Oligosugar

Metabolic engineering of microbial cells is an auspicious strategy for the production 
of adequate amount oligosugars at large scale. Today, a variety of oligosugars were 
successfully produced by the genetically engineered E. coli, Agrobacterium sp., 
Corynebacterium ammoniagenes, C. glutamicum, and Pichia pastoris. The micro-
bial coupling approach was used to obtain high concentration of oligosugars 
(188 g/L). All bacteria are capable to synthesize UDP-glucose, because it is required 
for cell wall biosynthesis, and UDP-glucose regeneration is important for the other 
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sugar nucleotides synthesis, including UDP-galactose, which is a main cofactor 
(Hossain et al. 2016). In E. coli, biosynthesis of trehalose through the OtsAB path-
way (Giaever et al. 1988) and metabolically engineered Corynebacterium glutami-
cum was also preferred for the trehalose production through heterologous expression 
of E. coli genes otsA, otsB, and galU to improve the capacity of trehalose production 
(Carpinelli et al. 2006). Another oligosugar, sialyllactose, is produced from sialic 
acid; CMP-NeuAc was regenerated by the deletion of sialic acid aldolase gene and 
overexpression of CMP-NeuAc synthase in an E. coli K12 strain (Endo et al. 2000).

 Hyaluronan

Hyaluronan is a linear polymer of a repeating disaccharide unit of glucuronic acid 
and N-acetyl glucosamine (Liu et al. 2011). It acts as a lubricant between joint sur-
faces because of its distinctive viscoelastic properties and lack of immunogenicity 
and toxicity, which have led to it being used in a wide range of applications in cos-
metic and medicinal fields (Widner et  al. 2005). The metabolically engineered 
E. coli for hyaluronan biosynthetic was achieved by overexpression of hyaluronic 
acid synthase gene from S. pyogenes (Yu and Stephanopoulos 2008). Moreover, 
B. subtilis was engineered by insertion of two inducible artificial operons containing 
hyaluronan synthase gene from Pasteurella multocida and precursor genes encod-
ing hyaluronan precursor enzymes, which efficiently produce hyaluronan (Jia 
et al. 2013).

 Bacterial Cellulose

Bacterial cellulose nanofibers are some of the hardest organic materials obtained 
naturally and contain high pure sources of cellulose (Mohite and Patil 2014), and 
they are extensively used as a biological material for packing edible things, wound 
dressing materials, medical pads, vascular grafts, artificial skin, tissue engineering 
scaffolds, artificial blood vessels, dental implants, oil-leakage sponges, toxin- 
absorbing materials, and optoelectronic materials (Shah et al. 2013). Bacterial cel-
lulose is an extracellular polysugar, mainly obtained by the Gluconacetobacter 
xylinus (Li et al. 2012). Despite its biocompatibility and mechanical properties, the 
main problems with bacterial cellulose are low productivity and undesirable degrad-
ability (Koutinas et al. 2012). To overcome the degradability problem, metaboli-
cally engineered Gluconacetobacter xylinus was introduced by expressing an 
operon containing three genes (N-acetylglucosamine kinase, phospho-acetyl- 
glucosamine mutase, and UDP-N-acetylglucosamine pyrophosphorylase) from 
Candida albicans for UDP-N-acetylglucosamine synthesis to produce the cellulose 
(Yadav et al. 2010).
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 Polysugar

Pullulan is a water-soluble extracellular polysugar, which consists of maltotriose 
units containing α-1, 4, and α-1,6 linkages, obtained by Aureobasidium pullulans. 
Because of its unique linkage pattern, it showed unique physical properties, includ-
ing adhesive characteristics and capacity to form fibers, strong oxygen- impermeable 
films, and compression moldings. Therefore, pullulan has a wide range of economic 
values in the agricultural, food, chemical, cosmetic, and pharmaceutical industries 
(Prajapati et  al. 2013). Recent research showed that inulinase gene from 
Kluyveromyces marxianus was introduced into the genomic DNA of Aureobasidium 
melanogenum P16, which efficiently produced the pullulan (Ma et  al. 2015). 
Xanthan gum is a water-soluble heteropolysugar that contain repeating units of glu-
cose, mannose, and glucuronic acid and widely used in food industry as a thickener, 
in agricultural products as an emulsion stabilizer, in pharmaceutical industry, and in 
the gluten-free baking process. Xanthomonas campestris is the main source for xan-
than gum production (Hossain et al. 2016; Silva et al. 2009b).

2.5.8  Biofuels from Microbes

In this industrial revolutionary period, with the rising crude oil prices, depletion of 
resources, environmental challenges, and political instability in producing coun-
tries, besides efficiency and intelligent use, only biofuel has the potential to replace 
the supply of this energy-hungry civilization. Today, different kinds of biofuels are 
available in the market, of these only biodiesel and bioethanol are presently pro-
duced as a fuel on industrial scale.

 Bio-hydrogen

Bio-hydrogen is a potential alternative, reliable and renewable source of energy, 
obtained from microalgae including cyanobacteria. The hydrogen fuel cell technol-
ogy produces biofuel in an eco-friendly way, since the use of H2 to generate electric-
ity releases only water as a by-product and can be used in an eco-friendly manner to 
reduce the emission of global greenhouse gas (Khetkorn et al. 2017). Hydrogen gas 
has been used to generate electricity using fuel cells, as a fuel in rocket engines 
including applications in transportation (Ramachandran and Menon 1998). Several 
photosynthetic and non-photosynthetic microorganisms are able to produce hydro-
gen gas, namely, green algae, cyanobacteria, photosynthetic bacteria, and dark fer-
mentative bacteria (Khetkorn et  al. 2017). Microalgae belonging to the genera 
Anabaena, Botryococcus, Chlamydomonas, Chlorococcum, Chlorella, Nostoc, 
Scenedesmus, Synechocystis, Tetraspora, etc. may contain a hydrogenase enzyme 
for the hydrogen production (Eroglu and Melis 2011). These microbes can need 
simple nutrient for growth with capacity to fix atmospheric CO2 as a source of 
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 carbon source, and many strains are able to reduce atmospheric N2 to ammonia as 
well as utilize sunlight as a source of energy to produce hydrogen. Some genetic 
engineered microalgae strains have been developed to enhance their capability of 
hydrogen production (Baebprasert et al. 2011; Nyberg et al. 2015).

 Bioethanol

Bioethanol was produced on large scale through microbial fermentation process, 
using enzymatically hydrolyzed starch and batch fermentation with yeast 
Saccharomyces cerevisiae to create ethanol (Antoni et al. 2007). Zymomonas mobi-
lis is considered as a workhorse for bacterial fermentation of ethanol and source of 
enzymes for metabolic engineering of other bacteria toward ethanol production 
(Weuster-Botz et al. 1993). Worldwide, industrial processes of ethanol production 
used Streptococcus fragilis as in Dansk Gaerings industry process and Kluyveromyces 
fragilis in Milbrew process, whereas K. fragilis is used in most commercial plants. 
At the industrial scale, bioethanol was also produced by the fermentation of syngas 
(a CO/H2 mixture from gasified biomass) by using C. ljungdahlii (Antoni et al. 2007).

 Biodiesel

Biodiesel is a monoalkyl ester of fatty acids derived from vegetable oil. Instead of 
using vegetable oil, microalgae could be grown in photobioreactors for the produc-
tion of suitable oil. The possible future fuel completely obtained by bacteria is 
known as microdiesel. Metabolically engineered E. coli contain pyruvate decarbox-
ylase (pdc) and alcohol dehydrogenase (adhB) genes from Zymomonas mobilis for 
the ethanol production. The gene atfA for an unspecific acyltransferase from 
Acinetobacter baylyi was introduced to esterify ethanol with the acyl moieties of 
CoA thioesters of fatty acids (Antoni et al. 2007; Kalscheuer et al. 2006).

 n-Butanol and Acetone

Acetone was produced by wood since the World War I; supply of wood became 
insufficient at the start of war because acetone demand increased in line with the 
manufacture of cordite, a cartridge and shell propellant in which acetone was an 
essential ingredient. An alternative method was developed by Russian chemist 
C. Weizmann. Later Israeli President, Abe did fermentation process for acetone pro-
duction, using bacterium C. acetobutylicum (Jones and Woods 1986). In this pro-
cess, acetone is produced together with butanol and ethanol (ABE 3:6:1) (Antoni 
et al. 2007). Today, the emerging uses of butanol are replacement of diesel and kero-
sene, as silage preserver, biocide and C4 compound for chemical industry (Schwarz 
et al. 2006). The bacterial butanol fermentation was carried by BP and DuPont to 
finance development to introduce the butanol metabolic pathway from one of the 
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solvent producing clostridia to another bacterium which is more tolerant of the 
products. However, bio-butanol production again started recently after decades of 
inactivity (Antoni et al. 2007).

2.5.9  Bioelectricity

Microbial fuel cells (MFCs) are bioelectrochemical systems that use bacterial 
metabolism to generate electrical current from a variety of organic substrates 
(ElMekawy et  al. 2013). The main advantage of this technology is the use of 
microbes as a catalyst to convert organic materials directly into electricity; thus it 
produces bioenergy even from wastes. If oxygen is available (i.e., aerobic respira-
tion), they are used as the terminal electron acceptor, because oxygen provides the 
greatest Gibbs free energy difference and leads to generate the highest level of 
energy, and microbes usually maximize their energy gain by selecting electron 
acceptor with the highest potential. In anaerobic condition, different electron accep-
tors including nitrate, nitrite, ferric iron, sulfate, carbon dioxide, and small organic 
molecules are used (Szöllősi et al. 2015).

Classic MFCs are designed with cathode and anode chambers separated by a 
proton exchange membrane (PEM). The organic substrates are oxidized at anode by 
biocatalyzed reactions to release electrons. The released electrons are transferred to 
the cathode, to generate current, via an external electrical circuit that connects both 
electrodes. Suitable electrocatalysts (including some of biological origin) complete 
the reduction reactions at cathode, where the protons are transported via PEM and 
combined with electrons and oxygen to form water. The driving force of a typical 
MFC using glucose as fuel can be articulated at anode and cathode, respectively, as 
follows (Grzebyk and Poźniak 2005):

 C H O H O CO H e6 12 6 2 26 6 24 24+ ® + ++ -

 

 6 24 24 122 2O H e H O+ + ®+ -

 

Interaction between microbes and electrodes can happen via DET or MET. In DET, 
microbial enzymes are set according to the electronic states in surface material and 
enzyme active center overlap, to increasing the chances of electron transfer across 
the interface (Dominguez-Benetton et al. 2012). Several microbes, including iron- 
reducing bacteria (Geobacter sulfurreducens, Geobacter metallireducens, 
Geobacter toluenoxydans (Caccavo et  al. 1994), Rhodoferax ferrireducens 
(Chaudhuri and Lovley 2003), Shewanella putrefaciens (Kim et  al. 2002), 
Shewanella japonica, Shewanella algae (Ivanova et al. 2001)), have been reported 
for use in MFCs to transfer electrons out of the cell membrane (Luu and 
Ramsay 2003).
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2.5.10  Bioleaching Microbes

Microbial ecology impacts mineral industry by providing microbes with the wide 
range of physicochemical conditions under which bioleaching is economically via-
ble and competitive. Ecological studies reveal that L. ferrooxidans and T. ferrooxi-
dans have been obtained from laboratory- and commercial-scale mineral processing 
leachates (De Wulf-Durand et al. 1997). Based on the nature of interaction occur-
ring between acidophiles, it can be possible to design microbial consortia for spe-
cific purposes. For example, a mixed mesophilic consortium composed of 
iron-oxidising chemolithotroph e.g. L. ferrooxidans., to effect primary mineral oxi-
dation, a sulphur-oxidiser e.g. T. caldus., to eliminate RSCs and generate acidity, 
and a heterotrophic acidophile to remove problematic organic materials, constitute 
a highly efficient and powerful mesophilic bioleaching system (Clark and Norris 
1996). It is possible that cold-adapted bacteria used for leaching of sulphidic ores at 
low temperature, e.g. for heap leaching and in situ biomining in the high latitudes. 
Although some early studies casted doubt on the existence of psychrophilic iron- 
oxidisers, a recent report (Langdahl and Ingvorsen 1997) has described microorgan-
isms which have optimum temperature for sulphide ore dissolution of 21 °C, and 
that are capable of leaching minerals at 0  °C. At lowering pH, effective mineral 
bioleaching is a possibility. Mesophilic iron-oxidizing bacteria that have been iso-
lated have an optimum pH of around 1.5 and grow at pH 1.0 with 7 h culture dou-
bling time (Johnson 1999). This study considered microbial diversity in uranium 
mine waste heaps in Romania, found that several moderately acidophilic, sulphur- 
oxidising thiobacilli occurred in samples, suggested that suitable substrates for 
these bacteria Streamwater Conveyance Structures (RSCs). Later, laboratory stud-
ies of pyrite oxidation using T. ferrooxidans, L. ferrooxidans, and an abiotic control 
ferric iron proved conclusively that thiosulfate is the first sulfur product formed 
during pyrite oxidation, but, due to its chemical instability in acidic liquors contain-
ing ferric iron, this RSC is rapidly oxidized to tetrathionate, pentathionate, and sul-
fate. Both tetrathionate and pentathionate are stable in sterile, acidic, ferric 
iron-containing solutions, but in the presence of pyrite, both of these RSCs were 
degraded (Schippers et al. 1995).

2.5.11  Microbial Therapeutic

Microbes are living in and on the human body. Thus, human health depends on the 
health of the microbial ecosystem. The microbial world is not one of good versus 
evil, but rather one of community; thus optimization includes not only minimizing 
pathogens, but also enhancing beneficial organisms. Options for optimization 
include judicious antibiotic use, administration of supplements such as prebiotics or 
probiotics, and transfaunation procedures such as fecal microbial transplant or 
microbial ecosystem therapeutics (Grady et al. 2016).
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 Prebiotics

Nondigestible food ingredients are known as prebiotics that selectively invigorate 
the growth and activity of anaerobic/microaerophilic flora in the mammal’s colon. 
The commonly occurring prebiotics are oligosaccharides, prevalent in human milk 
in the form of milk proteins lactoferrin and lactalbumin that promote the specific 
growth of bifidobacteria and are described as “bifidogenic factors” (Patel and 
Denning 2013). Benefits of using prebiotics include ease of oral administration and 
support of the selective growth of beneficial bacteria that are endogenous to the 
gastrointestinal tract rather than the introduction of new bacterial species (Indrio 
et al. 2009). Prebiotics are a native constituent of human milk and are now being 
added to many commercially available infant formulas. Although prebiotic therapy 
has not been associated with any serious adverse effects in previous studies, it has 
been associated with some gastrointestinal side effects, such as bloating, flatulence, 
and diarrhea, which all stopped with the termination of treatment [34].

 Probiotics

The probiotic supplements normally contain one or few bacterial species that 
directly alter the host microbiome, to fulfill the missing bacterial species and confer 
a health benefit. In probiotic therapy, lactobacilli and bifidobacteria are used bacte-
rial. Several explanations of the mechanism of probiotic effect on the neonatal 
microbiome and disease susceptibility include competitive exclusion of pathogenic 
bacteria, improvement of epithelial barrier function within the intestines, bacterio-
cin secretion, and direct anti-inflammatory effects on epithelial signaling pathways 
(Panigrahi 2014; Patel and Denning 2013). It has been suggested that probiotics can 
improve the growth and enteral feeding in preterm infants, as well as other feeding- 
related symptoms such colic and reflux (Sung et al. 2014). Probiotics may be help-
ful to prevent necrotizing enterocolitis (NEC) in a multifactorial manner through 
intestinal maturation and normalization of gastrointestinal colonization (Patel and 
Denning 2013). Probiotics are regulated as a dietary supplement in many countries 
including the USA rather than as a pharmaceutical drug or biological agent (Ohishi 
et al. 2010).

 Ecotherapeutics

In this therapy, it utilizes whole bacterial community directly derived from the 
human gastrointestinal tract to maintain or restore human health (Petrof et al. 2012). 
These days, two kinds of ecotherapeutics are used to alter the intestinal microbiome 
on a larger scale, including FMT and MET. In FMT, the fecal samples have been 
directly taken from the gastrointestinal tract of healthy donors, transplanted into the 
patient. It is most widely used for the treatment of antibiotic refractory or recurrent 
Clostridium difficile infection (CDI) (Petrof and Khoruts 2014) with mean cure rate 
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of 87–90% (Kelly et al. 2015). FMT is also being used for the treatment of other 
conditions related to dysbiosis, including metabolic syndrome, obesity, food aller-
gies, inflammatory bowel disease (IBD), and irritable bowel syndrome (IBS) (Kelly 
et al. 2015). In MET, selected bacteria from the donor fecal sample are isolated and 
maintained in culture, producing a stable and well-defined ecosystem for transplan-
tation to donor (Petrof and Khoruts 2014), to reduce the risk of unknown infectious 
agents being transmitted to the recipients. Two studies have been employed of MET 
for the treatment of CDI, developing communities of 10 or 33 bacterial strains 
(Petrof et al. 2013).

2.6  Molecular Tools to Understand Microbial Ecosystem

To explore the complexity of microbial life in the environment have recognized 
many methods, many of them combined with high-throughput DNA sequencing, 
has allowed this diversity to be disclose in ever-greater detail. Although a strong 
science push comes from the explosion of new molecular tools, existing tools 
remain inadequate for elaborating the complexity of microbial ecosystems and sup-
porting the design and operation of innovative processes in microbial ecology 
(Rittmann 2006). In this topic, we discuss about new molecular tools used for the 
deep study of microbial ecosystem.

2.6.1  Quantitative PCR (qPCR)

Quantitative PCR is based on the measurement of DNA/RNA concentration, num-
ber of copies of specific gene, or genetic region in a sample, relative to a known set 
of standard DNA/RNA concentrations, and this is accomplished through real-time 
assessments of the amount of DNA/RNA during a PCR reaction. DNA/RNA repli-
cation can be measured by the incorporation of fluorescent nucleic acid stain, such 
as SYBR Green or a fluorescently labeled probe, during the PCR reaction (Emerson 
et al. 2017). This technique is also applied for the number of studies of air and the 
built environment for measuring microbial concentrations (Emerson et al. 2015). 
Although, universal 16S rRNA gene primers are used for the detection of bacteria 
from environmental sample (Checinska et  al. 2015). Some limitations of qPCR 
techniques including, the probe-based qPCR is likely to be problematic for study of 
complex community studies because probe-based techniques rely on sequence con-
servation. Therefore, nonspecific DNA-intercalating dyes are likely to be a more 
appropriate choice for qPCR of microbial communities (Emerson et al. 2015).
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2.6.2  DNA Microarrays

Existing tools are inadequate for elaborating the complexity of microbial ecosys-
tems. New molecular tools such as DNA microarrays have higher throughput, quan-
titative, and focus better on revealing structure and function in parallel. A DNA 
microarray is a rapid and versatile tool for microbial ecologists to characterize rap-
idly many samples for the presence and (with certain limitations) the abundance of 
many target organisms (Wagner et al. 2007).

Today, DNA microarrays are mainly applied in microbial ecology to infer the 
microbial community compositions or of defined guilds. Additionally, it will 
become necessary for the highly parallel analyses of in situ function of microbes 
and their interactions with each other. It is expected that in the near future, DNA 
microarrays coupled with other recently developed techniques, such as composition 
of light and heavy DNA or RNA fractions obtained from stable isotope probing 
experiments, will make more rapid, versatile, and efficient tools for deep structural 
and functional analysis of microbial communities with defined ecophysiology 
(Manefield et al. 2002; Radajewski et al. 2000). Today, several microarray-based 
techniques have been developed (Hazen et al. 2013). The PhyloChip and GeoChip 
are two most commonly used microarray technologies. PhyloChip is a 16S rRNA- 
based microarray, able to probe the diversity of 10,993 subfamilies in 147 phyla, 
while GeoChip is a functional gene-based microarray, able to probe the diversity of 
152,414 genes from 410 gene categories (Hazen et al. 2010).

2.6.3  Metagenomics

Metagenomic approaches are applied in two forms—targeted metagenomics and 
shotgun metagenomics. In targeted metagenomics—also known as microbiomics—
the diversity of a single gene is probed to identify the full complement of sequences 
of a specific gene in the environment. This approach is most often applied for the 
investigation of both the phylogenetic diversity and relative abundance of a particu-
lar gene in the sample as well as investigate the impact of environmental contami-
nants in altering microbial community structure (Techtmann and Hazen 2016). In 
this approach, small subunit rRNA sequences (16S/18S rRNA) are regularly used to 
investigate the diversity in a sample (Techtmann and Hazen 2016). In shotgun 
metagenomics approach, the total genomic complement of an environmental com-
munity is probed through genomic sequencing. In this approach, the extracted envi-
ronmental DNA is fragmented to prepare the sequencing library to determine the 
total genomic content in the sample. This is a powerful technique to identify the 
microbial community, while often most limited by the depth of sequencing (Delmont 
et al. 2012).
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2.6.4  Metatranscriptomics

Metatranscriptomics approach has been  applied for identification of  the actively 
expressed genes in a microbial community and are thus indicators for the microbial 
functions being expressed under the conditions at the time of sampling. In this 
approach, extracted environmental RNA is converted into cDNA and then sequenced 
in a similar fashion to metagenomics. This approach provides an inventory of the 
actively expressed genes in a sample (Techtmann and Hazen 2016).

2.6.5  Metaproteomics

Compared to metatranscriptomics, metaproteomics does not involve nucleic acid 
sequencing, but rather high-resolution mass spectrometry coupled with enzymatic 
digests of proteins and liquid chromatography. This approach provides the comple-
ment of proteins found in an environmental sample, including posttranslational 
modifications in proteins and their activity (Techtmann and Hazen 2016).

2.7  Conclusion

From a fundamental perspective, this chapter summarizes the current knowledge of 
the structural and functional ecology for the human welfare and betterment of envi-
ronment in terms of its microbial ecology. Topics covered in this chapter include 
historical prospective, evolution of microbes in molecular basis, microbial commu-
nity diversity, microbial community for environmental betterment, as well as tools 
for identification and analysis of complexity of microbial community.

The microbial evolution makes the considerable contribution to the instant cre-
ation and spread of biological innovation in many lineages that otherwise would 
have taken millions of years to proceed. Microbial evolution provides the major 
tools to reconstruct the relationships, population genetics, comparative genomics 
and genome analyses.

It has been suggested that microbial diversity plays a vital role in the long-term 
stability of an ecosystem. It has long been recognized that microbial communities 
are main player in intrinsic role in residue decomposition and nutrient cycling. 
Several factors have been suggested to affect the microbial communities in an eco-
system. The presence of litter and deadwood, considered as a primary source of C 
for the microbes in forest soil, fungi, and bacteria, actively participates in its trans-
formation (Štursová et  al. 2012) to maintain the nutrient cycle in ecosystem. 
Moreover, differences in the chemical composition of litter and deadwood among 
tree species influence the diversity of bacterial communities (Augusto et al. 2002).
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The roots and rhizospheres of trees as well as ground vegetation associate with 
fungi to form mycorrhiza. The large absorptive area and exudation of labile com-
pounds by mycorrhizal hyphae make important niches for different bacterial com-
munities (Vik et al. 2013). Because of higher availability of C in the rhizosphere, the 
microbial abundance and activity are higher (Brzostek et  al. 2013; Drake et  al. 
2013). The CO2 concentrations and N availability are important factors for the 
diversity of microbial community. Increasing CO2 level is an  indicator to boost 
in NPP (Norby et al. 2005) and offset by C sequestration in ecosystems is strongly 
depend on the adaptation of both trees and microorganisms to the altered environ-
mental conditions. A good example of this response is the decrease in abundance of 
oligotrophic Acidobacteria in various soils following an increase in CO2 level 
(Dunbar et al. 2014; Fransson et al. 2016). Diversity of bacterial communities is 
highly sensitive to elevation of N level itself (Fierer et al. 2011; Frey et al. 2014). 
The N deposition significantly affected the relative abundances of core bacterial 
phyla, but it reduced bacterial diversity and altered the bacterial composition at 
lower taxonomic levels (Freedman and Zak 2015; Frey et al. 2014). Soil pH is an 
important factor affecting the diversity of microbial communities. Decreasing soil 
pH, means decrease in the carbon availability to the microbial communities (Bååth 
et al. 1995), and to slower the bacterial growth rate (Bååth 1998). Moreover, acidi-
fying environment favors Gram-positive bacteria, while higher pH favors Gram- 
negative bacteria (Pennanen 2001). Global warming is long-term scenario, 
associated with CO2 concentration and increase in temperature that affects bacterial 
diversity in the magnitude of temperature change, specially the bacterial communi-
ties associated with C cycling processes (Wu et al. 2015).

Microbes are important components of the earth’s ecosystem and are the main 
players for controlling the composition of the ecosystem. Its interaction with envi-
ronment is beneficial as well as good for human welfare. Microbial communities are 
involved in the removal of environmental pollutions and hydrocarbon contaminants, 
like viscous oil contaminants from soil by bioremediation technique. It is also 
involved in the elimination of agricultural waste such as pesticides and toxic heavy 
metals from the soil. In contrary of participation of microbes in removal of pollutant 
from water, including elimination of nitrate from polluted groundwater by including 
MFC technology, elimination of mine-associated pollutant by long-term bioreme-
diation and waste water treatment plant. Air pollution treatment by microbes is 
associated with in situ bioremediation of atmospheric hydrocarbon pollutants. 
Increasingly stringent environmental legislation is generating interest in industry 
for the effectiveness of biological waste air treatment techniques. Biofilter bed par-
ticles are small, interfacial equilibrium is achieved so that gas-phase resistance can 
be neglected and biodegradation of the pollutants occurs as a result of growing or 
resting microorganisms.

Microbes are also involved in maintaining the integrity and stability of the eco-
system by renewal and recycling of nutrients through biogeochemical cycle, includ-
ing C, N, and P cycle (Lladó et  al. 2017). Microbial communities are indirectly 
associated with the flux of C in an ecosystem by the transformation of dead plant 
biomass. Up to 40% of newly photosynthesized C can be allocated to the soil via 
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roots, where it is rapidly respired or incorporated into the microbial biomass 
(HoÈgberg et al. 2001; Kuzyakov and Cheng 2001). Nitrogen cycle is dominated by 
bacteria, responsible for more than 95% of N input in the ecosystem (Berthrong 
et al. 2014). Gene responsible for N fixation, namely, nifH, is ubiquitously present 
in symbiotic as well as free-living N-fixing bacteria. Moreover, bacteria are key 
player of P cycle by the uptake of P by bacteria through solubilization and also uptake 
of inorganic P, which is most abundant source.

Microbial interaction is response by the gene expression toward the environmen-
tal stimulus, which is responsible for the production of molecules involved in these 
interactions. These molecules are secondary metabolites and bioactive compounds. 
These compounds have wide range of economic values, extensively use in medi-
cine, cosmetics, chemical industry, food, agriculture and much other human wel-
fare. Moreover, amino sugar, oligosugar, and polysugars are important for both 
medicinal and industrial applications. The metabolically engineered microbial 
strains are used to deliver production strategies for these valuable sugars, which 
were previously difficult to manufacture by other means, in necessary amounts to 
support their applications. In this industrial period, with the rising crude oil prices, 
depletion of resources, environmental challenges, and political instability in pro-
ducing countries, besides efficiency and intelligent use, only biofuel has the poten-
tial to replace the supply of this energy-hungry civilization. Biofuel produced 
through microbial technology is a safe and eco-friendly approach to fill the energy 
requirements. Today, bio-hydrogen, bioethanol, and biodiesel are successfully pro-
duced through the microbial technology. Microbes also produce bioelectricity 
through the MFCs, a bioelectrochemical system that uses bacterial metabolism to 
generate electrical current from a variety of organic substrates. More recently, 
microbial ecosystem therapeutics is a new approach for the treatment of several 
diseases in human, in the form of administration of supplements such as prebiotics 
or probiotics and transfaunation procedures (Grady et al. 2016).

Because of complexity in structure and function of microbial ecosystem, a clas-
sical method was inadequate. The culture-based techniques have some limitations 
such as, in many cases, the impetus, facility, and time necessary for appropriate 
cultivation technique, which may not be available and takes longer time for detec-
tion for the live cells. Membrane integrity-based method also has limitations, the 
result in overestimation of a “snapshot” of viable cells because lethal stress may not 
lead to immediate cell membrane disintegration, and the dyes typically employed to 
assess membrane integrity may be ineffective against cells with a hardy membrane 
or cell wall, such as spores (Emerson et al. 2017). In quantitative PCR-based tech-
nique, universal 16S rRNA gene primers are used for detecting bacteria from envi-
ronmental samples but with some disadvantages; it is problematic for the study of 
complex community studies because probe-based techniques rely on sequence con-
servation. In contrary to traditional methods, new developed molecular techniques 
have high throughput, quantitative, convenient and focus on better reveal of micro-
bial ecosystem complexity. The most advanced technologies in this quest are DNA 
microarrays, single-cell genomics, and NGS. DNA microarrays approach provides 
a fast and high-throughput parallel detection of microbes from environmental 
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 samples. The development of new-generation sequencing technologies challenged 
the use of DNA microarrays in microbial community studies. It showed that NGS 
technology is the most promising approach in low to medium ecosystems complex-
ity, while in highly complex ecosystems, it suffers with random sampling, under 
sampling, and rRNA interference. DNA microarrays techniques such as PhyloChip 
and GeoChip are perfect tools for the analysis of highly complex ecosystem 
(Nikolaki and Tsiamis 2013). Metagenomics is good to study the microbial com-
munity in terms of taxonomic diversity and metabolic potential. It provides the way 
to discover new genes and proteins or even the complete genomes of non-cultivable 
organisms in less time with better accuracy than classical microbiology or other 
molecular methods (Escobar-Zepeda et al. 2015).
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Abstract Nitrogen and phosphorus are two macronutrients present in chemical fer-
tilizers applied to agricultural practices. Nitrogen is usually produced from the 
Haber–Bosch synthesis process, which converts atmospheric nitrogen into ammo-
nia using natural gas. Consequently, it generated substantial amounts of CO2, which 
is the main contributor to global warming. Phosphorus is obtained from nonrenew-
able phosphate-based minerals using chemical processes with sulfuric acid. This 
method produces hazardous substances, which have a risk to both human health and 
the environment. Besides the environmental impacts from the production processes, 
the nutrient uptake efficiency by the cultures may be very low. Nitrogen can be eas-
ily lost to the environment due to denitrification, volatilization, and/or leaching. 
Phosphate may be converted into insoluble compounds after chemical reaction with 
soil minerals, which decreases the availability of this nutrient. These losses have 
major impacts on the environment, polluting the soil, water, and air.
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With the increasing tendency of the fertilizer demand for agricultural practices, 
it is imperative (i) to find sustainable alternatives to chemical fertilizers (minimizing 
their world market cote) and (ii) to develop technologies that enhance nutrient 
uptake efficiency, reducing simultaneously the environmental impacts. Nutrient 
recycling from wastewaters represents a sustainable solution. These effluents have 
been proposed as sources of nitrogen and phosphorus for the culture of microalgae, 
with the simultaneous benefit of nitrogen and phosphorus removal (avoiding the 
environmental negative impacts with their discharge). Then, microalgal biomass 
can have several applications, including the production of biofertilizers. This pro-
cess will enable nutrient recycling, reducing the requirement of fertilizers produced 
in a non-environmentally friendly way. This chapter aims to present the advantages 
(and research needs) of using microalgal cultures for nutrient recovery from 
wastewaters.

Keywords Nutrient recycling · Wastewater · Microalgae · Sustainability · Process 
integration · Nitrogen · Phosphorus · Biofertilizer · Circular economy

3.1  Introduction

The United Nations Report 2017 predicts the world’s population of 8.6 billion in 
2030 and 9.8  billion in 2050 (United Nations 2017). The continuous growth of 
population and consumption represent a greater demand for food, fish, and meat. 
This adds a huge tension on the food system, which increases the intensive farming 
practices to meet the food demand (Godfray et al. 2010). Intensive agricultural prac-
tices use a great amount of land, water, and energy. Besides these, and to increase 
crop production yields, excessive amounts of fertilizers and pesticides are applied 
(Tilman et al. 2002). However, these agricultural practices are the cause of many 
negative environmental impacts: (i) land clearing causes losses on biodiversity and 
emits a great amount of greenhouse gases and (ii) excessive fertilization causes the 
degradation of water, air, and soil (Tilman et al. 2011).

Inefficient use of fertilizers leads to an increase of the amount of nutrients in 
groundwater and surface waters, causing eutrophication. It is also the main cause of 
the change in the nitrogen and phosphorus global cycles (Rockström et al. 2009; 
Tilman et al. 2002). Anthropogenic activities, mainly the fertilizer industry, convert 
atmospheric nitrogen into reactive forms. This new reactive form, mainly nitrogen 
oxides (NOx), ammonia (NH3), nitrous oxide (N2O), and nitrate (NO3

−), ends up 
accumulated in land, polluting the watercourses and the atmosphere. Regarding the 
phosphorus, this nutrient can be found on fossil minerals and it is achieved through 
mining. However, almost half of the mined phosphorus returns into the oceans, 
increasing the ocean anoxic events, which potentially explains some extinctions of 
marine life. Ocean anoxic events are caused by the algae bloom that grows due to 
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the waters loaded with nitrogen and phosphate. When algae die and sink to the bot-
tom of the ocean, bacteria feed on it and deplete all the oxygen, which result in a 
dead zone (Rockström et al. 2009).

Besides the environmental impacts of fertilizers, the world food production relies 
on these compounds to meet its demand. The application of nitrogen and phospho-
rus fertilizers can improve the quality of the soil until the point where higher levels 
of addition decline the crop uptake efficiency. Crops only take approximately 
31–49% of the added nitrogen (Cassman et al. 2002) and 45% of the added phos-
phorus (Smil 2000). Therefore, a significant amount of supplied nutrients is lost 
from the fields. Consequently, besides the search of alternatives to produce fertiliz-
ers, it is extremely important to improve the nutrient uptake efficiency and to prac-
tice more sustainable agricultural methods without environment damage, trying to 
respond to the increased global food demand (Tilman et al. 2002). This chapter aims 
to describe the potential of microalgal cultures to recover nitrogen and phosphorus 
from wastewaters. This technology will promote nutrient recycling (reducing the 
requirement of chemical production). In addition, the biofertilizers produced with 
microalgal biomass have a high content of organic matter, which can retain the 
inorganic nutrients in the soil, enhancing their uptake efficiency by crops.

3.2  Current Processes of Fertilizer Production

In 2015, the world demand for nitrogen and phosphorus fertilizers was 110.03 and 
41.2 million tons, respectively. With an expected growth of 1.5% and 2.2% annu-
ally, between 2015 and 2020, the demand of nitrogen and phosphorus is expected to 
be 118.8 and 45.9 million tons, in 2020 (FAO 2017). Hence, the worldwide produc-
tion of fertilizer will increase to meet the increased demand. The current fertilizer 
production relies on two key chemicals: NH3 and phosphoric acid. Figure 3.1 shows 
a scheme of the fertilizer production. The next sections describe the processes for 
chemical fertilizer production.

3.2.1  Nitrogen-Based Fertilizers

The main chemical for manufacturing nitrogen-based fertilizers is NH3, which is 
synthesized by the Haber process (also called the Haber–Bosch process). A mixture 
of hydrogen and nitrogen (molar ratio of 3:1) reacts with an iron catalyst at high 
temperatures (to achieve high reaction kinetics) and pressures. The nitrogen is sup-
plied from the air, where the hydrogen can be obtained from several hydrocarbon 
sources; the most common is natural gas (Appl 2006; Pellegrino 2000). The extrac-
tion of nitrogen from the air is made through three steps: (i) filtration, (ii) liquefac-
tion, and (iii) fractional distillation. First, the air is filtered to remove dust. Second, 
it is cooled to −200 °C, the temperature in which air turns liquid. Last, the nitrogen 
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is separated from the rest of air constituents through fractional distillation. On the 
distillation column, the cooled liquid is gently warmed, and when the temperature 
rises to −196 °C, the nitrogen boils off and is collected (Smith and Klosek 2001). 
The production of H2 can occur under two reactions: a catalyst with steam reform-
ing or a non-catalytic reaction with oxygen, called partial oxidation. The technology 
applied depends on the hydrocarbon feedstock composition. Natural gas has a 
higher content of hydrogen and therefore is considered the best basic feedstock for 
the steam-reforming route, while in the partial oxidation, the raw synthesis gas has 
a high CO content. Moreover, the first technology can only be used for light hydro-
carbons; heavy hydrocarbons (e.g., fuel oil) contain a great amount of sulfur and a 
small quantity of heavy metals that would contaminate the sensitive reforming cata-
lyst. Thus, any sulfur compounds have to be extracted by hydrodesulfurization with 
a mixture of cobalt–molybdenum and zinc oxide catalysts (Appl 2006).

After production, NH3 can be either used to produce solid fertilizers or directly 
applied into the soil. The solid fertilizers can be distinguished in (i) urea, (ii) ammo-
nium nitrate, (iii) ammonium sulfate, and (iv) ammonium phosphate (production 
process described in Sect. 3.2.2) (Appl 2006). The urea (also known as carbamide 
or carbonyl diamide) is synthesized by the reaction of NH3 with carbon dioxide 
(CO2) under high pressure and moderate temperature. This fertilizer is found in both 
liquid and solid forms (prills or granules). The production process of ammonium 

Fig. 3.1 Current chain for nitrogen and phosphorus fertilizer production (Pellegrino 2000). Note: 
DAP diammonium phosphate, MAP monoammonium phosphate, SSP single superphosphate, TSP 
triple superphosphate
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nitrate is the neutralization of nitric acid with NH3. The final product can be liquid 
or solid, where high-density solids are generally used as fertilizers. Ammonium 
sulfate can be produced from different ways: (i) direct synthesis with NH3 and sul-
furic acid, (ii) a by-product of the production of caprolactam (an aromatic com-
pound), or (iii) a coke oven by-product. In the first, an exothermic reaction between 
anhydrous ammonia and sulfuric acid occurs producing ammonium sulfate and a 
bisulfate solution. After, the solution circulates through an evaporator and a centri-
fuge, where the ammonium sulfate crystals are separated from the solution. 
Caprolactam is produced by the reaction of cyclohexanone and hydroxylamine, 
where sulfuric or phosphoric acid is used as a catalyst. Hence, the treatment with 
NH3 origins ammonium sulfate or ammonium phosphate, depending on the catalyst 
(Pellegrino 2000). Lastly, in the production of coke, a solid carbonaceous residue 
(with a high content of H2) generates NH3 that forms the ammonium sulfate in con-
tact with a gas containing sulfuric acid (Razzaq et al. 2013).

3.2.2  Phosphorus-Based Fertilizers

Phosphorus is fundamental in growing food. However, this element is extracted 
from a limited, nonrenewable resource that may be exhausted in 50–100  years 
(Cordell et al. 2009). The primary resource of phosphorus is a phosphate rock called 
apatite (Chien and Menon 1995). The rock is treated through a wet chemical process 
with 93% sulfuric acid, producing the commercial phosphoric acid (Pellegrino 
2000). Then, the phosphoric acid can be used to produce the water-soluble phos-
phate salts. These fertilizers can be distinguished in four different types: (i) single 
superphosphate (SSP), (ii) triple superphosphate (TSP), (iii) monoammonium phos-
phate (MAP), and (iv) diammonium phosphate (DAP). The SSP is made from the 
reaction of the phosphate rock with of 65–75% sulfuric acid. The TSP is formed 
from the reaction of phosphate rock or limestone with low concentration phosphoric 
acid. Finally, the ammonium phosphate fertilizers (MAP and DAP) are produced 
from the combination of the phosphoric acid with anhydrous ammonia (Pellegrino 
2000). SSP has a phosphorus content of 7–9.5% and TSP has 19–23%; however, 
from the SSP production results a product called gypsum. This product can be ben-
eficial for soils limited by sulfur (S). MAP and DAP are the most popular fertilizers 
because these combine the two essential nutrients: nitrogen and phosphorus (Chien 
et al. 1990).

3.2.3  Environmental Impacts and Costs of Fertilizers

The inefficient use of fertilizers in agricultural fields has negative impacts on differ-
ent environments. Volatilization, denitrification, leaching, and runoff losses cause 
air, water, and soil pollution. Volatilization and denitrification of nitrogen result in 
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the atmospheric emissions of nitrous oxide (N2O), nitric oxide, and NH3. N2O is 
partly responsible for the depletion of the stratospheric ozone layer and global 
warming and can affect human health. The deposition of nitric oxide and NH3 in the 
soil and water bodies contributes to their acidification and eutrophication, which 
threatens biodiversity. The leaching of nitrate (NO3

−) indirectly influences the soil 
pH and causes groundwater toxicity that can origin human health problems 
(Choudhury and Kennedy 2005). Also, the runoff of phosphorus to surface water 
bodies is the main cause of eutrophication (Syers et al. 2008).

Besides the impacts of the application on fields, the production has several nega-
tive impacts on the environment. Around 85% of the NH3 globally produced is used 
in the nitrogen-based fertilizer industry (Pellegrino 2000). The worldwide NH3 pro-
duction is responsible for the emission of approximately 3.5 tons of CO2 to the 
atmosphere and for the consumption of 52.8 MJ of energy throughout the manufac-
ture of 1 ton of NH3. The main cause of the carbon footprint is due to H2 production 
that also generates H2S and CO emission (Kool et al. 2012). However, the nitrogen 
generation by fractional distillation of air is also an energy-intensive process and 
contributes to the heavy carbon footprint of NH3 production (Froehlich 2013). 
Moreover, in nitric acid production, nitrous oxide is a co-product. As previously 
mentioned, N2O has a significant global warming potential, and it is considered as 
an ozone-depleting substance (Kool et al. 2012).

The data related to the emissions from phosphate rock mining is missing from 
the literature (Tartakovsky et al. 2016). The environmental impacts from the extrac-
tion of phosphate rock are still unknown as well as the impact of this raw material 
in the lifecycle of phosphorus fertilizers. Tartakovsky et al. (2016) evaluated indi-
rectly several emission factors from mining activities in surface phosphate mines 
through air dispersion modeling. Air quality monitoring around two open mines 
showed that the particle matter with 10 μm or less in diameter (PM10) concentration 
was 300–488 μg·m−3 at a distance of 300 m from the mine and at inhabited areas 
(7.5 km from the mine) was 2.3–7.5 μg·m−3. Additionally, the particle matter with 
2.5  μm or less in diameter (PM2.5) was 57–92  μg·m−3 in the first situation and 
0.7–2.3 μg·m−3 in the second situation. The permanent exposure to PM can result in 
respiratory illness to workers and the population that lives close to the mines. World 
Health Organization (2005) guidelines of the annual mean values for PM10 and 
PM2.5 are 20 μg·m−3 and 10 μg·m−3, respectively. Furthermore, the phosphoric acid 
(main compound of phosphorus fertilizers) relies on sulfuric acid production. 
Approximately, 65–70% of this acid is used in phosphoric acid production. Sulfuric 
acid is made through a contact method, an oxidation process where elemental sulfur 
(brimstone) is burned with dry air (Pellegrino 2000). This process is highly exother-
mic which often results in a net export of energy, producing around 3.0 GJ per ton 
of sulfuric acid (Kool et al. 2012). However, it also emits a large quantity of sulfur 
dioxide and acid mist emissions.

In the production of phosphoric acid, other environmental concern is the by- 
product phosphogypsum (calcium sulfate hydrate, CaSO4·2H2O). From each ton of 
phosphate processed, it generated 5 tons of phosphogypsum. This compound con-
tains high toxic impurities such as toxic metals and radioactive elements (e.g., 
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 uranium and thorium), which can represent a treat to human health (Cordell et al. 
2009; Pérez-López et al. 2010). Cadmium (Cd) is the toxic metal present in phos-
phorus fertilizers that represent an increasing concern. Through plant uptake, this 
heavy metal can easily enter the human food chain (Chien et al. 2011). The main 
effect of the Cd in human health is on the kidney or renal cortex, but it also affects 
the pulmonary, cardiovascular, and musculoskeletal systems. Moreover, it is consid-
ered a human carcinogen; in other words, it is a substance that can promote the 
formation of cancer (Roberts 2014).

3.3  Nutrient Efficiency in Agricultural Crops

In agricultural crops, the availability of nutrients in the soil determined the quality 
and quantity of what it produced (Timilsena et al. 2015). Therefore, the main goal 
of the application of fertilizers is to supply nutrients to plants and to enhance or 
sustain optimal crop yield (Chien et al. 2009). However, approximately 35–60% of 
nitrogen and 75–85% of phosphorus applied are lost to the environment (Fixen et al. 
2015; Umesha et al. 2017). These losses contribute not only to waste of valuable 
nutrients but also to the severe pollution of the environment. Nitrogen is mainly lost 
through leaching, mineralization, erosion, and denitrification, while phosphorus 
losses are due to runoff and mineralization (Fig. 3.2) (Timilsena et al. 2015).

