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Abstract Several studies have reported that open municipal dumpsites in 
developing countries are acting as a major source for a wide variety of pollutants. In 
developing nations, many dumpsites are located in the urban centers or even within 
the residential boundaries. Contaminants released during incomplete combustion of 
municipal solid waste have profound adverse impact on human health and the 
environment. Hence there is an urgent need to identify a low-cost technique to 
decontaminate such heavily polluted sites. In this chapter, we have reviewed several 
papers and discussed how different types of engineered biochars can be effectively 
used to adsorb contaminants from dumpsite soil. Biochars are basically carbon-rich 
solids treated by high-temperature pyrolysis. Biochars are obtained by heating 
biomass in presence of less oxygen or in anaerobic conditon. Properly pyrolysed 
mixtures of organic and cellulosic wastes are capable of adsorbing a wide variety of 
organic contaminants from wastewater, sludge and soil prior to the release or 
disposal in engineered landfills. Biochar produced from waste organic material such 
as coconut shells, sugarcane bagasse and straw has been reported with high 
adsorption capacity. Because locally produced waste organic material can be utilized 
for production of these low-cost adsorbents, they are especially attractive for 
remediation and treatment systems in developing countries. Pyrolytic temperature 
is believed to be the most important factor affecting the sorption capacity of biochar, 
followed by grinding to increase the surface area. Holding and adsorption capacity 
of the biochar for treating contaminants in soil could be a limiting factor of these 
materials. Some studies have shown that less than 5–7% (m/m) mixing of biochar 
and soil resulted in higher water retention capacity leading to increased potential for 
biodegradation. We therefore suggest that improved low-cost processing methods 
should be investigated so that biochar can be exploited as an adsorptive medium for 
remediating and treating contaminated soils in these regions.

Keywords Open municipal dumpsites · Biochar · Pyrolytic temperature · Cost- 
effective · Adsorption capacity · Incomplete combustion · Organic content

 Introduction

Urbanization and economic development have increased municipal solid waste 
(MSW) generation across the globe. In the twenty-first century, the treatment of 
MSW has become a serious environmental issue, and MSW management continues 
to be an important environmental challenge. As shown in Fig. 1.1, East Asia and 
Pacific regions lead in the generation of waste followed by Latin America and 
Caribbean region, Eastern and Central Asian countries, South Asia, Middle East and 
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North African nations and finally the sub-Saharan African nations. It is projected 
that the global MSW generation levels will increase from 1.3 billion tons per year 
to 2.2 billion tons per year (World Bank 2012). The global waste generation rate is 
estimated to increase by about one million tons/day due to the current trend in 
economic growth (Inanc et  al. 2004). The current situation is very serious in 
developing economies, as wastes have been poorly managed for many years. Even 
if waste is properly collected, often it  does not reach legal disposal sites and is 
instead discarded in scattered, unregulated dumps. In addition to the existing large 
number of unregulated dumpsites, industrial, municipal and hazardous wastes are 
often mixed and disposed together, creating dangerous, toxic conditions because of 
the mixing of many different types of wastes. Improper location of disposal sites 
and the scarcity of modern engineering designs (liners and collection systems for 
leachate) threaten groundwater supplies and are a serious issue for those regions 
depending almost solely on groundwater sources. Simple waste management 
practices, such as covering wastes, weighing garbage and fences around dumps, are 
often not practiced in the developing countries.

A crucial, but often missing aspect, for MSW handling in developing countries 
is the establishment of sustainable approaches for treating these wastes in place. 
Waste tariffs only cover 30–40% of operating costs, leaving no funds available for 
capital investment. The shortfall is covered with money from the central or local 
budgets. Unless measures are taken, problems with waste disposal will only get 
worse. This problem is particularly serious in cities with limited capacity for 
dumpsite expansion. According to the United Nations (UN) Centre for Human 
Settlements (UNCHS), management of solid waste in developing and 
under  developed nations is one of the most poorly treated services. Waste 
management systems are non-technical, obsolescent and inefficient resulting in 