3.3.1  Suitable Soil Properties to Improve Nutrient Efficiency

Physicochemical properties of the soil have a strong influence on nutrient availabil-
ity to crops. Regarding nitrogen, soil pH influences the availability of NH3. Higher 
pH values convert ammonium (NH4

+) into NH3 (chemical equilibrium), which may 
be removed from the water as gas (Choudhury and Kennedy 2005). Temperature 
also influences the volatilization of NH3, where warm temperatures increased the 
rate of ammonium conversion to NH3 gas (Jones et al. 2013). However, low tem-
peratures do not guarantee reduced NH3 volatilization. The NH3 formation rate and 
the conversion to nitrate are also reduced. Moreover, the soil stays moist, which 
influences indirectly the volatilization. These factors cause the retention of NH3 in 
solution for a longer period. In addition, the soil properties like texture, organic mat-
ter, and bicarbonate content can influence the volatilization. Highly buffered soils 
(in other words, high soil organic matter, bicarbonate content, and clay content) 
have a lower risk of volatilization. Moreover, soils with high cation exchange capac-
ity (CEC) can retain more NH4

+ and reduce the volatilization. Silt or clay-dominated 
soils have a higher CEC where sandier soils have a lower CEC. Additionally, the 
higher CEC soils often contain high levels of exchangeable calcium (Ca), which can 
affect the pH, and consequently influence nitrogen losses (Jones et  al. 2013). 
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However, soils with high CEC tend not to hold anions, which may result on leaching 
of nitrate.

Phosphorus fertilizers are more susceptible to losses through surface runoff and 
mineralization (Timilsena et al. 2015). The factors that affect phosphorus availabil-
ity are similar to the nitrogen availability with addition of biological factors. Soil 
texture and mineralogy affect the ability of the soil to fix fertilizer phosphorus. 
Likewise in N fixation, clay soils increase the amount of available phosphorus. In 
addition, soil constituents like iron (Fe), aluminum (Al), and Ca also affect this 
availability (Amstrong 1999). In acidic soils, Fe and Al are found naturally, and the 
Fe–Al oxides can convert phosphorus in the soil solution to water-insoluble Fe–
Al–P, due to their strong chemical bond with phosphorus (Chien et al. 2009; Chien 
et al. 2011). In calcareous soils, CaCO3 can adsorb the phosphorus in the solution. 
Furthermore, free phosphorus can precipitate with all of these cations, decreasing 
phosphorus availability over time (Chien et al. 2011). Soil pH has an influence on 
the release and dissolution of Al from clay minerals. At low pH, the large concentra-
tion of free Al thickens the root tips and lateral roots, and, consequently, phosphorus 
uptake is reduced. Microbial activity in the rhizosphere can control the Fe and Al 
binding and can adjust the pH, which increase phosphorus availability (Syers et al. 
2008). Temperature influences phosphorus uptake by plants, where lower tempera-
tures affect the root growth and therefore phosphorus absorption (Mackay and 

Fig. 3.2 Nitrogen losses in the soil (Jones et al. 2013). Note: NO2
− nitrite; NO3

− nitrate; N2(gas) 
nitrogen gas; NH3(d) ammonia dissolved; NH3(gas) ammonia gas; NH4

+ ammonium; OM organic 
matter
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Barber 1984). In summary, increasing organic matter, controlling soil pH, and 
increasing the microbial activity can improve nutrient efficiency without the need to 
increase the amount of fertilizers that is applied.

3.4  Nutrient Recycling from Wastewater Using Microalgae

As previously mentioned, the population is growing exponentially, and therefore, 
the demand for food and nutrients to sustain food production is increasing. Algae 
already provide many products for our consumption (e.g., nutritional supplements, 
cosmetics, etc.) (Spolaore et al. 2006), but for large-scale production, nutrient recy-
cling can be an extremely important application. It is well-known that wastewaters 
are loaded with nutrients. Specifically, domestic and agro-industrial wastewaters are 
rich in phosphorus and nitrogen. The disposal of these without treatment is directly 
accountable for eutrophication of rivers, lakes, and seas, being, therefore, a perma-
nent threat to the freshwater reserves on a global scale. Most wastewater treatment 
technologies comprise chemical, physical, and biological methods, which applica-
tion to the agricultural wastewater is not economically viable (Cai et  al. 2013; 
De-Bashan and Bashan 2004). In the traditional wastewater treatment, the primary 
phase removes materials that are floating or settled by gravity; in the secondary 
stage, anaerobic digestion occurs. Then, the effluent is treated with ultraviolet radia-
tion, oxygen, or ozone to remove any microorganisms (e.g., virus or bacteria), and, 
lastly, it is discharged. However, the final effluent composition has great amounts of 
nitrogen and phosphors. In fact, these wastewaters containing heavy loads of nutri-
ents (after primary and secondary treatment) can be used as a culture medium for 
algae. Several studies showed the microalgae’ ability to effectively remove nitrogen 
and phosphorus from different effluents. Lim et  al. (2010) studied the use of 
Chlorella vulgaris for bioremediation of textile wastewater. The investigation was 
carried out in an outdoor pond, and the initial concentration of nitrogen and phos-
phorus was 6.50 and 7.14 mg·L−1, respectively. C. vulgaris removed 45.1% of nitro-
gen and 33.3% of phosphorus from the effluent. Martınez et al. (2000) studied the 
removal of nitrogen and phosphorus from urban wastewater by the microalgae 
Scenedesmus obliquus. Urban wastewater was treated by a secondary sewage treat-
ment before the microalgae cultivation, and the initial concentration of nitrogen and 
phosphorus was 27.4 mg·L−1 and 11.8 mg·L−1, respectively. The highest percentage 
of removal was 98% for phosphorus and 100% for nitrogen, where this last removal 
percentage was influenced by two factors: microalgae’ growth and desorption of 
NH3. González et al. (1997) evaluated the nitrogen and phosphorus removal from 
agro-industrial wastewater by the microalgae Chlorella vulgaris and Scenedesmus 
dimorphus. Secondary treatment of wastewater was performed before the cultiva-
tion of microalgae. The initial nitrogen concentration was 36.3 mg NH3·L−1 and 
1.9 mg NO3

−·L−1, and the initial phosphorus concentration was 111.8 mg·L−1. The 
efficiency of nitrogen removal was higher for S. dimorphus during the cycle; how-
ever, in the end, both microalgae obtained removal rates of 90%. Regarding the 
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phosphorus removal, the obtained efficiencies were similar for the two microalgae 
with results of 55%. Li et al. (2011) evaluated the nutrient removal from municipal 
wastewater by Chlorella sp. The tests were performed in two stages with different 
culture media: (i) first stage, autoclaved effluent (AE), and (ii) second stage, raw 
effluent (RE). Additionally, on the first stage, a control experiment with TAP media 
was used to assess the performance in the AE. The initial nitrogen concentration 
was (i) AE, 85.9 mg NH3·L−1 and 132.3 mg N·L−1, and (ii) RE, 82.5 mg NH3·L−1 and 
116.1 mg N·L−1. The initial phosphorus concentration was (i) AE, 212.0 mg PO4

3−-
P·L−1, and (ii) RE, 215.1 mg PO4

3−-P·L−1. The highest efficiency removal rates were 
obtained in the RE, where Chlorella sp. was able to remove 93.9%, 89.1%, and 
80.9% of NH3, total nitrogen, and total phosphorus, respectively.

The microalgae’ ability to remove nutrients from wastewaters has been proven. 
This represents a win–win solution for wastewater treatment and also offers the 
potential to reduce the need for chemical fertilizers and their environmental impacts. 
However, the real potential of using wastewaters needs to be explored because 
research is still limited, especially at large scale. Only 30% of the published studies 
use real wastewaters as a nutrient source, while 70% of the lab-scale studies use 
chemical fertilizers because they are easy to access and prepare (Lam and Lee 2012).

3.5  Microalgal Production Technology

3.5.1  Microalgal Culture

Microalgae can be cultivated in three different systems: open, closed, and hybrid 
systems. The hybrid systems are a combination of open and closed systems in a 
two-stage cultivation system. In all of these three systems, suspended cultures are 
used; however, it is also possible to use immobilized cultures to cultivate microal-
gae. In the immobilization technology, the microalgae are fixed to a solid medium, 
which allows exchanges of substrates and products through the pores. High nutrient 
removal rates and simplified subsequent processes (harvesting and water recycling) 
are some advantages of this technology over the suspended cultivation. Yet, there 
are some limitations regarding the high cell densities and the high cost, which affect 
the application of the immobilization technology in wastewater treatment (Cai 
et al. 2013).

The open cultivation systems include natural (e.g., lakes and ponds) or artificial 
ones (e.g., raceway pond). The algae cultivation is commonly carried out in a race-
way pond, where the culture recirculated in a closed track with 0.3 m depth allowing 
the photosynthesis. The mixture promoted by the paddlewheels prevents the sedi-
mentation and enables the constant movement of the culture throughout the pond. 
The simple construction and operation represent an economic advantage in com-
parison to closed systems. However, the high dependence on external factors makes 
the control of the growth conditions, such as light and nutrients, extremely difficult. 
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Contamination problems and water evaporation reduce the productivity and cause 
variability of biomass (Cai et al. 2013; Lam and Lee 2012).

On the other hand, closed systems reduce contamination and water losses. 
Additionally, the growth conditions as pH, temperature, air supply, and O2 and CO2 
concentration can be controlled, enabling the achievement of higher biomass con-
centrations (Gonçalves 2017). Three categories can be distinguished from these cul-
tivation systems: tubular photobioreactors, flat plate reactors, and bag systems. The 
first two reactors are extensively used and were conceived to guarantee an optimum 
light arrangement and gas exchange. Sunlight received can be maximized by alter-
ing the configuration of the reactor. The bag systems consist in, as the name sug-
gests, a large plastic bag fitted with aeration systems. Despite the enhancement of 
the biomass productivity, the cost to install and maintain these reactors is a major 
setback on the commercialization of closed systems (Kim et al. 2013). Lam and Lee 
(2012) performed a life cycle assessment to the microalgae technology and found 
that based on the current technology, PBRs are not ready for be commercialized 
until significant changes are made to reduce the energy consumption. The authors 
found that the operation of a tubular photobioreactor consumes 350% more energy 
compared to a raceway pond. In addition to the systems and its maintenance costs, 
downstream processing can represent a great impact on the total economic cost of 
production. The high production cost is derived from the lack of an inexpensive 
process that incorporates multiple steps related to harvest, conversion, and purifica-
tion of biomass (Kim et al. 2013).

3.5.2  Microalgal Harvesting and Drying

In all microalgal cultivation process, the biomass needs to be separated from the 
medium by more than one solid–liquid separation step. Harvesting of biomass may 
occur through sedimentation, centrifugation, or filtration, which occasionally needs 
an extra flocculation step (Grima et al. 2004). Sedimentation is the technique where 
the hanging particles accumulate on the bottom of the tank by the action of gravity. 
It is an energy-efficient method and widely applied for the separation of microalgae 
(Pragya et  al. 2013). Almost all microalgae can be separated from the diluted 
medium by centrifugation. Centrifugation is a sedimentation tank that involves the 
application of gravitational force to improve the sedimentation rate. Thus, the har-
vest efficiency is improved, and the concentration of microalgal biomass is increased 
in a shorter period (Grima et al. 2004; Kim et al. 2013). Filtration is the separation 
technique where the culture goes across the filters and holds the algae, while the 
water passes through. The process is simple and continuous until the filter gets satu-
rated; in other words, the thick film of algae does not allow the medium to go across 
(Pragya et al. 2013). Flocculation is the cells’ aggregation achieved by adding poly-
mers that form precipitates, which enhance the clustering process and sedimenta-
tion. The negative surface of the microalgal cells is neutralized by the cationic 
polymers, which also reduce the repulsive forces (Kim et al. 2013). This induces 
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bridging mechanisms that bind cells together and stimulate flocculation. Despite the 
addition of polymers, flocculation can be caused by a modification in pH levels, for 
instance, altering the values for a range between 11.8 and 12 causes extensive floc-
culation (Grima et al. 2004).

The selection criteria for the harvesting methods depend on the quality of the 
product. For instance, if microalgal cultures are used for wastewater treatment, the 
large volume that is processed excludes the use of centrifuges or filter, at least on the 
primary steps. Therefore, sedimentation by gravity action combined with floccu-
lants is recommended for sewage-based work sedimentation. On the other hand, if 
algae are produced to be used in food or aquaculture applications, the use of centri-
fuges is recommended. These avoid bacterial contamination and can be easily 
cleaned and sterilized (Grima et al. 2004).

After harvesting, the algal slurry must be processed to not get spoiled. Dehydrating 
can be done by several methods as spray-drying, drum-drying, freeze-drying, and 
sun-drying. Spray-drying is a quick and continuous method that uses pressure, cen-
trifugal atomizers, or gas–liquid jets to form a thin spray of solution droplets that are 
in continuous contact with hot air in a large chamber. The large droplet surface area 
and the small droplet size guarantee a high evaporation rate, which allows the dry-
ing process to be in seconds. The freeze-drying or lyophilization is a gentle drying 
method that freezes the biomass, and the ice crystals are sublimed by slight warm-
ing without thawing. The exposure to a partial pressure of water vapor below 
4.6  mmHg, the triple point of water, directly sublimes the crystals into vapor. 
However, this has high-energy requirements and combined with the high capital 
cost of equipment is only recommended for high market-value products. Since it is 
frozen, the elements of the algal material are preserved, maintaining the biochemi-
cal composition. Drying has a major problem related to the high water content of the 
algal biomass, which makes sun-drying difficult and spray-drying expensive for 
some algal applications (Grima et al. 2004).

3.5.3  Microalgal Biomass as Biofertilizer

The commercial application of microalgae is extensive. It can be a raw material to 
produce cosmetics, biofuels, and food and feed supplements because of their bio-
chemical composition. Microalgae are rich in proteins, lipids (e.g., fatty acids like 
ω3 and ω6), pigments (e.g., carotenoids and chlorophyll), and vitamins (Spolaore 
et al. 2006). Besides these widely studied applications, the microalgal biomass can 
be used as a biofertilizer, because it has the potential to prevent losses, enhance 
nutrient efficiency, and consequently increase crop yields. Garcia-Gonzalez and 
Sommerfeld (2016) evaluated the potential of using the biomass of the microalgae 
Acutodesmus dimorphus as a biofertilizer in the tomato plant production. The 
authors concluded that the treatments with biofertilizer trigger faster germination 
and enhanced plant growth, namely, a higher number of branches and flowers. 
Kholssi et al. (2018) studied the effect of the application of Chlorella sorokiniana 
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biomass on the growth of wheat. The authors concluded that the treatments with 
Chlorella sorokiniana biomass increased the plant length and the dry biomass 
aboveground and underground by 30%, 22%, and 51%, respectively. Additionally, 
the chemical composition of microalgae, particularly the high-value molecules 
(e.g., pigments), improved the fruit and vegetable quality (Coppens et al. 2016). In 
a study performed by Coppens et al. (2016), the use of Nannochloropsis biomass as 
a fertilizer increased the sugar and carotenoid levels of the tomatoes. Additionally, 
the authors performed an economic evaluation and confirmed the economic feasibil-
ity of microalgae-based fertilizers compared to conventional fertilizers.

The combination of algal biomass production and wastewater treatment closes the 
nutrient cycle. Nowadays, the nutrients have a linear economy; in other words, they 
are produced or extracted, used, and finally disposed (Vollaro et al. 2016). With this 
solution, nutrients wasted in wastewaters can be reused and applied in soil, reducing 
the cost of wastewater treatment and the costs and the environmental impacts of 
fertilizer production.

3.6  Conclusion

The predicted increase of world population will lead to a new sustainability prob-
lem: food production. The climate change, the distribution of water resources, and 
the degradation of soils will reduce agricultural production. Moreover, the synthesis 
and use of chemical fertilizers are other concerning issues in terms of environmental 
impact. A sustainable solution is the nitrogen and phosphorus recovery from waste-
water by microalgae. Microalgae has been studied for other environmental purposes 
(CO2 capture, wastewater treatment, and biofuel production), but these photosyn-
thetic microorganisms may play also an important role in the nutrient recycling, 
reducing the impact of human activities in the nitrogen and phosphorus cycles. The 
introduction of microalgal cultures in wastewater treatment will promote the recov-
ery of nutrients, as the resultant biomass can be used as biofertilizer. This biofertil-
izer has high organic matter content, which favors nutrient retention in the soils and 
consequently enhances the uptake efficiency by crops. Therefore, microalgae may 
improve the environmental sustainability of fertilizer production.
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Abstract Contamination of surface and ground water due to rapid industrial devel-
opment has become a dangerous problem of high concern to the world, especially 
to the underdeveloped countries. Heavy metals, organic pollutants, dyes, pesticides, 
etc. are some of the major pollutants of the water body system. Among them, heavy 
metals are non-biodegradable entities and persist for prolonged period in water and 
soil ecosystems, as compared to organic contaminants. Emission of various heavy 
metals like Pb, Cd, As, Hg, Cu, Cr, and As has become a serious global concern due 
to their toxic impacts toward living organisms. Moreover, these heavy metals (and 
metalloids) become carcinogenic to various microorganisms, animals, and plants, 
when their concentrations exceed the tolerance levels due to bioaccumulation and 
biomagnification.

The sources of heavy metal pollution in water bodies are primarily anthropo-
genic, including discharge from industrial, agricultural, or municipal sources. Due 
to the negative impacts of these heavy metals toward the living world, their removal 
from wastewaters has become a priority action area. Several conventional methods 
like ion exchange, chemical precipitation, electrocoagulation, and membrane and 
ultrafiltration techniques have been applied to achieve effective and rapid remedia-
tion of heavy metal-based environmental contaminants. However, high operational 
cost, requirement of specialized reagents and apparatus, and generation of hazard-
ous sludge are some constraints that limit the use of these techniques. Taking into 
account the above drawbacks of various technologies for heavy metal ion remedia-
tion from polluted water, the adsorption technique has been adopted as an alterna-
tive strategy with potential to overcome the limitations of previous techniques. 
Adsorption-based methods are in use widely for heavy metal remediation from 
household to industrial wastewater with many advantages including low cost, sim-
plicity, high efficiency, and ease of use. Carbonaceous materials like activated car-
bon and biochar are among the main adsorbents in vogue in present time for heavy 
metal remediation from wastewater. Activated carbon requires additional efforts 
like higher temperature and activation process. Compared with activated carbon, 
biochar emerged as a new potentially efficient adsorbent with lower production cost 
and energy requirements.

Biochar is a porous, carbon-rich product obtained from the thermochemical con-
version of biomass in a closed container under deoxygenated conditions at moder-
ate to high temperatures (generally ≤700 °C). Various inherent properties of biochar 
including porous structure and surface functional groups play an important role in 
heavy metal adsorption. Moreover, the regeneration/reusability potential of biochar 
makes it more beneficial in terms of economic as well as environmental prospective. 
Various biochars prepared from different raw materials have been successfully 
applied for environmental remediation purposes. They have been utilized for their 
ability to immobilize heavy metals and hence reduced the risk of the pollutant trans-
fer in the environment. The raw material for biochar production generally comprises 
agricultural biomass and solid waste, which is abundantly available and extremely 
inexpensive. Hence, conversion of biomass into biochar and utilization of it as a 
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sorbent are synergic sustainable approaches for improvisation of solid waste man-
agement and environment protection. Being a renewable resource, biochar is there-
fore a promising tool of environmental technology to be used for heavy metal 
contaminated wastewater treatment.

Keywords Biochar · Heavy metals · Water contamination · Wastewater treatment · 
Regeneration · Reusability

4.1  Introduction

For the last few decades, rapid urbanization and enormous industrial development 
caused the increasing accumulation of hazardous pollutants in water bodies. With 
exponentially growing population and increasing urbanization, especially in the 
developing world, infrastructure for the maintenance of water quality and sanitation 
facilities did not increase adequately (Reza and Singh 2010). Contaminant dis-
charge into the environment due to various industrial, residential, and commercial 
anthropogenic activities affects the surrounding ecosystem by infusing hazardous 
organic and inorganic contaminants into it. Toxic effects of these contaminants 
become a spiking concern due to the adverse impacts they inflict upon living organ-
isms. Inorganic pollutants like trace and heavy metals, mineral acids, metalloids, 
cyanides, sulfates, and complex of metal ions with organic compounds are of fore-
most concern due to their everyday increasing levels in the water bodies. Water 
contamination due to heavy metals is of serious concern because of their non- 
biodegradable nature, widespread occurrence, and bioavailability to the living 
organisms (Ahmad et al. 2013). Some natural phenomena like weathering, volcanic 
deposition, and various anthropogenic activities like mining, fertilizer and pesticide 
application, electronic manufacturing industry, smelting discharge, etc. are the 
major sources of heavy metal contamination of surface water and groundwater sys-
tem (Dong et al. 2017). For thousands of years, heavy metals have been in use in 
different fields for various applications and continue to impose harm on human and 
other life forms. Reportedly, lead (Pb) is being used for at least 5000 years in build-
ing materials, pigments for glazing ceramics, and pipes for transporting water (Järup 
2003). Similarly, mercury (Hg) was used to treat syphilis during the late 1800s 
(Järup 2003). The growing awareness of lethal and adverse effects of exposure to 
heavy metal contaminants either intentionally or unintentionally warrants develop-
ing their efficient remediation measures. For example, arsenic (As) is used for wood 
preservation, chromium (Cr) for tanning of leather, mercury (Hg) in gold mining, 
and lead (Pb) in household pipes (Järup 2003). Therefore, strategies for the removal 
of heavy metals from wastewater discharge are of priority concern to avoid their 
potentially lethal effects.
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To tackle this serious issue of water contamination with heavy metals, different 
methods have been employed including chemical precipitation, ultrafiltration, 
reverse osmosis, ion exchange, electrochemical treatments, and use of different 
membranes (Ma et al. 2014). Among the methods adsorption process has emerged 
as an environmentally friendly and economically viable technique due its cost- 
effectiveness, easy operational conditions, and reusability/regeneration capacity 
(Dong et al. 2017). For adsorption, one of the most popular adsorbents is biochar, 
which possesses many specific physical and chemical properties for heavy metal 
remediation from water.

4.1.1  What Biochar Is

The International Biochar Initiative defines biochar as “A solid product obtained by 
thermochemical conversion of biomass under anoxic conditions, which can be used 
alone or as an additive to improve soil fertility, increase resource use efficiency, 
alleviate environmental pollution, and reduce greenhouse gas emissions” (IBI 
2014). A wide range of heating temperature (250–900 °C) can be used for biochar 
production and often relatively low temperature (≤ 700 °C) applied for achieving 
biochar production. Biochar is considered as a type of black carbon, but differenti-
ated from black carbon in terms of application and purpose of creation. For defining 
a carbonized material as a biochar, a high organic carbon content consisting of aro-
matic six-carbon ring is necessary (Lehmann and Joseph 2015). Initially biochar 
research was motivated by research on Amazonian Dark Earths (also called Terra 
Preta de Indio) found in the Amazon Basin. Due to its multifunctionality including 
soil fertility enhancement, soil conditioning, bio-energy production, carbon seques-
tration, and environmental remediation (Inyang et al. 2016), it gained attention as 
one of the potential drivers of waste management, climate change mitigation, and 
organic and inorganic contaminant remediation. Biochar properties like high sur-
face area, highly porous structure with meso- and micropores, and the negatively 
and positively charged surface functional groups (e.g., carboxyl, hydroxyl, and phe-
nolic groups) make it a potential candidate for environmental remediation of heavy 
metals from contaminated waters and soils as well (Cao et al. 2009; Dong et al. 
2017; Inyang et al. 2016). Taking together all the abovementioned properties, bio-
char is a perfect material to adsorb heavy metals. In recent years, several studies 
demonstrated the promising capability of biochars for heavy metal removal from 
water (Agrafioti et al. 2014; Cao et al. 2009; Kołodyńska et al. 2012; Lima et al. 
2010, 2015; Mohan et al. 2011; Rajapaksha et al. 2018; Wang et al. 2016). Biochar 
production from agricultural by-products and food industrial and municipal waste 
makes it an economical and cost-effective substitute for wastewater treatment tech-
nologies. Figure 4.1 summarized the potential of biochar for different applications.
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4.1.2  Potential Biomass for Biochar Production (Feedstock)

The raw material used for biochar production is known as feedstock. Biochar can be 
produced from a wide variety of processed or unprocessed feedstock materials. 
Generally, the waste or residual biomass is preferred for biochar production. 
Residual biomasses generated from agro-food industries, municipal waste, invasive 
plants, and nonconventional waste materials like pipes, bone, feathers, etc. are some 
of the examples. Figure 4.2 illustrates the potential feedstock materials for biochar 
production. The type of biomass significantly affects the properties of biochar. 
Higher lignin content and lower hemicellulose and cellulose content in the feed-
stock give higher biochar yield, and porosity of biochar increases with the content 
of lignin in biomass (Nartey and Zhao 2014). When readily available, residual or 
waste biomass is used for biochar production, and then machinery and heating will 
be the main elements to which the cost of biochar production is associated, which is 
estimated to be about only $4 per gigajoule (Lehmann 2007).

4.2  Biochar Production Methods

Use of residual biomass from agriculture and food processing industry for biochar 
production is an economically viable and an efficient way to utilize these by- 
products. The thermochemical conversion is the most appropriate technique for 

Fig. 4.1 Schematic diagram showing general route of biochar preparation and its potential 
application
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 biochar production (Fig. 4.3 and Table 4.1). Depending upon the type of the thermo-
chemical technique used, the possible produces are (i) solid material (biochar), (ii) 
noncondensable gases, and (iii) condensable liquid (bio-oil). The thermochemical 
conversion of biomass for biochar production includes pyrolysis and gasification 
when dry biomass is treated and hydrothermal carbonization when biomass is in 
slurry form.

4.2.1  Pyrolysis

Pyrolysis (dry) is the most common method for biochar production. In dry pyroly-
sis, biomass is heated at high temperature (>250  °C) in the absence of oxygen. 
Before thermal treatment the moisture content of biomass is significantly reduced 
(generally up to <10%) to facilitate the process and reduce the energy consumption. 
Thermal decomposition of biomass during pyrolysis releases syngas (a mixture of 
CO, H2, CH4, and C2H2), bio-oil (condensed high molecular weight compounds), 
and residual solid as biochar. Depending upon the heating rate and residence time, 
pyrolysis is categorized as slow and fast pyrolysis. Slow pyrolysis is the conven-
tional carbonization of biomass, producing biochar by heating biomass at a low 
heating rate with relatively longer residence time (Qian et al. 2015). Fast pyrolysis 
is conducted over short residence time (in seconds) and very high heating rate. 
Generally, the primary product for fast pyrolysis is bio-oil, while slow pyrolysis 

Fig. 4.2 Types of feedstock used for biochar production
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favors high biochar yield (Liu et al. 2015). The type of reactor, peak temperature, 
heat transfer rate, vapor solid interactions, and type of biomass are also important 
factors with heating rate and residence time affecting the pyrolysis process. The 
mechanism of biochar formation is a complicated multistep process which includes 
dehydrogenation, decarboxylation, depolymerization, and devolatilization of 
organic components of biomass (Demirbas 2004):

Table 4.1 Thermochemical process of biochar production with their primary products

Process
Temperature 
range (°C) Heating rate

Residence 
time Pressure

Obtained 
product Reference

Slow 
pyrolysis

300–800 Slow 
(<10 °C/
min, 
generally 
5–7 °C/min)

Hours to 
days

Atmospheric Biochar Libra et al. 
(2014), Liu 
et al. (2015), 
Mohan et al. 
(2014), 
Parmar et al. 
(2014), Qian 
et al. (2015)

Fast pyrolysis 400–800 Fast 
(~1000 °C/s)

Seconds Vacuum – 
Atmospheric

Bio-oil

Gasification 700–1500 Moderate to 
very fast

Seconds 
to 
minutes

Elevated 
atmospheric

Syngas/
producer 
gas

Hydrothermal 
carbonization

175–350 Slow Hours Elevated 
atmospheric

Hydrochar

Fig. 4.3 Various thermochemical conversion techniques with their respective primary products
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Step 1 (primary):

 Biomass Water Unreacted residue® +  

Step 2 (intermediate):

 Unreacted residue Volatile gases® +( ) + ( )1 1
char  

Step 3 (final):

 Char Volatile gases( ) ® +( ) + ( )1 2 2
char  

At the initial stage of pyrolysis, bound moisture with lower molecular weight 
volatiles evaporates followed by the formation of primary char in the second step. 
The reaction of the third step is initially fast followed by slow decomposition and 
chemical rearrangement of the biochar, which makes the biochar a less reactive, 
residual carbonaceous solid.

4.2.2  Gasification

Conversion of biomass into gaseous fuel which contains CO, H2, CO2, and CH4 
(syngas) and smaller quantities of higher hydrocarbons in the presence of controlled 
amount of oxidizing agent under high temperature is known as gasification (Qian 
et al. 2015). The obtained gas mixture is used for direct heat or electricity genera-
tion. The oxidizing agent used can be oxygen, air, or steam. Gasification favors 
lower char yield and higher gas yield. During biomass gasification reaction, char 
gasification forms an important part. The proposed char gasification reactions are as 
follows (Demirbas 2004):

Reaction 1: Carbon char to methane

 C H+ «2 2 4CH  

Reaction 2: Carbon char to oxide

 

C O+ «
«
2 2

2 2

CO

CO CO  

Reaction 3: Carbon char to CO and H2

 C H O H+ + « +CO CO2 2 2 

The produced CO2 and H2O (hot combustion products) are further reduced by the 
char. All the abovementioned reactions are endothermic which generate syngas, 
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CO, and H2 (reaction 3) which can be utilized directly as gaseous fuel. Reaction 
between molecules present in biomass (C, H, O) and steam (H, O) generates syngas.

4.2.3  Hydrothermal Carbonization (HTC)

The thermochemical process where biomass is heated at elevated temperature 
(160–800 °C) under high pressure settings is also called wet pyrolysis. For HTC the 
key factor is aqueous solution under pressure, which favors decomposition and car-
bonization of cellulose, hemicelluloses, and lignin at rather lower temperature (Parmar 
et al. 2014). Based on the reaction temperature, HTC can be categorized as low-tem-
perature HTC (<300 °C) and high-temperature HTC (300–800 °C). The char pro-
duced from HTC is better known as hydrochar. The high-temperature HTC process is 
governed by hydrothermal gasification and gives a high yield of gases (H2 and CH4). 
Low-temperature HTC resembles natural coalification of biomass, with high reaction 
rate and shorter reaction time as compared to natural coalification (Qian et al. 2015).

4.3  Water Pollution with Heavy Metals and Sources

4.3.1  Heavy Metals

Heavy metals are described as metallic elements with relatively high density (more 
than 5 g/cm3) and atomic weight, compared to water (Järup 2003). They are natural 
elements of earth’s crust and also known as trace elements because of their presence 
in very low concentration (<10 ppm or ppb) in the environment. When the accumu-
lation of such metal (or metalloid) species increases from a threshold limit, it will 
be considered as a “contaminant,” where its increased undesirable concentration 
causes detrimental and toxic effects to the environment (Singh et al. 2011). Among 
various metals found naturally in the environment, some are considered as essential 
nutrients, as their trace concentration is necessary for physiological and biochemi-
cal functioning of living organism. In this category, total 17 such metals are identi-
fied by WHO including Co, Cu, Cr, Fe, Mg, Mn, Mo, Ni, Se, and Zn as essential 
nutrients (WHO 1973). However, excess intake or exposure of these metals can also 
impact adversely and cause cellular and tissue damage leading to pernicious effects 
and diseases in plants and humans (Tchounwou et al. 2012). Besides essential met-
als, various other metals are identified as non-essential based on the fact that they do 
not have any established biological contribution, but can be highly toxic even in 
trace amount for living organisms. Metals such as Al, As, Ba, Be, Bi, Cd, Ga, Ge, 
Au, In, Pb, Li, Hg, Ni, Pt, Sr, Sb, Sn, and U come under this category. Metals like 
As, Cd, Cr, Pb, and Hg are ranked as the most toxic and carcinogenic heavy metals 
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with significant concern for public health. (Tchounwou et al. 2012). These metals 
have inherent toxic effects, even at lower level, including multiple organ damage.

4.3.2  Sources of Heavy Metal Pollution

Accumulation of various heavy metals and metalloids such as Pb, Hg, Cd, Co, Zn, 
Cr, As, and Cu in surface water and groundwater is linked to risk of plant, animal, 
and human poisoning. Despite natural occurrence of heavy metals, major environ-
mental deposition and human exposure often happen from anthropogenic activities. 
Untreated industrial effluents and domestic and agricultural usage of metal and 
metal containing products lead to heavy metal contamination of soil and water. 
Leachate, solid waste and effluents from Various industries such as metal process-
ing in refineries, leather tanning, electroplating, glass, paint, dye and colorant indus-
try, coal burning in power plants, nuclear power stations, mining, high tension lines, 
plastics, textiles, microelectronics, wood preservation and paper processing plants, 
alloy, petroleum combustion, battery industry, agricultural products manufacturing 
industry are the major cause of environmental deposition and contamination of vari-
ous heavy metals. Besides anthropogenic activities, natural phenomena of weather-
ing and volcanic eruptions, atmospheric deposition, and metal evaporation from 
water resources to soil and groundwater have also been reported to contribute sig-
nificantly to heavy metal pollution (Tchounwou et al. 2012) (Fig. 4.4).

4.3.3  Approaches for Heavy Metal Remediation from Water 
System

Due to high toxicity and lethal effects, industries are advised to reduce heavy metal 
content from the effluents and wastewater, before discharging it to the environment. 
A number of methods and techniques are used to treat or minimize the concentra-
tion of heavy metals from discharged wastewater. Chemical precipitation, ion 
exchange, ultrafiltration, coagulation, membrane processing, electrochemical meth-
ods, and adsorption are some of the major techniques that are used for the treatment 
of heavy metal contaminated wastewater (Farooq et al. 2010). However, majority of 
the techniques have their own drawbacks like high operational cost, requirement of 
expensive materials and instrumentations, production of sludge, and high consump-
tion of different chemicals for processing. To overcome all the abovementioned 
limitations, adsorption process emerged as the more efficient and attractive alterna-
tive. Adsorption of contaminants using low-cost adsorbents is the recent trend with 
many advantages including low cost, regeneracy, and moderate to very high effi-
ciency. Many adsorbents like dolomite, clay, zeolite, and biosorbents derived from 
organic biomass, activated carbon, biochar, hydrochar, etc. have been applied for 
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heavy metal adsorption from wastewater. Among these biochar has gained much 
attention due to its multifunctional advantages and utility.

4.4  Biochar as a Potential Source for Heavy Metal 
Remediation: Characteristics Favor the Metal 
Remediation

Being a renewable resource with low production cost, high efficiency, reusability, 
environmental stability, and excellent metal binding capacity, biochar is a promising 
agent of environmental technology for wastewater treatment (Tan et al. 2015). Since 
biochar is produced from the residual or waste biomass and it does not require any 
chemical or physical activation process like activated carbon, it becomes a potential 
substitute for other available adsorbents. Abundance of raw material for biochar 
production and simple preparation methods are also the positive factors for making 
it a topmost choice. With porous structure, aromatic as well as mineral content, and 
various surface functional groups (-COOH, -CH, C ≡ C, -CO), biochar shows high 
affinity toward heavy metal ions (Dong et al. 2017). However, preparation condi-
tions like heating rate, residence time, and end temperature are the key consider-
ations which significantly affect the morphological and physicochemical properties 

Fig. 4.4 Different heavy metals and their sources with toxic effects on human beings
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of biochar leading to changes in the metal adsorption capacity. Here are some spe-
cific biochar properties discussed which favor metal ion adsorption.

4.4.1  Pyrolysis Conditions and Feedstock

The pyrolysis parameters including high heat temperature, retention time, and the 
sort of biomass used as feedstock material are the key factors which influence the 
biochar properties most. High pyrolytic temperature increases the carbonization, 
fixed carbon content, thermal stability, surface area, porosity, pH, zero point charge, 
aromatic content, and cation exchange capacity of biochars, while it decreases the 
surface functional groups (specially oxygenated). However, at high temperature 
(>800 °C), decrease in surface area and porosity was observed which is due to the 
destruction of biochar structure or blockage of pores by tar (Tan et al. 2015). The 
natural composition of feedstock influences the biochar adsorption properties. The 
same pyrolysis conditions but different feedstocks change the metal binding capac-
ity of the biochars. A comparative analysis was done in between dairy manure and 
rice husk biochars for Pb, Cu, Zn, and Cd removal, and dairy manure biochar was 
found to be more efficient (Xu et al. 2013). Feedstock origin (plant or animal) and 
feedstock type processed or unprocessed have remarkable effect on metal adsorp-
tion capacity.

4.4.2  Surface Area

Biochar produced from any pyrolysis possesses high specific surface area compared 
to raw feedstock. Generally, the biochar prepared at elevated pyrolytic temperature 
possesses dramatically high surface area and porosity, a key indicator of biochar 
uptake capacity (Xie et al. 2015). At high temperature, the release of volatiles and 
decomposition of basic structural compounds of biomass like cellulose, hemicellu-
loses, and lignin may lead to the formation of porous structure. Biochar does pos-
sess highly variable pore size including nano- (<0.9  nm), micro- (<2  nm), and 
macro-pores (>50 nm). Pore size is an indispensible feature of biochar for metal 
sorption, as larger metallic ions and molecules cannot be trapped with small pore 
size, despite their charges or polarity (Dong et al. 2017).

4.4.3  Surface Charge, pH, and Cation Exchange Capacity

In aqueous adsorbate–adsorbent system, the initial solution pH strongly affects the 
adsorption process. For adsorption process in aqueous media, the critical factor is 
zero point charge (pHzpc). The pHzpc of the biochar is known as the pH at which 
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the net surface charge of biochar becomes zero. When solution pH > pHzpc, biochar 
surface is negatively charged and favors the adsorption of metal cations such as 
Cd2+, Pb2+, and Hg2+. If solution pH < pHzpc, biochar surface becomes positively 
charged, facilitating metal anion binding such as HAsO4

2− and HCrO4−. With 
increasing pyrolysis temperature, the pH as well as pHzpc was found to be increased 
(Chen et al. 2014). Increased pyrolysis temperature causes decrease in the amount 
of negatively charged surface functional groups on biochar (-COO, -COH, and 
-OH) attributing to lesser negative surface and increased pHzpc. The solution pH 
significantly affects the behavior of surface functional groups. Lowering the solu-
tion pH causes protonation of the surface functional groups present on biochar, and 
biochar surface gets positive charge. The H+ and H3O+ ions which are present in 
large number in the aqueous solution also compete with metal cations for active 
adsorption sites on biochar, leading to electrostatic repulsion between metal cations 
and positively charged biochar surface resulting in poor adsorption at low pH (Tan 
et al. 2015). But protonation of functional groups favors metal anion adsorption. 
The cation exchange capacity (CEC) is defined as the capacity of a solid to hold 
exchangeable cations. The CEC of biochars is relatively high due to their negative 
charge leading to high affinity to metal cations. The CEC of biochar is influenced by 
the type of biomass used as feedstock and the pyrolysis temperature (Suliman et al. 
2017). At lower pyrolysis temperature, incomplete charring of biomass may occur 
which favors biochars to retain polar oxygenated functional groups, while at high 
pyrolysis temperature, alkaline nature of biochar may cause high CEC of biochar 
(Chen et  al. 2019). This facilitates the metal ion reduction or precipitation onto 
biochar surface leading to decrease in their availability and mobility.

4.4.4  Non-aromatic Composition

Besides aromatic carbon content, all the biochars contain some inorganic mineral 
content which is called ash content. The mineral compositions comprising calcium 
(Ca), potassium (K), magnesium (Mg), sodium (Na), and phosphorus (P) present in 
biochar are also responsible for metal sorption from aqueous matrix. These minerals 
react with metal ions present in water by ionic exchange or precipitate heavy metal 
ions leading to reduction in their availability (Cao et al. 2009; Dong et al. 2017).

4.4.5  Surface Functional Groups

The functional groups present on biochar surface such as –COOH, -OH, C=O, 
R-CO, etc. play important roles in metal sorption. The surface functionality of a 
biochar remarkably depends on pyrolysis temperature. Biochars produced at low 
temperature contain abundant surface functional groups, while high-temperature 
biochars have lesser. Lower pyrolysis temperature (< 500 °C) leads to incomplete or 
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partial carbonization resulting in biochar with smaller pores, lower surface area, and 
ample oxygen-containing polar surface functional groups, making biochar more 
vulnerable for heavy metal removal due to increased ionic interactions between 
oxygenated functional groups of biochar and metal ions (Oliveira et  al. 2017). 
Atomic ratios (H/C, O/C, and N/C) decrease, with increasing pyrolysis temperature 
(>500 °C), suggesting lowering of hydroxyl, carboxylic, and amino surface groups 
in biochar due to carbonization of raw biomass (Dong et al. 2017). The feedstock is 
also the other key factor which controls the extent of functional groups on biochar 
surface. To characterize the functional groups on biochar surface, FTIR (Fourier- 
transform infrared spectroscopy) spectral analysis has been the widely used tech-
nique. Reportedly, the FTIR spectra for biochars produced at different temperatures 
with the same biomass differ with each other (Zhou et al. 2016). Due to pyrolysis 
process, changes in various characteristic  functional groups may takes place 
which  include changes due to dehydration, and moisture loss during pyrolysis 
(3600–3100 cm−1), changes in O–H, C=C, and C=O stretching of carboxylic, ester, 
aldehyde, and ketone groups which depicted carbonization, while changes in -CH 
stretching linked with cellulose and lignin present in feedstock (1560–1480 cm−1), 
and -C-O-C, -C-O stretching associated with lignin and cellulose (1160–960 cm−1) 
(Marx et  al. 2014). Many studies show significant changes in surface functional 
groups after adsorption of metals like Cr(VI), Pb, Cu, Cd, Ni, and As (Farooq et al. 
2010; Marx et  al. 2014; Zhang and Zheng 2015; Zhang et  al. 2017; Zhou et  al. 
2016). Table 4.2 summarizes the studies which used biochar prepared with different 
feedstocks at different pyrolysis temperatures and applied for different heavy metal 
remediation from water. Pyrolysis temperature significantly influences the adsorp-
tion potential of biochar despite the fact that the same feedstock has been used for 
the biochar production. At low temperature, biochar retained many polar 
(O-containing) surface functional groups originally present in feedstock, which 
bind with the metal ions present in the water. The higher-temperature biochars have 
high surface area and more porous structure along with some functional moieties 
which help biochar to retain metal ions. Interestingly, biochars produced with the 
same feedstock at the same temperature have different adsorption capacities for dif-
ferent metal ions, which leads to the conclusion that for each metal type, the 
response of biochar is different in the same reaction conditions. Additionally, the 
type of biomass used for biochar preparation has a great impact on the adsorption 
potential of biochar. The adsorption capacity of the same metal ion varies with 
variation in feedstock material. It shows that various factors govern the metal ion–
biochar interactions during the adsorption process.

4.5  Heavy Metal Removal Mechanism with Biochar

The biochar interactions with different metal ions are different, and the abovemen-
tioned factors influence the process significantly. The possible mechanism of 
adsorption of metal ions onto biochar involves cumulative interactive effects of 
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Table 4.2 Summary of studies of heavy metal removal with biochar

Raw material (feedstock) 
for biochar production

Pyrolysis 
temperature 
(°C)

Heavy 
metal

Maximum 
adsorption capacity 
(mg/g) Reference

Ramie crop residue 300 Cr(VI) 82.23 Zhou et al. (2016)
Ramie crop residue 450 Cr(VI) 72.32 Zhou et al. (2016)
Ramie crop residue 600 Cr(VI) 61.18 Zhou et al. (2016)
Wheat straw 350 Cr(VI) 24.6 Tytlak et al. (2015)
Wheat wicker 650 Cr(VI) 23.6 Tytlak et al. (2015)
Oak wood (mixed char) 400 and 450 Cr(VI) 3.031 Mohan et al. (2011)
Oak wood (mixed char) 400 and 450 Cr(VI) 4.076 Mohan et al. (2011)
Oak wood (mixed char) 400 and 450 Cr(VI) 4.930 Mohan et al. (2011)
Hard wood 450 Cu, 6.79 Chen et al. (2011)
Hard wood 450 Zn 4.54 Chen et al. (2011)
Corn straw 600 Cu 12.52 Chen et al. (2011)
Corn straw 600 Zn 11.00 Chen et al. (2011)
Spartina alterniflora 400 Cu(II) 48.49 Li et al. (2013)
Microalgae Scenedesmus 
dimorphus

500 Co(II) 0.672 Bordoloi et al. 
(2017)

Wood shaving 650 Cd 5.46 Qi et al. (2017)
Chicken litter 550 Cd 48.5 Qi et al. (2017)
Softwood pine 700 Cu 1.47 Jiang et al. (2016)
Softwood pine 700 Zn 1.00 Jiang et al. (2016)
Jarrah hardwood 700 Cu 4.39 Jiang et al. (2016)
Jarrah hardwood 700 Zn 2.31 Jiang et al. (2016)
S. hermaphrodita 700 Cd 35.71 Bogusz et al. (2015)
S. hermaphrodita 700 Cu 33.33 Bogusz et al. (2015)
S. hermaphrodita 700 Zn 48.08 Bogusz et al. (2015)
Pine wood (magnetic 
biochar)

600 As 428.2 Wang et al. (2015c)

Pine wood 600 As 265.2 Wang et al. (2015c)
Pineapple peel 350 Cr(VI) 2.49 Wang et al. (2016)
Pineapple peel 500 Cr(VI) 2.36 Wang et al. (2016)
Pineapple peel 750 Cr(VI) 7.44 Wang et al. (2016)
Celery biomass 350 Pb 288 Zhang et al. (2017)
Celery biomass 500 Pb 304 Zhang et al. (2017)
Plum kernel 500 Pb (II) 38.77 Pap et al. (2018)
Apricot kernel 500 Pb (II) 23.89 Pap et al. (2018)
Apricot kernel 500 Cr (III) 12.68 Pap et al. (2018)
Corn bran 300 Cr (VI) 37.35 Zhang and Zheng 

(2015)
Corn bran 400 Cr (VI) 39.75 Zhang and Zheng 

(2015)
Corn bran 500 Cr (VI) 41.48 Zhang and Zheng 

(2015)

(continued)
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 several phenomena. Physical adsorption and various chemical reactions like ion 
exchange, electrostatic attraction, reduction-coupled sorption, surface complex-
ation, and surface perception are the proposed interactions (Ahmad et  al. 2013; 
Dong et al. 2017; Inyang et al. 2016; Tan et al. 2015). During adsorption process, 
physical as well as chemical interactions can simultaneously take place including 
various complex reactions between metal ions and biochar. Figure 4.5 and Table 4.3 
summarize the possible metal–biochar interactions and mechanism.

Table 4.2 (continued)

Raw material (feedstock) 
for biochar production

Pyrolysis 
temperature 
(°C)

Heavy 
metal

Maximum 
adsorption capacity 
(mg/g) Reference

Corn bran 600 Cr (VI) 42.83 Zhang and Zheng 
(2015)

Anaerobic digestion 
sludge

600 Pb 53.96 Ho et al. (2017)

Coconut coir 250 Cr(VI) 31.1 Shen et al. (2012)
Coconut coir 350 Cr(VI) 10.9 Shen et al. (2012)
Coconut coir 500 Cr(VI) 7.9 Shen et al. (2012)
Coconut coir 600 Cr(VI) 4.1 Shen et al. (2012)
Melia
azedarach wood 
(magnetic biochar)

400 Cr(VI) 25.27 Zhang et al. (2018)

Municipal sewage sludge 900 Cr(III) 25.27 Chen et al. (2015)
Corn cob 350 Cd 30.76 Luo et al. (2018)
Corn cob 450 Cd 23.53 Luo et al. (2018)
Corn cob 550 Cd 33.36 Luo et al. (2018)
Corn cob (modified 
biochar with acrylonitrile)

350 Cd 144.09 Luo et al. (2018)

Corn cob (modified 
biochar with acrylonitrile)

450 Cd 39.83 Luo et al. (2018)

Corn cob (modified 
biochar with acrylonitrile)

550 Cd 26.99 Luo et al. (2018)

Municipal solid waste 400 As 24.20 Jin et al. (2014)
Municipal solid waste 500 As 24.49 Jin et al. (2014)
Municipal solid waste 600 As 18.06 Jin et al. (2014)
Corn straw 500 Hg 1.94 Tan et al. (2016)
Corn straw
(Na2S modified biochar)

500 Hg 5.71 Tan et al. (2016)

Corn straw
(KOH modified biochar)

500 Hg 4.27 Tan et al. (2016)

Hickory wood (KMnO4 
treated)

600 Pb 153.1 Wang et al. (2015a)

Hickory wood (KMnO4 
treated)

600 Cu 34.2 Wang et al. (2015a)

Hickory wood (KMnO4 
treated)

600 Cd 28.1 Wang et al. (2015a)
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Table 4.3 Mechanism of biochar and metal ion interactions

Mechanism Type of interactions of ions and biochar Factors affecting the process

Physical 
sorption

Diffusion of metal ions into biochar pores 
without any chemical interactions. Diffusion 
can be of either pore or film diffusion or 
combination of both

Surface pore size is the 
important factor

Ion exchange Exchange of dissolved metal ions with ionizable 
cations present on biochar surface

Cation exchange capacity 
and pH of the solution play 
important roles in this kind 
of interaction

The metal ion size and surface functional group 
chemistry (specially –COO− and OH−) of the 
biochar are the key factors in this mechanism 
for efficient retaining of the metal

Selective replacement of 
cations present on biochar 
surface with targeted metal 
species (Inyang et al. 2016)

Complexation Formation of multi-atom metal–ligand 
interaction. More favorable in the case of 
transition metals having partially filled d-orbital 
with high affinity for ligands

Surface functional groups 
with soft basic nature and 
substitution reactions with 
strong interaction between 
acid-base components play 
role

(continued)

Fig. 4.5 Proposed mechanism of heavy metal adsorption with biochar
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4.6  Regeneration or Reusability of Biochar

For metal remediation, use of biochar/activated carbon is a feasible process in terms 
of production cost and handing. To be environmentally friendly and economically 
feasible in view of cost and recycling, an adsorbent should have repetitive usability 
for industrial applications (Ifthikar et  al. 2018). The continuous accumulation of 
adsorbate on the surface of adsorbent causes the gradual decrease in adsorption 
capacity of the material. The concept of regeneration process is based on “removal” 
and “recovery”: removal of adsorbate from exhausted adsorbent and recovery of the 
original sorption capacity of adsorbent without compromising its properties 
(Salvador et al. 2015). However, reuse of adsorbent with the same adsorption capac-
ity and retrieval of metals from the exhausted adsorbent are challenging tasks and a 
matter of further exploration at present. Reusability of exhausted adsorbents espe-
cially in the case of magnetic, engineered, designer, composite, or activated 
carbon/biochar is much more important in terms of the extra inputs and production 
cost. Desorption and decomposition can be the possible two ways to regenerate the 
exhausted adsorbents once used for contaminant adsorption (Dai et  al. 2019). 
Desorption or decomposition can be achieved by using various thermal, chemical, 
and microbiological methods (Fig. 4.6).

The regeneration potential can be measured with the following parameters: 
desorption efficiency or extraction efficiency and regeneration efficiency. Desorption 
efficiency (Eq. 4.1) generally depicted the efficiency of the method and is calculated 

Mechanism Type of interactions of ions and biochar Factors affecting the process

Electrostatic 
interactions

Protonation and deprotonation of surface 
functional group (–COO, -CH, and -OH). If 
solution pH > pHzpc, biochar surface is 
negatively charged and favors the cationic 
adsorption. When solution pH < pHzpc, biochar 
surface is positively charged facilitating metal 
anion binding

Solution pH and pHzpc play 
the key role

Precipitation Mineral (ash) content present in biochar reacts 
with metal ions which may cause precipitation 
of the metal ions. Generally, high-temperature 
biochars contain more residual matters (ash/
minerals), which help to bind with the metal 
ions and immobilize them

High biochar pH (alkaline), 
alkaline pH of the solution

Reduction- 
coupled 
sorption

In the case of Cr(VI) adsorption, Cr(VI) reduced 
to Cr(III) when it comes in contact with organic 
matter. The functional groups of biochar surface 
like –OH, -CHO, and -COOH work as electron 
donors

Presence of oxidizing 
functional groups

Table 4.3 (continued)
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as the relationship between the amounts of adsorbate removed (desorb) and adsor-
bate retained on the exhausted adsorbate (Salvador et al. 2015). Regeneration effi-
ciency (Eq. 4.2) is calculated as the ratio of amount of adsorbate retained by the 
regenerated adsorbent and the original adsorbent in the same conditions (Salvador 
et al. 2015).

 Desorption efficiency Q Qd a% /( ) = ( )´100 (4.1)

 Regenerationefficiency Q QR a% /( ) = ( )´100 (4.2)

where Qd is the amount of desorbed metal in mg, QR is the adsorption capacity of 
regenerated adsorbent, and Qa is the amount of adsorbed metal on original adsor-
bent in per unit mass.

Generally, adsorbents exhausted with heavy metal are treated with various inor-
ganic solvents, acid (HCl, H2SO4, H3PO4) or base (NaOH), for the desorption of 
metal from adsorbent (acid–base method) with 0.5–1 mol/L concentration. However, 
some organic solvents like acetone, ethanol, and benzene as well as tap water and 
distilled water were also used for the regeneration of biochar/activated carbon. 
Several studies on the regeneration of exhausted biochar/activated carbon with 
heavy metal employed different eluents. Wang et al. (2015b), used 0.1 mol/L HCL, 
acetic acid (HAc), EDTA-Na2, and distilled water for the regeneration of magnetic 
biochar and found reduction in Pb(II) adsorption capacity only in the first regenera-
tion cycle with EDTA-Na2 and that further cycles do not affect the Pb(II) removal 
efficiency (Wang et al. 2015b). Fan et al. (2019) modified sewage sludge biochar 
with nanozero-valent (nZVI) iron and used it for Cr(VI) remediation from water. 
They further repyrolyzed the exhausted nZVI biochar at 600  °C for 0.5  h. The 
authors reported slight increase in total Cr in biochar; however, significant decrease 
in toxic Cr(VI) was reported (Fan et al. 2019). In most of the studies in general 
trend, the re-adsorption capacity of biochar/AC gradually decreases with the subse-
quent cycles of regenerations. However, regenerated biochar showed notable re- 
adsorption capacity of metal with more than 50% re-adsorption (Banerjee et  al. 
2016; Cherdchoo et al. 2019).

Fig. 4.6 Regeneration/reusability methods (summerized from Salvador et al. 2015)
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On lab scale, use of desorbing agent is a widely tried application, but for indus-
trial scale, thermal regeneration process is the most used. Heating of exhausted 
activated carbon to provide the amount of energy necessary to remove the retained 
adsorbate is known as thermal regeneration (Salvador et al. 2015). Use of electric 
current, applying steam and purging with high-temperature inert gas (800–900 °C) 
to remove pollutants from exhausted adsorbent, use of (metal) catalysts, and appli-
cation of microwaves and ultrasound waves are parts of the thermal process. 
However, these methods certainly cause structural destruction and blockage of the 
pores which lead to the lowering of the potential of adsorbent. Use of microbes for 
the degradation of adsorbate and recovery of adsorption potential of biochar/AC 
come under microbial degradation, generally applied for the adsorbent used for 
organic pollutant remediation.

4.7  Biochar as a Potential Precursor for Activated Carbon 
and Designer Adsorbents

Activated carbon (AC) is produced from any carbon source which was intentionally 
engineered for sorption of contaminants. With high surface area and enhanced 
adsorption capacity, activated carbon is extensively applied for adsorption purposes 
(Guo et al. 2003; Zbair et al. 2018). Besides sorption, AC is used as a catalyst and 
as an electrode in microbial fuel cells. Many activation processes like chemical 
activation (treatment with H3PO4, HCl, NaOH, KOH, K2CO3), physical activation 
(steam, CO2, or plasma treatment), and activation with other agents such as ZnCl2 
can be applied for making the biochar as activated carbon. Activation process will 
enhance the adsorption capacity of biochar by increasing its surface area manyfold 
(>500 m2/g compared to 10 m2/g of precursor biochar with steam activation) and 
pore size (Azargohar and Dalai 2005). Generally, preparation of activated carbon 
with biochar is a two-step process: (i) carbonization of biomass under deoxygenated 
conditions and (ii) activation of the prepared biochar with physical or chemical 
method (Qian et al. 2015). However, a one-step chemical activation process can also 
be used for AC synthesis. For one-step chemical activation, the raw material was 
activated by the chemical agent and then pyrolyzed, although, due to environmental 
concerns, physical activation is advantageous as it does not require any chemical 
agent. Also, as can be fetched from Table  4.2, adsorption capacity of biochar 
increases manyfold when it is used as a precursor material for activated carbon or 
engineered biochar. Thus, various methods can be applied to biochar to modify its 
physicochemical properties to enhance its metal adsorption capacity. Such engi-
neered or designer biochars would result in cost-effective and efficient alternatives 
to commercial activated carbons.
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4.8  Biochar as a Strategy for Solid Waste Management

Biochar can be produced with various enormously available by-products and bio-
mass which is considered as bio-waste. Majority of the raw materials are from agro-
industrial waste products, sewage sludge, and household garbage which will be 
dumped to landfill sites, ultimately increasing the greenhouse gas (GHG) emissions. 
Biochar production with such kind of material is an economical and beneficial envi-
ronmental management strategy with added advantage of carbon sequestration. 
High carbon content biochar prepared with waste feedstock can also be used as soil 
conditioning agent. Eventually, this strategy would also help to cut down the dis-
posal cost by providing a low-cost, environmentally friendly alternative to the exist-
ing commercial and synthetic process and activated carbon (Niazi et  al. 2016). 
During pyrolysis, microbes present in biomass particularly like animal manure and 
sewage sludge get killed due to high heat treatment which reduces the associated 
environmental health risks (Ahmad et al. 2013). In addition to activation, nanopar-
ticle incorporation also increases the biochar surface area, resulting in better metal 
ion sorption capacity.

4.9  Conclusion and Future Scope

Biochar obtained from the residual and waste biomass of agro-food processing sec-
tor, municipal sewage waste, forestry residues, etc. could be an economical and 
sustainable stratagem for wastewater treatment. For the preparation of an efficient 
biochar, certain factors should always be taken into consideration including the pur-
pose of biochar production, end use of the biochar, heat treatment conditions, and 
feedstock material. For efficient heavy metal remediation from water by employing 
biochar, a group of factors works together including solution pH, biochar’s CEC, 
pHzpc, surface functional groups, surface area, and porosity.

On pilot scale, high efficiency for the removal of various metals from simulated 
water/wastewater has been achieved, and further efforts are ongoing. The next 
necessity is to conduct the large-scale field studies to establish feasibility of the use 
of the biochar for heavy metal contaminated wastewater treatment. Also, many 
heavy metals react and combine with other organic moieties in water which is also 
a matter of great concern. Studies directed toward remediation of such metal–
organic combination using biochar are sorely needed to be explored. The final dis-
posal of exhausted biochar also is an important issue to be addressed. Wastewater 
from industrial discharge mostly contains a combination of different kinds of heavy 
metals, and understanding their interaction with biochar opens new vistas to be 
explored in the future.
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Abstract Plastic pollution in the aquatic ecosystem has been a growing environ-
mental problem worldwide where it has pervaded everywhere even in the most 
remote areas. Plastic particles (smaller than 5 mm; microplastics) have been accu-
mulated at higher level (i.e., 100,000 particles per m3) in the environment. They are 
transferring from low trophic fauna to higher level organisms via food chain result-
ing in adverse consequences for the health of aquatic biota. Various countries have 
implemented different policies to overwhelm the effect of plastic contamination. 
However in some countries, it needs to be effectively implemented. Present chapter 
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focuses on various aspects related with the microplastics. Some main points that 
have been discussed in this chapter are (1) types of microplastics, major sources, 
and the way of transportation through which they are reaching into the aquatic eco-
system; (2) occurrence of microplastics in water bodies and sediments; (3) ingestion 
and the adverse impact caused by microplastics in the marine organisms; and (4) 
different policies executed by various countries to overwhelm its effects. This chap-
ter has given an overview on different facets of microplastics that might help in the 
future research and proper management of microplastics.

Keywords Microplastics · Aquatic ecosystem · Plastic litters · Polymers · 
Bioaccumulation

5.1  Introduction

Plastic is a common term that states the family of organic polymers including poly-
ethylene (PE), nylon, polystyrene (PS), polyvinylchloride (PVC), and polypropyl-
ene (PP) (Anderson et al. 2016; Andrady 2011). Their size might be from a few 
micrometers to several millimeters and shapes varied from spherical to elongated 
fibers (Thompson 2015). Global plastic production (i.e., synthetic organic poly-
mers) has been grown exponentially during the last few decades. Production of 
plastics has reached from 225 million tons to 322 million tons in between 2004 and 
2015 (Plastics Europe 2016), and its usage patterns suggest that the production and 
quantity of plastics will have to be increase globally (Wright et al. 2013). Owing to 
a myriad of applications, it is not surprising that human activities continuously 
increase the pressure of plastic and pose a threat to the health of world’s sea and 
ocean (Hammer et al. 2012).

Plastics are dispersing over a long distance due to their buoyancy and finally got 
settled in the sediments where they present for a long duration (Goldberg 1997). 
Presence of plastic in aquatic system is considered to be most problematic as plastic 
polymers show minimal biodegradation and are a potential vector for transferring 
the persistent bioaccumulatives and toxic substances (Neves et  al. 2015; Engler 
2012; Cole et al. 2011; Sivan 2011). It remains in the environment for thousands of 
years, where they do not ever fully go away but rather break down into the smaller 
pieces by various physical factors such as ultraviolet radiations, ocean currents, 
wave actions, and hydrolysis (Moore 2008). These small fragments of plastics are 
known as microplastics (0.1 μm to 5 mm in size) and nanoplastics (0.001–0.01 μm) 
(GESAMP 2015; Galloway et al. 2017). Ingestion of microplastics and nanoplastics 
caused potential changes in the integrity of the habitats and therefore becomes an 
emerging area of research (Auta et  al. 2017; Horton et  al. 2017b; Sruthy and 
Ramasamy 2017; Wright et al. 2013).
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Microplastics/nanoplastics are generated by numerous domestic and industrial 
activities; enter into marine ecosystem via wastewater, river, or water current; and 
hence can be considered as a prime source for these litters in the marine habitat 
(Thompson et al. 2005; Moore 2008; Haegerbaeumer et al. 2018). Effluents of sew-
age treatment plants are also responsible for the occurrence of great amount of 
polyester and acrylic fibers into marine water ecosystem (Gatidou et  al. 2019). 
Cheung and Fok (2017) assessed that 306.9 tons of microbeads per year are released 
into the environment from Mainland China, where 80% are contributed from the 
effluents of sewage treatment plants (STPs). The microplastics in the form of bio- 
beads are primarily present in STPs as a part of filtration process. These bio-beads 
provide a high surface area substrate for the attachment of a biofilm of bacteria used 
to digest compounds such as ammonia (Turner et  al. 2019). Other vital sources 
might be the disintegration of larger plastics into smaller microsize fragments due 
to the culmination of various physical, chemical, and biological processes (Cole 
et al. 2011). Indeed further work indicates a wide range of habitats (Law et al. 2010; 
Van Cauwenberghe et al. 2013; Gall and Thompson 2015; de Souza Machado et al. 
2018) and organisms (Graham and Thompson 2009; Lusher et al. 2013; Tanaka and 
Takada 2016; Caron et al. 2018; Choi et al. 2018) that are affected by the accumula-
tion of microplastics in the environment. Figure 5.1 has shown an overview on the 
types and fate of microplastics along with their ingestion by various aquatic organ-
isms. Another concern has been rising recently at the scientific community that is 

Fig. 5.1 An overall representation of types of microplastics, fate, and their ingestion by various 
aquatic fauna
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the presence of hydrophobic organic pollutants and metals on the microplastics 
fragments adsorbed from the surrounding seawater (Engler 2012; Andrady 2011; 
Endo et al. 2005). Other issue is the presence of chemical additives in most of the 
plastics that are toxic to various marine organisms because it might be released into 
organisms upon ingestion (Hermabessiere et al. 2017).

Microplastics/nanoplastics are dispersing throughout the aquatic ecosystem 
whether it is shoreline, benthic sediments, beaches, surface water, or all over the 
water column (Auta et al. 2017; Gallagher et al. 2016; Wright et al. 2013). Moreover, 
they have pervaded even in Arctic and Antarctic environment and transported by 
water current and wind (Auta et al. 2017; Barnes et al. 2010; Lusher et al. 2015). Non 
biodegradable nature and size of the microplastic makes them bioavailable to wide 
range of aquatic organisms (Sharma and Chatterjee 2017; Shim and Thompson 
2015). Zooplanktons, copepods, corals, bivalves, worms, shrimp, lobsters, sea 
urchin, sea birds, turtle, fish, and whales have been reported to ingest the microplas-
tics (Auta et al. 2017; Sharma and Chatterjee 2017; Van Cauwenberghe et al. 2015b). 
Consequently, these persistent microplastics may bioaccumulate and bio-magnify 
through the food chain whereby poses a risk of physical injury to the intestinal tract 
along with its translocation to other tissues or organs (Auta et al. 2017; Sharma and 
Chatterjee 2017; Van Cauwenberghe et al. 2015b; Wright et al. 2013).

Unremitting increasing loads of these tiny debris in the water bodies resulted in 
growing efforts to understand their toxic effects on the aquatic biota. Available lit-
eratures reveal the potential of microplastics to cause various toxic effect, viz., 
oxidative stress, reduction of feeding activity, impairment in reproductive perfor-
mance, genotoxicity, and general decrease in fitness (e.g., reduced survival and 
fecundity) (Anbumani and Kakkar 2018; Gatidou et al. 2019; Guzzetti et al. 2018; 
Prata et al. 2019; Strungaru et al. 2019). Yangtze River in China is considered as the 
largest plastic export river to the ocean due to its high population density (Xiong 
et al. 2019). Other author also reported high abundance of microplastics in Yangtze 
River (Wang et al. 2017). It is well-known that a huge amount of plastics are trans-
ported to ocean through the rivers. Various authors reported the presence of micro-
plastics in marine water worldwide (Brach et al. 2018; Eriksen et al. 2013, 2018; 
Goldstein et al. 2013; Kanhai et al. 2017; Lusher et al. 2015; Poulain et al. 2018). 
Hence, based on the previous literatures, the aim of the present chapter is to com-
pile the available information that is relevant to understand the term microplastics 
and nanoplastics. We have defined the distribution, the accumulation, and the con-
sequences of microplastics in the aquatic organisms. Finally, we discuss the poli-
cies related with the use of the plastics. Present information will definitely help to 
give an insight on the future research as well as the proper management of micro-
plastics/nanoplastics pollution.
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5.2  Microplastics: Background

Plastic debris in the aquatic environment is considered as one of the most serious 
concerns worldwide. They are broadly classified into following sizes: mega-plastic 
(> 100  mm), macroplastics (> 20  mm), meso-plastics (20–5  mm), microplastics 
(0.1  μm to 5  mm), and nanoplastics (0.001–0.1  μm) (Horton et  al. 2017b; 
Haegerbaeumer et al. 2018). Among these the small-sized micro- and nanoplastic 
particles have emerged as a “novel” topic for research in the scientific community 
over the last few years due to its potential threat to human health and biota. As a 
term, they cover a broad definition that includes a wide range of polymers, sizes of 
particles, and the polymer densities. Total nine types of polymers of microplastics 
were identified (Thompson et al. 2004) that differ in size, shape, color, density, and 
charges (Duis and Coors 2016; Van Cauwenberghe et  al. 2015b). Microplastics/
nanoplastics can be either primary, directly released in the environment in the form 
of small plastic pellets, or, secondary, formed by the breakdown of the larger plastic 
fragments in the coastal and/or oceanic environments (Thompson et al. 2004, 2005; 
Alimi et al. 2018).

Primary microplastics are intentionally manufactured for particular industrial or 
domestic applications having the pellet size in the range of 1 nm to 5 mm (Ogunola 
and Palanisami 2016). Primary microplastics have the applications in the personal 
care products such as toothpaste, facial cleanser, scrubs, shower gels, shaving 
cream, deodorant, and cosmetics that include eyeshadow, blush powder, nail polish, 
mascara, foundations, sunscreen, and baby products (Auta et al. 2017; Cole et al. 
2011; Costa et al. 2010; Fendall and Sewell 2009; Zitko and Hanlon 1991).

Other sources of microplastics in the environment include the synthetic fibers 
spread from the domestic washings (Cesa et al. 2017). They are also used in various 
other areas like in medical and used as a dentist tooth polish and as a carrier to 
deliver the pharmaceutical agents (Duis and Coors 2016). Microplastics also have 
the applications in the abrasive industries (shot blasting) and can be used for drilling 
fluids (Gregory 1996; Derraik 2002). These small pellets directly released into the 
aquatic ecosystem either after accidental loss during transportation or from process-
ing facilities because of improper handling (Duis and Coors 2016).

Secondary microplastics can be described as the small plastic particles formed 
by breakdown of the larger plastic litters both in aquatic system and on land (Cole 
et al. 2011; Ryan et al. 2009). Photodegradation or oxidation of plastic debris can be 
caused by the prolong exposure to sunlight. Cleavage of the bond reduces the aver-
age molecular weight of polymers that will make it weak and brittle (Andrady 
2011). Any mechanical forces such as abrasion, wave action, or turbulence can 
break the highly degraded and embrittled plastic fragments into the smaller frag-
ments (Horton et al. 2017b; Ivar do Sul et al. 2013). These smaller plastic fragments 
are further susceptible to many small organisms for biodegradation (i.e., microbial 
degradation) (Skariyachan et al. 2017; Singh et al. 2016; Shim and Thompson 2015).
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Previous studies showed that most of the microplastics and nanoplastics in the 
marine environment are due to the breakage of larger plastic polymers (Waller et al. 
2017; Jiang 2018; Alimi et al. 2018). These smaller fragments enhance the potential 
threat to the marine ecosystem by increasing their susceptibly to various toxicants 
(hydrophobic organic chemicals and heavy metals) and bioavailability for  numerous 
microbial communities (Chua et al. 2014; Avio et al. 2015; Brennecke et al. 2016; 
Reisser et al. 2014).

5.3  Sources and Transport of Microplastics in the Aquatic 
Ecosystem

There are various sources for the pollution of microplastics into the aquatic ecosys-
tems; they are reaching either directly or indirectly (Ryan et al. 2009). Effluents 
from the sewage treatment are also a critical source for the microplastics contamina-
tion into the aquatic ecosystems. It has been estimated that about 8 trillion pieces of 
MP (including microfibers) enters in the aquatic environment via wastewater treat-
ment plant (Rochman et al. 2015). Plastic litters that do not degrade during the ini-
tial filtering steps will remain in the sludge or effluents. These effluents are 
eventually released into the rivers, whereas sludge may be applied to the agricul-
tural land (DEFRA 2012). They are ultimately entering the ocean from inland 
waterways, wastewater outflows, and the wind (Cieślik et al. 2015; Tibbetts 2015; 
Browne et al. 2011; Zubris and Richards 2005). It has been observed that rivers are 
contributing approximately 70–80% of plastics in the oceans due to mishandled 
debris during manufacture and use, from agriculture, land, and WWTP effluent 
(Alimi et al. 2018).

Another significant source for secondary microplastics comprises the fragmented 
macroplastic litters derived from low-density plastic like bags, milk/juice jugs, 
rope, netting, packaging and high-density particles such as food containers, bever-
age bottles and films (Medrano et al. 2015), particle runoff from roads (small pieces 
of tier), or parts of vehicles (Kole et al. 2017; Hidalgo-Ruz et al. 2012). There is 
positive relationship between the level of commercial fishing and the number of 
ocean-based plastic items (Li et al. 2016a). They float at the specific depth within 
the ocean from “ghost fishing” and ultimately ingested by the aquatic organisms 
(Lozano and Mouat 2009). Paints used for the road-marking or applying to the boat 
hulls for antifouling formulations, once abraded from the surface, may also enter 
into the aquatic environment (Imhof et  al. 2016; Song et  al. 2014; Takahashi 
et al. 2012).

All ecosystems whether it is freshwater, terrestrial, or marine water are polluted 
with synthetic microfibers (Horton et al. 2017a). Agricultural waste originated from 
the plastic mulches (used to protect the crops from unfavorable growing conditions) 
and polytunnels (used to control the temperature and moisture) after fragmentation 
adds a sources for the microplastics in the aquatic ecosystem (Steinmetz et al. 2016; 
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Kasirajan and Ngouajio 2012; Kyrikou and Briassoulis 2007). Furthermore, other 
plastic products used in the agriculture including packaging, storage, irrigation 
tapes and pipes, agrochemical containers, rain shelters, vineyard covering, netting, 
and pots for the ornamental plants also have the potential for their dispersal within 
the environment (Scarascia-Mugnozza et al. 2012). Overall the sources of micro-
plastics litters into the aquatic environment are numerous and varied.

5.4  Prevalence of Microplastics in Different Ecosystems

From the last few decades, several studies have been performed to investigate the 
presence of microplastics around the world (Esiukova 2017; Wessel et  al. 2016; 
Bråte et al. 2016; Reisser et al. 2015). They might float on the water, be present in 
the mid-water column, or occur on the sediments (Andrady 2011). Microplastics are 
present everywhere whether it is aquatic or terrestrial habitats (Barnes et al. 2009; 
Thompson et al. 2009); even it can also pervade the world’s most remote zones (Van 
Cauwenberghe et al. 2013; Woodall et al. 2014). They can be also present in the 
Arctic and the Antarctic regions of the world (Bergmann et al. 2017; Peeken et al. 
2018). The buoyant plastic fragments can be deposited in the pelagic habitat, 
whereas the non-floating fragments accumulate on the floor of deep sea and sedi-
ments of the beach to pose the threat for the respective populations (Imhof 
et al. 2013).

5.4.1  Presence of Microplastics in Aquatic Ecosystem

Presence of microplastics in the aquatic ecosystem has been well documented. 
Several studies have been performed to evaluate the presence of microplastics into 
the aquatic ecosystems (Barrows et  al. 2018; Sighicelli et  al. 2018; Waller et  al. 
2017). As compared to marine water, less data is available on the presence of micro-
plastics in the freshwater ecosystem (Kalčikova et al. 2017). However, the attention 
might be turning toward freshwater environment due to its significant role in micro-
plastics pollution in the coastal and marine environment (Costa and Barletta 2015).

Table 5.1 has summarized the presence of the microplastics in both fresh- and 
marine water column. Some of the previous studies have focused on the rivers such 
as Danube, Rhine-Main, and Thames and showed that the transport of microplastics 
also is influenced by the changes in the flow of water due to bends, particularly in 
deep or shallow sections (Klein et al. 2015; Morritt et al. 2014; Lechner et al. 2014).

Study of microplastics in the surface water samples of Italian Subalpine Lakes 
was performed, which provides the reference for better understanding of microplas-
tics levels in the inland freshwaters (Sighicelli et  al. 2018). Polyethylene (45%), 
polystyrene (18%), and polypropylene (15%) were the most prevalent polymers of 
microplastics among the studied waters samples. Pyrolysis–gas chromatography/
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Table 5.1 Sampling locations, compartment, concentration, or quantity present in aquatic system, 
polymer types, mesh size, and reference of corresponding studies

Location Compartment
Concentration or 
quantity Polymer type

Mesh 
size References

North Atlantic 
subtropical gyre

Surface water 18,000 particles/
km2

– 300 μm Brach et al. 
(2018)

Northeast 
Atlantic Ocean

Subsurface 
water

185.6 particles/
m3

– 250 μm Lusher et al. 
(2014)

North Atlantic 
Ocean

Water column 70.8 particles/m3 PET, acrylic, 
acrylic+ 
cellulose, 
polyester, PA,

Courtene- 
Jones et al. 
(2017)

North Atlantic 
gyre

Surface water 1.69 particles/m3 – 150 μm Reisser et al. 
(2015)

Northeastern 
section of 
Qatar’s

Surface water ~0.71 particles/
m3

LDPE, PE, PS, 
PA, ABS, 
PMMA, 
cellophane

120 μm Castillo et al. 
(2016)

North Atlantic 
subtropical gyre

Water column 29,850 particles PE, PP 330 μm Kooi et al. 
(2016)

North Atlantic 
subtropical gyre

Surface water 13 to 501 
particles/m3

PE, PP, PS, PA, 
PMMA, PU, 
PVC, PES

50 μm Enders et al. 
(2015)

Northeast Pacific 
Ocean

Surface water 0.832 particles/
m2

– 333 μm Goldstein et al. 
(2013)

South Pacific 
subtropical gyre

26,898 particles/
km2

PS, PP 333 lm Eriksen et al. 
(2013)

Mediterranean 
Sea

Surface water 1.25 particles/m2 LDP, HDP 200 μm Suaria et al. 
(2016)

Arabian gulf Surface water 4.04 × 105 
particles/km2

– 300 μm Abayomi et al. 
(2017)

Bay of Biscay to 
Cape Town

Subsurface 
water

499 particles Polyester, 
blends, PA, PP, 
acrylic, PVC, 
PS, PU

250 μm Kanhai et al. 
(2017)

South Pacific Surface water 100,000 
particles/km2

– 335 μm Eriksen et al. 
(2018)

Bay of Bengal Surface water 10,000 particles/
km2

– 335 μm Eriksen et al. 
(2018)

Arctic waters Surface water 0.34 particles/m3 Polyester, PA, 
PE, PVC, 
acrylic, 
cellulose

250 μm Lusher et al. 
(2015)

Arctic waters Subsurface 
water

2.68 particles/m3 Polyester, PA, 
PE, PVC, 
acrylic, 
cellulose

250 μm Lusher et al. 
(2015)

(continued)
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mass spectrometry (Pyr-GC/MS) and Fourier-transform infrared spectroscopy 
(FTIR) were used to quantify and identify the microplastics particles from the sur-
face waters of western Lake Superior (Hendrickson et al. 2018). Polyvinyl chloride 
was the most frequently observed polymer, while most common polymer identified 
by FTIR was polyethylene. Wang et al. (2017) investigated microplastics level in 
the urban waters of Wuhan, China, and reported microplastics concentrations ranged 
from 1660 ± 639.1 n/m3 to 8925 ± 1591 n/m3 in 22 surface water samples. They 
identified two dominant types of polymers i.e., polyethylene terephthalate and poly-
propylene with more than 80% of microplastics in size less than 2 mm. Urbanization 
is one of the key factors that influenced the presence of microplastics in the fresh-
water environment.

Indeed, with the widespread contamination of microplastics in the freshwater 
ecosystem, marine water also polluted with these tiny particles (Barrows et al. 2018; 
Waller et al. 2017; Lusher et al. 2015). Microplastics concentration and distribution 
were evaluated in Bohai Sea (Zhang et al. 2017), to provide an understanding upon 
their potential effects on the environment. Authors reported the average concentra-
tion of microplastics, i.e., 0.33 ± 0.34 particles/m3 with polyethylene, polypropyl-
ene, and polystyrene the most prevalent polymers by using μ-FTIR spectroscopy. 
Fragments, lines, and films were mostly present in the collected samples.

In the previous studies, presence of microplastics in the seawater was mostly 
studied in the Northern hemisphere (85%) where the north coast of Europe was the 
most prevalent area (Gago et al. 2018). Eriksen et al. (2014) found 26,898 particles/
km2 plastic fragments ranged from 0.355 mm up to 4.750 mm in the South Pacific 
subtropical gyre. However in the contrast region, i.e., the North Pacific subtropical 
gyre, Moore et al. (2002) found more than 33,000 particles/km2 plastic fragments 
ranged in size from 0.355 mm up to 4.760 mm. Density and distribution of plastic 
accumulation in the oceanic environment are affected by both natural activities and 
anthropogenic activities (Kanehiro et al. 1995). Abundance and distribution of plas-
tic debris in the marine environment are also attributable by some of human activities 

Table 5.1 (continued)

Location Compartment
Concentration or 
quantity Polymer type

Mesh 
size References

NW Spanish 
Atlantic coast

Surface water 0.285 particles/
m2

– 333 μm Gago et al. 
(2015)

East China Sea Surface water 0.167 particles/
m3

– 32 μm Zhao et al. 
(2014)

Yangtze Estuary, 
China

Surface water 4137.3 particles/
m3

– 32 μm Zhao et al. 
(2014)

Western Lake Surface water 91–3538 
particles/km2

PVC, PP, PE, 
PET

333 μm Hendrickson 
et al. (2018)

Lake Michigan Surface water ~1400 to 
100,000 
particles/km2

PE, HDPE, PP, 
LDPE

333 μm Mason et al. 
(2016)
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such as tourism as well as presence of large metropolitan areas (Galgani et al. 2000). 
Bryant et al. (2016) observed the microplastics ranged from 0.35 to 3.7 particles m−3 
in the surface seawater of North Pacific Gyre.

Fibers, blue nodules, orange chips, and various other shapes of microplastics rang-
ing from 38 to 234 particles/m3 were present in the Arctic Ocean (Obbard et al. 2014). 
Increased level of floating plastics have been observed in Antarctic and Arctic water 
(Barnes et al. 2010; Lusher et al. 2015); hence they can be considered as a microplas-
tics accumulative zones. Similarly, Courtene-Jones et  al. (2017) reported the high 
level of microplastics (70.8 particles m−3) in the deep-sea water of Northeast Atlantic 
Ocean. Along with water microplastics are also present on sediments of beaches and 
seafloor. Most of the anthropogenic activities are responsible for the abundance of 
plastic debris on the coastal areas. Presence of various hydrophobic organic pollutants 
and microbial communities can increase the density of plastic fragment that eventu-
ally sink down at the sea floor and poses the adverse effect to the deep-sea marine biota.

5.4.2  Presence of Microplastics in the Sediments

Tidal waves and the oscillations of the waterline play a major role for the distribu-
tion of microplastics along the beach of marine ecosystems (Hengstmann et  al. 
2018; Moreira et al. 2016). At river sediments of Shanghai, the average microplas-
tics concentration was measured (802 items per kilogram of dry weight) by using 
density separation, microscopic inspection, and μFTIR. Total seven different types 
of polymers were identified, of which polypropylene was the most prevailing poly-
mer (Peng et al. 2018). Near the Pearl river of China (Fok and Cheung 2015), plastic 
fragments and pellets were reported on 25 beaches of Hong Kong. Expanded PS 
(92%), fragments (5%), and pellets (3%) were present in more than 90% of micro-
plastics (0.315–5 mm). Authors reported the mean microplastics abundance of 5595 
items/m2, since it is higher as compared to the international averages that make the 
Hong Kong as a hotspot for marine plastic pollution.

At the lake of Bolsena and Chiusi, Central Italy (Fischer et al. 2016), both frag-
ments and fibers were identified that measured about 0.3 to 0.5 mm at the Lake 
Chiusi and < 0.3 mm at the Lake Bolsena sediments. Furthermore, they also reported 
112 particles/kg dry weight and 234 particles/kg dry weights of microplastics from 
the Lake Bolsena and Lake Chiusi, respectively. This difference may be attributed 
by higher organic content and a shift in the grain size distribution.

By analyzing the seven locations in the northern Gulf of Mexico estuary, Wessel 
et al. (2016) most often observed the polymers in the form of the polypropylene and 
polyethylene. Their study also provides a new insight into the distribution and accu-
mulation of the microplastics. They found significant difference between the two 
locations since the values of microplastics abundance ranged from a minimum of 5 
pieces per square at site 2 to a maximum of 117 pieces per square meter at site 7. 
This vast diversity in the presence of microplastics at different locations may be due 
to the exposure from marine currents and tides (Wessel et al. 2016).
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On the Baltic coast, two high-density polymers, viz., PET and PVC, are analyzed 
by using density separation via a glass elutriation column (Hengstmann et al. 2018). 
Authors found 93.8 particles kg−1 dry sediment (most of them smaller than 1 mm) 
at plateau of the beaches on the Baltic Sea. One of the most important factors that 
might affect the concentration of microplastics on beach sediments is the degree of 
urbanization near the area used for its assessment (Hengstmann et  al. 2018). 
Bergmann et al. (2017) analyzed nine sediment samples taken from the Hausgarten 
observatory and found the microplastics contamination in the range of 42–6595 
particles kg−1 dry sediment, where PE, PA, and PP were the most prevalent polymers.

Sandy beaches of Mumbai have been recognized as one of the most polluted 
beaches due to various recreational, religious, and fishing activities. There was high 
abundance of the microplastics, i.e., 7.49 g and 68.83 items m−2, where the small 
particles (1–20 mm) were predominant with 41.85% of microplastics, having the 
size in the range of 1–5 mm. These small particles have high potential for the inges-
tion by the marine organisms that pose a threat for their transfer within the food web 
(Jayasiri et al. 2013). Heavy fouling of microplastics might be a possible mecha-
nism for their sinking at the pristine environments of the deep sea. Presence of 
microplastics particles in the beach sediments from subalpine Lake Garda, Italy, 
was examined by Imhof et al. (2013); five different polymers were identified in the 
range of 9–500 μm by using Raman microspectroscopy. Polystyrene (45.6%) and 
polyethylene (43.1%) were prevalent polymers, originated mainly from rope, fish-
ing gear, and carpets (Claessens et al. 2011).

5.5  Uptake and Potential Impacts Cause by Contamination 
of Microplastics in Aquatic Organisms

Bioavailability of microplastics entirely depends upon their quantity present in the 
environment. The bioavailability of microplastics for different organisms is contin-
uously increasing due to increase in plastic production day by day. The physical 
properties such as color, size, shape, density, and abundance of these small particles 
affect their ingestion by the marine organisms (Auta et al. 2017; Wright et al. 2013). 
Table  5.2 has summarized the ingestion of microplastics by various marine 
organisms.

Mostly the microplastics are ingested by the organisms because it looks like their 
prey (Boerger et al. 2010). Several studies have been conducted on the ingestion of 
microplastics by marine fauna; however most of the studies restricted to controlled 
laboratory experiments. Ingestion of microplastics has many physical impacts to 
organisms like blockage of intestinal tract, starvation, gastric rapture, and loss of 
fitness with decreased in secretion of gastric enzymes, reduction of steroid hormone 
secretion, delays in ovulation, and failure of reproduction (Auta et al. 2017; Li et al. 
2016a; de Stephanis et al. 2013; Tanaka et al. 2013; Wright et al. 2013; McCauley 
and Bjorndal 1999).

5 Microplastics: An Emerging Threat to the Aquatic Ecosystem



124

Ta
bl

e 
5.

2 
Sa

m
pl

in
g 

lo
ca

tio
n,

 m
ic

ro
pl

as
tic

s 
in

ge
st

io
n 

by
 m

ar
in

e 
or

ga
ni

sm
s,

 p
re

se
nc

e 
of

 m
ic

ro
pl

as
tic

s 
(p

er
ce

nt
ag

e)
, a

nd
 r

ef
er

en
ce

 o
f 

co
rr

es
po

nd
in

g 
st

ud
ie

s

L
oc

at
io

n
M

ar
in

e 
or

ga
ni

sm
O

cc
ur

re
nc

e 
of

 
m

ic
ro

pl
as

tic
s 

(%
)

Po
ly

m
er

 ty
pe

R
ef

er
en

ce
s

M
us

se
l

C
ul

tu
re

 f
ar

m
s 

al
on

g 
th

e 
co

as
tli

ne
 o

f 
C

hi
na

C
ra

ss
os

tr
ea

 g
ig

as
, C

ra
ss

os
tr

ea
 a

ng
ul

at
e,

 
C

ra
ss

os
tr

ea
 h

on
gk

on
ge

ns
is

, a
nd

 
C

ra
ss

os
tr

ea
 s

ik
am

ea

84
C

P,
 P

E
, P

E
T,

 P
P,

 P
A

, P
S,

 P
C

 a
nd

 P
V

C
Te

ng
 e

t a
l. 

(2
01

9)

So
ut

he
as

t c
oa

st
 o

f 
In

di
a

Pe
rn

a 
vi

ri
di

s
–

Po
ly

st
yr

en
e

N
ai

du
 (

20
19

)

So
ut

h 
K

or
ea

C
ra

ss
os

tr
ea

 g
ig

as
, M

yt
il

us
 e

du
li

s,
 T

ap
es

 
ph

il
ip

pi
na

ru
m

, P
at

in
op

ec
te

n 
ye

ss
oe

ns
is

95
PE

, P
P,

 P
S,

 p
ol

ye
st

er
, P

E
T,

 P
E

V
A

, 
PT

FE
,P

V
C

,P
PS

,P
B

T,
SA

N
,S

E
B

S
C

ho
 e

t a
l. 

(2
01

9)

Fi
sh

er
y 

fa
rm

 a
re

a 
of

 
E

as
t C

hi
na

 S
ea

M
yt

il
us

 e
du

li
s

42
–5

9 
(t

hr
ou

gh
 

ad
he

re
nc

e)
–

K
ol

an
dh

as
am

y 
et

 a
l. 

(2
01

8)
C

oa
st

al
 w

at
er

s 
of

 
C

hi
na

M
yt

il
us

 e
du

li
s

0.
9–

4.
6 

ite
m

s/
g

C
P,

 P
E

T,
 P

E
S

L
i e

t a
l. 

(2
01

6b
)

F
is

h

A
dr

ia
tic

 S
ea

So
le

a 
so

le
a

95
PP

, P
E

 a
nd

 P
A

Pe
lli

ni
 e

t a
l. 