Fig. 1.1 Global map showing the quantity of annual solid waste generation (in kg/capita/year)
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indiscriminate open dumping of solid wastes (UNCHS; Habitat Refuse Collection 
Vehicles for Developing Countries; Nairobi 1991). Increasing imports of electronic 
waste (e-waste) for recycling by many Asian and African countries are contributing 
to improper handling of waste and haphazard dumping of refuse into low-lying 
areas of open land. To reduce the quantity of wastes in dumpsites, open burning is 
widely practised in landfills and dump yards particularly in the developing 
nations leading to the release of toxic pollutants such as dioxins, furans and heavy 
metals to the environment, thereby affecting human health (Chakraborty et  al. 
2018;  Frazzoli et  al. 2010; Robinson 2009; Thanh and Matsui 2011; Shih et  al. 
2016). For example, high concentrations of dioxin-like polychlorinated biphenyls 
(dl-PCBs) have been reported in human milk from mothers residing in and around 
the dumpsite of Kolkata due to the impact of fish diet (Someya et al. 2010).

Various technologies may be employed to remediate soil contaminated with 
mobile pollutants, including vitrification, mechanical separation, pyrometallurgic 
separation, phytoremediation, chemical treatment, electrokinetics, biochemical 
processes, soil flushing and soil washing (Mulligan et al. 2001). However, all these 
techniques have several drawbacks and point towards finding alternative techniques 
with lesser demerits for dumpsite soil remediation. Emission of toxic gases during 
vitrification process, pretreatment requirements in pyrometallurgic separation, 
release of toxic byproducts in biochemical processes and incapability of uptaking 
heavy contamination in phytoremediation are few drawbacks of the above- 
mentioned techniques (Schnoor et al. 1995; Mulligan et al. 2001).Various researchers 
have pointed out that remediation of pollutants by adsorption on biochar derived 
from biomasses could be an economical approach towards management of 
contaminated soils (Beesley et al. 2011; Zhang et al. 2013). Biochar has also proven 
to play an important role in sequestration of atmospheric carbon dioxide along with 
rehabilitating degraded land (Barrow 2012). Being highly recalcitrant in soil, the 
residence time for wood biochar is reported to be 10–1000 times more than the 
residence times of most soil organic matter (SOM), suggesting that biochar addition 
could provide a possible sink for carbon (Duku et al. 2011).

Biochar produced from dairy wastes was found to adsorb 100% and 77% of lead 
(Pb) and atrazine, respectively, from aqueous solutions (Cao et  al. 2009). Freely 
dissolved concentrations of polycyclic aromatic hydrocarbons (PAHs) in sewage 
sludge reduced up to 57% by addition of different amount of biochar (Oleszczuk 
et al. 2012). The addition of woodchip biochar also reduced the off-site transport of 
antibiotics in soils amended by animal wastes (Jeong et al. 2012). Biochar addition 
has a long history in improving the quality and fertility of soil, but recent studies 
have supported the use of this material in reducing the bioavailability of organic and 
inorganic pollutants. Heavy metals were found to get stabilized in soil due to the 
increase in pH caused due to the addition of biochar (Zhang et al. 2013). Thus with 
the help of biochar, a sustainable approach for disposal of various organic refuse 
such as agricultural wastes, manure, industrial wastes, etc. could be attained which 
will not only lead to a reduction in greenhouse gas production but also will result in 
reduction of the prevalence of groundwater and surface water contamination 
(Barrow 2012). The aim of this chapter is to present an overview of (1) types of 
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wastes that may contribute toxicants in open dumpsites particularly in developing 
nations, (2) effectiveness of biochar as an adsorbent for these toxicants, (3) 
remediation approaches for contaminated soil using biochar, (4) retention capacity 
of biochar and (5) future prospects for using biochar in remediation and managing 
contaminated dumpsite soil in developing countries.