(2
01

8)
W

es
te

rn
 M

ed
ite

rr
an

ea
n 

Se
a

Sa
rd

in
a 

pi
lc

ha
rd

us
 a

nd
 E

ng
ra

ul
is

 
en

cr
as

ic
ol

us
14

.2
8–

15
.2

4
PE

T
C

om
pa

 e
t a

l. 
(2

01
8)

M
al

lo
rc

a 
Is

la
nd

M
ul

lu
s 

su
rm

ul
et

us
27

.3
PE

T
A

lo
m

ar
 e

t a
l. 

(2
01

7)
M

ed
ite

rr
an

ea
n 

Se
a

X
ip

hi
as

 g
la

di
us

, T
hu

nn
us

 th
yn

nu
s,

 a
nd

 
T

hu
nn

us
 a

la
lu

ng
a

18
.2

–
R

om
eo

 e
t a

l. 
(2

01
5)

N
or

th
ea

st
er

n 
Pa

ci
fic

 
O

ce
an

A
m

m
od

yt
es

 p
er

so
na

tu
s 

an
d 

C
lu

pe
a 

pa
ll

as
ii

1.
5 

an
d 

2
–

H
ip

fn
er

 e
t a

l. 
(2

01
8)

Se
ab

ir
d

O
re

go
n 

an
d 

W
as

hi
ng

to
n 

be
ac

he
s

N
or

th
er

n 
fu

lm
ar

 a
nd

 s
oo

ty
 s

he
ar

w
at

er
8.

5 
an

d 
33

–
Te

re
po

ck
i e

t a
l. 

(2
01

7)

L
ab

ra
do

r 
Se

a
N

or
th

er
n 

fu
lm

ar
s

79
–

A
ve

ry
-G

om
m

a 
et

 a
l. 

(2
01

8)

A. Srivastava and A. Srivastava



125

L
oc

at
io

n
M

ar
in

e 
or

ga
ni

sm
O

cc
ur

re
nc

e 
of

 
m

ic
ro

pl
as

tic
s 

(%
)

Po
ly

m
er

 ty
pe

R
ef

er
en

ce
s

Sa
bl

e 
Is

la
nd

N
or

th
er

n 
fu

lm
ar

s,
 s

oo
ty

 s
he

ar
w

at
er

s,
 a

nd
 

gr
ea

t s
he

ar
w

at
er

s
>

 7
2

–
B

on
d 

et
 a

l. 
(2

01
4)

E
as

te
rn

 N
or

th
 P

ac
ifi

c
N

or
th

er
n 

fu
lm

ar
s

92
.5

–
A

ve
ry

-G
om

m
 e

t a
l. 

(2
01

2)
Tu

rt
le

B
ra

zi
lia

n 
co

as
t

Se
a 

tu
rt

le
s

39
PE

T
de

 C
ar

va
lh

o 
et

 a
l. 

(2
01

5)
N

or
th

 A
tla

nt
ic

 
su

bt
ro

pi
ca

l g
yr

e
Se

a 
tu

rt
le

s
83

PE
, P

P
Ph

am
 e

t a
l. 

(2
01

7)

M
ar

in
e 

m
am

m
al

Ir
is

h 
w

at
er

s
B

al
ee

n 
w

ha
le

s,
 fi

n 
w

ha
le

s,
 h

um
pb

ac
k 

w
ha

le
, T

ru
e’

s 
be

ak
ed

 w
ha

le
88

40
.0

0%
–

L
us

he
r 

et
 a

l. 
(2

01
8)

So
ut

hw
es

t A
tla

nt
ic

 
O

ce
an

A
rc

to
ce

ph
al

us
 a

us
tr

al
is

90
–

D
en

un
ci

o 
et

 a
l. 

(2
01

7)

N
or

th
 S

ea
 c

oa
st

P
hy

se
te

r 
m

ac
ro

ce
ph

al
us

40
.9

–
U

ng
er

 e
t a

l. 
(2

01
6)

N
or

th
 a

nd
 w

es
t c

oa
st

s 
of

 I
re

la
nd

M
es

op
lo

do
n 

m
ir

us
85

%
PP

, P
E

, r
ay

on
, p

ol
ye

st
er

, a
cr

yl
ic

L
us

he
r 

et
 a

l. 
(2

01
5)

Sy
m

pa
tr

ic
 a

re
a 

of
 

A
tla

nt
ic

 O
ce

an
Po

nt
op

or
ia

 b
la

in
vi

ll
ei

 a
nd

 S
ot

al
ia

 
gu

ia
ne

ns
is

15
.7

 a
nd

 1
.3

–
D

i B
en

ed
itt

o 
an

d 
R

am
os

 
(2

01
4)

5 Microplastics: An Emerging Threat to the Aquatic Ecosystem



126

Microplastics are consumed through the foraging by numerous organisms includ-
ing zooplanktons, invertebrates, fishes, amphibians, turtles, seabirds, and mammals. 
In particular, fish and seabirds are the most widely studied organisms across the 
marine ecosystem (Phuong et al. 2016). Existing studies have shown the ingestion 
of microplastics debris in a wide range of species at numerous organizational levels 
and with different feeding practices, including detritivores, filter feeders, and preda-
tors (Horton et al. 2017b).

5.5.1  Bioavailability and Effects of Microplastics 
on Invertebrates

Marine biota is explored widely for studying the impact of microplastics as com-
pared to freshwater organisms, especially for benthic organisms (Ziajahromi et al. 
2018). Microplastics are ingested by both wild and cultured invertebrates such as 
phytoplanktons (Nerland et al. 2014), zooplanktons (Ziajahromi et al. 2017; Gago 
et  al. 2018), bivalves (Kolandhasamy et  al. 2018; Naidu et  al. 2018; Bour et  al. 
2018; Green 2016; Rochman et al. 2015), lobster (Murray and Cowie 2011), crabs 
(Watts et al. 2014), shrimps (Devriese et al. 2015), and corals (Reichert et al. 2018; 
Hall et al. 2015). Most of the studies on microplastics ingestion by marine inverte-
brates have been carried out in controlled laboratory condition. Thompson et  al. 
(2004) studied the contamination of microplastics in detritivores, deposit feeders, 
and filter feeders. They found that marine invertebrates like amphipods, lugworms, 
and barnacles consumed microplastics within the few days of exposure. Mytilus 
edulis is one of the most established model organisms for the study of ingestion of 
microplastics by the invertebrates. Recently, Vandermeersch et al. (2015) investi-
gated the presence of microplastics particles in caged mussels, Mytilus edulis. 
Microplastics (20–30 μm) with average concentration of 0.2 particles per gram tis-
sue were observed in Mytilus edulis (Van Cauwenberghe et al. 2015a). Likewise, 
Van Cauwenberghe and Janssen (2014) detected the presence of microplastics from 
the soft tissues of Mytilus edulis (0.36 ± 0.07 particles per gram wet weight) and 
Crassostrea gigas (0.47 ± 0.16 particles per gram wet weight). Presence of high- 
density polyethylene particles (0–80 μm) was also observed in the gills and diges-
tive gland of Mytilus edulis (von Moos et al. 2012). Authors found the presence of 
the microplastics in the gill tissues that were transferred into the digestive glands via 
stomach. Bråte et  al. (2018) studied the behavior of tiny PE particles once they 
entered into the marine ecosystem. They investigated that the ingestion of weath-
ered particles was significantly higher than the virgin; however there was no signifi-
cant difference in the degree of damage caused by weathered and virgin PE particles. 
Moreover, the uptake of 30 nm polystyrene (PS) beads by Mytilus edulis showed its 
ability to ingest the nanoparticles along with microplastics (Wegner et al. 2012).

Researchers have also studied the ingestion of the microplastics on other mollusk 
such as brown mussel (Perna perna), Mediterranean mussel (Mytilus galloprovin-
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cialis), oyster (Crassostrea gigas), clam (Venerupis philippinarum), and snail 
(Assiminea grayana) (Bråte et al. 2018; Santana et al. 2018; Watermann et al. 2017; 
Gandara et  al. 2016; Davidson and Dudas 2016; Cole and Galloway 2015). 
Microplastics once ingested by the lower trophic organisms can pass at higher level 
by the food chain. Therefore the contaminated mussels might have a great risk for 
the humans as the transfer of microplastics from Mytilus edulis to higher trophic 
levels has been already known (Farrell and Nelson 2013). Microplastics accumula-
tion at tissue and cellular level can result in an inflammatory response in the tissues 
and decreased membrane stability in the cells of digestive tract (Medrano et al. 2015).

Microplastics ingestion was also studied in some other phyla of marine inverte-
brates such as Echinodermata, Arthropoda, and Cnidarian (Taylor et  al. 2016). 
Authors observed the presence of microfibers in various deep-sea organisms having 
different feeding mechanisms ranges from zoanthids, sea pen, armored sea cucum-
bers (suspension feeders), sea cucumber (deposit feeders) and hermit crabs, and 
squat lobsters (detritivores and predators). These microfibers primarily present 
either in oral areas, feeding apparatus, tentacles, gills, or stomach area of different 
organisms. Presence of microplastics was also reported in some of the benthic holo-
thurians including Thyonella gemmata, Holothuria grisea, Holothuria floridana, 
and Cucumaria frondosa (Wright et al. 2013). Similarly Graham and Thompson 
(2009) also demonstrated the ingestion of PVC and nylon fragments (0.25–15 mm) 
by four species of deposit and suspension feeder sea cucumbers (Echinodermata, 
Holothuroidea) over sediment grains.

The entanglement of irregular-shaped microplastics  form the filament balls 
inside the stomach and resulted in the gut blockage of predatory crustacean Nephrops 
norvegicus (Murray and Cowie 2011). Most of the plastic fragments were the tan-
gled nylon strand balls. Watts et al. (2014) found the uptake of microspheres via 
both food source and water column in the shore crab (Carcinus maenas). 
Microplastics in sediment samples were equivalent to the fecal pellets of two poly-
chaete species (Alitta virens and Clymenella torquata), suggesting the ingestion and 
egestion of microplastics are equal in these organisms (Mathalon and Hill 2014). 
Size-based acceptance of microplastics was found in marine polychaete, Arenicola 
marina (Zebe and Schiedek 1996). Microplastics accumulation in the digestive tract 
can result in reduction of feeding or false sanitation in Arenicola marina (Medrano 
et al. 2015). Benthic detritivores are also dependent on the fecal pellets as their food 
source; hence the presence of microplastics in the fecal casts can play a potential 
role for its transfer within the benthic food web.

In pelagic habitat, microplastics are consumed by various zooplanktonic taxa 
(Ziajahromi et al. 2017; Frydkjær et al. 2017; Setälä et al. 2014). Ingestion of regular- 
and irregular-shaped polyethylene microplastics was studied in the freshwater flea, 
Daphnia magna (Frydkjær et al. 2017). Presence of microplastics (size 20–1000 nm) 
in the oil storage droplets has been observed in the freshwater flea Daphnia magna 
(Rosenkranz et  al. 2009). Presence of microplastics in the copepods resulted in 
reduced feeding suggesting the adverse impact of microplastics on the zooplanktons 
(Cole et  al. 2013). Transfer of ingested microplastics via meso- zooplanktons to 
higher trophic level was observed during the food web transfer experiments (Setälä 
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et al. 2014). Since zooplanktons have the ability to pass the energy from lower tro-
phic level to higher trophic level, the bioaccumulation of these tiny plastics in these 
organisms might pose a serious threat for the higher organisms.

5.5.2  Bioavailability and Effects of Microplastics 
on Vertebrates

Most of the literatures have focused on the ingestion of microplastics by fishes and 
seabirds (Compa et al. 2018; Neves et al. 2015; McGoran et al. 2017; Floren and 
Shugart 2017). Uptake of both macro- and microplastics debris have been observed 
in the gastrointestinal tract of many species of fish from different locations, includ-
ing western Mediterranean Sea (Compa et al. 2018), Northeastern Pacific Ocean 
(Hipfner et al. 2018), South Pacific subtropical gyres (Ory et al. 2017), and North 
Sea (Smith 2018; Hermsen et al. 2017).

Ingestion of the microplastics by teleost fish has been known from the beginning 
of the 1970s (Carpenter et  al. 1972). They reported the ingestion of polystyrene 
spherules (0.5 mm in diameter) by the larvae and juvenile of Pseudopleuronectes 
flounder and adult of Morone America and Prionotus evolans from the coastal 
waters of southern New England. Hoss and Settle (1990) observed the ingestion of 
plastic pellets (100–500 μm) by the early stage of fish in a controlled laboratory 
experiments. Early stages of the fish larvae are more vulnerable to the ingestion of 
microplastics (Steer et al. 2017). Bessa et al. (2018) investigated the presence of 
microplastics in three commercial fish species; in which 38% of the total fishes 
ingested the microplastics, where the fibers (96%) were the most prevalent. To 
reveal the presence of anthropogenic contaminant on the seafloor habitats, Alomar 
and Deudero (2017) investigated the presence of microplastics in the shark Galeus 
melastomus. Authors found the ingestion of microplastics in 16.80% of total Galeus 
melastomus from the western Mediterranean Sea.

It is well established that whether it is benthic or pelagic fishes, both are contami-
nating with the presence of microplastics. Neves et al. (2015) observed the micro-
plastics ingestion in 63.5% of the benthic and 36.5% of the pelagic fish species. 
Fibers (65.8%) were the most prevalent among all types of plastics, and particles 
were mostly ingested by the pelagic fish, while the benthic fish mostly ingested the 
fibers. Natural fibers (83%) were the most common type of microplastics observed 
from the gastrointestinal tract of two pelagic fish species (14.28–15.24%), Sardina 
pilchardus and Engraulis encrasicolus, at the western Mediterranean Sea (Compa 
et al. 2018). Plastic fragment (size, 0.04–4.88 mm) contamination was reported in 
2.6% of common fish from the North Sea (Foekema et al. 2013). In this study, the 
physical effects were insignificant because there was no intestinal blockage due to 
the low amount and small size of the microplastics. While in another study, fish 
contained high amount of synthetic polymers (36.5%) in their gastrointestinal tract 
(Lusher et al. 2013). Blockage of the digestive tract is more common in fish due to 
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the ingestion of high amount of plastic debris (Hoss and Settle 1990). Jovanović 
et al. (2018) observed low retention of virgin microplastics in the gastrointestinal 
tract, suggesting a nonsignificant accumulation and effective elimination of virgin 
microplastics from the body of Sparus aurata. Large plastic items can cause suffo-
cation and entanglement and disrupt digestion in the higher organisms (Thompson 
et al. 2004).

At higher trophic level, seabirds are probably one of the most vulnerable species 
due to surface foraging that increases the probability of more microplastics inges-
tion (Li et al. 2015). They ingest the microplastics both directly and indirectly (via 
fish that have already consumed microplastics) (Medrano et al. 2015). It increases 
the chance for the accumulation of plastics in the gastrointestinal tract that leads to 
the blockage of tract eventually resulting in problem with the feeding stimuli (Li 
et al. 2016a). Susceptibility of plastic ingestion is more in seabirds due to the forag-
ing at the surface of water. Seabirds consumed the small neutonic plastic debris in 
the confusion with their prey (Avery-Gomm et al. 2013). Occurrence of plastics in 
the Northern fulmars was higher as compared to other seabird species (Acampora 
et al. 2016; Poon et al. 2017). Presence of plastics in 79% of the northern fulmars 
was observed from the Labrador Sea (Avery-Gomma et  al. 2018). Trevail et  al. 
(2015) observed the plastics in the stomach of 87.5% of fulmars. Another study 
done in between 2009 and 2010 showed 92.5% of the northern fulmars consumed 
the plastics particles (Avery-Gomm et al. 2012).

Other birds such as fledgling Cory’s shearwaters (Calonectris diomedea) from 
the eastern North Atlantic Sea and Laysan Albatrosses (Phoebastria immutabilis) 
and black-footed Albatrosses (Phoebastria nigripes) near the Hawaiian Islands 
were also contaminated with the plastics litters (Gray et al. 2012). Previous studies 
also showed the occurrence of plastics litter in the remote areas such as Arctic 
region. More than 80% of northern fulmars (Fulmarus glacialis) consumed micro-
plastics from the Canadian Arctic (Provencher et al. 2009). Amélineau et al. (2016) 
studied the presence of microplastics in the zooplanktivorous bird species little auks 
(Alle alle) from the Arctic region. They revealed the presence of high abundances of 
filaments (97.2%) in the sea birds as compared to other plastics. This zooplanktivo-
rous species could not distinguish between zooplanktons and microplastics that 
increase the susceptibility of plastic ingestion in these species (Avery-Gomm 
et al. 2012).

Studies on the occurrence of microplastics in the marine mammals are restricted. 
Presence of microplastics in baleen whales, deep-diving whales, and delphinids was 
analyzed by Lusher et al. (2018), who identified that 88.4% of cetaceans were con-
taminated with the plastics debris. Fibers (83.6%) and fragments (16.4%) were the 
most prevalent type of microplastics. Abundance of microplastics in the neustonic 
samples of the Mediterranean Sea showed a potential risk for the large filter feeders 
like baleen whale who have the foraging on small particles by their skimming action 
(Frydkjær et al. 2017). Presence of microplastics in the pelagic environment resulted 
in the occurrence of these litters in large filter feeding marine organisms such as 
Mediterranean fin whale and basking shark (Fossi et al. 2014, 2016). Gastric rapture 
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is the most common incidence in marine mammals by ingestion of plastic debris (de 
Stephanis et al. 2013). Baulch and Perry (2014) reviewed the presence of plastic 
debris in 56% of cetacean species that demonstrated its occurrence at different lev-
els of the water column. Some reserach had been reported on the impact of micro-
plastics at different trophic levels, but more work is needed to explain the 
consequences of this contamination in detail.

5.6  Policies Related to Plastics by Different Organizations

Nowadays people are more concern about the adverse impacts caused by presence 
of plastics in the environment. Different policies have been implemented worldwide 
to overwhelm the effect results from plastic litters. California implemented the ban 
on even a single use of the plastics shopping bags by passing the Prop 67 bill (Plastic 
Pollution Coalition 2016a). Similarly, Scotland and Ireland have also introduced a 
Plastic Pollution Coalition (2016b) and Lowenthal’s bill, respectively, to ban on the 
use of plastics. Ireland charges a minimum fine of 10 cent on the plastic shopping 
bags provided by retailers during the purchasing of groceries and other items. 
Implementation of fines by the USA and other developing countries has reduced the 
use of plastics bags by 60–90% (Plastic Pollution Coalition 2016a).

Face washes and toothpastes of different brands contain the microbeads of PE 
and PP that play a significant role in the marine pollution. To reduce the marine pol-
lution caused by microbeads in personal cosmetic products, the US President, 
Barrack Obama, had signed a law known as “Microbead-Free Waters Act of 2015,” 
that was approved by the House of Representatives (Pallone 2015). To stop the use 
of microbeads in cosmetic products, the federal administration of different countries 
such as the Netherlands, Austria, Sweden, Belgium, Germany, Australia, 
Luxembourg, and Canada have also imposed different laws (Perschbacher 2016). 
Different international companies like LivOn, Johnson & Johnson, and L’Oreal 
have promised to exclude the use of microbeads and microplastics from their prod-
ucts used for personal care (Copeland 2015).

5.7  Conclusion

Plastic litters are present at different levels of the water bodies, beach sediments, 
and on the sea floor. They originated either from the land-based or ocean-based 
sources, with different industrial, domestic, and fishing actions. After origin, they 
are ultimately released into the aquatic ecosystem that makes them difficult to bio-
degrade. Thus it persists in the environment for a long time and available for a wide 
range of organisms. From the last few decades, a lot of research is going on to know 
the adverse effects of microplastics on the aquatic biota; however major conse-

A. Srivastava and A. Srivastava



131

quences are yet to be established. Different policies have been made regarding use 
of plastics; however in some of the countries, the way of implementations needs to 
be more effective. On the basis of available literatures, it can be recommended that 
more work is needed for the establishment of the harmful consequences due to the 
ingestion of these tiny particles by the aquatic biota.
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Abstract Utilization of different types of energy has critically influenced the health 
of both the environment and living organisms. Further, the quantity and variety of 
energy resources utilized pose very serious issues for the survival of living organ-
isms such as plants, animals, and human beings. People worldwide have developed 
the habit of using unsustainable or nonrenewable energy sources, creating 
 environmental issues at the global level, such as release of greater quantities of 
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greenhouse gases and other air pollutants, harming biological life and the health of 
the environment. To resolve the current issues and to maintain the health of all types 
of organisms, first we need to refine our current practices to utilize renewable energy 
sources (e.g., cellulosic biofuels, biodiesel, and hydrogen gas) obtained from sus-
tainable resources such as lignocellulosic biomass or from use of bacteria or marine 
algae. Worldwide, lignocellulosic biomass is available in plentiful quantities, and its 
burning by farmers creates a lot of problems through air pollution (primary or sec-
ondary). Thus, we should develop biofuel plants and other types of renewable 
energy plants on a commercial scale for production of energy in a cost-effective 
way, as it is important to promote utilization of clean energy to maintain the health 
of organisms and the environment.

Keywords Energy · Renewable · Pollution · Greenhouse gases · Microorganisms · 
Lignocellulosic biomass

Abbreviations

AC Air conditioning
AD Anaerobic digestion
CCRD Central composite rotatable design
CE Cost efficiency
CFC Chlorofluorocarbon
Chl Chlorophyll
CNG Compressed natural gas
CORE Cornwall Ontario River Energy
CPT Columbia Power Technologies
CSTBR Continuous stirred-tank bioreactor
CSTR Continuous stirred-tank reactor
EE Energy efficiency
GHG Greenhouse gas
HRT Hydraulic retention time
IEQ Indoor environmental quality
MEC Microbial electrolysis cell
NIMBY Not-in-my-backyard
NOx Nitrous oxide
ORPC Ocean Renewable Power Company
PB Power buoy
PBS Phycobilisome
PM Particulate matter
Pmax Maximum photosynthetic O2 evolution
PV Photovoltaic
RITE Roosevelt Island Tidal Energy
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RPM Revolutions per minute
RSM Response surface methodology
RZT Root zone temperature
RZTa Ambient root zone temperature
SHP Small hydropower
SM2 Synthetic medium
SPM Suspended particulate matter
TGU Turbine generator unit
VOC Volatile organic compound

6.1  Introduction

Energy has the ability to heat an object or transform one type of object into another 
in order to perform work. There are basically two types of energy available, which 
are known as potential or kinetic in nature. Various forms of energy (i.e., light, heat, 
sound, and motion in nature) are utilized by humans for various purposes to meet 
their needs. These forms of energy are used to drive automobiles on roads and to 
drive boats through water. Furthermore, energy is used to cook food on stoves (using 
gas or petroleum fuel), to make ice in freezers, and to light our homes. The world’s 
population is currently heavily dependent on nonrenewable energy sources such as 
coal, petroleum oil, and natural gas to fulfill our needs for energy. Coal, oil, and 
natural gas are the best examples of fossil fuels with the nature of nonrenewable 
energy, as these are finite resources on our planet. These resources will eventually 
dwindle and are expensive, and their utilization for energy damages the environ-
ment greatly.

Only sustainable energy sources can fulfill our current energy demands without 
causing dangerous effects or the threat of future depletion of energy sources. 
Sustainable energy sources can be used multiple times and for a long time. There 
are many resources that can provide sustainable energy (e.g., solar power, wind 
power, geothermal power, hydropower, and ocean energy), and use of these 
resources can be widely encouraged without causing harm to the health of the envi-
ronment or its components, because greater quantities of sustainable energy are 
available at no additional cost (Sovacool 2013). Storage of energy in various materi-
als is a potential source of energy and other form of energy is found in wave motion, 
electrons, atoms, substances, and other moving objects in the form of kinetic energy. 
Chemical energy is also a type of potential energy, stored in the bonds of atoms or 
molecules, and its best sources are batteries, biomass, petroleum, natural gas, and 
coal. Its sources can be converted into thermal energy via burning or combustion 
processes. Recent advances in technology have helped a lot in the production of 
n-butanol, an advanced second-generation biofuel obtained from utilization of 
hydrolyzed agricultural-source biomass or its residue, and it represents a good 
attempt at creating a sustainable means of energy production (Qureshi et al. 2012).
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Other objects such as compressed springs and stretched rubber bands also contain 
mechanical energy (a type of potential energy) as they store energy by tension. Nuclear 
energy is another type of potential energy, which is stored in the nuclei of atoms (The 
NEED Project 2017). This energy is released via splitting or combining of nuclei. 
However, our current processes for this type of energy production usually entail splitting 
unstable nuclei of uranium atoms. Recently, there has been increasing research interest 
in use of radiant energy sources (i.e., radio waves, visible light, x-rays, or gamma rays) 
with the capability to travel as transverse waves. The radiant energy of sunshine pro-
vides fuel and warmth for us and makes life possible on Earth (Vezmar et al. 2014).

Many plants have a good capability to photosynthetically utilize radiant energy, 
and this has been studied in temperate climate plants such as lettuce (Lactuca 
sativa L.), cultivated under natural tropical and fluctuating temperatures for its chlo-
rophyll (Chl) fluorescence and maximum photosynthetic O2 evolution (Pmax). In 
these studies the plant roots were exposed to two different root zone temperatures 
(RZTs), such as a constant 20 °C (RTZ-20) and a fluctuating ambient RZT (RZTa) 
of approximately 23–40 °C (He and Lee 2004).

Many reports published recently have shown that utilization of wind energy is greater 
in some countries such as India, China, the USA, Germany, and Spain, which have good 
wind flow in all seasons throughout the year. This energy is dependent on good wind 
flow in the relevant geographical location. Now wind energy generation in India is 
actively taking place by use of new wind turbine technologies, and this type of progress 
is also gradually achieving remarkable improvements (in comparison with past efforts) 
in many other countries too. From 2009 to 2019, wind energy capacity has generated 
about 21.264 GW of energy, and it was previously estimated that an additional 15–16 GW 
of new-generation capacity would be installed by 2020 (Sitharthan and Geethanjali 
2014). Extending the solar and wind energy power system in India has shown more 
opportunities and possibilities for use of these renewable energy resources via applica-
tion of grid parity, providing coherent and integrated ways of resolving major constraints 
and obstacles in the development of renewable energy sources in India (Khare et al. 2013).

In efforts to utilize lignocellulosic material for energy generation, development 
of a conceptual framework for waste-to-biomethane synthesis is being applied in an 
urban energy system and has provided bioprocesses for a technoeconomic evalua-
tion of biogas production and consumption, with a particular interest in, and enthu-
siasm for, biomethane utilization in the transport sector (Dzene et al. 2016). Energy 
from algal biofuel has also been shown to be a viable alternative option to fossil fuel 
energy and can be exploited via use of innovative technology to overcome a number 
of hurdles so it can be broadly deployed and compete in the fuel market. Many chal-
lenges in algal biofuel synthesis have been reported, including identification of suit-
able algal strains and their improvement in terms of oil content productivity and 
crop protection, nutrient and resource allocation and use, and production of coprod-
ucts that can improve the economics of the entire system (Hannon et  al. 2010). 
Botryococcus braunii has been identified as being suitable and can be exploited to 
store biofuel, with long-chain hydrocarbons constituting up to 50% of their dry 
mass. Identification of algal species with the desired traits in low-cost media (i.e., a 
high content of lipids, a high growth rate of algal cells, greater growth density, and/
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or the presence of valuable coproducts) could be of great importance for bio-
prospecting on a commercial scale (Kojima and Zhang 1999).

As noted earlier, fossil fuel utilization has resulted in substantially greater genera-
tion of harmful gases (i.e., air pollutants and greenhouse gases (GHGs)) than renew-
able energy sources, and it affects the air and water quality by causing pollution. It also 
damages the health of humans and wildlife, and it entails habitat loss, water or land use, 
and emission of GHGs, causing global warming (Radziemska 2014). These impacts of 
nonrenewable energy sources force us to utilize sustainable/renewable energy resources 
to meet our energy needs while maintaining healthy climatic conditions. This chapter 
discusses current issues and challenges involved in implementation of sustainable 
energy practices and recent developments in sustainable energy worldwide.

6.2  Sustainable Energy Resources and Their Applications

The energy demand at the global level is estimated to more than double by 2050. If 
this trend continues, the energy demand will more than triple by the end of the cen-
tury. Nonrenewable energy resources such as coal, oil, and natural gas cannot fulfill 
the total demand for energy. Our future total demand for energy can be fulfilled only 
by a greater contribution from renewable energy resources. Sources of renewable 
energy include solar power, wind power, geothermal power, hydropower, and ocean 
energy, which are sustainable, stable, and plentiful (Fig. 6.1). At present, around 

Fig. 6.1 Forms of sustainable energy available worldwide
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20% of the total global energy requirements come from renewable energy sources. 
These sources of energy are replenishable, with the capability to mitigate GHG 
emissions without causing damage to the health of the environment or its compo-
nents. They also have the capacity to continue providing energy to the next and 
subsequent generations.

Since time immemorial, the Sun has provided radiant energy, sunlight, and heat 
to all living and inanimate objects on Earth. It is the source of energy for the wind, 
and the wind is kinetic in nature, being able to produce energy to be utilized for vari-
ous purposes. The Earth also produces heat from its interior, which is due to the 
presence of radioactive elements, and it will not cool down anytime soon. The 
motions of the Earth, Sun, and Moon do not stop and will keep on generating tides 
in the oceans. Heat energy in the oceans causes the process of evaporation and 
vaporization of water; then, in the atmosphere, it cools down and falls in the forms 
of rainwater or ice, which again goes into rivers, ponds, or streams and merges into 
the oceans, and this can be used in the production of energy through hydropower 
techniques and schemes.

Hydroelectric power, geothermal energy, and wind power are the main renew-
able energy resources, and these resources are also sustainable. The Sun has the 
capacity to shine upon the Earth for more than 4 billion more years; thus, solar 
energy is considered renewable. Hydroelectric power is based on the Sun’s energy, 
which also provides power for the Earth’s water cycle and the flow of rivers. 
Hydropower plants and distribution systems are connected to them to exploit this 
energy source, which is also seen as a renewable resource. In 2015, hydropower 
systems generated 16.6% of the total electric power generation and 70% of all forms 
of renewable electric power generation (Mastny 2016).

Geothermal power is continually being renewed although the rate of renewal var-
ies in different geothermal areas. Geothermal power comes from deep within the 
Earth and is not dependent on solar energy; instead, it depends on decay of radioac-
tive materials in the Earth’s mantle. According to the literature, individual geother-
mal systems with a short life-span are considered nonrenewable sources of energy, 
whereas those with a long life-span (of more than 100 years) are considered renew-
able energy sources relative to the human scale. Geothermal energy is utilized for 
both industrial and domestic energy requirements in many parts of the world. It is 
used as an energy source for electric power generation mainly at active tectonic 
plate boundaries (Sharma and Trikha 2013).

The ocean has the capability for production of two types of energy. The first is 
thermal energy, which comes from the Sun’s heat, and the second is mechanical 
energy, which comes from the tides and wave generation. A wide range of compa-
nies involved in the marine sector utilize this energy as renewable energy. This form 
of energy exploitation is dependent on insurance and finance, resource assessments, 
environmental surveys, design, manufacturing, offshore construction, operation, 
and decommissioning (Kydd and Brinckerhoff 2014).

India is surrounded by the ocean on three sides, with potential to harness the 
capacity for tidal energy. Tidal power is produced through combined forces exerted 
by the gravitational pull of the Sun and the Moon and the rotation of the Earth. The 
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relative motions of these three bodies generate the different tidal cycles. Tidal power 
ranges can be enhanced substantially by local effects (i.e., shelving, funneling, or 
resonance phenomena). Energy can be extracted from tidal generation via creation 
of a reservoir or a basin behind a barrage, and tidal waters pass through turbines in 
the barrage to produce electricity.

Exploitation of tidal energy requires a specific type of ocean site with a mean 
tidal size difference of more than 4 m. Favorable topographical conditions (i.e., an 
estuary or a certain type of bay) are also preferable to help reduce the costs of dams, 
etc. (Yadav 2015).

The next section focuses on various devices that utilize renewable energy. 
Application of these devices can fulfill our daily energy needs.

6.3  Solar Energy as a Renewable Resource

More radiant energy comes from the sunlight that strikes the Earth’s surface in 1 h 
(4.3 × 1020 J) than is consumed on the planet in a year (4.1 × 1020 J). This energy can 
be exploited as solar electricity and solar-derived fuel from plant biomass. As 
reported in the literature, systems for converting solar radiation energy are classified 
into three main categories: (1) solar electricity, (2) solar fuel, and (3) solar thermal 
systems. In 2001, solar electricity provided less than 0.1% of the world’s electricity 
and solar fuel from sustainable agricultural biomass (obtained by modern means) 
contributed less than 1.5% of the world’s energy supply. There are huge gaps 
between our current use of solar energy and our total energy needs, and there is 
enormous undeveloped potential for use of this source of energy, which provides a 
big challenge for research on systems for capturing solar energy. Figure 6.2 depicts 
a number of solar energy devices that consume solar energy by utilizing solar radia-
tion for lighting, heating, cooking, and large-scale electric energy conversion.

Fig. 6.2 Harnessing of solar power as a renewable energy resource
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6.3.1  Solar Energy–Utilizing Devices

 Solar Electricity

Solar electric or photovoltaic (PV) systems are used to produce electricity for light-
ing of homes and offices. A 25-kilowatt Sterling dish system has the capability to 
catch even the last rays of the setting Sun at the end of the day. An advanced genera-
tion of solar power plants that concentrate solar radiation energy are utilized for 
obtaining energy from the Sun, which is applied as a heat source or steam generator 
to boil water. This can be used for rotation of a larger turbine for active electricity 
power generation on a small scale (Mishra and Tripathy 2012). At the worldwide 
level, parabolic-trough, dish/engine, and power tower–type designs are the three 
main types of solar power systems with the capacity to concentrate solar energy.

A parabolic-trough system with a long, rectangular, curved (U-shaped) mirror 
has the capability for concentrating or storing solar energy by tilting toward the Sun 
and focusing sunlight energy onto a pipe that runs down the center of the trough. Oil 
flowing through the pipe is heated by this arrangement. The hot oil is utilized for 
boiling water. This arrangement is used in a conventional or traditional mode of 
steam generation for production of electric energy.

In another arrangement, a mirrored dish (similar to a very large satellite dish) is 
used in a dish/engine system. Its surface collects and concentrates the heat from the 
Sun’s energy onto a receiver system. The engine contains a fluid that absorbs the 
heat from the receiver and transfers it to the next process. This heat causes expan-
sion of fluid against a piston or turbine for production of mechanical power for 
electricity generation via generator usage.

In the third design, a large field of mirrors is used in a power tower system, which 
concentrates sunlight energy onto the top of a tower consisting of receiver sites and 
heats molten salt flowing through the receivers. The heat energy in the salt is used 
for generation of electricity with help from a conventional steam generator. Molten 
salt has the capability to store heat for few days before it is converted into electric 
energy (Garud and Purohit 2007).

 Solar Fuel

A solar fuel system is a synthetic chemical fuel system in which the fuel is produced 
directly or indirectly by utilizing solar radiation in combination with photochemical 
or photobiological processes. In this type of system, light energy or heat is utilized 
as an energy source and transduced into chemical energy through proton reduction 
to hydrogen or carbon dioxide reduction to organic molecules. In photochemical 
processes, solar energy is used indirectly for conversion of biomass into biofuels by 
use of photosynthesis. Solar fuel systems produce clean fuel and offer highly effi-
cient ways of producing hydrogen. An effective way of storing solar fuel is use of 
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hydrogen peroxide (H2O2) in a one-compartment fuel cell (Fukuzumi and 
Yamad 2016).

Most of the energy harvested by photosynthesis processes in green plants is used 
in life-sustaining processes with never loosing system for energy utilization. 
Hydrogen is produced by electrolysis in photoelectrochemical cells using photosen-
sitive electrodes with conversion of light energy into an electric current via water- 
splitting to produce electricity for use in production of hydrogen. Hydrogen is also 
produced by some species of photosynthetic microalgae and cyanobacteria, which 
can be used in photobioreactors. The overall energy efficiencies of these systems 
have been calculated to be between 0.88% and 9.7%, and the minimum and maxi-
mum overall exergy efficiencies are between and 0.77% and 9.3%, based on selec-
tion of various energy paths (Yilanci et  al. 2009). Insights from computational 
modeling have provided new photocatalysts for solar fuel synthesis by describing 
relevant material properties (i.e., the nature of the materials, such as polymeric 
materials and nanoparticles), and these approaches to calculation can be utilized for 
screening of promising new materials for photocatalytic water splitting and reduc-
tion of carbon dioxide molecules (Guiglion et al. 2016).

 Solar Thermal Plants

According to the literature, it was aimed to increase the global capacity of solar 
thermal power plants to 12 GW by 2020. We still face a lot of challenges to utilize 
climate-neutral energy in an efficient and cost-effective manner (Pitz-Paal et  al. 
2013). Solar thermal systems can convert sunlight into heat. Heat from the ground 
is also used via low-temperature extraction (in the range of 70–80 °F (21–27 °C)) to 
heat water for home and business needs in the range of 90–120  °F (32–49  °C), 
whereas high-temperature-process heating of water is applied for industrial applica-
tions in the range of 200–400 °F (93–204 °C). Solar thermal power plants can pro-
duce heat energy in the range of 1000 °F (538 °C) or higher. A solar wall collector 
uses perforated black sheet metal fastened directly to the exterior of a building 
(Kalogirou 2004). It contains small computerized fans, which pull outside air into 
slots and heat it; the air is then pushed through a pipe into the building.

In connection to a solar thermal system, a Trombe wall helps to utilize the Sun’s 
energy by placement of a thermal mass (e.g., a stack of drums filled with water, used 
as a thermal storage capacitor) behind a wall of glass facing the Sun. (In the north-
ern hemisphere, a Trombe wall usually faces south facing, whereas in the southern 
hemisphere, it usually faces north.) In this system, the air in this area is heated and 
then passes into the rest of the building. At night, the thermal inertia of the water- 
filled drums continues to heat the air. In another step-up design, a water heater 
contains a small pump and moves colder water into the collector when a controller 
senses that the panel is hotter than the tank. In another technique, a rooftop heater is 
used, which contains thermosiphon units, and a storage tank is placed above the 
panels, so that heated water rises into the tank. An Axicon conical reflector is also 

6 Impacts of Sustainable Energy Resource Use on the Health of the Environment



154

used in solar thermal systems. It consists of a polished mirror cone, which reflects 
the Sun’s energy onto a water-filled pipe and boils the water.

A solar power tower can produce up to 5 MW of power via fluxing to 280 W/cm2. 
It contains a heliostat, which is separately driven to focus its beam on a receiver 
(Beerbaum and Weinrebe 2000).

6.4  Wind Energy

As has been reported, wind energy can be exploited on a large scale. Current reports 
show that it is the second-fastest-growing source of electric power generation in the 
world. By the end of 2015, its global capacity was about 4.33 × 105 MW of electric-
ity. Wind power capacity of 7.5 × 104 MW was operational in the USA by 2016. 
Wind energy technologies have been utilized to generate electric power, charge bat-
teries, pump water, and grind food grain in practical and commercial applications. 
Recently, significantly increased efforts have been made to utilize wind resources in 
Greece. An extensive study was conducted to gauge public opinion on application 
of wind energy (as shown in Fig. 6.3) on the mainland and several inlands in Greece 
that had high wind potential and investment interest. The study found that although 
there was public acceptance of existing wind parks, the public did not favor new 
wind park installations (Kaldellis 2005).

Generation of mechanical or electric power can be achieved by utilization of the 
kinetic energy of wind, and wind power is proportional to the wind speed cubed. 
Thus, the power harnessed by a wind generator increases by a factor of eight when 
the wind speed doubles. The hub of the turbine rotates, and the rotor blades are 
moved directly by the passing wind, generating electric power. The blowing of the 
wind is formed by a pocket of lower pressure air, with the capacity to pull the blade 
in a downwind direction and cause the rotor to turn in a lift mechanism. The force 
of the lift is much stronger than the wind’s force against the front side of the blade, 

Fig. 6.3 Harnessing of wind power as a sustainable energy resource
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which is called the drag force. The combination of lift and drag causes the rotor 
to spin.

6.4.1  Wind Energy Storage Devices

Taiwan’s government is actively involved in capturing wind energy via utilization of 
renewable energy technology innovations to make wind energy storage devices to 
optimize energy resource inputs. This country has uses effective strategic energy 
planning. As reported in the literature, Taiwan is highly vulnerable in terms of its 
energy security, but it has the advantage of hilly geographical conditions, which are 
well suited to wind energy resource development. A study was performed to explore 
resistance to wind energy and key factors affecting the application of small wind 
energy systems in the country. The findings of the study have helped to improve the 
quality and quantity of Taiwan’s renewable energy utilization and energy competi-
tiveness, and have provided strategies for assessment and forecasting of wind 
energy–based technologies for the future (Liu and Ho 2016).

Wind energy technologies can either be used as stand-alone systems that work 
independently, can be connected to a utility power grid, or can be combined with a 
photovoltaic system. In utility-scale application of wind energy systems, turbines 
are built close together to form a wind farm for generation of bulk power. Wind 
farms supply power for customers’ use and are operated by companies such as Xcel 
Energy, MidAmerican Energy, and Basin Electric. Xcel Energy supplies energy to 
power millions of homes and businesses across eight western and midwestern states 
of the USA. MidAmerican Energy is a private energy-generating company based in 
Des Moines (IA, USA). Basin Electric Power Cooperative is an electricity genera-
tion and transmission cooperative corporation in the USA, which owns and operates 
coal, gas, oil, nuclear, and renewable energy resources, including wind power plants.

The largest wind energy capacity in the USA is in the state of Texas, which has 
8797 MW of capacity in operation plus an addition 660 MW currently under con-
struction. Texas has seen very fast growth in the development of wind power and has 
achieved good understanding of techniques and processes for capturing wind 
energy. A study of public opinion on wind energy focused on the environmental 
attitudes of the population living near a wind farm development to assess how the 
proximity of the development influenced attitudes to wind energy. The study found 
that the “not-in-my-backyard” (NIMBY) phenomenon did not fully explain nega-
tive perceptions of wind energy utilization (Swofford and Slattery 2010).

Suzlon Energy is one of the largest producers of wind turbine devices in the 
world. It provides an all-encompassing service for wind energy farm construction 
with state-of-the-art blades, nacelles, towers, and foundations. Suzlon uses a multi-
dimensional strategy in terms of its engineering with cost reduction techniques to 
provide a competitive advantage to its consumers. Suzlon can provide the option for 
choosing the sustainable energy with more sustaining conditions via utilization of 
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renewable energy and energy deficient solution to world while also maintaining an 
eco-friendly approach.

6.4.2  Wind Turbine Designs

Different designs and many different sizes of wind turbine are available to accom-
modate different needs for energy via utilization of wind power. They can be large 
or small in size with a horizontal- or vertical-axis blade design. In wind turbine 
design construction, two or three blades can spin upwind of the tower. Small wind 
turbines have the capacity to generate power in the range of 250 W to 50 kW and 
are available for providing power off the grid, e.g., for dairy farms and remote vil-
lages, respectively. Windmills have a tail vane to keep them oriented to the wind 
direction. Large wind turbines have an enormous multimegawatt capability to pro-
duce large amounts of wind energy (up to 100 kW) with independent generators to 
provide power to a grid. Large turbines are up to 100 m tall with a blade diameter of 
30–60 m. Utility-scale turbines used to generate wind power are usually found in 
groups or rows to take advantage of prime windy locations. Wind farms may consist 
of a few turbines or hundred of turbines providing enough power for whole towns 
or cities.

6.4.3  The S111 Wind Turbine Generator

The S111 wind turbine generator is one of the latest turbine designs from Suzlon 
Energy and has the capacity to provide 2.1 MW of wind power. This wind turbine 
generator is available in two different sizes, with different capacities to generate 
power. The first is 90 m tall with an all-steel tubular tower, and the second is 120 m 
tall with an all-steel tower that has a unique transition piece combining a lattice and 
tubular structure. The S97 wind turbine generator is also one of the latest products 
from Suzlon and also has the capability to generate 2.1 MW of power. It has been 
designed to make use of low-wind sites viable for generation of wind power simi-
larly to the S111 wind turbine generator. Innovations introduced by Suzlon have 
resulted in increased height and stability with designs that enable greater generation 
of wind power. These features help to reduce costs, with simpler logistics and ease 
of construction, in order to make use of otherwise unusable low-wind sites viable 
and offer customers good returns on their investment.
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6.5  Hydroelectric Energy

Worldwide, hydropower is one of the leading renewable sources of electricity. In 
2015, hydropower was reported to account for up to 16.6% of the total world elec-
tric power generation and contributed to 71% of all renewable electricity genera-
tion, with an aim to reach 1.06 × 103 GW of power from the installed capacity in 
2016. In this regard, China has exploited this energy resource intensively and has 
been reported as being the largest hydroelectric power–producing country, followed 
by Canada, Brazil, and the USA. More research is going on to find untapped hydro-
power resources with still greater abundance in Latin America, Central Africa, 
India, and China. However, the need for economically feasible technical processes 
and methods still remains (WEC 2016). Burning or combustion of renewable energy 
source has generated the minimal pollution concentration in atmosphere. For this 
type of energy power generation, water must be stored at a great height in a reser-
voir to run a power plant, and nature has helped in this regard by providing abundant 
water resources. Rainfall renews the water in the reservoir, which can almost always 
generate power. Innovative concepts and technical solutions have helped to improve 
the efficiency of hydropower greatly—for instance, in three small hydropower 
(SHP) developments on the Sebes river in Romania, which provide a good example 
of appropriate implementation of new SHP developments (Dadu et al. 2017).