 Sources of Organic and Inorganic Wastes in Dumpsite Soil

A cocktail of wastes from multifarious sources end up in the dump yards of the 
developing nations primarily due to the absence of segregation of waste. In reports 
by the World Bank, the global waste composition consists of organics (46%), paper 
(17%), plastic (10%), glass (5%), metals (4%) and others (18%) (Urban Development 
Series Knowledge; World Bank 2012). Other categories include textile, leather, 
e-waste, appliances and inert materials. Waste composition can vary considerably 
depending on the level of economic development, geography, cultural norms and 
energy sources in each region. Accumulation of these waste results in the release of 
a wide range of organic and inorganic pollutants due to various activities practised 
in dumpsites. Contaminated soil in open dumpsites act as a secondary source of 
persistent organic pollutants (POPs)  by re-emission of organic pollutants, like 
organochlorine pesticides (OCPs) (Chakraborty et  al. 2015) or polychlorinated 
biphenyls (PCBs) (Chakraborty et al. 2013, 2016). The binding capacity of heavy 
metals and most of the organic pollutants in the soil depends on the pH, total organic 
carbon (TOC) and quantity of organic matter present in soil (Korthals et al. 1996; 
Tao et al. 2005; Jiang et al. 2012a). The phenomenon of long-range atmospheric 
transport (LRAT) of POPs released from a point source results in their atmospheric 
transportation and re-deposition leading to detection of POPs even in remote arctic 
areas (Yang et al. 2005).

 Sources of Organic Contaminants in Dumpsite Soil

Organic pollutants entering MSW dumpsites can be from industrial, domestic or 
agricultural sources. Waste from textile industries consists of dye materials and 
other undesirable chemicals. Major colour effluents come from dyeing and printing 
process (Tan et al. 2000). Even low concentrations of such dyes in wastewater treat-
ment plant (WWTP) effluents are undesirable due to resistance to degradation and 
difficulty in decolourization (Willmott et al. 1998; Nigam et al. 2000). Pharmaceutical 
and personal care products (PPCPs) are a class of emerging pollutants that has 
recently gained attention due to their ubiquitous presence and biological activities, 
including antibiotic resistance and effect to the endocrine system. This class of con-
taminants mainly enters waste streams from biomedical, domestic and industrial 
rejects from pharmaceutical and cosmetic industry (Jiang et al. 2012b). Bisphenol 

1 Biochar for Effective Cleaning of Contaminated Dumpsite Soil: A Sustainable…
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A (BPA) and phthalic acid esters (PAEs) are compounds that come under the cate-
gory of endocrine disruptors (EDCs) and found in variety of general use items like 
plastic bottles, audio and video technologies, pipe materials, sports equipment, etc. 
Sewage sludge from sewage treatment plants are also disposed by landfilling or 
spreading in dumpsites usually in developing countries. Sewage sludge is also a 
potential source for the release of PPCPs in the dumpsite. A major part of the efflu-
ent concentration of most PPCPs in WWTPs is sorbed to sludge and suspended 
solids. Changes in pH or redox conditions in dumpsites may result in release of 
contaminants after disposal.

Among developing countries, China is the largest exporter and importer of 
e-waste and receives about 70% of the total e-waste exported from developed 
nations. Other countries like India, Pakistan, Vietnam, the Philippines and Malaysia 
also import a considerable amount of hazardous e-wastes from developed nations 
(Robinson 2009; Frazzoli et  al. 2010). The incomplete combustion of dumpsite 
waste releases PAHs in soil and air. Open burning of municipal waste has been 
found to be an important source for dioxin-like compounds in Asian countries 
(Minh et al. 2003) and PCBs in Indian cities (Chakraborty et al. 2013; Chakraborty 
et al. 2016). Discarded waste from the informal e-waste recycling workshops, the 
residues and leftover components are usually dumped in landfills and open dumpsites 
(Chakraborty et  al. 2018). In Bangladesh, for example, around 20–35% of the 
e-waste were laid in landfills or simply dumped in rivers, open dumps, ponds, drains 
etc. (Islam et al. 2016).

 Sources of Inorganic Contaminants in Dumpsite Soil

Heavy metals from various industries such as plating, plastics, glass, rubber, leather, 
etc are inorganic waste (Thitame et al. 2010). Environmental problems such as soil 
pollution, water pollution and groundwater contamination can occur by the release 
of inorganic pollutants due to inefficient disposal of these inorganic wastes. The 
methods employed by developing countries such as open burning of electronic 
equipment are carried out in dumpsites thus making such sites acts as a major 
source  for release of heavy metals to the ambient environment (Olafisoye et  al. 
2013). Livestock and municipal sludge are also sources of inorganic contaminants. 
Significant levels of Cd, Cu, Pb, Cr, Ni and Zn are reported in livestock manures 
such as poultry, pig and cattle slurries (Luo et al. 2009). Buzier et al. (2006) observed 
that the global yield of WWTPs for metals like Cr, Cd and Pb to be often greater 
than 75% as sludge is particularly rich in metals. Sludge removed from many of 
these WWTPs are spread in local dumpsites for final disposal, resulting in the direct 
release of heavy metals into the environment. Waste from inorganic fertilizers and 
fungicides are another source of heavy metals that can reach the dumpsites. Except 
in some of the poorest developing countries of the world where less fertilizers are 
used, all other countries apply macronutrient fertilizers on agricultural soil. Heavy 
metals like As, Cd, U, Th, Hg, Ba and Zn are present in phosphatic fertilizers, while 
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nitrogen fertilizers, lime fertilizers and manures are also known to contain metals 
like Cr, Hg, Co, Cu and As (Kabata-Pendias and Pendias 2001; Eckel et al. 2008). 
In fields and agroecosystems, various inorganic heavy metals and organometallic 
compounds are being used as fungicides. Pb and Cu arsenates, Bordeaux mix, Cu 
oxychloride and phenyl mercuric chloride are some among the fungicides that have 
been reported from dumpsites. Clearly, soil in dumpsites can be contaminated by 
heavy metals leaching from a variety of wastes.

 Biochar as an Adsorbing Material

 What Is Biochar?

Organic material when decomposed thermally in controlled supply of oxygen 
produces carbon dioxide, some combustible gases (mainly H2, CO, CH4) and a solid, 
black coloured substance, which is rich in carbon referred to as “char”. Being slightly 
different from char, biochar so far lacks a proper definition in the scientific commu-
nity. According to the international biochar initiative, biochar can be defined as “a 
solid material produced from biomass (any substance having good organic content) 
when heated at pyrolytic temperatures”. Biochar has been available for centuries for 
use as horticulture and soil amendments but only recently came to light for contami-
nant remediation. Biochar is composed of three types of carbon (C): recalcitrant C, 
labile or leachable C and ash. Recalcitrant C is that organic carbon that is tolerant to 
degradation dominated by charcoal and is unavailable for microbes, whereas labile C 
are those fractions that are readily leached and mineralizable. Their oxidization 
drives the flux of CO2 between soil and atmosphere. The third component, ash, con-
tains macro- and micronutrients for biological uptake. The presence of fused aro-
matic C structures is the unique natural design that distinguishes biochar from any 
other organic matter. The occurrence of these structures contributes to the stable 
nature of biochar (Lehmann et  al. 2011). Decarboxylation and demethoxylation 
along with dehydroxylation are major mechanisms towards the formation of more 
recalcitrant C fraction during pyrolysis process (Jung et al. 2016).

 Different Methods for Production of Biochar

The low oxic or anoxic conditions during pyrolysis result in the thermal decomposition 
of biomass which eventually lead to the formation of biochar (Kloss et al. 2012). 
Biochar pyrolysis is a carbon negative activity as more carbon dioxide is sequestered 
in soil than what is released in the atmosphere (Barrow 2012). There are two types of 
pyrolysis, namely, conventional/slow pyrolysis and fast pyrolysis. In slow pyrolysis, 
the biomass is heated slowly to about 500 °C in the absence of air; this would not 
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allow the vapours to escape rapidly. The risk of contamination of the biochar with the 
production of dioxins and harmful PAHs is reduced to a great extent using slow 
pyrolysis (Barrow 2012). Fast pyrolysis uses dry feedstock and provides rapid heat 
transfer which results in rapid escape of vapours. A higher char aromaticity is 
obtained in biochars prepared by slow pyrolysis (Mohan et al. 2014). There are a 
wide variety of carbon sources and methods to produce biochar. Some of the meth-
ods employed to produce biochar include slow pyrolysis reactors, fluidized bedfast 
pyrolysis reactors, screw pyrolyzers, hydrothermal carbonization, etc. (Lehmann 
et al. 2003; Sun et al. 2014). Slow pyrolysis reactors typically produce 15–25% of 
biochar depending on the feedstock and operating conditions. The biochar produced 
from fluidized bedfast pyrolysis reactors has distinct properties from those produced 
using slow pyrolysis due to the relatively high flow rate of gas and low residence time 
of biochar in the reactor bed, but the process is usually difficult to handle, and there 
is an interference of sand particles into the biochar during production (Lehmann and 
Joseph 2015). Screw pyrolyzers are used in biochar production at small scales. The 
flash carbonizer that uses ignition of a flash fire at elevated pressure in a packed bed 
of biomass results in significant improvement in yields (Lehmann et  al. 2003; 
Lehmann and Joseph 2015). Biochar produced by the method of hydrothermal car-
bonization showed relatively high production rate compared to slow pyrolysis inside 
a furnace in a nitrogen rich environment (Sun et al. 2014).