There is a lot of information available on the operation and maintenance costs of 
hydroelectric power plants, which have relatively low costs and low energy con-
sumption, enabling reductions in GHG emissions. However, use of hydropower 
facilities has forced us to think about forms of energy generation that have large 
impacts on the environment, affecting land use, homes, and natural habitats in the 
region of the dam. Most hydroelectric power plants require a dam or a reservoir, and 
its structure can obstruct the migrations of fish and hinder their reproduction. During 
the operation of hydroelectric power plants, the water temperature changes with the 
river flow. These changes in rivers can harm plant and animal life in and around the 
river. Construction of reservoirs can displace people’s homes, important natural 
areas, agricultural lands, and archeological sites. Thus, the building of dams also 
involves relocating people from the dam site. From some reservoirs, methane (a 
powerful GHG) is emitted into the atmosphere.

In hydroelectric plants or systems, hydroelectricity is generated via the force of 
water falling from a height, as shown in Fig.  6.4. The production capacity of a 
hydropower energy system depends on the available flow and the height from which 
the water falls. Nowadays, there is greater application of SHP plants, which are self- 
contained and can play a critical role in the transition to a low-carbon future. Nigeria 
has the technical capacity to exploit SHP, but it is underutilized despite government 
policy promoting advanced power sector reform. One study traced the evolution of 
SHP systems to determine which component of the interactive learning mechanisms 
would result in the most significant outcomes. It also explored the important role of 
SHP in grid-based power generation to generate power for remote off-grid commu-
nities. Certain barriers (i.e., low levels of technological capability, lack of sound and 
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up-to-date financial and technical analyses, and low levels of investment) were 
found to be the main factors hindering deployment of SHP (Sanni 2017).

Construction of high water dams allows accumulation of greater potential energy, 
which can be transformed into mechanical energy via water rushing down the 
sluices and striking the rotary blades of turbines. The rotating turbines have the 
capability to spin electromagnets, generating electric current in stationary coils of 
wire. Finally, the current is passed through a transformer to increase its voltage for 
long-distance transmission through power lines. Many hydroelectric power–pro-
ducing systems are operational in many countries in the world; a good example is 
China, which is developing large hydroelectric facilities. Greater use of hydropower 
has been made throughout the world in the last few decades. In the USA, the states 
of Idaho, Washington, and Oregon rely greatly on hydroelectricity as their main 
power source, as shown in Fig. 6.4 (Gielen 2012).

6.5.1  Devices for Hydropower Storage

Hydropower storage devices can be designed in a way that allows them to be uti-
lized for storage of tidal energy. Tidal energy can be exploited by utilization of the 
natural ebbs and flows of coastal tidal water. Generation of tidal energy occurs 
through interactions of the gravitational fields of the Earth, Moon, and Sun. The best 
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utilization of tidal energy systems takes advantage of the fact that fast ocean cur-
rents are often magnified by topographical features such as headlands, inlets, and 
straits, and by the shape of the seabed, with forced water flow through narrow chan-
nels. Tidal stream system devices have the capability for utilization of these currents 
to exploit the kinetic energy of the tidal currents. In seawater with a higher density, 
blade designs are kept smaller with slower turning to deliver a significant amount of 
power. To increase the flow and power output from the turbines, concentrators (or 
shrouds) are used around the blades to streamline and concentrate the flow toward 
the rotors (Harris 2014).Different shapes and designs are used to help capture 
more energy:

 1. Horizontal-axis turbines have the capacity for extracting energy from moving 
water similarly to the way in which a wind turbine extracts energy from moving 
air. The tidal stream causes the rotors to rotate around the horizontal axis with 
generation of greater amounts of power.

 2. Vertical-axis turbines are designed to optimize the extraction of energy from 
tides. The mounting of the turbine on a vertical axis helps the tidal stream to 
rotate the rotors around the axis for power generation.

 3. The oscillatory nature of a hydrofoil turbine design is formed by attaching a 
hydrofoil to an oscillating arm, inducing lift and drag forces in the tidal current. 
This motion is utilized for driving fluid, as in a hydraulic system, to generate 
electric power.

 4. Venturi effect devices are housed in a duct to concentrate the tidal flow passing 
through a turbine. In this design, a funnel-like collecting device is submerged in 
the tidal current and the water flow drives a turbine directly or under induced 
pressure differential conditions in the system.

 5. An Archimedes screw system involves a helical corkscrew-shaped device (a heli-
cal surface surrounding a central shaft) and has the capacity to draw energy from 
the tidal stream by moving water up or through the spiral, turning the turbines.

 6. A tidal kite design is tethered to the seabed and carries a turbine below a wing. 
The kite flies in the tidal stream and swoops in a figure-of-eight pattern to 
enhance the speed of the water flow through turbine.

 7. Other different and unique turbine device designs have been created, but, so far, 
none of them have been shown to be technically superior to the existing designs 
listed above.

6.5.2  Hydropower Devices in the Ocean

Because of the sheer multiplicity of their nature, wave, tidal, and hydrokinetic 
power devices have shown great potential for generation of power from utilization 
of the world’s oceans and river systems. In this regard, more than 100 different types 
of marine or hydrokinetic power-utilizing devices have been developed, tested, and 
deployed by different companies, as shown in a report from PKE Research. The 
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Ocean Renewable Energy Coalition contributes more than 10% of the USA’s power 
supply and meets these energy contributions from unconventional hydropower 
resources.

 Utilization of Point Absorber Devices for Hydropower

The floating nature of point absorber devices, together with their components or 
parts, makes them move relative to each other in response to wave motion, and they 
use a hydraulic, pneumatic, or direct-drive system. A direct-drive permanent magnet 
generation device has been built by Columbia Power Technology (CPT), located in 
Charlottesville, VA, USA. Several different types of these devices are used for gen-
eration of electric power from wave energy and in most cases, the production of 
energy from the seashore involves use of undersea power cables. The SeaRay 
exploits the average amount of energy output (measured in hundreds of kilowatts) 
with peak amounts of energy output (measured in megawatts) (Bozzi et al. 2013). 
The next step for SeaRay is to build a utility-scale model seven times larger in size, 
called Manta. Power buoys (PBs) are another type of point absorber, found in many 
areas of the ocean. The PB150 device has shown the capacity to generate 150 kW of 
power by bobbing quickly up and down with the motion of the waves. In this pro-
cess, mechanical motion is converted into electric energy via utilization of a power 
takeoff device driving a generator inside the buoy. Built from steel, the buoy sizes 
range from the PB150 to the PB500 (which has a 500 kW maximum power capac-
ity). The first commercial project using a power buoy device is located on the west 
coast of the USA and features up to 10 PB150 buoys in combination, kept in a 
undersea substation using submarine cables (Thorburn 2006).

 Utilization of the Sea Snake Device to Produce Hydropower

The Sea Snake is a type of wave power device. It contains an attenuator, floating on 
top of the water, parallel to the wave direction. Several segments of the Sea Snake 
connect together like a long sea snake. The best example is the Pelamis wave energy 
converter, developed in Edinburgh, Scotland. It contains two engineered steel atten-
uators and is composed of five segments, which flex in two directions in response to 
wave motion. Its motion is converted into electric energy via use of a hydraulic 
power takeoff system inside each joint. This device has shown the capacity to 
 produce power of up to 750 kW, and it is aimed to increase its capacity by a factor 
of 25–40%. In 2008, Pelamis opened a wave farm off the northwest coast of 
Portugal. It also launched an energy project with a capacity of 170  MW in UK 
waters. The Anaconda is another giant rubber sea snake, which floats offshore and 
converts wave energy to electricity. An 8 m–long (1/25th scale) model was tested in 
a large wave tank in Gosport, UK, and it was hoped to build a full-sized working 
version within 5 years (Barras 2009).

R. K. Srivastava



161

6.5.3  Generation of Electricity from Tidal Currents

Tidal energy devices have been used to harness the kinetic energy of tides to pro-
duce power. The Ocean Energy Council has estimated that the world’s total poten-
tial for ocean tidal power is 64,000 MW. Water is 800 times denser than air, and tidal 
devices can produce far more energy at a low technological level and using a slower 
speed of water current than wind turbines can produce using air currents. The 
Earth’s ocean resources provide huge amounts of renewable energy. Utilization of 
advanced and powerful technologies to harness the power of the ocean is at an initial 
stage of development. An increasing number of researchers are focusing on advanced 
technology or technological improvements to fill research gaps, with research 
efforts being directed toward capturing greater quantities of tidal current energy 
(Uihlein and Magagna 2016).

The Ocean Renewable Power Company (ORPC), based in Portland (OR, USA), 
has developed a turbine generation unit as a gearless device, consisting of corrosion- 
resistant composite materials. In small rivers, the RivGen system is utilized in com-
bination with a turbine generator unit (TGU) and a support frame resting on the 
riverbed. In deep ocean water, the OCGen system is used to stack several TGUs on 
top of one another in a buoyant array pattern to take full advantage of ocean cur-
rents; a 1 MW module has been demonstrated in the Gulf Stream off the coast of 
Florida. A system with a 189 kW capability from a single device has been connected 
to the grid by Bangor Hydro Electric. A phase 3 system of up to 29 devices in a 
5 MW array has been installed in the Western Passage off Kendall Head in Maine, 
USA (McCarthy 2015).

A free-flow kinetic hydropower system design uses a rotor and three blades in a 
turbine rotating at 35 revolutions per minute (RPM). It can drive a speed increaser 
in turn and also drives a grid-connected generator. Verdant Power’s Roosevelt Island 
Tidal Energy (RITE) project in the East Channel of the East River in New York (NY, 
USA) is the first commercially licensed tidal energy plant in the USA (Lampman 
et al. 2011). It contains 30 turbines with a generating capability of up to 1 MW. In 
Canada, Verdant Power has aimed at a hydrokinetic energy system capacity of 
1500 MW via utilization of the Cornwall Ontario River Energy (CORE) project and 
has reported energy harness efficiency of 15 MW (May 2010).

6.6  Biofuel Energy

There are many biofuels utilized as transport fuels in their pure form or blended 
with gasoline or other fossil fuels. Good examples are cellulosic ethanol and n- 
butanol, mostly biosynthesized from lignocellulosic materials (such as wheat or rice 
stalk powder, sugar bagasse, or other materials) via use of suitable microbes (Zhao 
et al. 2009). Lactobacillus brevis is known to produce 2-butanol as a biofuel energy 
source, and it has also been found to be produced in fermented beverage industry 
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products, where it affects the taste, changing the quality of the final or desired prod-
ucts. 2-Butanol can be biosynthesized through formation of a meso-2,3-butanol 
compound, which is then converted into 2-butanone with the help of the enzyme 
diol dehydratase. 2-Butanol production in a synthetic medium (SM2) via use of 
L. brevis is a good attempt to produce advanced biofuel energy. An evaluation of the 
performance of the secondary alcohol dehydrogenase and the diol dehydratase 
required for conversion of meso-2,3-butanediol to 2-butanol has been conducted 
(Ghiaci et al. 2014).

For a sustainable environment, renewable fuel energy production (production of 
bioethanol by utilization of lignocellulosic biomass) is an important attempt to uti-
lize different forms of lignocellulosic materials obtained from crop production, and 
it exhibits a remarkable potential to fulfill current energy requirements via mitiga-
tion of GHG emissions. In the last few decades, production of bioethanol has been 
performed using sugarcane juice, starch-based cereal grains (e.g., corn), or tuberous 
foods (e.g., potatoes). However, utilization of sugarcane and food grains to produce 
bioethanol could cause food security issues and pressure on food prices. Thus, 
recent research has been more focused on utilization of lignocellulosic materials or 
biomass as a raw material source for biocell-mediated ethanol production via use of 
advanced technologies (Joshi et al. 2011).

6.6.1  Utilization of Plant Biomass as a Lignocellulosic 
Material

Plant biomass is a good source of lignocellulosic material and is available in green 
or dry forms in huge quantities worldwide. This biomass consists mainly of lignin, 
cellulose, hemicellulose, pectin, and other components (Fig. 6.5). Lignocellulosic 
biomass is an abundant source of organic materials and is used as a raw material for 
sustainable production of bioenergy and biofuels such as biogas (about 50–75% 
CH4 and 25–50% CO2). Recently, many efficient bioconversion technologies (for 
hydrolysis, fermentation, and other processes) have been developed and used for 
biofuel and bioenergy production. One example is anaerobic digestion (AD), which 
is known as the most cost-effective bioconversion technology and is now being 
implemented worldwide for production of commercial-scale electric energy, heat, 
and compressed natural gas (CNG) from utilization of waste organic material 
(Zheng et al. 2014).

Nepal is rich in lignocellulosic material resources, but, to date, its investment in 
development of renewable energy has been almost nonexistent. However, this coun-
try has good potential for development of biofuels, as approximately 30% of Nepal’s 
land is climatically favorable for cultivation of the Jatropha plant (locally known as 
sajiyon or sajiba), which has previously been utilized in ethanol biofuel production. 
Nepal’s land is also suitable for cultivating plants with seeds containing inedible oil 
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(e.g., soap nut (Sapindus mukorossi), dhaka (Argemone mexicana), and nagkassar 
(Mesua ferrea), which are known as excellent sources of lignocellulosic materials) 
(Sharma et al. 2015). Many efficient microorganisms harbored in the guts of rumi-
nant herbivores are good at degrading different types of plant biomass. The process 
of converting lignocellulosic biomass into bioethanol requires isolation and identi-
fication of microorganisms that have the capability to convert pretreated biomass 
into a suitable fermentable sugar form, to then be fermented into bioethanol. 
Different microorganisms have been isolated from the guts of goats, which can 
hydrolyze different plant constituents (Kaphle et al. 2014).

As a component of lignocellulosic material, cellulose is a principal component in 
plant cell wall materials, with a concentration in the range of 40–50% of plant dry 
weight. Cellulose is a homopolysaccharide made up of repeating β-D-glucopyranose 
units, with variations in the degree of polymerization or crystallization in different 
plant species. These have a significant impact on hydrolytic processes via use of 
biological enzymes and acidic or alkaline agents (Zhang et al. 2004). Hemicellulose 
is another component, found in fewer complexes in nature, and its concentration in 
lignocellulosic biomass is in the range of 25–35%. It can be utilized as an easily 
hydrolyzable or convertible component in fermentable sugars. Hemicellulose is a 
heteropolysaccharide and consists of pentose sugars (D-xyloses and D-arabinoses), 
hexoses (D-mannoses, D-glucoses, and D-galactose), and sugar acids. Mannose is a 
major constituent in softwoods containing hemicellulose, whereas xylan is the main 

Fig. 6.5 Components of plant biomass
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component in hardwoods (Balan et al. 2009; De Moraes- Rocha et al. 2010). Lignin 
is the third major component and is found in lignocellulosic biomass, with a concen-
tration in the range of 20–35%. This is a complex polymer of phenyl propane 
(p-coumaryl, coniferyl, or sinapyl alcohol) and has been described as a cementing 
agent in the development of an impermeable barrier against enzymatic attack or 
hydrolysis processes (Kaya et al. 2000; Howard et al. 2003).

Plant biomass with a rich water content (e.g., sewage sludge, cow dung slurry, or 
lignocellulosic waste) is another sustainable resource and has important advantages 
with key properties. Large quantities of biogas can be produced from cow dung 
slurry. Hydrolysis or digestion (of complex organic material), acid-generating fer-
mentation, and methane- and acid-generating bacterial species play critical roles in 
biogas synthesis processes. Substrates in cow dung slurry are digested with hydro-
lysis when kept under anaerobic conditions for 5  days, and biogases including 
methane (measured by use of a saccharometer) are produced through anaerobic 
digestion during this period (Gnanambal and Swaminathan 2015).

Grass is an efficient lignocellulosic material and an effective feedstock for pro-
duction of biogases. It requires minimal water for its growth in comparison with 
other types of lignocellulosic biomass. It can also be grown on nonarable land, 
avoiding direct competition with food crops. Biogas biosynthesis is limited by 
unavailability of suitable feedstock with a complex lignocellulosic structure. 
Disruption of the structure of grasses can be achieved by mechanical, microwave, 
thermal pretreatment, or utilization of chemical or biological agents, followed by an 
anaerobic digestion process for biogas formation (Rodriguez et al. 2017).

6.6.2  Clean Energy from Hydrogen Biosynthesis

Bioproduction of hydrogen is a clean energy source. Hydrogen is a simple molecule 
and can be easily collected, stored (in a gas or liquid form), and transported. It is 
highly combustible and can be utilized as a fuel source or for electricity production. 
On mixing with oxygen, hydrogen forms water molecules and provides around 
30,000 calories per gram, as compared with 11,000 or 8000 calories per gram of 
gasoline or coal, respectively. Further, hydrogen is an environmentally friendly fuel, 
since it is a nonpollutant. Hydrogen energy systems have the potential for greater 
use as renewable energy resources, and hydrogen has a role as an energy carrier and 
an energy production system (Rosen 2015). Because of its versatile nature,  hydrogen 
fuel can be used in automobiles, airplanes, helicopters, buses, and scooters as trans-
port means. Liquid hydrogen is considered to be an ideal fuel for subsonic and 
supersonic aircraft worldwide. Microbial biomass conversion has been shown to 
have many advantages, as microbes have the ability to consume a broad range of 
lignocellulosic materials, digest the biomass, and release hydrogen gas (Balat 2008).
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 Hydrogen Production by Dark Fermentation

It has been mentioned that hydrogen biosynthesis can be achieved from nonrenew-
able energy resources (e.g., coal or nuclear energy sources) as well as from renew-
able energy resources (solar power, hydropower, wind power, agricultural biomass, 
ocean tides, etc.). Therefore, research is being conducted worldwide to explore uti-
lization of hydrogen gas as an energy carrier, produced from renewable energy 
sources. In fermentation systems, several types of microbial cells (especially bacte-
ria) are utilized to break down complex organic matter for hydrogen production, and 
corn stover (a biomass resource) or even organic matter in wastewater can be uti-
lized by bacterial cells to release hydrogen gas in a dark fermentation process. In a 
direct mode of fermentation for hydrogen production, microbial cells can increase 
the yield of hydrogen production through breakdown of complex organic molecules 
via many different pathways in combination with enzyme activity (Hussy et  al. 
2005; Khanal et al. 2005).

Biohydrogen production has been achieved using hydrolyzed wheat straw (25% 
v/v) via utilization of dark fermentation and also using thermophilic mixed micro-
bial culture strains at 70 °C in a batch or continuous mode, or in both modes, in 
reactors or fermenters. No hydrogen production was observed when a wheat hydro-
lyzed fraction of 30% v/v was used, which indicated that this hydrolysate concen-
tration could cause inhibition of hydrogen production in the fermentation process 
(Kongjan et al. 2010). Biohydrogen production from D-xylose sugar as a substrate 
was achieved with use of a batch or continuous mode at an extreme thermophilic 
temperature and in the same conditions, using a mixed microbial culture, and this 
showed the highest hydrogen yield (1.62 mol of H2 per mol of xylose consumption). 
For this hydrogen yield, an initial xylose concentration of 0.5 g/L in a synthetic 
medium amended with yeast extract in a 1.0 g/L concentration was used in the fer-
mentation process. Biohydrogen has also been synthesized in a continuous stirred- 
tank reactor (CSTR), using a 72 h hydraulic retention time (HRT) with a xylose 
concentration of 1 g/L as a substrate at a temperature of 70 °C (Kongjan et al. 2009).

 Hydrogen Production by Microbial Electrolysis Cells

Many designs of microbial electrolysis cell (MEC) device are utilized for harness-
ing energy and protons, generated by microbial cell–mediated breakdown of organic 
matter in combination with an additional small electricity supply for hydrogen gas 
generation (Fig. 6.6). MEC-based devices have the potential to produce hydrogen 
from different organic resources that cannot be simply utilized for fuel production. 
Advancements in the development of MEC systems allow them to be scaled up to 
commercial-level sizes with maintenance of high rates of hydrogen production and 
high system efficiency. Utilization of bench-scale MEC systems minimizes the 
costs of the reactor components (Cheng and Logan 2011).

6 Impacts of Sustainable Energy Resource Use on the Health of the Environment



166

O
rg

an
ic

 m
at

te
r

P
ow

er
 s

up
pl

y

C
O

2+
H

+
+

e-

2 
H

+
+

 2
e-

H
2

A
no

de
M

em
br

an
e

C
at

ho
de

H
+

e-
e-

e-

e-

e-
e-

H
+

C
O

2
H

2

B
ac

te
ria

P
E
M

P
ot
en

tio
st
at

H
ea

ds
pa

ce

R
ef
er
en

ce

P
E
M

W
or
ki
ng

el
ec

tr
od

e
C
ou

nt
er

el
ec

tr
od

e
A
no

de
C
at
ho

de

T
yp

ic
al

 t
w

o
 c

h
am

b
er

M
E

C
 c

o
n

st
ru

ct
io

n
B

io
-e

le
ct

ro
ch

em
ic

al
ly

 a
ss

is
te

d
m

ic
ro

b
ia

l r
ea

ct
o

r 
(B

E
A

M
R

),
P

o
te

n
ti

o
st

at
-c

o
n

tr
o

lle
d

 b
io

-
el

ec
tr

o
ch

em
ic

al
 s

ys
te

m
s 

(B
E

S
s)

P
S

F
ig

. 6
.6

 
H

yd
ro

ge
n 

en
er

gy
 p

ro
du

ct
io

n 
us

in
g 

a 
m

ic
ro

bi
al

 e
le

ct
ro

ly
si

s 
ce

ll 
(K

ad
ie

r 
et

 a
l. 

20
16

)

R. K. Srivastava



167

Improvements in the hydrogen production rate and yield from fermentative pro-
cesses can be achieved by application of microbial strain improvements, reactor 
system optimization, identification of optimal feedstock sources, and optimal pro-
cessing methods with the highest yields. The MEC is cutting-edge technology, 
which can help to achieve a sustainable mode of clean hydrogen production from a 
broad range of renewable biomass resources or wastewater rich in organic material 
(Lai et al. 2014). The design of an MEC reactor has a direct influence on its hydro-
gen and current generation rates. The conventional MEC design incorporates a 
membrane filter, but membrane-free designs also have a high rate of hydrogen 
recovery. Recent advances in research have helped to produce scalable MEC designs 
with better configurations (Kadier et al. 2016).

 Hydrogen Production by Photosynthetic Bacteria

Hydrogen has great potential as a fuel for the future, as it is a carbon-free fuel and, 
when oxidized, forms water as its end product. A process for bioconversion of syn-
thetic gas (syngas) into hydrogen gas has been achieved using a continuous stirred- 
tank bioreactor (CSTBR) with utilization of acetate as a carbon source. An anaerobic 
photosynthetic bacterium species (Rhodospirillum rubrum) was utilized to catalyze 
the water–gas shift reaction (Younesi et al. 2008). A biological mode of hydrogen 
production has been achieved by photolysis of water molecules, using photosyn-
thetic algae or certain bacteria, in a phenomenon known as biophotolysis. Certain 
microalgae and cyanobacteria (e.g., Chlorella, Chlamydomonas, Scenedesmus, 
Microcystis, Oscillatoria, and Anabaena) have the capability to generate molecular 
hydrogen. Water is the source of the raw material.
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The action of hydrogenase is inhibited by creating oxygen pressure. This condi-
tion favors greater release of free hydrogen. Isolated chloroplasts, along with the 
bacterial enzyme hydrogenase, have also been used in production of hydrogen. A 
continuous-mode photosynthetic process of hydrogen production has been studied 
using a batch mode of R. rubrum. It was found to produce hydrogen at rate of 
20 ml/h per gram of dry cell weight, and the composition of the evolved gases was 
found to be practically constant (70–75% H2 and 25–30% CO2) (Zürrer and 
Bachofen 1979).
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 Hydrogen Production by Cyanobacteria

Cyanobacterial strains have proved to be highly promising microbial cells for pro-
duction of hydrogen in a commercially viable process. Particularly effective cyano-
bacterial strains have been identified, with the potential for large-scale production 
of hydrogen in the future. Integration of existing knowledge can be utilized in the 
future for improvements in hydrogen production, so that it can be accepted as a 
commercial primary energy source (Dutta et al. 2005). Hydrogen fuel is a crucial 
energy carrier for energy security, and its availability should be ensured across the 
globe. The importance of the photosynthetic mode of hydrogen production is evi-
dent, and it could help to create a solar-powered hydrogen economy with develop-
ment of innovative technology. In this regard, microalgal hydrogen production has 
been also discussed, with future prospects of being an essential technology in the 
development of a clean and sustainable energy economy (Bayro-Kaiser and 
Nelson 2017).

Solar fuels have been developed on the basis of artificial photosynthesis. Research 
on artificial photosynthesis has been conducted with application of the fundamental 
scientific principles of the natural process in the design of solar energy conversion 
systems. Artificial photosynthesis uses various types of materials, and more recent 
research efforts have turned to them for production of energy in efficient ways and 
in forms that are useful to humans. Fuel production can be achieved via utilization 
of natural or artificial modes of photosynthesis, using three main components. The 
first is an antenna or a reaction center complex for absorbing sunlight, the second 
involves excitation energy conversion into electrochemical energy (redox equiva-
lents), and the third is a water oxidation complex for utilization of its redox potential 
in catalytic conversion of water into hydrogen ions, electrons (stored in reducing 
equivalents), and oxygen. A second catalytic system (in natural photosynthesis) 
uses this reducing equivalent for making fuels such as carbohydrates, lipids, or 
hydrogen gas (Gust et al. 2009).

6.6.3  Biofuel Production by Cyanobacteria

Cyanobacteria have been found to exhibit great potential for biofuel biosynthesis 
because of their rapid growth, their ability to fix CO2 gas, and the tractability of their 
genetic variation. They do not require fermentable sugars or arable land for their 
growth. There are some challenges involved in achieving the improvements required 
for advanced cyanobacterial biofuel production. These mainly relate to genetic 
information, carbon fixation ability, metabolic flux, nutrient requirements on a large 
scale, and photosynthetic efficiency with use of natural light. Isobutanol (450 mg/L), 
2,3-butanediol (2.4 g/L), 1-butanol (29.9 mg/L), 2-methyl-1-butanol (200 mg/L), 
and fatty acids (197 mg/L) have been successfully produced by Synechocystis spe-
cies, as shown in Table 6.1 (Nozzi et al. 2013). Cyanobacteria are a diverse group of 
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microorganisms and are also a part of marine or freshwater phytoplankton, making 
a significant contribution to fixation of atmospheric carbon via photosynthesis.

Many species of cyanobacteria are easier to manipulate genetically than eukary-
otic algae and have shown greater efficiency in converting large amounts of carbon 
dioxide into biomass. Their photosynthetic ability can be used in production of 
carbohydrates, fatty acids, and alcohols as renewable biofuels (Sarsekeyeva et al. 
2015). Existing technologies have exploited the photosynthesis process for energy 
production via processing of plant biomass into ethanol or synthesis of biodiesel 
using algal biomass. Fortification of photosynthetic organisms, with their ability to 
produce biofuel directly, could bypass the need to synthesize all of the complex 
chemicals in biomass. A promising possibility is redirection of cyanobacterial inter-
mediate metabolism by channeling of Calvin cycle intermediates into fermentative 
metabolic pathways (Angermayr et al. 2009).

6.6.4  Biodiesel

High lipid content–accumulating potential has been shown in Synechococcus spe-
cies, Cyanobacterium aponinum, and Phormidium species cultivated in BG-11 
medium, with examination of the effects of four different pH values (6–9) and 
NaNO3 substrate concentrations (0.25, 0.5, 1.0, and 1.5 g/L). The maximum yield 
of lipid content after 15 days was observed in the medium containing 0.25 g/L of 
NaNO3 at a pH of 7 for growth of Synechococcus, a pH of 8 for growth of C. apo-
ninum, and a pH of 9 for growth of Phormidium. The maximum lipid content and 
C16/C18-containing methyl ester yields were 43% and 49%, respectively, for 
Synechococcus; 45% and 67%, respectively, for C. aponinum; and 38% and 91%, 
respectively, for Phormidium. Synechococcus, C. aponinum, and Phormidium were 
reported to contain nearly 75%, 78%, and 85% saturated compounds, respectively. 
These crude lipids could be utilized as promising feedstock for biodiesel production 
(Ertuğrul and Dönmez 2011).

Utilization of photosynthetic microbial cells (particularly cyanobacterial cells), 
with their potential in solar energy usage, has driven the conversion of carbon 

Table 6.1 Biofuels generated using different microorganisms (Nozzi et al. 2013)

Biofuel Microbial strain Titer

Acetone Synechocystis sp. PCC 6803 36 mg/L
2,3-Butanediol Synechocystis elongatus PCC 7942 2.4 g/L
1-Butanol or n-butanol Synechocystis elongatus PCC 7942 30 mg/L
Bioethanol Synechocystis sp. PCC 6803 5.5 g/L
Fatty acids Synechocystis sp. PCC 6803 197 mg/L
Isobutanol Synechocystis elongatus PCC 7942 450 mg/L
Isobutyraldehyde Synechocystis elongatus PCC 7942 1.1 g/L
2-Methyl-1-butanol Synechocystis elongatus PCC 7942 200 mg/L
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 dioxide into fatty acid–based biofuels. Biofuel is the ideal fuel molecule to be tar-
geted with microbial systems, and cyanobacteria have great potential for use in 
biofuel biosynthesis, playing a critical role in the development of sustainable, eco-
nomical, and environmentally safe sources of energy (Lu 2010). In one study, more 
efficient conversion of triglycerides into biodiesel by Oscillatoria annae BDU6 (a 
strain from freshwater Cyanobacterium) was achieved by an alkaline-mediated 
transesterification process (86% w/v) than by a lipase-mediated transesterification 
process (76.5% w/v). More efficient oil extraction from O. annae was achieved by 
an ultrasonication process in combination with use of organic solvents (51%) than 
by a homogenization process (40.4%). Optimization of the growth media for 
improved biomass growth (2.3-fold) of O. annae was achieved via application of 
response surface methodology (RSM) and a central composite rotatable design 
(CCRD), resulting in a biomass yield of 5.3 g of dry weight per gram of inoculum, 
compared with an initial biomass yield of 1.63 g of dry weight per gram of inocu-
lum (Vimalarasan et al. 2011).

Phycobilisomes (PBS) are large antenna complexes found in cyanobacteria such 
as Synechocystis sp. PCC 6803. They are capable of harvesting light and transfer-
ring the energy to the photosynthetic reaction centers. Recently, modifications have 
been made in the light-harvesting machinery of cyanobacterial strains, resulting in 
changes in cell morphology and physiology. The effects of PBS truncation on the 
proteomes of three Synechocystis sp. PCC 6803 PBS antenna mutants were investi-
gated via progressive truncation of phycocyanin rods in the CB and CK strains and 
full removal of PBS in the PAL mutant strain. The results showed an impact on core 
cellular mechanisms beyond the light-harvesting and photosynthetic processes. 
Considerable changes in membrane transport mechanisms were observed with the 
most severe PBS truncation in the PAL strain, with suppression of cellular utiliza-
tion and regulation of bicarbonate and iron ions (Liberton et al. 2017).

6.7  Environmental Impacts of Different Sources of Energy

A typical nonrenewable energy source is made up of hydrocarbons, which are 
mainly compound groups composed of carbon and hydrogen atoms (e.g., fossil 
fuels such as petroleum oil, natural gas, and coal). They can evaporate during the 
fuel supply process, and there can be remnants of incompletely burned fuels in an 
engine. The presence of undesirable solid or gaseous particles in the environment 
can impair air quality and is harmful to both human health and biotic components 
of the environment. Hydrocarbons can be washed out of the air during rainfall and 
then run into surface water bodies. They can form an oily film layer on the water’s 
surface and can react with each other to form secondary pollutants under certain 
conditions, creating serious problems for water-dwelling organisms. Utilization of 
a high oxygen concentration in fuel–air mixtures or use of valves can prevent gases 
from escaping into atmosphere. Further controls can be implemented by fitting of 
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catalytic converters, with engine modifications, to reduce emission of hydrocarbons 
into the atmosphere.

Another impurity present in many fossil fuels is lead (a heavy metal), which is a 
dangerous air pollutant released by automobiles and heavy transport vehicles. High 
levels of lead are found in the air in cities in India such as Delhi, Mumbai, and 
Lucknow, where leaded petrol used in most transport vehicles is the primary source 
of airborne lead emissions. The same is true of other cities in India.

Ozone is another air pollutant. It is made up of three atoms of oxygen, whereas 
oxygen gas contains two oxygen atoms. Ozone is formed naturally from photodis-
sociation of oxygen gas molecules in the atmosphere, and the resulting ozone layer 
in the stratosphere helps to protect life-forms on Earth against harmful effects of 
ultraviolet radiation from the Sun. In the absence of pollutants, the formation and 
breakdown of ozone molecules are controlled and governed by natural forces, but 
the presence of chlorofluorocarbons (CFCs) in the atmosphere can accelerate ozone 
molecule breakdown. CFC molecules are emitted from cooling equipment such as 
air conditioners (AC) and freezers.

6.7.1  Greenhouse Effects of Nonrenewable Fuel Utilization

Nonrenewable fuel utilization has created several adverse effects (such as the green-
house effect) on the Earth through global warming. Global warming has been rec-
ognized as an international problem, which needs to be resolved by utilization of 
renewable energy sources, as discussed earlier in this chapter. Some of the effects of 
global warming are listed below:

• Because of global warming effects, the polar ice caps on Earth are melting, 
which could cause rises in sea levels and greater risks of flooding in coastal 
areas.

• In countries such as Bangladesh and the Maldives, catastrophic disasters could 
occur with rises in sea levels of up to 3 m, submerging low-lying land beneath the 
waves.

• Increased water temperatures could result in reduced agricultural productivity.
• The effects of global warming on solar energy distribution patterns will have 

effects on organism habitats, as can be seen from the occurrence of droughts on 
previously productive agricultural land, while other land such as deserts may 
experience more rainfall. These effects are likely to bring about changes in the 
life and distribution of natural plants, agricultural crops, insects, livestock, and 
microbial species.

• Huge quantities of methane gas are trapped beneath frozen soil in places such as 
Alaska in the USA. Melting of permafrost will result in greater releases of meth-
ane into the atmosphere, accelerating the global warming process.
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Use of nonrenewable resources causes flow pollution problems that affect the 
health of the environment. Table 6.2 lists some sources of these pollution problems. 
The application of the market economy to energy has resulted in maximal extraction 
and growth of production/synthesis. With a positive human capital externality, con-
sumption in a market economy can approach zero in the long run, although positive 
growth in consumption is optimal from a social perspective. With a negative pollution 
externality consumption, the optimal long-run growth rate is higher. Pollution can 
affect utility and/or production, and it can be modeled as flow or as a stock variable. 
The effects of flow pollution affect the productivity of food crops, which is badly 
affected by problems caused by environmental events such as soil erosion or climatic 
changes resulting from the greenhouse effect. Different types of pollution have been 
found to influence the productivity of food crops in the agricultural sector, and there 
is greater depreciation of capital equipment, such as buildings, due to air pollution 
problems, etc. Balance in the rates of growth of foods and the human population can 
be achieved via constant growth of all variables (even at possibly zero or negative 
rates). Balanced growth of all things is advantageous in some theories, as it is in accor-
dance with the traditional stylized facts of growth theory, it makes the results of the 
model directly comparable with other models that traditionally use this assumption, 
and it is easy to handle, assuming that the resource is indispensable for crop productiv-
ity (i.e., no productivity of food can take place without resource usage) (Schou 2000).

6.7.2  Environmental Impacts of Oil Extraction and Refining

Fossil fuel oil is found beneath the surface of the Earth and then it is extracted and 
refined, with separation and processing of the mixture of crude oil fractions into 
various natural gas, diesel, petrol, tar, and asphalt portions. The oil-refining process 
causes air pollution problems in most countries and generates large amounts of 

Table 6.2 Air pollutant problems caused by different activities

Category Source Emitted pollutants

Agricultural 
sector

Burning of agricultural 
waste in open places

Particulate matter of different sizes suspended in 
the atmosphere, including CO and volatile organic 
compounds

Hydropower 
sector

Gas, electricity, or steam 
generation

Particulate matter of different sizes in the 
environment, such as sulfur oxides (including 
SO3), nitrogen oxides, CO, volatile organic 
compounds, and lead

Transport sector Use of fossil fuels to 
power combustion 
engines

Particulate matter of different sizes in the 
environment, such as sulfur oxides, nitrogen 
oxides, CO, volatile organic compounds, and lead

Community 
service sector

Use of municipal 
incinerators or burners 
for solid waste burning

Particulate matter of different sizes suspended in 
the atmosphere, such as sulfur oxides, nitrogen 
oxides, CO, volatile organic compounds, and lead
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volatile organic hydrocarbons and toxic emissions of carcinogenic benzene. Burning 
of petroleum products such as gasoline and diesel in electric generators to make 
electricity or to power boilers for heating produces various types of toxic gas emis-
sions with harmful effects on human and environmental health. Some of these 
adverse effects and their causes are listed below:

• Carbon dioxide gas is a component of GHGs, excessive emissions of which are 
majorly responsible for atmospheric and climate changes. Carbon dioxide gas is 
produced in large quantities by combustion of fossil fuels.

• Sulfur dioxide is another air pollutant, mostly produced during fossil fuel com-
bustion. It can help to cause acid rain, which is responsible for damaging plant 
and animal life in water. This pollutant increases the rates of respiratory disease 
and heart disease (mostly in vulnerable individuals such as children and elderly 
people).

• Nitrogen oxide (NOx) and volatile organic compounds (VOCs) are synthesized 
by fossil fuel burning, contributing to increased ozone concentrations at ground 
level. All of these pollutants can cause irritation and lung damage.

• Particulate matter (PM) is produced by fossil fuel burning and manifests as hazy 
air conditions in most cities in India (particularly in Delhi) and in scenic areas. It 
has been found to combine with ozone, contributing to asthma and chronic bron-
chitis, especially in children and the elderly. Smaller particulate matter can pen-
etrate the deepest parts of the respiratory system, causing lung cancer and 
emphysema. Heavy metals such as lead can have severe health impacts on chil-
dren and old people via air pollution.

As mentioned earlier in this chapter, much of global warming is due to emissions 
of carbon dioxide from fossil fuel utilization in automobile engines. The current 
practice of using fossil fuels to fulfill human energy needs has greatly increased 
carbon dioxide emissions. Utilization of clean energy fuels and renewable energy 
sources can help to minimize CO2 emissions and ameliorate the environmental 
problems caused by increased CO2 emissions. Policy makers know that use of 
renewable energy can decrease CO2 emissions and produce electricity, as shown by 
its implementation in long-term energy policies in Turkey (Bulut 2017). Generation 
of electricity from renewable sources can help to mitigate per capita CO2 emissions.

6.7.3  Effects of Renewable Energy Consumption

Different types of renewable energy and their respective resources have been dis-
cussed earlier in this chapter. A lot of reports have described the impacts of energy 
utilization, some of which have been reviewed here. A panel of ten Latin American 
countries was used to decompose the total effects, during the period of 1991 to 
2012, of renewable energy policies on emissions of carbon dioxide gas in the short 
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and long run. Panel autoregressive distributed lag methodology was applied for 
renewable energy utilization with determination of its heteroskedasticity, contem-
poraneous correlation, first-order autocorrelation, and cross-sectional dependence 
with a robust dynamic Driscoll–Kraay estimator (Fuinhas et  al. 2017). Other 
 analyses such as throughput coherence and partial wavelet coherence analyses have 
been used with the observed frequency properties and time series properties of rel-
evant variables to reveal the possible significant influence of biomass usage on 
emissions of CO2 in the USA in short- and long-term cycles. It was reported that 
biomass consumption for bioenergy generation mitigated CO2 emissions in long-
term cycles after the year 2005 in the USA (Bilgili et al. 2016).

The 4As framework (availability, applicability, acceptability, and affordability) 
is derived from the classical hotelling nonrenewable resource economic model. Fast 
growth in the consumption of nonrenewable energy and its fast development have 
influenced the growth of indigenous energy production with uneven or inequal dis-
tribution of the exploitation of nonrenewable energy resources. The potential of the 
unconventional technologies of shale oil (obtained from oil shale rock fragments) 
and shale gas—and the roles of coal, renewable energy, and nuclear energy—have 
reformed local and domestic energy markets and shown greater environmental 
impacts in Asian economies than renewable energy harvesting technologies (Chang 
and Li 2014). Modern buildings in any country account for nearly 40% of the 
world’s total annual energy consumption for lighting, heating, and cooling or 
AC. CO2, NOx, and chlorofluorocarbon emissions have triggered health issues in 
the environment, which have forced us to develop a new interest in eco-friendly 
cooling and heating technologies. Use of refrigerant chemicals has been found to be 
very destructive to the ozone layer in the stratosphere. There is a need to reduce 
energy consumption in buildings by designing modern buildings that use natural or 
hybrid ventilation systems. Renewable energy resource exploitation in buildings 
contributes significantly to reducing our dependency on fossil fuels and can help to 
utilize agricultural waste materials (Blanc and Kjöllerström 2008).

Promotion of use of innovative and renewable resources with reinforcement of 
the renewable energy market can contribute to preservation of ecosystems via 
reductions in emissions of toxic gases at local or global levels. Building perfor-
mance at a high level can be defined by indoor environmental quality (IEQ), energy 
efficiency (EE), and cost efficiency (CE) parameters. Indoor environmental quality 
is defined as the perceived level of comfort that occupants in the building experi-
ence, depending on the physical and psychological conditions of their surroundings, 
which are affected by air speed, temperature, relative humidity, and air quality as the 
main physical factors. Energy efficiency means provision of the desired environ-
mental conditions with minimal energy consumption. Cost efficiency refers to 
financial expenditure on energy relative to the level of environmental comfort and 
productivity attained by the occupants of the building (Omer 2009). All of these 
parameters can be improved by greater utilization of renewable energy sources.
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 Impacts of Specific Air Pollutants on Public Health

Some air pollutant gases have very serious adverse effects on the health of humans, 
plants, and other biological organisms. The most harmful emitted gases and agents 
come from nonrenewable energy combustion; they include particulate matter, 
 carbon dioxide, polycyclic organic compounds or matter, and formaldehyde 
(Kilbane- Dawe and Clement 2014).

• VOCs are generated/synthesized by burning of agricultural waste, which is plen-
tiful in the Earth’s environment. High levels of VOCs can cause irritation to the 
eyes, nose, and throat; headaches; nausea; and loss of coordination in severe 
cases. Over long time periods, exposure to high levels of VOCs can damage the 
liver or other body tissues.

• Formaldehyde exposure can cause irritation to the eyes and nose, and can 
increase the possibility of developing allergies and other health problems in 
some people.

• Prolonged exposure to lead can damage the human nervous system and cause 
digestive problems in some cancer patients. Lead is more hazardous to young 
children as they have a less-developed immune system.

• Radon is a radioactive gas. It can accumulate inside buildings and originates 
from rocks or soils under the building. Its level can be increased by outdoor air 
or other toxic gases also accumulating inside the building, and these gases can 
increase the risk of lung cancer.

• Exposure to ozone gas can cause itching, burning, or watering of the eyes. It can 
also increase the risk of respiratory disorders (e.g., asthma) and lower resistance 
to colds or pneumonia.

• Exposure to nitrogen oxides makes children more susceptible to respiratory dis-
ease in winter.

• Carbon monoxide is a toxic gas, which combines with blood hemoglobin to form 
carboxyhemoglobin and prevents the blood from carrying oxygen. It can enter 
the blood via the lungs. The binding of carbon monoxide to heme proteins can 
cause changes in the function of the affected organs (such as the brain or cardio-
vascular system) and in the developing fetus. Exposure to CO can impair con-
centration, slow reflexes, and cause confusion and sleepiness. In higher 
concentrations of carbon monoxide, it can be lethal.

• The toxic gas sulfur dioxide in polluted air can be formed by fossil fuel combus-
tion and can oxidize to form sulfuric acid mist. The presence of sulfur dioxide in 
polluted air can lead to lung disorders such as wheezing and shortness of breath. 
The effects of long-term exposure are more difficult to ascertain, because SO2 is 
often combined with suspended particulate matter (SPM).