Properties of feedstock and the pyrolysis conditions have high influence on the 
physical and chemical properties of biochar (Downie et al. 2009). Feedstocks differ 
from each other in their elemental compositions, which is attributed to the presence 
of soil and dust particles, lignin, cellulose and hemicellulose and moisture content. 
This elemental composition eventually determines the properties of biochar formed 
(Ubbelohde and Lewis 1960; Boehm 1994; Yip et  al. 2007; Alexis et  al. 2007). 
Pyrolysis causes volatilization which results in mass loss, volume reduction and 
shrinking of the biomass without altering its original structure. Also, pyrolysis alters 
the C/N, O/C and H/C ratios, porosity, surface area, cation exchange capacity, 
crystallinity and functional groups in the biomass (Kloss et al. 2012). Increasing the 
pyrolytic temperature is linked with the increase in specific surface area which in 
turn leads to an increase in adsorption (Zhang et  al. 2013). Also the biochars 
produced at higher temperatures contain mainly micropores, while the biochars 
produced at lower temperature are not microporous which indicates that adsorption 
capacity could be more for biochars prepared at higher temperatures (Zhang et al. 
2013). Table 1.1 gives the specific surface area attained by biochar produced from 
different feedstock at different temperatures. It has been observed that generally, as 
the pyrolytic temperature increases, the specific area of biochar increases for the 
same biochar feedstock considered. Thus, as the pyrolytic temperature increases, 
the specific surface area of biochar increases and ultimately increases the adsorption 
capacity of biochar. Novak et al. (2009) worked on biochar produced from peanut 
hulls, pecan shells, poultry litter and switch grass at different pyrolytic temperatures 
and observed that the biochar produced at higher temperatures attained higher 
specific surface areas. Chen et al. (2008) studied the characteristics of pine needle 
biochar by increasing the temperatures from 100 °C to 700 °C and found that the 
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surface area increased from 0.65 m2/g to 490.8 m2/g. Thus, it can be concluded that 
the temperature range of 500–700 °C can increase the adsorption capacity of biochar 
due to increase in pore volume attained (Table 1.1). According to the data provided 
in Table 1.2, Ma et al. (2007) observed that application of bamboo-derived biochar 
on soil helped in the removal of extractable Cd by 79.6% within 12  days of 
application, while hardwood-derived biochar produced at 450 °C reduced Pb in soil 
pore water by tenfolds and Zn concentrations by 300 fold in column leaching tests 
(Beesley et al. 2011). Beesley et al. (2011) reported that hardwood biochar enhances 
the soil mobility of As and Cu, while wood biochar reduced the Zn and Cd leaching 
loss by greater than 90%. Cotton stalk- and hardwood-derived biochars reduced the 
bioavailability of Cd and As, respectively (Zhou et al. 2008; Hartley et al. 2009). 
Similarly, biochar derived from eucalyptus, orchard prune residue, chicken manure, 
green waste, rice straw, quail litter, oakwood, etc. reduced the bioavailability of 
various metals like Cd, Cu, Pb and Cr (Table 1.2). Among these source materials, 
hardwood biochar was more commonly used and has been found to be more 
effective especially at higher pyrolytic temperatures (500–700 °C) due to increased 
surface area for adsorption. Biochar produced at these temperatures also showed 
maximum cation exchange capacity (Jung et al. 2016). Yu et al. (2009) and Spokas 
and Reicosky (2009) concluded that high pyrolytic temperature and higher 
application rates of biochar increases the sorption of organic compounds like 
carbofurans, acetochlor, diuron, chlorpyrifos and atrazine. Dairy manure, pinewood, 
green waste, pine needle, eucalyptus, wheat straw and swine manure were used in 
treating compounds like atrazine, terbuthylazine, phenanthrene, and carbaryl. Also, 
the bioavailability of organic compounds like pentachlorophenol, PAHs, 
chlorobenzene, chlorpyrifos, fipronil and diuron were reduced by applying biochar 
derived from eucalyptus, hardwood, cotton straw, wheat straw and bamboo produced 
at high temperatures. It can be concluded that biochar produced at 600 °C can be 
efficiently used in remediating many organic pollutants and this can be attributed to 
the high surface area attained during its production (Table 1.2).