• Suspended particulate matter consists of dust, fumes, mist, and smoke, and can 
contain lead, nickel, and arsenic from diesel exhaust. When suspended particu-
late matter is breathed in, it can lodge in the lungs and cause lung damage and 
respiratory problems. Suspended particulate matter is a major and critical air 
pollutant, and special measures are needed to reduce its levels in the air. It affects 
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more people globally than other pollutants on an ongoing basis, according to the 
available monitoring data, and more epidemiological evidence has been col-
lected on exposure to this pollutant than on exposure to any other type of pollut-
ant (Kampa and Castanas 2008).

Increased energy consumption is the basis of industrial civilization; without 
energy, modern life cannot continue. Energy exploration, exploitation, conversion, 
and use influence our environment in numerous ways. Nonrenewable energy utiliza-
tion threatens both environmental and human health. Only increased utilization of 
alternative renewable energy options in sustainable ways can meet our current and 
future energy demands safely (Olugbenga 2009).

6.8  Conclusions

Energy is necessary for all activities of living beings and nonliving objects. At pres-
ent, most of our energy needs for use in nonliving objects are fulfilled by energy 
obtained from conventional fossil fuel sources (coal, diesel, natural gas, kerosene, 
etc.). This chapter has focused on energy needs for use in nonliving objects. For this 
purpose, fossil fuels are utilized, and their combustion causes environmental prob-
lems by releasing harmful by-products that increase air pollution and contribute to 
global warming. Solar energy is a renewable energy source and powers the water 
cycle, allowing us to harness the energy from moving water. Plants use solar radia-
tion via photosynthesis and store it as potential energy in their biomass, providing a 
renewable energy resource. Use of renewable energy has made a visible impact in 
the Indian energy scenario, and at a national level the installed electricity capacity, 
can be derived the renewable energy (approximately 12.5% of the total capacity) 
provides benefits to millions of people in Indian villages by meeting their energy 
needs in eco-friendly ways. Numerous geothermal power plants are now opera-
tional and produce more than 10 GW in at least 24 countries, accounting for 6.5% 
of the total electric power generation worldwide. This form of energy will play a 
bigger role in India in the future. Tidal energy generation is extremely site specific 
and requires tidal size differences of more than 4 m with favorable topographical 
conditions (such as estuaries or certain types of bay in order to reduce the costs of 
dam construction, etc.). India has the capability to generate 150 GW or more from 
all of its renewable resources (tidal, wave, geothermal, and solar power systems). 
Thus, India has a huge potential for renewable energy generation, only 22% of 
which has been developed so far. Hydrogen can be produced from either nonrenew-
able resources (coal or nuclear energy) or renewable resources (solar systems, 
hydropower, wind power, biomass, tidal power, etc.), but hydrogen production from 
renewable energy resources can be eco-friendly. Hydrogen is a clean energy carrier 
and produces only water as a by-product of its combustion. Anaerobic bioconver-
sion of organic waste matter into hydrogen gas is an attractive option for use of 
stabilized waste or wastewater. Utilization of hydrogen gas to power vehicles has 
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tremendous potential as an environmentally acceptable form of energy with no 
GHG emissions. The design of MEC reactors is one of the most important factors 
that directly influence the quantity of hydrogen produced in these systems. Plant 
biomass or plant waste can be converted into liquid or gas forms of fuel after addi-
tion of heat or certain chemicals, then the liquid or gas fuel can be converted (via 
burning) into heat or electric energy to be used to power automobiles. Ethanol can 
be produced via utilization of yeast strains to ferment starches of plant origin as a 
substrate. GHGs and other air pollutants are produced by nonrenewable energy uti-
lization. To minimize their adverse effects on biological and environmental health, 
we need to greatly increase our current utilization of different forms of renewable 
energy sources.
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Abstract The undesirable colonization of anthropogenic surfaces by organisms in 
the marine environment is stated as marine biofouling. The biofouling of marine 
systems is a global concern, with economic impact estimated at billions of dollars. 
The widely used antifouling biocides including tributyltin tin (TBT) have been pre-
viously assimilated into marine paints. Although it has remarkable antifouling per-
formance, it is toxic to the marine environment. Therefore, it is essential to develop 
ecofriendly antifouling compounds. In the recent times, the physical, chemical, and 
mechanical properties of nanomaterials have considerably improved the potential 
applications ranging from environment and energy to healthcare compared with 
those of bulk materials. Marine antifouling coating is the most effective way for 
avoiding marine organism attachment till date. However, the cost associated with 
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the commercial antifouling agents and their maintenance is quite high. Therefore, it 
is indispensable to develop ecofriendly antifouling compounds. This chapter dis-
cusses ecofriendly method to produce biopolymer and nanomaterials conglomerat-
ing the antimicrobial property of nanoparticles and the unique structure of the 
biopolymer PHB against marine biofouling.

Keywords Polyhydroxybutyrate · Bioplastic · Ecofriendly nanocomposite

7.1  Introduction

The chemistry of biopolymer encompasses a succession of principles that tips to 
harmless processes and products. Approximately, these ideologies reveal that a 
green chemistry is vital principal to fewer perilous biochemical productions, schem-
ing inoffensive substances and nontoxic diluents. Summarizing, the chemistry of 
biopolymer is a biologically welcoming substitute to dent new harmless antifouling 
compounds. At the culmination of twenty-first century, about 8600 million tonnes 
of synthetic polymers for fibers and resins remained manufactured in many engi-
neering divisions. About 6600 Metric tons of conventional pliable waste were 
machine-made, which were reprocessed (8.3%), burnt (12%), and congregated in 
land area (79%) or the natural location.

Totally, the chief global source in 2017 was polypropylene and polyethylene, 
which subsidizes about 47% to the worldwide manufacture and 64% in wrapping 
industry. Established on the prevailing production and trends in management of 
waste products, around 14,000 Mt. of degradable polymers leftover remained pro-
jected to be dumped in the landfill by 2050 (Rabnawaz et al. 2017). Among the other 
biopolymer, unique promising one is polyhydroxybutyrate, a small chain polyhy-
droxyalkanoate made by process of fermentation which was revealed by Lemoigne 
during 1921 as an energy- and carbon-storing substance congregated internally in 
several microbes, such as Pseudomonas, Bacillus, and Alcaligenes (Chen et al. 2015).

7.2  Renewability and Sustainable Development

PHB bids numerous benefits above the conservative petrochemical thermoplastics 
in biodegradability, utilizing renewable assets and having improved physical prop-
erties than polypropylene. Automated assets of polyhydroxybutyrate mark them as 
an appropriate substitute polypropylene, nevertheless, in divergence to these con-
ventional plastics; it can be sullied entirely to produce CO2 and H2O which occur 
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naturally by mineralization of microbes. Further, PHB is decomposable and 
 compatible, which in turn commands its ecological fortune in terms of human toxic-
ity and ecotoxicity (Isola et al. 2017).

However, ample progression has arisen in the biosynthesis of PHB by microbes, 
industrially, and their utilization in different field is still at earmarked apart from 
realism. In this veneration, appropriate selection of the microbes for production 
of polyhydroxybutyrate  is essential. Hence, many works were done aiming to 
accomplish appropriate bacteriological system for major production of polyhy-
droxybutyrate along with the characterization to surge the appropriateness of 
PHB usage with suitable chemical and physical properties (Kato et  al. 1992). 
Precisely, bioplastics including polyhydroxyalkanoates (PHAs) are the group of 
broadly studied decomposable constituents used for the replacement of oil-
derived polymers. At current, they do not have extensive application as of their 
production costs, which are reasonably higher when equated to traditional plas-
tics. Biodegradable polymers are gaining profitable attention associated with date 
traditional polymers in this modern world due to their decomposable 
characteristics.

7.3  Polyhydroxybutyrate: Structure, Properties, and Sources

Naturally, plastics are made up of synthetic nondegradable substance. Their con-
figuration is not easily occurring; hence they are not easily decomposable. 
Conventional on the advances in accepting the structure of polymer, their properties 
and unique assets were documented for its utility of plastics with biodegradability. 
Recyclable plastics will turn into CO2, CH4, H2O, biomass, and inert compounds 
under anaerobic or aerobic conditions by the exploitation of microorganisms 
(Andrej Krzan 2012). Necessity on conventional plastics and their limitless practice 
have ensued in unwanted accretion and emissions of greenhouse gas. Modern skills 
are engrossed in the path of the development of biomaterials that employ minor 
adjacent possessions on the ecosystem.

Polyhydroxyalkanoate (PHA) has enthralling benefits owing to its equivalent 
mechanical properties to artificial plastics. In contrast, PHB is made from renewable 
resources and is utilized by microbes aerobically to CO2 and H2O upon removal. 
The assortments of appropriate microbial strains, low-cost carbon bases, and com-
petent fermentation besides retrieval procedures remain substantial features that 
ought to be reserved into attention for the PHB commercialization (Chee et al. 2010).

Polyhydroxybutyrate is the well-known and more crystal-like copolymers of 
PHA, by having uses mostly delimited to the manufacture of plastic. PHA copoly-
mers encompassing 3-hydroxybutyric acid with minor quantities of other monomer 
units are added compatible than PHB homopolymer. Most forms of PHA pro-
nounced in the works are made up of 3-hydroxyalkanoic acid monomers compris-
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ing 4–13 atoms of carbon with unsaturated, aliphatic, aromatic, branched, or straight 
chain (Sudesh et al. 2000; Valentin and Steinbüchel 1994).

The configuration and conformation of the monomer components are mostly 
bigoted by the assets of PHAs, and thus ample work has been done on including the 
monomer configuration in the direction to accelerate the physical assortment of 
PHAs. Like glycolate, 2-hydroxybutyrate and lactate are components of 
2- hydroxyalkanoates that remain the novel mechanisms of PHAs. PHAs compris-
ing these monomers are flexible and further radiant than conventional plastics, prop-
erties that are perfect for best practical applications (Matsumoto and Taguchi 2013).

The aliphatic homologous polymer of polyhydroxybutyric acid is extremely 
crystal-like (82%), with melting point of 178  °C, and PHB has three distinctive 
properties analogous to polypropylene, thermoplastic process ability, confrontation 
to water, and easily decomposable. This biodegradable polymer can be altered into 
sheets films and fibers and even can be molded into the form of bottle and bag; fur-
ther it takes distinctive application as absorbable medical implants (Hrabak 1992). 
The key factor impeding commercialization and huge-scale manufacture of PHB 
lies in the production price. Usage of inexpensive source, enhanced farming prac-
tices, and their downstream processing approaches are crucial for lowering the rate.

7.4  Metabolism of PHB Production

PHBs are stored in microbial cells from solvable to inexplicable form as storing 
constituents inside the cytoplasmic bodies through instable nourishment or to elimi-
nating entities from reducing counterparts. PHBs are transformed to solvable con-
stituents by PHB depolymerases besides the sullied materials which enter numerous 
pathways. Till now, four types of enzymes responsible for PHAs polymerization are 
identified. The greatest restrictive factor in PHB production is their high cost associ-
ated with the petroleum plastics (Amara 2008).

A series of enzymes are involved in diverse PHAs synthesis; however PhaC syn-
thases are accountable for the polymerization step. PHAs are transformed again to 
soluble constituents by additional pathways and enzymes for the degradation pro-
cess. PHA depolymerases are the responsible enzymes (Fig. 7.1). De Smet et al. 
(1983) characterized PHAMCL in Pseudomonas oleovorans for the period of 
growth on octane. Huisman et al. confirmed that PHAMCL accumulation was the 
mutual feature of pseudomonads. Polyhydroxyalkonates are also produced by 
gram-negative bacteria and phototrophic bacteria and archaea (Huisman et al. 1989; 
Shabeb et al. 2005). PhaC synthase produced from an extreme halophilic archaeon 
has been categorized enzymologically and biochemically. The first halo bacterial 
PHA synthase gene sequenced is from Haloarcula marismortui (Hezayen et  al. 
2000; Baliga et al. 2002).
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7.5  Microbial Biosynthesis of the Biopolymer: PHB

In the existing situation, the custom practice of plastics is widespread chiefly due to 
their thermal and automated properties (Batcha et al. 2014). The extensive utiliza-
tion of plastics has accredited to ecological contamination because of  their non- 
degradable tendency (Akaraonye et al. 2010). Biopolymers are polymers that ensue 
in nature which encompasses carbohydrates and lipids (Radhika and Murugesan 
2012). These thermoplastic constituents such as PHB have assistances over artificial 
plastics owing to their degradability by many microbes underneath many environ-
ments in numerous biomes and the prospect of establishment from renewable 
sources (Sandhya et al. 2013).

The recyclable thermoplastics are typically made commonly from renewable 
assets using the microbial source comprising plants and algae which are termed as 
Green Plastics. Often, there is a consideration on invention of an ecologically 
approachable product. The biopolymers from algae aid as a unique feedstock for 
bioplastic fabrication that has numerous remunerations such as great harvest, mainly 
progressed as a by-product of microalgal biofuel fabrication. Mostly cyanobacteria 
remain vital producers of PHB and possibly a viable substitute to plastic bags from 
traditional petroleum-derived polymers. Poly-β-hydroxybutyrate (PHB) is a bio-
polymer made completely in prokaryotes where the Cyanobacteria are the sole pro-
karyotes that gather PHB as storage material in their biomass production (Panda and 
Mallick 2007).

Fig. 7.1 Metabolism of PHB production in microbes
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The cell biomass from Arthrospira has unpredictability of biological compounds 
including biopolymers, starches, biopeptides, vital fatty acids, and minerals. The 
biomass of Arthrospira can produce polyhydroxyalkanoates that used in tissue engi-
neering (Morais et al. 2015). A small number of microalgae and cyanobacteria can 
hoard PHB when full-grown with acetate; the extreme accretion has been familiar 
for Synechocystis. The PHB content can diverge from beneath 2% to above 52% 
which amounts on the strain, the carbon source and cultivation conditions in 
Botryococcus braunii (Drosg et al. 2015; Kavitha et al. 2016).

PHB produced from microalgae gives the possibility to decrease cost of the mul-
tifaceted substrates mandatory for the development, along with possibility to 
sequester detrimental CO2. Polyhydroxybutyrate have huge bids in wrapping films, 
bone replacements, throwaway items, etc. Inappropriately, owing to the abundant 
production cost of bioplastics related to the low cost of synthetic polymers has insti-
gated loss of responsiveness in bioplastic research. Thus, there is a vital necessity to 
exploit inexpensive sources for the industrialized PHB production (Van-Thuoc 
et al. 2012).

The most imperative element for the enriched rate of fabrication in polyhydroxy-
butyrate is chiefly the substrate, energy source, and carbon. Many Cyanobacteria 
including Spirulina platensis, Synechococcus, and Nostoc are also able to produce 
PHB (Shrivastav et al. 2010). Discovery of PHB granules in Microcystis aeruginosa 
and Trichodesmium thiebautti remained also distinct. Gloeothece and Oscillatoria 
limosa were acknowledged for PHB production (Sabirova et al. 2006).

Several bacterial strains with recombinant strains or genetic mutations or wild 
type have been recognized over metabolic influences for high PHB accumulation. 
Cyanobacteria PHB producers in industrial utilization have the advantage of alter-
ing waste CO2 to biodegradable plastics overwhelming the energy of sunlight. 
Lately, non-PHB producers in cyanobacteria have remained primarily conspired 
through a modification in the genetic factor intricate in the PHB trail (Sabirova 
et al. 2006).

Recently, scientists in this subject are converging further on showing little price 
maintainable substitutions laterally with characterization of many factors for con-
suming high production of these biopolymers. Response surface methodology is 
unique of the vital arithmetical practices for optimization studies. Earlier works 
have meticulous technique of response surface methodologies or improved manu-
facture of polyhydroxybutyrate by diverse bacteria such as Rhodobacter and 
Bacillus coagulans. Only a little information was existing on the optimization stud-
ies of biopolymer from microalgae (Hosseinabadi et al. 2015).

Furthermore, progress of biopolymer-centered scaffolds utilizing PHB from 
Spirulina has the feasibility to boost cell growth while without the threat of tissue 
rejection. Besides, it is obvious that the accretion of PHB in Spirulina biomass to 
nanofibers fallouts in a robust upsurge in elasticity, conductivity, and infringement 
which were distinguished than those of commercial polyhydroxybutyrate samples 
(Morais et al. 2015). Cyanobacteria have countless untapped prospective for natural 
harvests through a massive inconsistency in organization and biological activity. 
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Beneath stress circumstances they are described to yield polyhydroxybutyrate, 
which can be formed intracellularly (Balaji et al. 2013).

Through all nourishing approaches, R. eutropha is capable to hoard PHB gran-
ules inside the cell. This biopolymer assists as a storage of carbon and energy. These 
genes are schematized in sole operon, which is expressed constitutively. The quan-
tity of polyhydroxybutyrate can be subsidized to 90% of the bacterial cell dry mass. 
Besides, numerous ingredients other than 3, hydroxyl butyric acid were accrued by 
Ralstonia (Steinbüchel 1991). This comprised numerous hydroxyalkanoic acids, 
several of which encircled atoms of sulfur in the side chain or even mercaptoalka-
noic acids (Ewering et al. 2002). In about 155 elements, the family of PHAs dis-
plays a wide-ranging functionalities and properties. Since they instigate from 
various resources, are recyclable, and display thermoplastic properties analogous to 
corporate synthetic polymer, PHB engrossed curiosity in the academic world and 
nevertheless also in commercial purposes (Wubbeler and Steinbüchel 2014).

The range of appropriate PHB extraction methods pivot on numerous progres-
sion constraints such as concentration of chemical elements, recovery temperature, 
pH, and reaction time. Mostly, the influence of process factors on the effectiveness 
of PHB mining procedures has been considered and demonstrated; nevertheless 
there is a constraint of actual figures on the effect of external aspects on PHB recov-
ery. A novel recovery process was established to gain the aids of both assimilation 
approaches by means of sodium hypochlorite and chloroform in a solvent extrac-
tion. The collective process produces three separate phases, which contain hypo-
chlorite solution at the upper phase and undisrupted cells at the middle phase and a 
chloroform phase encompassing PHB. The molecular weight reduction due to deg-
radation of polymer is significantly reduced using this process (Hahn et al. 1994). 
Scarce mechanical approaches have been developed to complement these arrange-
ments as autonomous structures, which are widely used to recuperate intracellular 
PHA. Isolated pure cultures were further used for screening the production of PHB 
using lipid staining method using Nile red under fluorescent microscope (Mahishi 
et al. 2003) at 465 nm excitation.

Meanwhile, plastics have been an essential part of our life. Nevertheless, dump-
ing of these non-biodegradable plastics stances a danger to our environs. Thus, 
much attention has been increased in evolving decomposable plastics. The difficul-
ties in PHB production is the elevation in the fabrication cost due to exclusive car-
bon substrates and tiresome procedures by means of pure cultures. Consequently, 
the applications of mixed cultures and cheap carbon sources have been discovered 
(Huey 2006).

7.6  Biodegradation of Polyhydroxybutyrate

Polyhydroxybutyrate is differentiated from the petroleum-based plastics based on 
their property of biodegradability. Under aerobic conditions, biodegradation of 
PHB releases CO2 and H2O, while in aerobic circumstances, the degradation 
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 products are CO2 and CH4. PHBs are biocompostable that concluded a wide variety 
of temperatures with extreme level of around 600 °C with moisture levels at 54%. 
Studies have been showing that 84.7% of PHB were despoiled in 7 weeks. PHB 
have been quantified to worsen in marine environments within 250 days even at 
temperature not beyond 600 °C (Johnstone 1990). PHAs are ruined upon acquain-
tance to soil or sediment. Degradation is based on the bacteria in the surroundings 
including pH, external surface area, temperature, and moisture (Boopathy 2000).

Inorganic compounds in the nanosize range, i.e., under 100 nm, including silver 
nanoparticles (AgNPs), have developed as competent tools to avert bacterial putre-
faction and infectious outbreaks in food interaction plastics and surfaces. 
Conventionally, AgNPs are produced by chemical approaches utilizing diverse 
organic and inorganic reducing agents, such as ascorbate (Valodkar et  al. 2011), 
sodium citrate (Pinto et al. 2012), and poly(ethylene glycol) copolymers (Iravani 
et al. 2014). Yet, utmost elements used in this kind of mixture are lethal and chief to 
non-ecofriendly by-products. To solve these problems, biological synthesis of nano-
materials using living organisms such as bacteria (Shivaji et  al. 2011), fungi 
(Rajakumar et al. 2012), or plant extracts (Ahmed et al. 2016) are currently being 
developed.

7.7  Economical Aspects of PHB Production

It is a necessary criterion to schematize all the conditions of fermentation for the 
effective enactment of profitable PHB-making systems. The cost of the produce 
finally hinge on the cost of substrate, PHB harvest, and the product efficiency in the 
downstream dispensation (Lee 1996). This concludes highest units of PHB in terms 
of weight percentage and high productivity in terms of grams of produce per unit 
capacity and period. Marketable solicitations and extensive consumption of PHB is 
susceptible owing to its value. The price of PHB from the natural producer A. eutro-
pphusis ranges from 17$/kg, that is, 20 times further profligate than synthetic poly-
mer. With E. coli as a producer of PHB, price could be reduced to 4$ /kg, that is, 
earlier to new decomposable pliable materials such as polylactic acid and polyes-
ters. The market value must originate to 3–5 US $ /kg (Lee 1996).

7.8  Nanotechnology

Nanotechnology is varying the approach in which resources are produced and 
devices are invented. Integration of nanoscale edifice blocks into efficient assem-
blies and further into multifunctional devices can be attained over “bottom-up 
approach.” Investigation on the synthesis of nano-sized substance is of great curios-
ity because of their distinctive properties like optoelectronic, mechanical, and mag-
netic which fluctuates from bulk. Nanoparticles are of great interest owing to its 
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distinctive properties such as shape- and size-dependent photosensitive, magnetic 
and electrical properties which can be amalgamated into antimicrobial applications, 
cosmetic products electronic mechanisms, and various applications. Numerous 
methods have been utilized for making and improving nanoparticles synthesis 
(Klaus et al. 1999; Senapati et al. 2005).

The common biological approaches comprise electrochemical techniques, bio-
logical drop technique using a diversity of reducing agents, radiolysis, and physico-
chemical reduction methods which are widely used for the synthesis of nanoparticles. 
Recently, nanoparticle synthesis is among the utmost exciting systematic areas of 
survey, and there is increasing consideration to yield biosynthesis of nanoparticles. 
Material scientists researcher is steering to improve novel resources, functionality 
with improved properties, and subordinate rate than the prevailing ones. Diverse 
chemical and biosynthesis approaches have been established to enrich the recital of 
nanoparticles demonstrating enhanced properties with the purpose to have an 
improved regulation over the particle size, morphology, and distribution (Shibata 
et al. 2008).

7.9  Biosynthesis of Metal Nanoparticles

The first sign of biological synthesis of bacteria synthesizing silver nanoparticles 
was recognized by means of Pseudomonas stutzeri that was attained (Haefeli et al. 
1984). The technologies elaborated in the conflict are modification of solubility and 
biosorption, reduction or oxidation, extracellular precipitation of metals, bioaccu-
mulation, and deficiency of metal transport systems. There is also substitute feature 
that these microbes can foster even at negligible concentrations; their acquaintance 
to higher concentrations of these metals can prompt noxiousness (Husseiny 
et al. 2007).

7.10  Production of PHB Nanocomposite

Numerous methods have frequently been laboring in the production of nanocom-
posite materials. These encompass solution intercalation, deposition (He et  al. 
2004), ultrasonication (Lee et al. 2004), melt intercalation (Shen et al. 2002), super-
critical fluid (Lin et al. 2005), magnetron sputtering (Musil and Baroch 2013), laser 
(Leconte et al. 2007), etc. In PHB nanocomposite fabrication, solution intercalation 
and melt intercalation approaches are the utmost widely discovered trials. 
Nevertheless, usage of in situ intercalative polymerization, supercritical fluids, and 
electrospinning is exposed to be promising and developing techniques. The perfor-
mance and dominance of a nanocomposite hinge on exactly how well the nanofillers 
dissolve or blend into the environment. Therefore, these procedures create various 
tactics to recover the composites’ thermos mechanical and physicochemical 
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 properties by supplementing efficient interfaces among the nanofiller and the poly-
mer matrices (Taton et al. 2000).

Nowadays, the biosynthesis of silver nanoparticles has achieved farfetched fame 
in the world in various field owing to significant properties. The ions are believed to 
observe to the bacterial cell wall, varying the permeability of the cell wall and con-
sequently prompting protein denaturation, which sways cell lysis and death. This 
specific quality of silver nanoparticles is subjugated in food packaging and dispen-
sation industries. Nanocomposites of biodegradable polymers comprising silver 
nanoparticles exhibited antimicrobial activities, which deter the evolution of post- 
processing microbial contaminants, thereby encircling the shelf life of food and 
enlightening food safety (Rhim et al. 2013).

An innovative development for the biological synthesis of AgNPs and polyhy-
droxybutyrate (PHB) from the fermentation process with Cupriavidus necator was 
established and scaled up to fully automated bioreactor. Remarkably, this work veri-
fied for the first time, the intrinsic capacity of C. necator to diminish the silver salt 
and yield AgNPs without the need of adding a reducing agent. It was also observed 
that the method of AgNPs synthesis (with or without reducing agent) affected the 
dispersion of the nanoparticles and therefore their antimicrobial performance, being 
the biosynthesized ones the most effective in reducing the bacterial population of 
S. enterica and L. monocytogenes. Moreover, the incorporation of AgNPs by means 
of this method did not cause any detrimental effects on the thermal degradation, the 
optical properties, and the biodegradability of the active polymer, although a slight 
reduction in crystallinity was seen. Thus, the procedure here developed allows the 
production of AgNP-based polyhydroxyalkanotes, which are suitable for antimicro-
bial applications (Fig. 7.2) (Anbukarasu et al. 2015).

Fig. 7.2 Preparation of PHB nanocomposite film
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7.11  Applications of PHB-Nanocomposites

The progression of second-generation fouling unaffected coverings is one of the 
utmost fruitful instances of modern biological exploration using nanochemistry to 
crack a stern ecological subject of global dimension. Additional ecologically 
approachable antifouling approach has engrossed on the classification and enlarge-
ment of goods that are created on the biological defenses of aquatic microbes that 
snarl their frame exteriors restricted of fouling. A diversity of novel bioactive yields 
has been secluded from abundant aquatic sources in the previous decades. Novel 
natural products have conveyed significant organizations and encouraging amal-
gams by the impending to be recycled as innovative antifoulants. They have 
remained quarantined mostly from microbes, tunicates, corals, bryozoans, and 
sponges (Perez-Montaño et al. 2014).

Fouling can cause many health risks and damage of assets in industrial and medi-
cal uses. In the early 1990s, foul discharge coatings were first cast off on containers, 
but irrespective of early exhilaration about the skill, they have had a protracted dif-
fident market owing to price raise and mediocre performance when connected to 
marine biocidal coatings. In recent times, these coatings are undergoing a resur-
gence. Enhanced evolvement established on chemistry of nanotechnology has 
empowered the amalgamation of ecofriendly undercoats with enhanced foul dis-
charge. Many studies provide a holistic indication of the research accomplishments 
that are driving the evolving non-biocidal tools. Biofouling hints detrimental eco-
nomic and environmental impacts on marine surfaces including increase in rough-
ness, corrosion, fuel consumption of ships, etc. Biofouling is the accretion of 
undesired organisms on exteriors, with biofilms generated by microorganisms and 
macrofouling produced by organisms (Bixler and Bhushan 2012). Nanomaterials 
thus conserved can be restrained nanocomposites because, naturally, they are mul-
tiphase materials in which one of the stages is the nanomaterial and/or nanostruc-
tures frequent at consistent intervals among the miscellaneous phases. 
Nanocomposites can reserve or even increase the activity of the discrete nanomate-
rials used in the complex formation. At the similar period, nanocomposites also 
offer aids in the disposition, conversion, and storing of active agents from the con-
formation process.

At the present time, a small US company called ePaint makings some 12,000 
gallons per year of antifouling paints where the zinc oxide-based photoactive tints 
are enclosed with 7 wt % dynamic biocides zinc oxide and SeaNine 211 to deter 
hard-shell organisms such as zebra mussels, barnacles, and diatoms over expansion 
of the hull and other plants acknowledgements to the enhancing action of the bio-
cides added in lower quantity after linked to copper oxide nanoparticles usually 
existing in antifouling paints in 45–79% (Morris et al. 1999). Henceforth, a system-
atic ecological valuation of this acquaintance will take into consideration the dis-
charge profile of zinc oxide nanoparticles unified and its ecofriendly fortune. 
However, the convention of polymer nanocomposites in antifouling coatings has 
remained a concern so far unfamiliar. Research laboratory analyses do not offer 
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ample evidence with veneration to the field performance of antifouling paints. The 
series of aspects which are significant for the fouling act is multidimensional; nev-
ertheless field imprints are realistic (Dhams and Hellio 2009).

7.12  Conclusion

It is supposed that the aquatic environment can benefit as a pithead for determining 
numerous biopolymer hoarding microbes. Subsequently, PHB shows a remarkable 
role in fabricating a supportable atmosphere by swapping the synthetic biopoly-
mers. Hitherto, to spot inroads into the synthetic bioplastic-dominated market, cost- 
effective manufacture of the ecofriendly polymers is obligatory. Decline in the rate 
of fabrication, ensuing in the inexpensive value of these recyclable polymers, will 
widen their variety of industrial application. The noteworthy assets of these poly-
mers such as biocompatibility and biodegradability have left it practicable to envis-
age the widespread usage in numerous applications.
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Abstract Environmental metabolomics or metabonomics is the study of interac-
tions and impact of stressors from external sources on metabolites of an organism 
living in it. Marine environmental stress has become a global concern in the recent 
past as the marine biological environment is immensely complex when compared to 
the other environments on this planet. The major concern can be attributed to the 
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comprehensive growth of anthropogenic activities in the marine environment. In the 
recent years, application of environmental metabolomics in the stressed marine 
environments has proved to increase our knowledge about toxic mechanism on the 
residing organisms to a greater extent.

In the current chapter, we review the present scenario of the metabolomics with 
the perspective of its applications in toxicology assessments, especially in the 
marine environments. The compilation would guide us through the plausible steps 
to be taken for further improvements in the toxicology study protocols, thus leading 
to prepare a database of signature molecules responding to specific stress/hazards as 
well as those specific to the uniqueness of each niche.

Keywords Metabolite profiling · Marine bioresource · Nutrition · Stress 
monitoring · By-products · Toxicity · Niche · Bioindicators · Biomolecules

8.1  Introduction

According to a famous oceanographer Jacques Cousteau, “Water and air, the two 
essential fluids on which all life depends, have become global garbage cans.” Now 
the time has come to clean the cans and restore the essential fluids. In early 1970, 
researchers started understanding and prophesying the effect of chemical combina-
tions on the ecology. By the late 1980s, numerous scientists had started estimating 
the effect of toxic pollutants on organisms, populations, and communities existing 
in an ecosystem. It’s been more than a couple of decades since the toxic effects of 
pollutants were first observed, and till date the pollution rates are steadily accelerat-
ing, which is threatening a lot of communities in every ecosystem (Fig. 8.1).

Though the research started in the 1950s, significant developments took place 
only after 2000. There has been a gradual decrease in the number of publications for 
the past 4  years which indicates the decreasing research on environmental 

Fig. 8.1 Timeline of research work on environmental metabolomics and marine toxicology 
(SCHOLAR PLOTR)
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 metabolomics and marine toxicology. There is a need for more extensive research in 
this area to protect a lot of populations from extinction (Fig. 8.2).

Metals are abundantly found in nature, mostly in the form of cations. All the 
organisms require small amounts of metals for their survival. For instance, potas-
sium and sodium are sufficiently required for regular nerve impulse, while magne-
sium, iron, zinc, etc. are required as cofactors for many enzymes. Metals can be 
classified into two types based on the requirement for life; they are essential and 
nonessential metals. As the name suggests, essential metals are essential in minor 
volumes for the sustenance of life, but in higher volumes they are hazardous. 
Whereas the nonessential metals are not required for the life sustenance and are 
very hazardous once their restrictive concentrations are reached, it is better explained 
in the figures above.

Different organisms have developed different mechanisms including proteins 
and transporters to uptake and transport the required metal ions based on their 
aquatic habitat, viz., freshwater and marine. The difference in these two habitats 
with respect to metals is that freshwater has fewer amounts of metals when com-
pared to marine water. For this very reason, organisms in freshwater always tend to 
lose metal ions, whereas in marine water they tend to lose water. In both the cases, 
the organism may die either due to lack or abundance of metal ions. Aquatic metal 
contamination is mainly due to the mining activities and effluents from smeltery, 
paint industries, and liquids which leach from waste dump. Different types of met-
als and their source of contamination are listed below in Table 8.1.

Other aqua-toxic metals include palladium, nickel, cobalt, and uranium. Nickel 
and cobalt are often used as constituents in metal alloys. Uranium metal itself is a 
highly hazardous metal due to its radioactive nature. Apart from pure metal ions, 
there are some organometallic compounds that contribute to aquatic toxicology. 
Among all organometallic compounds, organic tin and mercury composites are the 
major stakes. Generally to inhibit the algal and barnaclar growth on hulls of boats 
and ships, antifouling paints are used. These paints contain hazardous organometal-
lic constituents like triphenyltin (TPT), tributyltin (TBT), etc.
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Fig. 8.2 (a) Effect of essential metals on the survival of organisms (Nikinmaa 2014). (b) Effect of 
nonessential metals on the survival of organisms (Nikinmaa 2014)
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8.1.1  Organic Matter

Organic compounds contribute to be a significant part of aquatic pollution through 
pulp and paper mill effluents, personal hygiene products, oil, etc. Drilling of oil and 
its usage is the major cause for pollution. Every oil production is accompanied by 
minor seepage into the water nearby. With accelerated oil production, aquatic oil 
pollution is equally accelerating. Oil is a combination of different components like 
petrol, diesel, tar, etc. These are the chief compounds that contribute to plastics. The 
efficiency of microbes to degrade oil will increase only with increase in 
temperature.

Excess usage of pesticides in the fields is leading to the contamination of the 
nearest water body thereby contributing to aquatic pollution. Few pesticides are 
more toxic to the non-targeted organisms than to the targeted organisms. For 
instance, formulations of atrazine are used against terrestrial weeds and are highly 
toxic for amphibians. Most of the herbicides are photosynthesis blockers which 
upon entering into water bodies and inhibit aquatic autotrophs, subsequently lead to 
disturbance in the ecological producer-consumer relationship. Below lies an exam-
ple of lethal toxicity of insecticide malathion on varying aquatic lifeforms (Fig. 8.3).

8.1.2  Eco-metabolomics

Metabolomics technically is a study of endogenous and exogenous cellular chemi-
cal impressions which are created as a part of cell’s metabolism (Bennett 2005). A 
metabolome is a combination of all cellular metabolites in a cell or tissue or even 

Table 8.1 List of major metals responsible for toxicity of seawater and their source of 
contamination

S. 
no. Metal

Type of 
metal Source of contamination

1 Copper Essential Water pipes, boat paints
2 Lead Nonessential Wastes of paint-producing industries and lead-containing paints 

or batteries
3 Cadmium Nonessential Galvanized steel, batteries, coal, and phosphate fertilizers
4 Zinc Essential Metal alloys of several steels
5 Iron Essential Mining activities, dyeing of fabrics and leather, insecticides
6 Aluminum Nonessential Natural processes like chemical speciation, hydrological flow 

paths, soil-water interactions, and the composition of the 
underlying geological materials

7 Silver Nonessential Effluent from traditional photography
8 Arsenic Nonessential Pesticides and components of semiconductors, copper mining 

by-products, and metal-smeltery effluents (e.g., from gold, 
lead, copper, and nickel smelteries)

9 Mercury Nonessential Used in batteries and light tubes, thermometers, for gold 
extraction

Adapted and modified from Nikinmaa (2014)
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organism. These cellular metabolites are the end products of cellular metabolism 
(Jordan et al. 2009). mRNA quantification and gene expression information along 
with proteomic study might not reveal the real-time scenario of the cell’s inside, 
whereas metabolomics profiling yields direct real-time physiology of the cell. The 
most challenging part of research is to assimilate and analyze metabolomics, tran-
scriptomic, and proteomic data to give a whole story of the cellular metabolism.

There are even quite a few subsections under metabolomics; out of them one of 
the most important subsection is environmental metabolomics or eco- metabolomics. 
This subsection contemplates analyzing the relationships and communications of 
the organisms with their habitat using metabolomics. Since a decade there has been 
swift growth in eco-metabolomics. Out of humongous published research, a few 
metabolites that altered their gene expression due to environmental stress inducers 
are listed below; this explains the scope and impact of eco-metabolomics. These 
aquatic stressors are categorized into metals, pesticides, abiotic stressors, and others.

8.2  Metabolomics and Marine Environments

8.2.1  Different Strategies to Monitor Stresses on Marine Life

All these listed metabolites are capable of functioning as bioindicators of aquatic 
eco-stress and can be used for further studies. It is significant to consider that the 
level of metabolite variability differs significantly and occasionally goes unreported. 
The metabolite data briefed in the tables (Tables 8.1, 8.2 and 8.3) has to be used 
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Table 8.2 Metal stress inducers assessed on different organisms using varied metabolites

Sl. 
no. Stress inducer Organism Affected metabolites Reference

1 Cadmium Corbicula 
fluminea (small 
Asian clam)

Malonate, Gly, Bet Spann 
et al. 
(2011)

2 Zinc Corbicula 
fluminea

No significant changes were reported

3 Cadmium and 
zinc

Corbicula 
fluminea

Amino acids A, Q, N, I, P, V, L, E, T, 
succinate, malonate, ADP/ATP, 
benzoic acid, Glu, Gly, turanose, Bet, 
2-methyl-glycoside

4 Nickel Mytilus 
galloprovincialis

Amino acids V, I, L, F, P, W, Y, Q, 
adenosine, ATP/ADP, guanine, 
hypotaurine, taurine, allantoin, R, Bet, 
Glu, homarine, malate, PAG, 
succinate, uracil

Jones et al. 
(2008)

5 Copper and 
cadmium 
(1 week, separate 
exposures)

Perna viridis 
(Green mussel)

R, H, E, Q, G, hypotaurine, 
dimethylglycine, ATP/ADP

Wu and 
Wang 
(2010)

6 Copper and 
cadmium 
(1 week, 
combined 
exposure)

Perna viridis Lac, succinate, NAD, branched chain 
amino acids, Glu, Gly, ATP/ADP

7 Metal 
contamination 
(site specific)

Mytilus spp. Amino acids A, R, T, Y, F, Q, acetate, 
acetoacetate, Bet, inosine, succinate, 
taurine

Kwon 
et al. 
(2012)

8 Mercury 
exposure

Suaeda salsa Amino acids V, I, L, T, A, Q, F,G, 
succinate, fructose, Glu, fumarate, 
ferulate

Wu et al. 
(2012a)

9 Lead Suaeda salsa Isocaproate, Glu, fructose, malate, 
citrate, sucrose

Wu et al. 
(2012b)

10 Zinc Suaeda salsa Isocaproate, Glu, fructose, 
phosphocholine, Bet, malate, citrate, 
sucrose, choline

11 Lead and zinc Suaeda salsa No significant changes were reported
12 Arsenic Daphnia magna Amino acids A, K Nagato 

et al. 
(2013)

13 Cadmium Daphnia magna Glutathione, ɣ-glutamylcysteine, 
fructose phosphate, chitobiose, R, 
arginine phosphate, 
N-acetylglucosamine, 
N-acetylglucosamine phosphate, 
arachidonic acid, arachidonic acid 
products

Taylor 
et al. 
(2010)

(continued)
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Table 8.2 (continued)

Sl. 
no. Stress inducer Organism Affected metabolites Reference

14 Cadmium Daphnia magna P, M, H, R, F, W, K, lauric acid, 
myristic acid, palmitic acid, stearic 
acid

Poynton 
et al. 
(2011)

15 Copper Daphnia magna Amino acids T, P, M, L/I, K, R, F, Y, 
W, N-acetylspermidine, ophthalmic 
acid

Taylor 
et al. 
(2009)

16 Copper Daphnia magna Amino acids V, G, T, Q, A, K, L, M, F, 
E, glycerophosphocholine, uracil

Nagato 
et al. 
(2013)17 Lithium Daphnia magna Amino acids G, A, L, M, F, E, 

lycerophosphocholine, uracil

Bet betaine, Gly glycogen, Glu glucose, Lac lactate, A alanine, R arginine, N asparagine, D aspartic 
acid, C cysteine, Q glutamine, E glutamic acid, G glycine, H histidine, I isoleucine, L leucine, K 
lysine, M methionine, F phenylalanine, P proline, O pyrrolysine, S serine, U selenocysteine, T 
threonine, W tryptophan, Y tyrosine, V valine, B aspartic acid or asparagine, Z glutamic acid or 
glutamine

Table 8.3 Pesticide stress inducers assessed on different organisms using varied metabolites

Sl. 
no. Stress inducer Organism Affected metabolites

Nature of 
chemical Reference

1 Dinoseb exposure Oncorhynchus 
tshawytscha 
(Chinook salmon 
embryos)

Lac, succinate, 
creatine, 
phosphocreatine, ATP

Herbicide Viant et al. 
(2006)

2 Ethinylestradiol 
exposure

Oncorhynchus 
mykiss (rainbow 
trout)

Plasma extract: 
Vitellogenin, A

– Samuelsson 
et al. (2006)

Lipid extract: 
Unsaturated fatty acids, 
cholesterol, cholesterol 
esters

3 Vincolozin Pimephales 
promelas

Lac, acetate, creatine, 
taurine, formate, A, 
significant changes in 
unidentified 
metabolites

Fungicide Ekman et al. 
(2007)

4 Atrazine Diporeia spp. Heptacosane, 
9,12-octadecadienoic 
acid, urea, N,N- 
bis(tert- 
butyldimethylsilyl), 
nonadecane, D

Herbicide Ralston- 
Hooper et al. 
(2008)

5 Chlorpyrifos Mytilus 
galloprovincialis 
(Mediterranean 
mussel)

Amino acids F, P, Y, V, 
R, E, I, L, Q, 
adenosine, ATP/ADP, 
choline, guanine, 
homraine, hippurate, 
Lac, 
phenylacetylglycine

Pesticide Jones et al. 
(2008)

(continued)
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Sl. 
no. Stress inducer Organism Affected metabolites

Nature of 
chemical Reference

6 Chloropyrifos and 
nickel combined

Mytilus 
galloprovincialis

Amino acids A, I, V, E, 
choline, PAG, 
adenosine, 
β-hydroxybutyrate, 
guanine, nicotinate, 
N-methylnicotinamide, 
uracil

Pesticide Jones et al. 
(2008)

7 Lindane Mytilus edulis 
(blue mussel)

Amino acids A, D, Bet, 
homarine, taurine, 
succinate

Insecticide Tuffnail et al. 
(2009)

8 Atrazine Mytilus edulis Amino acids I, L Herbicide Tuffnail et al. 
(2009)

9 Fenvalerate Daphnia magna Arginine phosphate, 
fructose phosphate, 
glucosamine 
phosphate, 
N-acetylglucosamine, 
N-acetylgluocosamine 
phosphate, fructose, 
ɣ-glutamylcysteine, 
linoleic acid, 
arachidonic acid

Insecticide Taylor et al. 
(2010)

10 Dinitrophenol Daphnia magna Fructose phosphate, 
arginine phosphate, 
chitobiose, 
N-acetylglucosamine, 
N-acetylglucosamine 
phosphate, fructose, R, 
glutathione, 
2-glutamylcysteine, 
arachidonic acid, 
linoleic acid, 
6-keto-prostaglandin, 
retinoic acid

Can be used 
as herbicide

Taylor et al. 
(2010)

11 Propranolol Daphnia magna Arachidonic acid, 
linoleic acid, 
prostaglandin, retinoic 
acid, fructose, arginine 
phosphate, glutathione, 
ɣ-glutamylcysteine, 
N-acetylglucosamine, 
N-acetylglucosamine 
phosphate, fructose 
phosphate

Used as 
medicine for 
cardiovascular 
issues

Taylor et al. 
(2010)

Table 8.3 (continued)

(continued)
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Table 8.3 (continued)

Sl. 
no. Stress inducer Organism Affected metabolites

Nature of 
chemical Reference

12 Pyrene Daphnia magna Amino acids K, A, N, 
aminomalonic acid, 
glucofuranoside, 
heptanedioic acid, 
turanose, uridine, 
gluconic acid, ornithine

Used in Dye 
making

Vandenbrouck 
et al. (2010)

13 Pyrene and 
fluoranthene 
mixtures

Daphnia magna Amino acids F, T, P, V, 
N, I, glucofuranoside, 
N-acetylglucose, 
choline, talose, 
turanose1glyceric acid, 
2,3,4-trihydroxybtylic 
acid, glucoronolactone, 
putrescine, purine-2- 
amine, spermine, 
uridine, myo-inositol, 
turanose, cadaverine, 
galactose oxime

Pollutant Vandenbrouck 
et al. (2010)

14 Esfenvalerate Gammarus pulex Contaminated streams 
2.7 fold more sensitive 
to pesticide exposure

Insecticide Russo et al. 
(2018)

15 Combination of 
tebuconazole, 
trifloxystrobin, 
lambda- 
cyhalothrin, 
thiamethoxam 
and 
clorantraniliprole

Cyprinus carpio Acethylcholinesterase 
activity in the brain 
was lower. Lipid 
peroxidation, catalase 
activity, glutathione 
S-transferase increased.

Insecticides 
and fungicide

Clasen et al. 
(2018)

16 Sedaxane Danio rerio Influences reactive 
oxygen species, 
malondialdehyde, 
peroxidase, glutathione 
S-transferase, 
superoxide dismutase, 
and glutathione in live 
larvae, decreases 
succinate 
dehydrogenase activity

Pesticide Yao et al. 
(2018)

17 Mesotrione Cyprinus carpio Increases superoxide 
dismutase, catalase

Herbicide Wang et al. 
(2018)

Bet betaine, Gly glycogen, Glu glucose, Lac lactate, A alanine, R arginine, N asparagine, D aspartic acid, 
C cysteine, Q glutamine, E glutamic acid, G glycine, H histidine, I isoleucine, L leucine, K lysine, M 
methionine, F phenylalanine, P proline, O pyrrolysine, S serine, U selenocysteine, T threonine, W tryp-
tophan, Y tyrosine, V valine, B aspartic acid or asparagine, Z glutamic acid or glutamine

8 Environmental Metabolomics: With the Perspective of Marine Toxicology Assessment



206

with care as the methods employed to conceive and analyze the data differ from 
each other. These tables not only suggest the summary of eco-metabolomics but 
also accentuate the necessity of standard methods for data compilation and analysis 
for the easy comparison in the future (Morrison et al. 2007) (Tables 8.4, 8.5 and 8.6).

Fishes and humans share more similar biochemical processes and are apt for 
aquatic toxicity studies particularly when pharmaceuticals are involved (Samuelsson 
et al. 2006). In aquatic metabolomics, fishes have been more involved for the past 
decade as they are very diverse in speciation. For instance, in 2012 Martinovic- 
Weigelt et al. . with the help of 1H, NMR explored male fathead minnows and came 
up with some metabolites like taurocholic acid, trimethylamine, etc., which are 
responsible for more dominant nature and eye-catching to females for mating pro-
cess (Martinovic-Weigelt et al. 2012). This exceptional work explains the viability 
of metabolomics to understand the behavior and aquatic ecology. Most of the 
aquatic metabolomic studies are emphasized on eco-toxicity and pollutant stress on 
aquatic life.

Mussels are aquatic sedentary mollusks; they are distributed in both fresh- and 
marine water. Mussels are being used for eco-toxicity studies because of ease in 
handling and relocation; they even amass toxic compounds (Spann et  al. 2011; 

Table 8.4 Abiotic stress inducers assessed on different organisms using varied metabolites

Sl. 
no. Stress inducer Organism Affected metabolites Reference

1 Sewage effluent Oncorhynchus 
mykiss

Variable changes in HDL, 
LDL, VLDL, cholesterol

Samuelsson 
et al. (2011)

2 Crude oil exposure Atherinops affinis 
(topsmelt)

Lac, phosphocreatine Van Scoy 
et al. (2012)

3 PAH-contaminated 
water exposure 
(field study)

Mytilus 
galloprovincialis 
(Mediterranean 
mussel)

Amino acids V, L, F, 
acetoacetate, adenine, 
thymidine

Fasulo et al. 
(2012)

4 Salinity increases Suaeda salsa (plant) Amino acids V, I, L, T, E, Q, D, 
N, E, Y, F, Bet, fructose, Glu, 
malonate, choline, 
2phosphocholine, fumarate, 
ferulate

Wu et al. 
(2012a)

5 Salinity increases 
and mercury 
exposure 
(combined)

Suaeda salsa (plant) Amino acids V, I, L, T, E, D, N, 
G,Y,W, Bet, malonate, choline, 
phosphocholine, fructose, Glu, 
fumarate, ferulate

Wu et al. 
(2012a)

6 Temperature 
increases (from 12 
to 18 °C)

Salmo salar (Atlantic 
salmon)

Amino acids A, Q, G, F, Y, 
glycoprotein acetyls, HDL, 
various lipids, creatine, choline, 
Glu

Kullgren 
et al. (2013)

Bet betaine, Gly glycogen, Glu glucose, Lac lactate, A alanine, R arginine, N asparagine, D aspartic 
acid, C cysteine, Q glutamine, E glutamic acid, G glycine, H histidine, I isoleucine, L leucine, K 
lysine, M methionine, F phenylalanine, P proline, O pyrrolysine, S serine, U selenocysteine, T 
threonine, W tryptophan, Y tyrosine, V valine, B aspartic acid or asparagine, Z glutamic acid or 
glutamine
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Fasulo et al. 2012). For instance, Fasulo et al. in 2012 exposed Mediterranean mus-
sel to PAH (polycyclic aromatic hydrocarbon) and studied the variation in its metab-
olites. This study concluded that, on exposing PAH to Mediterranean mussel, its 
anaerobic metabolism upsurged significantly.

In the year 2012, Kwon et al. also conducted similar experiments using Mytilus 
species from South Korean bay. These studies demonstrated the potential of using 
wild nurtured organisms in metabolomics. These organisms were used to identify 
changes in inhabitants with respect to varying climates.

Table 8.5 Other stress inducers assessed on different organisms using varied metabolites

Sl. 
no. Stress inducer Organism Affected metabolites Reference

Additional 
information

1 17-Ethynylestradiol Pimephales 
promelas 
(male 
fathead 
minnow)

Amino acids A, E, Gly, 
Glu, Lac, Bet

Ekman 
et al. 
(2009)

Used widely 
in birth 
control pills

2 17-Ethynylestradiol Pimephales 
promelas 
(fathead 
minnow)

Phosphatidylcholine, 
cholesterol, diglycerides, 
triglycerides

Ekman 
et al. 
(2008)

–

3 17-Trenbolone 
cyproterone acetate

Pimephales 
promelas

Taurine, monounsaturated 
lipid

Collette 
et al. 
(2010)

Used in birth 
control pills.

4 17-Ethynylestradiol Danio rerio 
(zebrafish)

Amino acids Q, V, L, I, A, 
E, G, R, Lac, 
phosphocholine, 
cholesterol, succinate, 
creatine, Bet, choline, FA

Teng et al. 
(2013)

–

5 Graphene oxide Daphnia 
magna

Increases oxidative stress Lv et al. 
(2017)

–

6 Seleno-methionine Daphnia 
pulex

Early life brood: Reduced 
lifespan and absence of 
reproduction

Nelson et 
al. (2018)

–

Old life brood: Increased 
resistance to heat-induced 
stress

7 Benzoylecgonine Daphnia 
magna

Induces oxidative stress 
and inhibits 
acetylcholinesterase 
(AChE) activity affecting 
swimming behavior and 
the reproduction of 
Daphnia magna 
individuals

Parolini 
et al. 
(2018)

Cocaine is 
metabolized, 
excreted 
product

Bet betaine, Gly glycogen, Glu glucose, Lac lactate, A alanine, R arginine, N asparagine, D aspartic 
acid, C cysteine, Q glutamine, E glutamic acid, G glycine, H histidine, I isoleucine, L leucine, K 
lysine, M methionine, F phenylalanine, P proline, O pyrrolysine, S serine, U selenocysteine, T 
threonine, W tryptophan, Y tyrosine, V valine, B aspartic acid or asparagine, Z glutamic acid or 
glutamine
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8.2.2  Host and Environmental Factor Interactions

Host and its microbiome relationship can be generally studied under two headings. 
One is symbiosis, and the other is dysbiosis.

 Symbiosis

The dynamic state of host and microbiome communication, wherein immune and 
metabolic interactions are maintained normal.

 Dysbiosis

Dysbiosis might occur due to events like stress, infection, etc. In this state of rela-
tionship, the interactions between host and microbiome vary significantly.

These concepts of symbiosis and dysbiosis regarding host-microbiome relation-
ships have been initially conceptualized and mostly used in human beings and mod-
els that resemble them (Hamdi et al. 2011; Nicholson et al. 2012; Scharschmidt and 
Fischbach 2013). Many of the sea creatures can be considered as humanized models 
as they have a lot of resemblance to humans (Egan and Gardiner 2016) (Fig. 8.4).

Based on the complexity of host anatomy and its immune system, a number of 
factors and processes that influence the state of host-microbiome interactions will 
also increase. For instance, sponges are less complex when compared to sharks, so 

Table 8.6 Various marine organisms involved in eco-metabolomics studies

Sl. no. Different organisms used Reference

1 Flatfish (fish) Stentiford et al. (2005)
2 Chinook salmon (fish) Viant et al. (2006)
3 Zebrafish (fish) Ekman et al. (2007)
4 Mytilus edulis (blue mussel) Tuffnail et al. (2009)
5 Rainbow trout (fish) Kullgren et al. (2010)
6 Fathead minnows (fish) Van Scoy et al. (2012)
7 Topsmelt (fish) Kokushi et al. (2012)
8 Japanese medaka (fish) Uno et al. (2012)
9 Whale sharks (fish) Dove et al. (2012)
10 Mytilus galloprovincialis (Mediterranean 

mussel)
Fasulo et al. (2012)

11 Suaeda salsa (plant) Wu et al. (2012a)
12 Atlantic salmon (fish) Kullgren et al. (2013)
13 Daphnia magna (crustacean) Lv et al. (2017)
14 Danio rerio (fish) Yao et al. (2018)
15 Cyprinus carpio (fish) Wang et al. (2018)
16 Gammarus pulex (crustacean) Russo et al. (2018)
17 Daphnia pulex (crustacean) Nelson et al. (2018)

N. P. P. Pabbathi et al.
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the number of factors that influence either symbiosis or dysbiosis will be less in 
sponges when compared to sharks. Usually, the relationship between an aquatic 
organism and its microbiome can be stated as symbiotic systemically, but the char-
acteristics of the relationship may even vary for individual cell. It can be better 
explained with an example, where the microbes existing and surviving on the organ-
ism and in its gut have less associated intimacy when compared to the microbes that 
exist intracellularly.

The symbiotic state is normally influenced by a number of natural variations, 
which can be demarcated by the habitat characteristics. The study of upper zone of 
ocean can serve as best example for this. In this zone, organisms are exposed to dif-
ferent temperatures and different intensities of light. Particularly in ectothermal ani-
mals, host-microbiome interactions differ based on the seasonality and its respective 
temperature and light. According to David et al. (2014) the host-microbiome  relation 
may even fluctuate from organism to organism individually. The diet changes of the 
organism, perhaps due to less availability of food, can even influence the microbiota 
in gut which may lead to alteration in metabolic exchange between host and its 
microbiome.

Another major factor influencing the relationship is stress. Stress is observed to 
be a part of the organism’s day-to-day life, either chasing a prey or fleeing from 
being a prey, and even secretion of certain hormones like cortisol can show a signifi-
cant effect on these relationships (Moloney et al. 2014). The regular life events of 

Fig. 8.4 Diagrammatic representation of host microbiome interaction and possible mechanisms
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the organism like reproduction, development, and aging are also expected to influ-
ence these relationships. According to Heintz and Mair (2014), these factors have 
shown significant variations in nonmarine subjects. Most of the times, these changes 
are extreme enough to tip to transformed symbiosis from symbiosis. This state of 
transformed symbiosis may exist for small or extended period. According to Koren 
et al. (2012), in humans the gut microbiome of pregnant female generally varies 
from the normal female. Events like conflict which might be due to pressures of a 
specific environment can also cause more transformed state of symbiosis. According 
to Nicholson et al. (2012), the transformed symbiosis which is caused due to varia-
tion in regular events of life might be considered as healthy variations. This is 
 suggested based on the data acquired from human beings and resembling models, 
but the mechanism of exchange between microbiome and host due to the variations 
is not clearly understood.

In an organism’s lifetime, if we consider both symbiosis and transformed sym-
biosis as normal healthy host–microbiome alteration, then dysbiosis may be consid-
ered as the collapse of host–microbiome association, which might be interrelated to 
a single or multiple stressors. This can significantly change the health of the host 
and may even lead to an ill condition (Holmes et  al. 2011). The stress inducers 
might be an exterior origin like agents which lead to infection, pollutants, or even 
an environmental change, and there are a large number of other factors which fall 
under this class. For instance, as the temperature of seawater increases, the corals 
get bleached. The reason for this is the disrupted association of unicellular algae 
with corals. This is one of the most evident signs of dysbiosis state.

Hashimoto et  al. in 2012 linked microbial ecology to the one of the current 
human major stressor malnutrition, which changes even the immunity levels. 
Generally, in most of the studies involving host–microbiome, efforts were applied 
in understanding the association between dysbiosis, health of the host, and symbio-
sis states, but the drastic changes in the aquatic environment due to pollution have 
obligated this area for research so that marine life can be saved from human made 
pollution.

8.3  Applications of Metabolomics in Aquaculture Research

8.3.1  Larviculture Application

The prime task in effective larviculture of marine organisms is developing complete 
life cycle nurturing procedures. Regrettably, for commercial reasons the method-
ological advances have not been produced in major scientific research literature 
(Allan and Burnell 2013). Only since the past few years, substantial technological 
developments took place in the production of hatcheries. Still there are considerable 
opportunities in enhancing quality brood fish, their nutritional and cultural manage-

N. P. P. Pabbathi et al.
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ment (Hamre et al. 2013). In larviculture, enormous death rates in the process of 
rearing larvae are influencing the production yields. Due to this reason production 
yields are immensely hindered in several species. The hindering levels are some-
times as high as they almost reach 90% at times (Salze et al. 2011; Purcell et al. 
2012; Sørensen et al. 2014). The reason for this high mortality rate is not the same 
for every species. For some new species insufficient understanding of their basic 
survival requirements and culturing procedures (Calado et al. 2009; Manley et al. 
2014) may be the reason, while for other cases, the increased mortality can be 
ascribed to different factors like disease associated (Blindheim et al. 2015; Richards 
et al. 2015a, b; Solomieu et al. 2015), sometimes genetic, and mostly environmental 
and nutritional (O’Connor et al. 2012; Kousoulaki et al. 2015).

With the help of metabolomics-derived functional metabolite data, various issues 
which have been discussed above could be solved and could even assist in develop-
ing some curative measures for betterment of hatchery production. It has already 
been reported that metabolomics has been and is being employed to explore biology 
of aquatic larvae. Recent encroachment has been made by Papan and Chen 2009 
et al., with the research made on developmental biology of Danio rerio (zebrafish). 
During embryogenesis, the zebrafish larval metabolome is found to be changing 
dynamically. This data can be used for the developmental stage prediction and can 
expose change in gene expression and thereby protein production (Soanes et  al. 
2011; Huang et al. 2013; Raterink et al. 2013). Though the research work is focused 
on zebrafish which is not a commercially cultured species, this research throws light 
on potential of using metabolomics for various applications to study initial life 
phases of many other commercially viable aquatic organisms.

In 2015, Young et al. (2015a) employed metabolomics for the analysis of devel-
opmental biology of Perna canaliculus (mussel) larvae. Rapidly developing and 
sluggish larvae of same culture were collected at different time intervals to analyze 
their metabolite profiles using gas chromatography–mass spectrometry (GC–MS) 
technique (Young et  al. 2015b). Using the univariate and multivariate methods, 
empirical Bayesian analysis of metabolites (EBAM), supervised projection to latent 
squares discriminant analysis (PLS-DA), volcano plot analysis, significant analysis 
of metabolites (SAM), and better biomarkers were identified for separating the two 
groups of larvae. Using the above methods, different levels of various metabolites 
can be used as biomarkers for estimating the quality of mussel larvae. Some of those 
metabolites are myristic acid, alanine, succinic acid, glycine and pyroglutamic 
acid, etc.

In-depth analysis regarding the role of these metabolites provides information 
about the contribution of different metabolic pathways in the development of mus-
sel larva. There are diverse pathways involved in this, and some of them are osmotic 
regulation, cell–cell communication, energy metabolism, and immune function. 
This research not only demonstrates the capability of using metabolomics for evalu-
ating the quality of mollusk larvae but also hints the potential of metabolomics to 
provide analytical representations of larval development and perceptions about 
pathways involved. It would be a great advantage and achievement to the hatchery 
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industry if a tool kit is developed for evaluation of larval status in the entire rearing 
process.

Metabolomics has even promoted other areas of developmental biology concern-
ing disorders of reproductive systems (Courant et al. 2013). It has helped in under-
standing and estimating quality of oocyte and even predicts the viability of embryos 
(Bertoldo et al. 2013; Cortezzi et al. 2013). In 2015, Kumar et al. have identified 
biomarkers for estimating the fertility of sperm. Metabolomics is expected to be the 
most promising tool in evaluating and advancing not just hatchery production tech-
nology but various streams of biotechnology.

8.3.2  Nourishment Applications

In aquaculture, research is being emphasized on nutrition for the cultured species 
health improvement to upsurge the growth and thereby improving production. 
Supplying appropriate quantity of good quality nutrition will have comprehensive 
implications on other rearing factors like augmentation of feedstock and quality of 
sperm/ovum, discreet performance development, prevention of disease, developing 
reliable, and fine-quality feed substitutes.

Newly evolved aquaculture species have unfamiliar dietary necessities. So, there 
exists a critical necessity to identify important nutritional requirements for the sus-
tenance of these organisms. There is a very less understanding of interactions 
between environment, health, and nutrition due to their complexity in both estab-
lished and unknown species. As of now there is inadequate information of nutri-
tional requirements and dietary inclinations of larvae, which is hindering upsurge 
production yields. Hence, there exists a significant opportunity to understand the 
nutritional requirements in various phases of their life cycle. Metabolomics pro-
vides an exclusive platform to evaluate the metabolome differences for different 
dietary regimes and helps in developing novel enhanced nutritional management.

Metabolomic methodologies have already been applied for evaluating beneficial 
and adverse effects of lack of food in various organisms like salmon, trout, and mus-
sels (Kullgren et al. 2010; Thunathong et al. 2012; Cipriano et al. 2015). In abalone 
and sea bream, analysis of interactions between diseases, diet, and environment was 
done (Silva et al. 2014). Presently, metabolomic research on nutrition of aquatic 
fauna is in budding stage. So there exists a huge scope for identifying different food 
regimes of various less cultivable aquatic fauna and can even be commercialized.

8.3.3  Clinical Pathology and Immunological Applications

One of the major challenges for aqua culturists is to manage the health and diseases 
meticulously. When all the functions in a biological system are carried out opti-
mally, it is said to be healthy. Any imbalance in this is considered as disease. One of 
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the common causes of a disease is through a pathogen (bacteria, virus, or parasite). 
Pathogens can spread through compromise in sanitary measures and through 
pathogen- infected feed and water. Transmission from wild stocks and possibly 
through infected animals from other farms. Overstocking of animals results in poor 
hygienic conditions, and lack of adequate nutrition further increases the risk of dis-
ease. China, which provides for two-thirds of world’s aquaculture production, loses 
approximately 20% of its produce due to diseases (Li et al. 2011). Incidences of 
disease outbreaks causing huge loss of population resulting in collapse of industry 
with severe socioeconomic impacts are known, for example, Herpes virus outbreak 
in oysters and white spot syndrome virus in shrimp (Sanchez-Martınez et al. 2007; 
Peeler et al. 2012).

Research suggests that a number of subtle, interrelated metabolic imbalances can 
be responsible for onset and development of a particular disease condition. A num-
ber of factors such as genetic, nutritional, or environmental can affect the immune 
system of the organism making it more susceptible to the pathogen. A pathogen may 
not cause disease until the host organism experiences stress causing shift in equilib-
rium, or it may immediately result in disease by overwhelming its immune system. 
The relationship between imbalances in metabolic networks and proliferation of 
disease can be obtained through metabolomics. Metabolomics provides insights 
into effect of pathogen exposure, mechanism of resistance, and efficacy of disease 
treatment. The field of metabolomics with applications related to host-pathogen 
interactions in aquaculture research is developing rapidly. Metabolomic studies 
revealed the common imbalances caused from pathogen exposure to be in host 
energy metabolism, cell signaling, osmotic regulation, oxidative stress, and respira-
tory processes.

Recent metabolomics-based studies on the immunological responses of bivalves 
to infections with various bacterial pathogens revealed that the molecular response 
mechanisms of the host depends on bacterial strain (Ji et al. 2013; Wu et al. 2013a; 
Liu et al. 2013a, 2014a, b), the host species and pedigree (Liu et al. 2013b; Wu et al. 
2013b), the sex of the host (Ellis et al. 2014; Liu et al. 2014a), and between different 
tissues (Ji et al. 2013; Liu et al. 2014b). These studies highlight the requirement of 
specific disease management strategies for particular conditions. Other examples of 
metabolomic studies include evaluation of effect of superintensive aquaculture sys-
tems on the health of shrimp (Schock et  al. 2013), identification of biomarkers 
involved in the host responses of shrimp white spot syndrome virus (Liu et al. 2015), 
study of interaction of nutrition and temperature on withering syndrome disease in 
abalone (Rosenblum et al. 2005, 2006), characterization of metabolic demands of 
hepatic tumors in flatfish (Southam et al. 2008), identification of simple strategies 
for potentiating the sensitivity of aquatic pathogens to antibiotics (Su et al. 2015), 
discovering metabolite biomarkers associated with enhanced host defense against 
bacterial infection in carp (Guo et al. 2014), revealing the biochemical mechanisms 
underlying the efficacy of bacterial vaccines in fish (Guo et al. 2015), identification 
of metabolic responses of crabs to vibriosis (Schock et  al. 2010), enhancing the 
health of cobia through dietary manipulation (Schock et al. 2012), identification of 
simple treatments for increasing disease resistance of tilapia against bacterial patho-

8 Environmental Metabolomics: With the Perspective of Marine Toxicology Assessment



214

gens (Peng et al. 2015), and determining the mechanism of action (Ma et al. 2015) 
and developing nutritional and non-nutritional treatments for enhancing survival of 
diseased tilapia (Cheng et al. 2014; Zhao et al. 2015).

A study conducted by Schock et al. (2013) to assess health parameters in cul-
tured marine invertebrates is a good example of metabolomic application. NMR- 
based metabolomics was used in this study to monitor the shrimp from nursery to 
harvest for health factors. A superintensive aquaculture system with minimal water 
exchanges was used to grow the shrimp. This system provides increased production 
and reduced disease susceptibility. It also results in enhanced water quality due to 
reduction of waste products. In addition a biofloc system was used to promote 
growth of beneficial bacteria. Shrimp samples were collected every week through-
out nursery and grow-out raceways. To evaluate experimental biases in extraction 
process and timing, a robust quality control procedure was performed with the use 
of standard reference material. Metabolomic studies require such protocols for veri-
fication of data collection procedures. NMR spectra of samples from nursery and 
raceway phases were compared. The results showed important differences which 
can be concluded to be stressful conditions in shrimp. Various biomarkers for stress 
were found from these studies. These include iosine and trehalose. It was observed 
that increase in total ammonia nitrogen, reduced feeding period and trnasition of 
shrimp from nursery to raceways were the three main events related to stress. Thus, 
specific areas which needed focus to improve production efficiency were identified 
through metabolomic investigations. The results are obtained faster and at reduced 
cost as compared to traditional approaches.

Another study conducted by Guo et al. (2014) made use of GC–MS platform to 
compare metabolite profiles of crucian carp (Carassius auratus) to assess their abil-
ity to survive infections caused by the bacterium Edwardsiella tarda. Various bio-
markers that signal infection involved in immune response in the host were 
identified. For metabolomics data analysis, web-based MetaboAnalyst 2.0 pipeline, 
and to identify biochemical pathways that indicate infections, the pathway library of 
zebrafish (surrogate for carp) were used. Increased levels of palmitic acid and 
decreased levels of D-mannose were identified as biomarkers for this infection. 
These correspond to the increase in unsaturated fatty acid biosynthesis pathway and 
decrease in fructose and mannose metabolism pathways. It can be concluded from 
these results that the early signs of pathogens and infections could be effectively 
identified through metabolomic studies. This knowledge can be used to mitigate the 
infection at the onset. It can also be used to select optimal conditions for growth of 
cultured organism. Providing a wide scan of physiological activities and identifica-
tion of areas where problems maybe encountered (production issues such as health 
threats) is considered to be the stronghold of metabolomics approach.

Exposure of aquatic organisms to immuno-toxic contaminants, which suppress 
the immune system, enhances the deleterious effects of pathogens and viruses 
(Girón-Pérez 2010; Morley 2010). Aquaculture industry in many regions suffers 
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due to poor quality of water resulting from release of various organic and synthetic 
pollutants that are serious threat to living organisms (Li et al. 2011), into aquatic 
ecosystems as a direct consequence of rapid industrialization and urbanization. The 
biological fate and effects of many new and emerging contaminants is not known 
completely, and such contaminants are increasing in number. Metabolomics is pro-
gressively used to study mechanisms of toxicity and to develop environmental con-
tamination assessment methods using fish and shell fish.

Metabolomics-based studies have recently proved to be highly appreciable for 
applications in:

 (a) Identification of physiological responses of various marine crustaceans in 
response to agricultural runoff, heavy metals, and endocrine disruptors (Wu 
et al. 2013b; Hanana et al. 2014; Ji et al. 2014, 2015a, 2015b; Leonard et al. 
2014; Zhou et al. 2014; Campillo et al. 2015; Song et al. 2016).

 (b) Characterization impact of pesticide exposure in carps (Kokushi et al. 2015).
 (c) Identification of novel and highly accurate biomarker species of clams for mon-

itoring environmental contamination (Ji et al. 2015c).
 (d) Assessment of petrochemical contamination at industrialized sites and their 

influence caged mussels (Fasulo et al. 2012; Cappello et al. 2013, 2015).
 (e) Detection of marine locations that have possible multi-contaminant sediment 

loadings (Watanabe et al. 2015).
 (f) Development of noninvasive strategies with the main objective of pollution 

assessment by profiling metabolites in the excreted mucus of fish skin.

In the times to come, metabolomics has a great scope in being used as a tool for 
health monitoring of various organisms. It has the capability of providing better 
methods for pollution estimation and can even augment performance eco- 
toxicological evaluations. This field has a lot to do in areas like biosafety and food 
safety, capable of throwing light on factors related to diseases which are more com-
mon for cultivated aquatic organisms.

8.3.4  Post-harvest Quality Control

In aquaculture industry, the prime task is to produce, preserve, and deliver a good- 
quality product from farm to the customer. Different factors are considered while 
classifying the product quality. Nutritional value is dependent on the presence of 
minerals, good percentage of polyunsaturated fatty acids like omega-3 fatty acids, 
and highly digestible proteins and vitamins. Based on additional compositional fea-
tures like fat to lean ratio, water percentage, etc., the quality of meat may be defined. 
The acceptable factors of customer profundity may include appearance, odor, firm-
ness, juiciness, softness, and savor (Nollet and Toldra 2010). However, the product 
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quality is multifarious; still there is much to learn. To get better nutritional and 
compositional qualities, the culture conditions are optimized before harvesting the 
product from culture. The product quality and food safety are affected by post- 
product recovery processes like shipping, storage, and packing.

As metabolites are involved in different aspects like nutritional value, flavor, 
aroma, and even in the process of degradation, metabolomics provides an exciting 
research opportunity for food quality estimation and helps in designing novel 
approaches for food quality conservation. A swift upsurge has been observed in the 
food quality analysis, post-harvest processing, and preservation methods these days 
because of the metabolomics supplement (Rubert et al. 2015; Trimigno et al. 2015; 
Kim et  al. 2016). Metabolomic study of frozen fish revealed that few nutrients, 
savors, and aromas are being degraded in the process for storage (Castejon et al. 
2010; Leduc et al. 2012; Shumilina et al. 2015). Investigating association of culture 
conditions, post-harvest quality, and preservation (Savorani et al. 2010; Picone et al. 
2011) and designing quick analysis methods and in the process of long-term cold 
storage of fish, there is a need to identify potent biomarkers to test the fish freshness 
and quality (Duflos et al. 2010; Leduc et al. 2012; Heude et al. 2014). To improve 
the shrimp meat quality and cost even after shipping, prominent research has to be 
done on the metabolic factors being influenced in the process of storage (Chen et al. 
2015). In salmon preservation irradiation is an important procedure done to elimi-
nate the infection-causing microbes, to reduce storage effects, and to improve prod-
uct safety. During this process metabolites in the salmon meat may vary. So a study 
of metabolic variation can prove beneficial (Villa et al. 2013; Castejon et al. 2016).

Heude et al. devised a rapid and simple method to assess freshness and quality of 
fish. This method is based on indicative metabolite quantification using high- 
resolution magic angle spinning (1H HR-MAS) NMR spectroscopy. The  well- known 
indicators of freshness and quality, k value (measure of spontaneous disintegration 
of cells and tissues after death), and trimethylamine nitrogen (TMA- N, indicative of 
bacterial spoilage), respectively, are quantified in this method in fish samples stored 
at 0 °C. Metabolite concentrations in four commercially important fish species – sea 
bream, sea bass, trout, and red mullet – were measured to identify these parameters. 
Similar results were obtained from NMR approach as compared to traditional meth-
ods. However, with a mean time of 40 min per sample and facility to use unpro-
cessed fish without prior extraction procedures, NMR has an added advantage over 
traditional analytical methods that require time-consuming extraction procedures. 
NMR approach also requires small sample sizes of 10–15 mg which can easily be 
obtained from biopsy.

Such NMR approach was also used to test the effects of irradiation on cold- 
smoked Atlantic salmon as a means to prevent bacterial and parasite infections 
(Villa et al. 2013). The muscle samples from live fish after different irradiation treat-
ments (0, 1 and 4 kGy) and non-irradiated controls were taken and NMR spectra 
obtained. The results were statistically analyzed using principal component analy-
sis. To identify the differences in degradation of fish samples during storage, 
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ANOVA was used. Compounds like creatine, trimethylamine oxide, phosphoryl 
choline, and glycerophosphorylcholine were identified as indicators of irradiation 
treatment from these studies. This approach provides for nondestructive analysis to 
assess food processing and physiological changes in fish due to storage.

Identification of origin of the product or traceability is an important requirement 
of food quality control. The producers may be asked to trace the product and specify 
the culture methods to ensure food safety and prevent fraud. Protection of product 
from low-quality produce of unknown source is a grave concern faced by farmers. 
Metabolomics-based approaches are used to devise superior methods for food 
authentication and traceability (reviewed by Castro-Puyana and Herrero 2013; 
Cubero-Leon et al. 2014). Examples of application of metabolomics include clas-
sification of wild-caught and cultured salmon and sea bass and exposure of fraudu-
lent labelling of seafood products (Aursand et al. 2007, 2009; Mannina et al. 2012) 
and differentiation of wild and farmed sea bream which are marketed as same high- 
quality product but have different qualities (Melis et al. 2014), distinguishing dried, 
salted mullet roe (in Sardinia, Italy) processed using special methods from locally 
produced roe.

Use of metabolomics in traceability is demonstrated by the study done by Locci 
et al. 2011. In the study, salted and dried mullet roe samples and local roe samples 
were taken, and their 1H-NMR spectra was used to obtain the knowledge of their 
metabolite markers. Using the technique different metabolites from different mullet 
sources that are stored and processed differently were identified. This study shows 
that metabolomic approach can be used not only to trace the origin of fish samples, 
without using DNA or protein analysis, but also it allows customization of the man-
ufacturing and processing style of this traditional Italian artisanal fishery product. 
Therefore, metabolomic approach can have an efficient role in providing traceabil-
ity and authentication in current global food markets.

8.4  Conclusion

Environmental metabolomics are thus providing insights into the interactions of 
marine organisms with their niche. Major advantages in employing the approach lie 
in the fact that the function and health of the marine organisms can be assessed at 
the molecular level. Metabolomic studies in marine provide information on the 
response of organisms to abiotic and biotic and has wide applications in the marine 
sciences including toxic assessments and prevention strategy developments.
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Abstract An epiphyte is a nonparasitic plant that dwells on another plant and has 
been well studied in terrestrial plants. However, in the marine ecosystem, these 
epiphytes thrive on algal thallus for their support and growth, and their infestation 
has a prime economic impediment in commercial cultivation. They usually belong 
to various groups, namely, bacteria, fungi, algae, ascidians, bryozoans, sponges, 
protozoa, molluscs, crustaceans, and other marine sessile organisms. The seaweed 
farming industry is currently growing at ca. 9% per annum, with global production 
of 31.2 million wet tons worth US$ 11.7 billion. The first report of an epiphytic 
outbreak in commercial farms of Kappaphycus in the 1970s caught the attention of 
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several researchers on this devastating epiphyte which causes retarded growth and 
significant loss of stocking biomass, ultimately leading to the production of inferior 
quality of raw material. High-density planting in commercial farms is often respon-
sible for recurring epiphytic infestations. Nevertheless, it is almost certain that the 
entire crop collapses due to epiphyte outbreak in a short span of time. Therefore, the 
lack of reliable global statistics exerts trade deficit in commercial seaweed farming. 
This chapter highlights the causes of epiphytic infestations, the current status of 
outbreaks, methods to control epiphytes, and its economic implications.

Keywords Seaweed · Epiphytes · Control strategies · Seaweed farming · 
Economic implications

9.1  Introduction

Seaweeds are marine macrophyte algae. They are exceptionally diverse in their 
forms and functions, are renewable in nature, and provide inimitable prospects for 
its utilization as a source of nutrition, food, cosmetics, fertilizer, medicinal, nutra-
ceuticals, pharmaceutical, biofuels, personal care, and allied industries. Commercial 
harvesting of seaweeds has reached a new milestone with 31.2 million tonnes year−1 
production (95% accounts to farming) with a market value of over US$ 11.7 billion 
(FAO 2018). About 221 species of seaweed are being utilized commercially. Of 
these, about 145 species are used for food, while nearly 110 species are exploited for 
phycocolloid extraction. Almost all of the seaweed production (94%) is produced 
through aquaculture practice, while harvesting from the wild stocks is minuscule.

Asian countries alone account for over 99% of global seaweed production. The 
highest proportion of tonnage is constituted by food alga, namely, Porphyra (Nori), 
Laminaria (Kombu), and Undaria (Wakame), followed by seaweeds for phycocol-
loid extraction. As seaweed farming has been gaining impetus globally, including 
outside Asia, the problems faced by this industry need to be addressed; one of the 
several issues is an epiphytic infestation. The first report of an epiphytic outbreak in 
commercial farms of Kappaphycus in the 1970s caught the attention of several 
researchers on this devastating epiphytes which causes retarded growth and signifi-
cant loss of stocking biomass ultimately leading to the production of inferior quality 
of raw material. It is also a major, worldwide problem in Gracilaria cultivation as 
well (Fig. 9.1). The epiphytic infestation has severely reduced the productivity and 
cost efficiency in tank cultivation systems (Fletcher 1995). Seaweed in their natural 
ecosystem acts as a primary producer and provides food to consumers. With this 
primary role in the marine ecosystem, seaweed provides shelters and habitat to 
many organisms including the plants and animals. The organisms which colonize 
the seaweeds can be called as epibiotic communities or epibionts or even referred as 
epiphytes (Peteiro and Freire 2013) although this word is not clearly defined (Steel 
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and Wilson 2003) and the phenomenon is referred as epiphytism. Epiphytism is 
common in marine habitat (Ingle et al. 2018), and there are various types of epi-
phytes from microalgae, other seaweeds to invertebrates and animals from the class 
of gastropod, and many small crustaceans such as amphipods and isopods associ-
ated with seaweeds. With this, there are various kinds of microorganisms from bac-
terial, fungal, and viral species (Gachon et  al. 2010) associated with seaweeds. 
Almost all of these microorganisms (Goecke et al. 2013, 2010) and epibiotic com-
munities (Wahl 1989) get suitable place, habitat, food source, as well as protection 
from their predators and other environmental stresses.

All these epibiotic communities of seaweed can show positive as well as negative 
mechanism. The positive interaction however is not so well studied, but few species 
particularly grazers can control the epiphytic algal species. In the cultivation of 
seaweeds, the decrease or increase of these communities can impact on the produc-
tion. The abundance and species biodiversity of epibiotic communities are depen-
dent on crop species morphology, season, etc. There are some other important 
factors in defining the epifaunal assemblages apart from the algal host such as epi-
phytic load and height on the shore (Cacabelos et al. 2010). In many places, the 
seaweeds are non-native species which can show variation in acceptance of them by 
native epibiotic communities (Cacabelos et al. 2010), due to their metabolites as 
deterrents against consumers (Paul and Fenical 1986). The physiological tolerance 
of these animals and the variations in the habitat environment determine the distri-
butional pattern and abundance of this epifauna related to specific marine macro-
phyte (Lancellotti et al. 1993). Basically, the majority of epiphytic algae species are 
facultative in nature and are usually found associated with more than one species 
(Wahl and Mark 1999), while others are known obligate epiphytes which grow on 
specific single host species.

Fig. 9.1 Various forms of epiphytic infestation recorded during Gracilaria edulis farming. (a) Red 
algal type (b) Green algal type (c) Blue-green algal type
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Almost all epibiotic organisms are generally deposited on the thallus part of 
cultivated seaweeds. In case of the epiphytic seaweeds and seaweed, crops are gen-
erally competitors of each other for the resources such as sunlight and nutrient 
(Kersen et  al. 2007) which can make host seaweed weak, resulting in bacterial 
infection. The abundance of epiphytic species is determined by few abiotic factors, 
for instance, the direction of water movement and the availability of nutrients. Their 
spatial distribution is dependent on their ability to dryness or removal capacity of 
moisture during low tides (Molina-montenegro et al. 2005). The higher level of sun-
light, high temperature, and strong desiccation at the time of low tides make the 
intertidal zone a stressful habitat (Bertness and Leonard 1997). The species which 
have the capability to keep themselves alive in such adverse conditions can impact 
on other species (Bertness et al. 1999; Molina-montenegro et al. 2005). Few sea-
weed species show tolerance to such environment and can provide shelter to various 
organisms such as other seaweeds and small crustaceans (Bertness et al. 1999).

The upsurge in the amount of nutrient load shows a gradual increase in the num-
ber of epiphytic seaweeds and invertebrates which are dependent on the seaweeds. 
However, intraspecific competition is also possible in the invertebrates for light, 
space, and food (Lobban and Harrison 2000; Kersen et  al. 2007). The complex 
structure of seaweed can provide larger surface results in the diverse assemblages of 
invertebrates associated with that seaweed (Chemello and Milazzo 2002). The spa-
tial variability of epifauna within the same environments might vary from a few 
days to several months. The small spatial scale of observation shows that the sea-
weed is a highly appropriate habitation for an extensive variety of faunal organisms 
(Chemello and Milazzo 2002), but this depends on many factors such as life cycle 
of epibiotic organisms, the architecture, and chemical defense of host seaweeds 
(Duffy and Hay 1994).

9.2  Classification of Epiphytes

Linskens (Linskens 1963) classified the epiphytes in two types on the basis of their 
attachment to host seaweed. The holo-epiphytes attach to the outermost layer of 
their seaweed host, while amphi-epiphytes acutely anchor inside the host seaweed 
tissue. This classification is complimentary compared to the classification given by 
Leonardi et al. (2006), which is based on the level of host penetration and classified 
in five types as per their interaction with macroalgae. Leonardi classified the epi-
phytes in five categories as shown in Table 9.1.

These epiphytes can be other algae, bacteria, fungi, etc. which cover the parts of 
seaweed densely as per their requirement and possibility of spreading. Both these 
classifications are related with the interaction of seaweed with epiphytes particu-
larly epiphytic algae, and no mention about microorganisms are given separately 
and even no discussion on the animal’s association to the seaweed. Ingle et  al. 
(2018) defined the term pests in macroalgae cultivation, and on the basis of negative 
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interaction of epibiotic communities with crop seaweed, pests are classified in vari-
ous categories as shown in Fig. 9.2.

9.3  Microorganisms and Seaweed

In the marine environment, seaweed deals with all types of microorganisms includ-
ing the viruses and fungal species but mostly with bacteria. Although there is a 
limited study on the seaweed interaction with viruses and fungi, it is found that up 
to half of natural seaweed is infected by viruses (Cock et al. 2010) which denotes 
that viruses can strongly influence the seaweed lifestyle as well (Egan et al. 2013) 
(Table 9.2). In case of fungal species, only a few fungal species are yet known, but 

Table 9.1 Classification of marine epiphytes in five different types

Type Attachment characteristics Damage possibility

1 Weak attachment to the host surface No damage to host tissue
2 Strong attachment to the host surface No damage to host tissue
3 Bleach the deck lamella, and outer layer of 

the host wall is penetrated
No damage to cortical cell

4 The deck lamella and outer layer of the host 
cell wall

Disturb the cortical tissue

5 The cortex is penetrated to reach the deep 
medullary tissue

Damage to host due to penetration up to 
medulla of host seaweed

Fig. 9.2 Classification of marine pests into three main groups, plants, animals, and microorgan-
isms, which are further categorized into subtypes which negatively interact with seaweed and 
might be responsible for direct or indirect harm or injuries. (Modified from Ingle et al. 2018)
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Table 9.2 Key research works on the epiphytes in different geographical regions

Sl 
no. Authors Work done Epiphytic composition Area

1 Sand-Jensen and 
Borum (1984)

Epiphyte and 
photosynthesis

Lobelia dortmanna L., epiphytic 
diatoms

Denmark

2 Kitayama and 
Garrigue (1998)

Microscopic 
multicellular algae

Plzaeophila deidroides 
(Chlorophyceae, Phaeophilales), 
Feldinannia irregularis, 
Feldrnaniiizia indica 
(Phaeophyceae, Ectocarpales), 
Stylonema alsidii 
(Rhodophyceae, Porphyridiales)

Japan

3 Muñoz and 
Fotedar (2010)

Epiphytism of 
Gracilaria cliftonii

Hypnea episcopalism, 
Ceramium puberulum, 
C. minuta, C. pusillum, 
C. isogonum, 
Polysiphoniaforfex, 
P. spinosissima, Laurencia 
clavata, Ulva lactuca, Champia 
parvula, etc.

Western 
Australia

4 Vairappan (2006) Epiphytic algae on 
Kappaphycus 
alvarezii

Neosiphonia savatieri followed 
by Neosiphonia apiculata, 
Centroceros sp., Ceramium sp., 
Acanthophora sp.

Malaysia

5 Rindi and Guiry 
(2004)

Spatiotemporal 
variability and 
composition of the 
epiphytic 
macroalgal 
assemblage of 
Fucus vesiculosus

Polysiphonia lanosa, Elachista 
fucicola, Porphyra umbilicalis, 
Ulva compressa, and 
Spongonema tomentosum

Western 
Ireland

6 Totti et al. (2009) Function of the host 
thallus morphology 
in structuring the 
epiphytic diatom 
communities

Epiphytic diatoms Iceland

7 Tujula et al. 
(2010)

Bacterial epiphytes 
on Ulva

Members of the 
Alphaproteobacteria, 
Gammaproteobacteria, and the 
Bacteroidetes

Australia

8 Ganesan et al. 
(2011)

Culture of 
Gracilaria edulis in 
open sea by rafting 
method

Chaetomorpha linum, 
Enteromorpha compressa, 
Cladophora fascicularis, Ulva 
lactuca, Enteromorpha 
intestinalis

Southeastern 
coast of India

9 Burke et al. 
(2011)

Epiphytes on Ulva Various epiphytic bacteria 
species

Bare Islands, 
Australia

(continued)
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majority of fungi are from Ascomycota (Loque et al. 2010; Zuccaro et al. 2008). But 
compared to these, the bacterial-seaweed interaction is well studied because it is 
one of the dominant groups, and seaweed can come under pressure due to a higher 
number of bacterial communities.

Many times this interaction is positive and beneficial for both. Seaweed provides 
favorable habitat to bacterial colonies to grow and reproduce on its surface 
(Englebert et al. 2008). With this, bacterial colonies get nutrients and food source 
from biochemical activities in the seaweed. For example, seaweed is marine photo-
synthetic organisms which produce oxygen is a good source of oxygen for bacteria 
associated to seaweed. But this interaction is not one way as for the growth and 
development of seaweeds, and few bacterial species are important. These symbiotic 
bacteria can enhance seaweed growth (Singh et  al. 2011), protect seaweed from 
harmful bacterial and fungal species by producing certain chemicals (Lemos et al. 
1985), and also help in reproduction (Joint et al. 2007). But with such positive inter-
action, there is negative interaction too, in which few bacterial species are respon-
sible for many seaweed diseases (Goecke et al. 2010).

The physical association of bacteria with seaweed is generally in different ways 
such as tightly attached and not directly attached, and a few show syntrophic asso-
ciations (Goecke et al. 2013). Bacteria can harm seaweeds by producing a chemical 
which is toxic (Berland et  al. 1972), injuring them by degrading their cell walls 

Table 9.2 (continued)

Sl 
no. Authors Work done Epiphytic composition Area

10 Ganesan et al. 
(2014)

Epiphytism 
differences in 
Gelidiella acerosa 
in floating rafts and 
concrete blocks

Caulerpa racemosa, C. linum, 
C. peltata, Acetabularia sp., 
L. Majuscula, P. tetrastromatica, 
Dictyota sp., Cladophora sp., 
Gracilaria cylindrica, 
H. pannosa, H. valentiae, 
J. adhaerens

Thonithurai 
coast and 
Ervadi coast of 
Gulf of 
Mannar, India

11 Veeragurunathan 
et al. (2015)

Seasonality 
(epiphyte and 
epifaunal 
assemblages) on 
Gracilaria dura

Chaetomorpha crassa, 
Enteromorpha intestinalis, Ulva 
reticulata, Hydroclathrus 
clathratus, Padina gymnospora, 
Sargassum palgiophyllum, 
Acanthophora spicifera, Hypnea 
pannosa

Palk Bay, 
southeast coast 
of India

12 Lim et al. (2016) Defense-related 
transcripts of an 
agarophyte, 
Gracilaria chang

Epiphytic bacteria Malaysia

13 Werner et al. 
(2016)

Food web structure 
in climate change

Interaction with grazing and 
epiphytes in changing seasons

Baltic Sea

14 Anderson and 
Martone (2014)

Biomechanical 
consequences in 
epiphytism

Soranthera ulvoidea Canada
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(Goecke et al. 2010). Few bacterial species can produce biofilm in the seaweed crop 
surrounding or on the water surface which is an intricate three-dimensional cluster 
in nature, responsible for both direct and indirect harms by reducing the essential 
light penetration (Wahl et al. 2010) and gaseous exchange. Biofilm can impact nega-
tively on the reproduction of seaweed and also in the natural environment by 
enhancing the attachment of spores which later results in damage.

9.4  Epiphytic Algae

The epiphytic algae on seaweed crop can be microalgae or most specifically mac-
roalgae or other seaweed species which are not part of cultivation. It can impacts on 
the host seaweed as a reduction of the growth rate of the crop, a decrease of repro-
duction output, or even whole or partial mortality of host seaweed (Davis et  al. 
1989) which can further results in quality and quantity of production or yield of the 
crop (Table 9.3). Generally, the ephemeral epiphytes can be seen at the host tips, 
while large-sized epiphytes can be found attached to the basal disk (Arrontes 1990). 
The overall coverage of epiphytes on these seaweed crops increases as per avail-
ability and nutrients and with the age of host seaweed. The structure of epiphytic 
communities depends on the position of the thallus of seaweed (Longtin et al. 2009).

9.5  Epifaunal Communities

The epifaunal species assemblage undergoes frequent temporal fluctuation because 
of several environmental (abiotic) factors like availability of light, temperature, 
abundance of epiphytes, and pressure of predation (Jones and Thornber 2010). 
Fluctuations in these features can influence the pattern of abundance at different 
spatial and temporal scales for the epifaunal community. Many of these epifaunal 
species such as amphipods, isopods, and even smaller gastropods live in the epi-
phytic algae (Orav-kotta and Kotta 2004) and can use that as a food source (Leonardi 
et al. 2006). In this way more dense epiphytic algae host more epifaunal communi-
ties by creating a suitable environment.

In the seaweed assemblages, amphipod crustaceans are very much common 
which are particularly the mesograzers and impact adversely on the seaweed (Poore 
et al. 2012). In all ecosystems, herbivory is a key process which transfers the pri-
mary production to further consumers in ecosystem level with impact on structure 
and productivity of vegetated habitat (Poore et al. 2012). Similarly as herbivores 
control the growth of producers in the ecosystem, they are controlled by the preda-
tors, but in this natural phenomenon, the seaweed can get harm indirectly (Ingle 
et al. 2018). The amphipod crustaceans are important for predatory fishes and other 
invertebrates as a food source (Table 9.3).
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Table 9.3 Key research works on the epifaunal composition in different geographical regions

SL Authors Work done Epifaunal composition Area

1 Norton and 
Benson (1983)

Faunal association of 
the brown seaweed 
Sargassum muticum 
(Yendo)

Ampithoe mea, Aoroides 
columbiae, Caprella 
laeviuscula, Ischyoceras 
anguipes, and Lacuna 
variegata

Washington, USA

2 Sarma and 
Ganapati (1972)

Association of faunal 
species with algae at 
the intertidal region of 
Visakhapatnam

A diverse group of 
Mollusca, Foraminifera, 
Polychaeta, Nematoda, 
Amphipoda, and Isopoda 
are associated with 
seaweeds

Visakhapatnam, 
India

3 Joseph (1978) Ecological perspective 
on the faunal species 
associated with 
economically important 
seaweeds of South 
India

Porifera, Bryozoa, 
Polychaeta, Amphipods, 
Isopods, Ostracoda, 
Harpacticoida, 
Tanaidacea, Gastropoda, 
Bivalvia, Echinodermata, 
and the algivorous 
gastropods are Turbo 
intercostalis Menker, 
Pyrene versicolor 
Sowerby, Aplysia 
lineolata Adams and 
Reeve, Pyrene zebra Gray, 
Trochus radiatus Gmelin

Gulf of Mannar 
and Palk Bay and 
the adjacent 
groups of island

4 James et al. 
(1986)

Fauna associated with 
the cultured seaweed 
Gracilaria edulis

Fish and crab fauna Coastal waters of 
Gulf of Mannar 
and the Palk Bay

5 Taylor and Cole 
(1994)

Mobile epifauna on 
subtidal brown 
seaweeds 
Carpophyllum 
plumosum var. 
Capillifolium and 
Cystophora retroflexa

Isopods and amphipods 
were the most dominant 
animals (2000 individuals 
per algal wet weight)

Northeastern New 
Zealand

6 Viejo (1999) Mobile epifauna 
inhabiting the invasive 
Sargassum muticum 
and two local seaweeds 
Fucus vesiculosus 
L. and Cystoseira 
nodicaulis

Gastropods, gammarid 
amphipods, and isopods 
accounted for 90–95% of 
the total number of 
invertebrates. Fucus had 
the lowest number of taxa 
in comparison with 
Sargassum “tidepool”

Northern Spain

7 Norderhaug et al. 
(2002)

Mobility patterns of 
holdfast fauna in kelp

A total of 59,664 
individuals from 116 
species/taxa of kelp- 
associated fauna were 
recorded

Norway

(continued)
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9.6  Problems/Diseases Caused by Epiphytes and Their 
Potential Control Strategies

Due to the rapid developments in the seaweed-based farming activities, there is also 
an increase in the epiphytic diseases/menace worldwide. The epiphytic invasion 
causes significant damages for the local farmers as it drastically affects the growth 
of field-grown algal species and ultimately hampers the farming activity in several 
cases. As with any agronomical practice, several approaches are being utilized and 
developed to control the epiphytes growth on seaweed, although several strategies 
have been suggested to control the unsolicited growth of epiphytes and have been 
used in controlling them in Gracilaria farming (Fletcher 1995). However, some of 
these strategies can be used only in the cultivation tanks, and its application in an 
open ocean farming is highly challenging. Here we discuss about some major con-
trol strategies against seaweed epiphytes.

9.6.1  Chemical Method

The epiphytes can be removed by employing chemical procedures such as by chlorine 
or copper rinsing or by altering the pH. Some other preventive chemicals like sodium 
hypochlorite have been largely used to pre-treat the seawater, tanks, and equipment 
(Ugarte and Santelices 1992). However, if the contamination already starts spreading, 
the host material is often immersed in an appropriate toxicant and has been proven to 
be highly useful. Ugarte and Santelices (1992) have successfully demonstrated that 
immersing Ectocarpus and Enteromorpha species in 4–6%  commercial hypochlorite 

Table 9.3 (continued)

SL Authors Work done Epifaunal composition Area

8 Anandavelu et al. 
(2013)

Epifaunal assemblage 
on morphologically 
distinct intertidal 
seaweeds of 
Kodiyaghat, India

The epifaunal 
communities mainly 
include Amphipoda, 
Polychaeta, Mysida 
Mollusca, Brachyura, 
Isopoda, Pycnogonida 
followed by other fauna 
Echinodermata, 
Nemertea, and Sipuncula

South Andaman, 
India

9 Veeragurunathan 
et al. (2015)

Epifaunal pattern study 15 epifauna species were 
observed including 
maxillopod, decapods, 
gastropod, polychaetes, 
anthozoa, ophiuroidea, 
isopods, ascidiacea, 
ectoprocta, and several 
fish species

Thonithurai
Southeast coast of 
India
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solution for 6–10 h killed 80% of epiphytes. However, in the case of Gracilaria, it 
caused minor injuries until the thiosulfate was used, and the repetitive treatment led to 
enhanced yield of Gracilaria. Similarly, the usage of 100 g/l of copper solution sig-
nificantly reduces the growth of Enteromorpha within a week without affecting the 
growth of Gracilaria (Haglund and Pedersén 1992). Several researchers have reported 
that by controlling the pH level, the epiphytes can be repressed (Friedlander 1991), 
particularly at the high pH level (Haglund and Pedersén 1992).

Considerable interest has been shown by the researchers to optimize the nutrient 
regimes in order to control the growth of epiphytes. It has been proven that incessant 
or higher supply of nutrients is not only extravagant but could also favor the unso-
licited growth of epiphytic species (Pickering et al. 1993). By following a vigilant 
supervision of the nitrogen inputs, mainly by decreasing the nitrogen supply, the 
uncontrolled loads of epiphyte can be prohibited (Pickering et al. 1993). Contrarily, 
high levels of ammonia (>0.5 mmol/l) have been also proven to be lethal for several 
epiphytes (Friedlander et al. 1991).

9.6.2  Physical Method

Epiphytes can be physically removed by using the manual methods like mechanical 
brushing and rapid water movement. In certain cases, sand shifting has been imple-
mented as an effective approach to maintain epiphyte-free Gracilaria culture (Doty 
1980). Moreover, the strategy to control epiphytic growth in seaweed cultivation 
system includes the direct physical elimination of the host epiphytes. For the 
removal of diatoms, water jets are very useful and are usually used against the host 
material post-harvest. However, for the majority of the macroalgal species espe-
cially those affected by a special type of filament known as rhizoidal filaments can 
deeply penetrate and thus requires manual hand removal, which is a labor-intensive 
process and is unfeasible for huge culture units and may also cause damage to the 
host (Ugarte and Santelices 1992). Due to this problem, many farmers favor to 
employ some other precautionary procedures and recommend good husbandry to 
tackle the occurrence of epiphytism and fouling.

In tank cultivation systems, it must be confirmed that the source of seawater is 
devoid of impurities (Ugarte and Santelices 1992) or the seawater is routinely 
exchanged. For instance, filtration of seawater using diatomaceous earth or filter 
cartridges and sand is often utilized for blocking the entry of epiphytic organisms. 
Additionally, some other precautionary procedures have been also implemented to 
reduce the contamination, for instance, by adjusting the abiotic factors in favor of 
the host species. The usage of UV light has also been endorsed for tank culture 
system. The reduction in irradiance levels has also been successfully demonstrated 
to reduce the level of epiphytism in seaweed cultivation (Friedlander 1992).

9 Epiphytism in Seaweed Farming: Causes, Status, and Implications



238

9.6.3  Biological Method

The rapid prevalence of epiphytism in seaweed mariculture has enticed special 
attention  to develop resistant strains and to utilize existing knowledge to control 
epiphytism in seaweed farming (e.g., Santelices and Ugarte 1990; Fletcher 1995). 
Acadian marine plant extract powder (AMPEP) is a commercial extract obtained 
from the brown alga, Ascophyllum nodosum. It harbors some major macronutrients 
such as total nitrogen N (0.8–1.5%), phosphoric acid P2O5 (1–2%), and soluble 
potash K2O (17–22%), which has been proven to augment the overall growth and 
development of eucheumatoids (Hurtado et  al. 2013). Furthermore, promising 
results have been obtained in in vitro and field trials using AMPEP extract against 
epiphytes and pathogen. In addition, it has been linked to increase the rate of growth 
and carrageenan production (Loureiro et al. 2012). Interestingly, studies have also 
shown that soaking the algal seedlings in AMPEP, before planting, could efficiently 
improve the daily growth rate and productivity of both varieties of Kappaphycus. It 
has been also utilized to check or diminish the influence of Neosiphonia infection 
on commercial farming regions (Borlongan et al. 2011). However, more field trials 
with extracts from other algal species might lead to discovery of some new and 
potential anti-epiphytic compounds.

Maintaining an optimal density of host plants has been suggested by the phy-
cologist to prevent epiphytes from colonizing. Grazers have been effectively uti-
lized to control epiphyte growth. Gammarus lawrencianus and Idotea baltica are 
the two crustacean species which have been successfully demonstrated to selec-
tively graze on Ectocarpus spp. and Enteromorpha spp. which epiphytically grow 
on the surface of Chondrus crispus (Shacklock and Doyle 1983). Similarly, the 
epiphyte growth on Fucus is controlled by Idotea which is often seen during the 
high nutrient load conditions (Worm et  al. 2000; Orav-Kotta and Kotta 2004). 
Sporadic feeding by herbivores could also be beneficial for seaweeds and communi-
ties sometimes (Hay et al. 2004). The mesograzers which are the filamentous epi-
phytes are usually removed manually from a host. This manual removal of epiphytes 
allows the absorption of higher amount of light and enhances nutrient absorption by 
the host plant (Duffy and Hay 1990). The epiphytes associated with pond-grown 
seaweed species have been effectively controlled by fish such as milkfish (Chanos 
chanos) and Tilapia mossambica (Shang 1976).

9.7  Conclusion and Perspectives

Seaweed farming, or seagriculture, is anticipated to offer sustainable seaweed bio-
mass, thereby enabling the rapid expansion of marine bioeconomy. But, with the 
increase in activities related to seaweed farming, there has been reportedly higher 
occurrence of epiphytic filamentous algae (EFA) disease in several parts of the 
world. Similar to land-based crop, the cultivation of macroalgae is also prone to 
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diseases and infestations. This epiphytic infiltration significantly affects the algal 
growth and thus the local farmers and has even totally collapsed the farming activity 
in several parts of the globe. Moreover, because of the fragility of the marine envi-
ronment, it is impractical to utilize chemical methods to control the epiphytes. In 
this regard, marine integrated pest management (MIPM) approach appears to be the 
best available option for the sustainable seagriculture. On the other hand, AMPEP 
(Acadian marine plant extract powder) has also been proven to be highly potential 
in minimizing or controlling the growth of epiphytes and the respective diseases 
caused by them.
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Abstract Biotechnology is constantly explored to develop methods for wastewater 
treatment to have a clean environment. Discharge of untreated wastewaters in the 
soil and water environment is the major cause of environmental pollution in soil and 
surface and groundwater bodies. Current wastewater treatment technologies are not 
sufficient to meet the ever-growing demands due to rapid industrialization and pop-
ulation growth, and they are also energy-consuming and cost-intensive. Therefore, 
it is necessary to develop an energy-efficient treatment method. The rise in global 
energy demand is projected to increase by 37% by 2040. As the conventional energy 
sources are also depleting at a fast rate, it is necessary to adopt renewable energy to 
meet the demands of future energy scenario. Microbial fuel cell (MFC) is a 
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 technology in which electricity is generated from wastewater using microorganism 
as a biocatalyst, simultaneously achieving wastewater treatment. In this system, 
microorganism mediates the direct conversion of chemical energy stored in biode-
gradable organic matter of wastewater into electrical energy. Many researchers have 
developed a variety of MFC-centered hybrid wastewater treatment plants at a pilot 
scale, for the treatment of wastewater from different industries such as dye, brewery, 
and dairy industries, domestic wastewater, and landfill leachate. Irrespective of the 
potential of MFC as a renewable energy source and its wide applicability for waste-
water treatment, the technique is not yet established successfully for field applica-
tions. Low-energy performance and excessive internal resistance are the limiting 
factors in its practical application. Researchers have performed multiple strategic 
attempts to minimize these factors by developing efficient reactor designs for mini-
mizing internal resistance, stacking multiple reactors into one enlarge system (mod-
ularization). Modularization is one of the common strategies followed by researchers 
for pilot-scale MFC setup. This prevents the unnecessary distance between anode 
and cathode and enhances COD removal rate. Also, using various forms of elec-
trodes such as carbon brushes, nickel foam, etc. to provide large surface area and 
modification of electrodes using nanomaterials have shown power density enhance-
ment. This chapter discusses the potential applications and practical limitations of 
MFC for its effectiveness in wastewater treatment and contaminant removal and 
energy generation at bench and pilot scale.

Keywords Microbial fuel cell · Waste water treatment · Bioelectricity · Internal 
resistance · Power generation

10.1  Introduction

Clean water and electricity are one of the basic human requirements, but unfortu-
nately these are denied to large swathes of world population. The rise in energy 
demand of the world is projected to increase by about 37% by 2040 (International 
Energy Agency). The current sufficiency in the supply of different energy resources 
available for the short term may paint an image of the future with an easy and clear 
path to sustainable energy development and also hide different challenges involved 
in doing so. The rise in the usage of different energy resources varies based on the 
risk of disruption involved in supply and the harm their usage can cause to the envi-
ronment. For example, the growth in liquefied natural gas has been highest of those 
of all the fossil fuels at about more than half while the usage of coal is seen to 
decline. Along with the energy resource crisis, the problem of waste generation 
makes the situation even worse, especially wastewater. There is an increasing 
demand for freshwater across the globe. The usage of freshwater has tripled over the 
past 50 years. It is increasing by 64  trillion liters every year as per data by UN, 
UNESCO, and FAO. As per a report published by Central Pollution Control Board 
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(CPCB) of India, in March 2015, the sewage generation from urban areas in the 
country is estimated at 61,948 million liters per day (mld), against which a sewage 
treatment capacity of 23,277 mld is available with us. The remaining untreated sew-
age either flows into rivers and other water bodies or percolates into the ground. 
Wastewater treatment is an energy-intensive process and requires lots of energy 
each year for treatment. According to an estimate, 0.349 kWh of electrical energy 
per cubic meter of wastewater is required for activated sludge processes in the USA 
(Oh et al. 2010). There is a strong nexus between water and energy. For example, 
water and wastewater utilities consume 3% of the electricity in the USA, which 
accounts for 35% of the total municipal energy budgets. Activated sludge (aerobic 
digestion) is one of the well-established processes and has been used in most waste-
water treatment systems. Although it is an efficient process, it is chemical- and 
energy-intensive with high capital and significant operational cost (Lu et al. 2017).

To overcome these problems, microbial fuel cells (MFCs) offer a potential solu-
tion as they can concurrently be used for wastewater treatment and electricity gen-
eration. MFCs have long been considered as an attractive technology for converting 
various organic wastes directly into electricity using electrogenic bacterial cells in 
the anode compartment. Most MFCs have been operated using anaerobic or faculta-
tive aerobic bacteria which oxidize various organic components including glucose, 
sewage sludge, brewery waste, dairy waste, and petroleum hydrocarbon. The per-
formances of the MFCs vary with its configuration, electrode configuration, bacte-
rial community, and specific substrate concentration (Lu et al. 2017). Apart from 
producing electricity, MFC can also be used as efficient wastewater treatment tech-
nology and water quality monitoring. In wastewater treatment technology, MFCs 
have advantage over other technologies in that it can also treat high soluble BOD 
content wastewater (Waller and Trabold 2013) and produce less sludge. So, various 
researches are focused to commercialize MFC technology due to its advantage over 
other technologies of treating wastewater.

Preliminary reports concerning the use of MFC for wastewater treatment were 
mostly focused on MFC with low volumetric capacity (less than 1 L) and using 
synthetic wastewater. However, for commercialization purposes, it requires scaling-
 up, and studies are needed on pilot scale using real wastewater or operated in treat-
ment plants. Recently, various studies have focused on scaling-up MFCs. For 
example, a 90L MFC was built by stacking anode and cathode modules into a reac-
tor vessel which was reported to produce 0.056 kWh/m3 energy and 171±8.4 mW/
m2 power densities from each module and reached 87.6% COD removal efficiency 
while treating brewery wastewater (Dong et  al. 2015). Zhang et  al. (2013a, b) 
designed two 4 liter tubular MFCs to treat primary effluent wastewater and reached 
65–70% COD removal efficiency in the continuous mode of operation at a HRT of 
11 h, and the maximum energy production was 0.0255 kWh/m3.

It is a common approach to stack multiple small reactors to form a bigger system, 
as this greatly reduces the internal resistance, and the total volume capacity of the 
reactor can be increased by just increasing the number of each single reactor. This 
also offers the advantage as each reactor can function and be maintained as an 
 independent unit. Zhuang et  al. (2012a, b) reported the energy output and COD 
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removal of 6 W/m3and 87/1%, respectively, by stacking 40 tubular units in MFCs 
with 10 L volumetric capacity while treating brewery wastewater. Ge et al. (2013) 
stacked 96 tubular MFC modules to build an MFC system with 200 L liquid volume 
to treat primary effluent wastewater and obtained maximum power density of 6.4 W/
m3. These studies show that the stacking of small segmented reactors might be mea-
sured as a suitable option for scale-up. This approach would be better for maximiz-
ing the power production of systems; however, minimizing internal resistances and 
energy losses due to fluid flow and reducing dead space are difficult to achieve.

Electrode configuration and positioning is another great challenge in making 
MFC a scalable technology. Frequently used electrodes can be categorized accord-
ing to their configurations, the plane electrode and the three-dimensional electrode. 
Carbon cloth and carbon paper come under plane electrode, whereas carbon brushes/
felt comes under three- dimensional electrodes. A good configuration and properties 
for anodes include a large surface area for bacterial adhesion and efficient current 
collection.

This chapter focuses on design and operation of MFCs, with emphasis on its 
application in wastewater treatment (Fig. 10.1).

10.2  MFC: Design and Operation

Many MFC designs have been proposed and operated in laboratory with different 
reactor configurations. Various designs have different positioning of basic compo-
nents of MFC such as anode, cathode, and separator. Below is the short introduction 
about the components of MFC.
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Fig. 10.1 Basic design of 
a microbial fuel cell
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10.2.1  Components of MFC

The main components of MFC include the electrodes, i.e., cathode and anode, and 
the separator which is a semipermeable membrane which allows the exchange of 
protons.

10.2.2  Electrodes

Electrode is the significant component in determining the performance and cost of 
MFC. Electrode design is one of the challenging problems in making MFCs a cost- 
effective and scalable technology. A variety of carbonaceous material are used as 
electrodes.

10.2.3  Anodes

Anode materials are responsible for the electron transfer efficiency which is an 
important factor for MFC performance. A large variety of carbon materials are used 
as anode in MFC due to their conductivity, chemical stability, cost-effectiveness, 
and biocompatibility.

 (a) Granular carbon/graphite – It is generally used as an anode in MFC for its high 
surface area and porosity. Graphite granules of diameter between 1.5 and 5 mm 
provide an estimated surface area between 817 and 2720 m2 m-3 of the reactor 
volume, which is much higher than flat electrodes (Rabaey et al. 2005). This 
type of anode configuration is achieved by filling the anodic chamber with car-
bon/graphite granules. Tubular reactor is the best suited configuration for using 
granule anode. Although granular anodes facilitate good energy output, filling 
the reactor with granules decreases the volume of the anodic chamber. Moreover, 
clogging of pores in the electrode may be due to suspended solids in wastewater 
which may hinder the long-term continuous use of reactor.

 (b) Carbon cloth – It is the most common material for plain electrodes and can be 
used in most of the single-chamber MFC configuration due to its flexible nature. 
In tubular MFC configuration, carbon cloth wrapped around the tube acts as 
cathode, which is only possible due to its flexible nature. Kim et al. (2010) used 
carbon cloth as anode in tubular MFC by wrapping around a perspex cylinder 
and fitted centrally in the tube reactor.

 (c) Carbon brushes – High surface area and efficient electron collection properties 
make carbon brush an ideal electrode material for MFC (Wei et al. 2011). It was 
first testified by Logan et al. (2007). The brushes were made of carbon fibers 
looped into a twisted core of two conductive titanium wires. The diameter and 
mass of fibers affect the performance of MFC. Liu et al. (2013) investigated that 
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the smaller diameter brush facilitates more energy output, but the effect of fiber 
loading on energy output was not clear. However, studies do indicate that dense 
fiber loading leads to clumping and causes hindrance in bacterial access to fiber 
surface as well as substrate access into the fiber interior. Zhang et al. (2013a, b) 
used carbon brushes (100 cm long) as anode in tubular MFC deployed in the 
primary effluent of municipal wastewater treatment plant.

10.2.4  Cathode

The electrons produced in the anodic chamber are transferred to the cathode via 
external circuit where reductions of electrons occur. In dual-chamber MFC, ferri-
cyanide is used as electron acceptor and converted to ferrocyanide. In single- 
chamber MFCs, water is formed by reduction reaction in the presence of atmospheric 
oxygen. Oxygen is most commonly used as electron acceptor due to its high affinity 
to acquire electron and easy availability, and its end product is only water. Graphite, 
carbon, and steel are commonly used as a cathode electrode (Fan et  al. 2007). 
Reduction potential of graphite and carbon is very low, and it usually leads to high 
over-potential. So, platinum is used as catalyst for oxygen reduction reaction at the 
cathode, but due to its high cost, it is limited to lab scale only. Many researchers 
focused on using alternative to platinum catalyst to low-cost metal such as Fe (III), 
cobalt complexes (Cheng et al. 2006), and manganese oxide (Rhoads et al. 2005).

10.2.5  Separator

Separator is employed in MFC to physically separate the anodic and cathodic cham-
bers or cathode for a single-chamber MFC and migration of proton from anodic to 
cathodic chambers. Various types of separator have been extensively studied for 
MFC including cation-exchange membrane (CEM) (Kim et al. 2010; Zhang et al. 
2013a, b), anion-exchange membrane (AEM), microfiltration membrane (MFM), 
ultrafiltration membrane (UFM), and salt bridge. Separator has large contribution in 
the cost of MFC. In the study conducted by Ge et al. (2016), separator (CEM) con-
tributed to 60% of the total cost (Table 10.1).

Two of the basic designs of MFC are single-chamber MFC and dual- 
chamber MFC.
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10.2.6  Single-Chamber Microbial Fuel Cells (SC-MFCs)

SC-MFC offers simpler and cost-saving designs which only have an anodic cham-
ber and cathode directly facing the air. This is the simpler type of MFC in which 
cathode is manifested directly to air and is now widely used. Nowadays researchers 
have shown that oxygen can act as terminal electron acceptor that eliminates the 
necessities of catholyte solution. Liu and Logan (2004) designed the first SC-MFC 
of cylindrical shape having anode placed inside it and cathode wrapped outside. A 
single-compartment MFC was designed by Park et al. (2018) consisting of a rectan-
gular chamber having anode inside it and cathode which is directly exposed to the 
air. Cheng and Logan (2011) designed a SC-MFC consisting of a cylindrical struc-
ture with anode placed into it, and a cathode made of carbon cloth material coated 
with platinum was enclosed around the reactor. In single-chamber MFC, stacking 
MFCs is more easily achieved and offers higher voltage/current (Fig. 10.2).

Table 10.1 The basic components of a typical microbial fuel cell

Components Materials

Anodic chamber Glass, plexiglass, acrylic sheet, polycarbonate
Cathodic chamber Glass, plexiglass, acrylic sheet, polycarbonate
Anode Graphite, graphite felt, carbon cloth, carbon brush, carbon felt, carbon 

paper, Pt, steel mesh, Pt black, aluminum mesh
Cathode Graphite, graphite felt, carbon cloth, carbon brush, carbon felt, carbon 

paper, Pt, steel mesh, Pt black, aluminum mesh
Proton-exchange 
system

Nafion membrane, Ultrex, polyethylene, polystyrene-co-divinylbenzene, 
salt bridge, cation-exchange membrane porcelain septum

Mediator Neutral red, humic acid, thionin, methyl blue, methyl viologen

Fig. 10.2 Schematic 
diagram of single-chamber 
microbial fuel cell
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10.2.7  Dual-Chamber Microbial Fuel Cells (DC-MFCs)

The traditional two-compartment MFC has “H” shape, in which a proton-exchange 
membrane (PEM) is used to separate the anodic chamber and the cathodic chamber. 
Sometimes salt bridge is also used that allows the protons to cross the membrane to 
cathode. This kind of MFC is used for the study of the basic parameter of microbial 
fuel cells such as electrodes, biofilms, proton-exchange membrane, and substrates. 
Dual-chamber MFCs are generally larger in size due to the presence of extra cham-
ber; the distance between two electrodes (anode and cathode) is more, thus causing 
high internal resistance. Also the chemicals used in cathodic side should be 
environment- friendly. The use of membranes in DC-MFCs prevents the diffusion of 
oxygen from cathode to anode. Zhang et  al. (2010) constructed a plate-shaped 
DC-MFC in which cation-exchange membrane (CEM) is used to separate the anode 
and cathode, and potassium ferricyanide was used as the electron acceptor to com-
plete the circuit (Table 10.2).

Based on the above criteria and components, many MFC reactor designs have 
been proposed and operated in the laboratory; despite the great efforts and research, 
they are still challenging for MFC to be used in practical application. Many MFC 
systems have been developed at milliliter scale, but in order for practical applica-
tions to be comprehended, it is required that it should be capable of treating large 
quantities of wastewater. System scaling-up is one of the major obstacles for MFC 

Table 10.2 MFC components used in liter-scale reactors

S.No
Volume 
(L) Anode Cathode Membrane Reference

1. 90 Carbon brushes Activated carbon 
and PTFE

Two layers of textile 
separator (glass)

Dong et al. 
(2015)

2. 72 Granular- 
activated 
carbon

Biocathode Cation-exchange 
membrane (CEM)

Wu et al. 
(2016)

3. 0.22 Carbon cloth Carbon cloth CEM (CMI-7000) Kim et al. 
(2010)

4. 2 Carbon brushes Carbon cloth CEM Zhang et al. 
(2013a, b)

5. 1.8 Carbon brushes Carbon cloth CEM(CMI-7000) Ge et al. (2013)
6. 72 Granular- 

activated 
carbon

Granular- 
activated carbon

CEM Wu et al. 
(2016)

7. 120 Carbon felt Stainless steel 
wool

Rhinohide membrane Heidrich et al. 
(2014)

8. 250 Carbon brushes Carbon mesh Polypropylene porous 
plastic plate

Feng et al. 
(2014)

9. 45 GFB (graphite 
fiber brush)

Carbon cloth Membrane not used Hiegemann 
et al. (2016)

10. 4 Carbon brush Carbon cloth CEM Zhang et al. 
(2013a, b)
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to be used for practical application. It has been observed that there is a logarithmic 
relationship between power output and reactor volume. The declining power output 
in large scale is due to the fact that a proper mixing and large distance between 
anode and cathode hamper the electricity generation. For scaling-up MFC, research 
approaches the modularization strategies in which multiple reactors are stacked into 
one system.

10.2.8  Multimodule MFC Reactors

This is a promising configuration for scale-up, as optimal cross-sectional dimen-
sions could be maintained while increasing the volume by extending the tube in the 
orthogonal dimension. This configuration geometric feature also helps in mass 
transfer with minimum pressure losses. Carbon brush anode is mostly used in tubu-
lar MFC either at the lab scale or pilot scale (Zhang et al. 2013a, b). Carbon cloth 
anode is used in tubular MFC by wrapping it on a thin pipe and fitted centrally on 
the tubular MFC. To increase the volume in tubular MFC, researchers generally 
vary the length of the tube, and the diameter of the tube is generally maintained at 
3–6  cm. The size of the tube length has large impact on COD removal rate. In 
municipal wastewater treatment plant, 53% COD removal was observed by 100-cm- 
long tubular MFC (Zhang et  al. 2013a, b), while in the laboratory, 49% COD 
removal is observed by 23-cm-long tubular MFC (Kim and Logan 2013). When raw 
sludge from primary sedimentation tank was used as substrate, about 69% COD 
removal was observed with 70 cm tube length.

10.3  Strategies for Improving Power Output

High MFC power output is due to the efficient harvesting of electrons from the 
anode and transferring them to the cathode, where it is finally accepted by oxygen 
within a certain limit of time. Wei et al. (2011) reported that to improve the perfor-
mance of MFCs in terms of power generation, it is necessary to modify electrodes 
to increase their electron capturing capacity. Zhuang et al. (2012a, b) reported that 
to enhance the power generation and pollutant removal from wastewater, MFC units 
could be connected either in parallel or in series. Alatraktchi et al. (2014) reported a 
power density of 461.6  mW/m2 using electrodes modified by coating them with 
gold nanoparticles, which was 1.88 times higher than the unmodified electrode (car-
bon paper). Wu et al. (2012) achieved a maximum power density of 320 mW/m3 
using white-rot fungus, which was significantly higher as compared to the abiotic 
control, i.e., 50 mW/m3. Ren et al. (2013) reported that the charge and discharge 
frequency significantly influences the current output, COD removal efficiency, and 
charge recovery efficiency.
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Below are some of the given factors which should be considered while scaling-
 up MFC to get improved power output.

 (a) Internal Resistance

It is one of the main factors that affects the power density in liter-scale MFC, and 
as already discussed, increasing the volume of reactor leads to increased internal 
resistance. The same will also occur in the multiple cell systems stacked up by com-
bining small MFC modules in series or parallel connection (Zhuang et al. 2012a, b). 
Therefore, it is necessary to quantify the internal resistance of each component of 
MFC reactor to identify the limiting factors of the system (Fan et al. 2012). Many 
studies have been conducted to minimize the internal resistance by improving the 
reactor configuration (Dong et al. 2015; Feng et al. 2014), increasing conductivity 
of substrate (Zuo et al. 2014), adding ion-exchange resins to chamber (Zuo et al. 
2014), and improving the electrode configuration. Feng et al. (2014) compared the 
internal resistance distribution between a lab-scale MFC module and a pilot MFC 
module with similar structure to identify the limiting factors during enlargement for 
further enhancing the performance in the application-oriented pilot MFC system 
and derived the following equation to identify the increase internal resistance during 
enlargement:

 
P E R K E R fKp p emf p real p emf cubic.max . .. .= ÷ = × ÷ +( )2 24 4

 

where Pp.max is the maximum power output from a pilot-scale MFC could be, E is the 
potential difference, K is the enlarge ratio of reactor cross-sectional area, and Rp,real 
and R cubic refer to the internal resistance in pilot and cubic reactors.

Zuo et al. (2014) mixed salt solution with influent to increase the conductivity of 
anolyte which decreased the internal resistance. The internal structure of MFC also 
greatly influences the internal resistance, thus indicating that abiotic factors such as 
catalysts, electrodes, electrolytes, and reactor types, along with biotic factors, 
should also be considered, if one wishes to optimize power generation.

 (b) Biofouling

Bacterial consortia endeavor to grow on every surface in its surrounding area. 
Membrane is also exposed to the wastewater in the anode chamber, so biofilm for-
mation on its surface is quite obvious, which leads to biodegradation of the mem-
brane, i.e., biofouling. Biofouling of both membrane and cathode electrode over 
time decreases the current. Biofouling leads to a decrease in the surface area required 
for migration of ions to cathode and thus a decrease of the efficiency of MFC 
(Sonawane et al. 2013). It is one of the major problems in of MFC in the long run, 
especially when operated in wastewater treatment plant. Biofouling of cathode 
affects the power generation as it reduces the surface for oxygen uptake. Zhang 
et al. (2013a, b) observed that by simply washing the cathode with water, it quickly 
restored the current generation, but biofilm formation occurs quickly again once the 
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MFC is installed back. Biofouling is one of the serious problems that needs to be 
improved by developing new membranes with lower internal resistance or less sub-
ject to biofouling to achieve long-term performance of MFC.

 (c) Modularization

Another tactic for improving power output in MFC is to stack multiple small 
reactors together to form a bigger system rather than having a singular large unit. 
This strategy is followed by most researchers to improve the power output at a large 
scale. Apart from electricity generation, COD removal efficiency also depends on 
the number of modules and reactor configuration. Dong et al. (2015) reported COD 
removal of 87.6%, at an HRT of 72 h, while Zhuang et al. (2012a, b) achieved 87.1% 
COD removal with an HRT of 48 h only, both using brewery wastewater. The volu-
metric capacity of the above two studies was 90 L and 10 L, respectively, but the 
reactor configuration was different. In the study by Dong et al. (2015), anode and 
cathode modules were placed in a single vessel, and in the report by Zhuang et al. 
(2012a), 40 units of tubular MFC were stacked to form a serpentine-type MFC. It 
should be noted that when 96 tubular MFC modules of total volumetric capacity of 
200  L were used to treat primary effluent, 76.8% COD removal efficiency was 
achieved at an HRT of 18 h only (Ge et al. 2016). These efforts have proved that it 
is more appropriate to stack multiple MFC modules, since it allows maintaining 
minimum distance between anode and cathode, and each single reactor can function 
and be maintained independently. Although Haeger et al. (2014) constructed a sin-
gle reactor instead of having modules in which anode and cathode are rolled up 
around a central manifold in a spiral fashion, the electrolytes flow through it produc-
ing power density of 170  W/m3. These studies indicate that efficiency of MFC 
largely depends on its configuration, and more studies are required to achieve a 
module configuration in which maximum COD removal efficiency is achieved with 
a minimum HRT and maximum power production.

 (d) Use of Modified Electrodes

Approaches to modify the surface of electrodes to enhance surface area and 
improve conductivity have recently gained popularity. Electrode configuration 
relates to flat electrode, three-dimensional electrode (carbon felt), and brush elec-
trode. The surface properties of electrode material are one of the deciding factors 
that affect the bacterial attachment to anode and electron reduction at cathode. One 
of the approaches to enhance power production in MFCs is using modified electrode 
to facilitate electron transfer to the anode and improve bacterial adhesion capability 
(Wei et al. 2011). Strategies used to modified anode include (i) use of metal oxide/
graphene as electroactive coatings for electrode, (ii) surface treatment with chemi-
cal or physical methods (iii), use of conductive polymer to enhance conductivity of 
electrode, (iv) and increase surface area by enhancing configuration such as carbon 
brush, carbon mesh, stainless steel mesh, etc. For cathode, generally flat electrode is 
used with platinum on carbon coating to enhance its activity.
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 (e) Hydraulic Retention Time (HRT)

HRT is one of the important parameters in the wastewater treatment process; it 
also greatly affects the operational cost and power generation in MFC (Akman et al. 
2013). Excessively long HRTs in MFC reduce the organic loading rate, thereby 
causing fast depletion of substrate and reducing the cell performance, as the 
microbes attached to the anodic chamber could not receive sufficient electron 
sources to produce sufficient amounts of electrons, whereas shorter HRTs favor the 
development of non-exoelectrogenic microorganism, which causes reduction in the 
electrochemical performance, thus leading to lower columbic efficiency and less 
efficient COD removal. Also, when an excessively low HRT is applied to MFCs 
during the continuous wastewater inflow, it prevents the attachment of microbes to 
the anode surfaces, thus preventing the formation of confluent biofilm on anodic 
surface. In this way, HRT readily affects the power generation and effluent quality. 
In a continuous wastewater flow, MFC having HRT between 0.5 and 2 days, when 
HRT was decreased, enabled the organic load of the anode chamber to facilitate the 
microbes to generate more electrons by degrading organic matter, thus releasing 
more electrons and enhancing the power generation efficiency. Akman et al. (2013) 
and Hiegemann et al. (2016) reported the power density of 80, 82, and 73 mW/m2 
with HRT of 12, 22, and 44 h, respectively.

The effect of temperature on MFC performance is also reported. MFCs operated 
higher temperatures were reported to give better performance in terms of power 
generation than those which operated under ambient temperature conditions (Ahn 
and Logan 2010).

10.4  Application in Wastewater Treatment

The MFC technology utilizes the potential of exoelectrogenic bacteria by releasing 
the energy containing wastewater while simultaneously treating it. Many research-
ers have demonstrated power generation using wastewater as substrate and reported 
COD and pollutant removal simultaneously (Hiegemann et al. 2016; Akman et al. 
2013). The microorganisms growing on the anode oxidize the organic matter con-
tent of wastewater and transfer the electrons generated to the anode. As the electrons 
flow from the anode to the cathode through an external circuit, a current is produced 
which is sometimes stored in capacitors. Therefore, MFCs can be one of the most 
promising technologies for getting renewable energy and treating wastewater with 
great eco-friendly benefits. Previously researchers mainly focused on optimizing 
the power generation and neglecting wastewater treatment; however, lately, atten-
tion is being given to both aspects.
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Application of MFC in wastewater treatment was first demonstrated by 
Habermann and Pommerin (1991). Logan (2008) reported a maximum power gen-
eration of 330 kW/day using an MFC installed at the wastewater treatment plant of 
a food processing plant.

Heilmann and Logan (2006) demonstrated electricity generation from protein- 
rich municipal wastewaters. They used three different protein-rich waste streams, 
i.e., bovine serum albumin, peptone, and slaughterhouse wastewater with three dif-
ferent BODs of 1100 mg/L, 500 mg/L, and 1420 mg/L, respectively, and reported 
power densities of 354, 269, and 80 mW/m2, respectively, with BOD removal effi-
ciencies of 90%, 86%, and 93%, respectively. They concluded that less complex 
protein generates more power than the complex protein. It may thus be concluded 
that the higher the complexity of wastewater, the lower will be the columbic effi-
ciency. Zhuang et al. (2012a, b) constructed an MFC system of 10 L volume that 
consists of 40 individual tubular MFCs to treat synthetic wastewater and reported a 
maximum power density of 4.1 W/m3.

Jiang et al. (2011) constructed a 16 L MFC module to treat municipal wastewater 
and achieved 80% of COD removal but reported low-energy generation due to 
excessive internal resistance. Zhang et al. (2013a, b) designed two tubular microbial 
fuel cells (MFCs) of volume 4 L to treat municipal wastewater and achieved similar 
COD removal efficiency of 65–70% with both types of MFCs. They used activated 
carbon powder as catalyst in one MFC while platinum along with carbon powder on 
other MFC. Both the MFCs removed 65–70% chemical oxygen demand at a hydrau-
lic retention time of 11 h and reduced 50% suspended solids (Table 10.3).

10.5  Conclusion

MFC reactor design and configuration are the greatest challenges in making the 
MFC effective for power generation and COD removal efficiency. In wastewater 
treatment plant, COD removal is one of the important parameters, and it will be 
beneficial that the energy required for its treatment is obtained from the wastewater 
itself. Scaling-up MFC is still facing lots of challenges such as increasing internal 
resistance, dead space, biofouling, and long-term usability. Further studies on more 
optimization of reactor configurations are expected to address these challenges and 
enhance the potential of large-scale MFCs with conventional wastewater treatment 
systems.
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Table 10.3 Performance of MFCs treating different wastewaters along with different operational 
modes

Volume 
(L) Design

Power 
density

Operational 
mode

Recirculation 
rate (L/min)

Coulombic 
efficiency 
(%) Substrate Reference

250 Stackable 
horizontal 
MFC

116 
mW 
each 
module

Continuous N.A. 79 Domestic 
wastewater

Feng et al. 
(2014)

90 Stackable 
baffle

171 ± 
8.4 
mW/m2 
each 
module

Continuous N.A. 84.7 Brewery 
wastewater 
treatment

Dong 
et al. 
(2015)

72 Stacked 
MFC

50.9 
W/m3

Fed-batch 0.85 78–97 Synthetic 
wastewater

Wu et al. 
(2016)

1 Tubular 1.37 
mW

Continuous 1.05 N.A. Sucrose 
solution

Kim et al. 
(2010)

2 Tubular 0.37 
W/m3

Continuous 0.2 N.A. Primary 
effluent

Zhang 
et al. 
(2013a, b)

1.8 Tubular 6.4 W/
m3

Continuous 0.15 69.8 Raw 
sludge

Ge et al. 
(2013)

1.6 Single 
chamber

6.8 W/
m3

Batch N.A. N.A. Domestic 
wastewater

Cheng and 
Logan 
(2011)

7.5 Two- 
chamber 
MFC stack

2-10 
W/m3

Continuous N.A. 69–97 Synthetic Clauwaert 
et al. 
(2009)

10 Tubular 
MFC stack

6 W/m3 Continuous N.A. 86.4 Brewery 
wastewater

Zhuang 
et al. 
(2012a, b)

4 Tubular 
MFC

NA Continuous 0.17 65–70 Primary 
effluents

Zhang 
et al. 
(2013a, b)

3 Tubular 
stack

158 
mW/m2

Fed-batch 
mode

N.A. 22 anaerobic 
sludge 
diluted 
with 
synthetic 
media

Yazdi 
et al. 
(2015)

45 Rectangular 10.92 
mW

Continuous N.A. 0.41 Mixed 
anaerobic 
sludge

Ghadge 
et al. 
(2016)

120 Stacked N.A Continuous N.A. 41.2 Domestic 
wastewater

Heidrich 
et al. 
(2014)

Geetanjali et al.
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