Developing nations are facing a serious problem with the huge amount of waste 
generated and improper disposal techniques. Biochar has proven to have equivalent 
or even greater sorption efficiency for both organic and inorganic pollutants from 
waste resources as shown in Table 1.2. In developing nations, biomass resources are 
available, such as forestry residues, wood waste, MSW, industrial wastewater and 
manure which contribute to country’s primary energy supply. Biomass waste gener-
ally has an elemental composition of CH1.4O0.6 and mainly composed of cellulose, 
hemicelluloses, lignin and small amount of extractives (Duku et al. 2011). Biochar 
production from MSW is a safe and beneficial disposal option than the conven-
tional methods such as incineration, landfilling, aerobic/anaerobic digestion, open 
air burning and composting (Serio et al. 2000). Open burning that is widely prac-
tised in developing nations lead to the emission of dangerous contaminants such as 
POPs, thereby degrading the environment. Biochar typically has more hydrogen 
and oxygen in its structure making it less carbonized than activated carbon. Biochar 
could potentially replace coal, coconut shell and wood-based activated carbons as a 
low-cost sorbent for contaminants and pathogens (Mohan et al. 2014). Theoretically 
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Table 1.1 Influence of pyrolytic temperature on the specific surface area of biochar produced 
from different feedstock material

Biochar Feedstock Temperature (°C) Surface Area (m2/g) References

Cow manure 500 21.9 Zhao et al. (2013)
Shrimp hull 500 13.3
Bone dregs 500 113
Wastewater sludge 500 71.6
Waste paper 500 133
Saw dust 500 203
Grass 500 3.33
Peanut shell 500 43.5
Chlorella 500 2.78
Water weeds 500 3.78
Pig manure 200 3.59

350 4.26
500 47.4
650 42.4

Wheat straw 200 2.53
350 3.48
500 33.2
650 182

Pine needle 100 0.65 Chen et al. (2008)
200 6.22
250 9.52
300 19.92
400 112.4
500 236.4
600 206.7
700 490.8

Peanut hull 400 0.52 Novak et al. (2009a)
500 1.33

Pean shell 350 1.01
700 222

Poultry litter 350 1.1
700 9

Switchgrass 250 0.4
500 62.2

Soya bean stover 300 5.61 Ahmad et al. (2012)
700 420.3

Peanut shell 300 3.14
700 448.2

(continued)
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the primary cost for biochar production is the cost incurred in feedstock collection, 
processing and pyrolysis operations in which the cost for transportation of the feed-
stock and the produced biochar is negligible in the total cost (Inyang and Dickenson 
2015).The estimated break-even price for biochar is US $246/t, which is approxi-
mately one sixth of commercially available activated carbon (US $1500/t) (McCarl 

Table 1.1 (continued)

Biochar Feedstock Temperature (°C) Surface Area (m2/g) References

Cotton seed hulls 350 4.7 ± 8 Tang et al. (2013)
500 0
650 34 ± 3
800 322 ± 1

Oak wood 350 450
600 642

Corn Stover 350 293
600 527

Broiler litter manure 350 59.5 ± 19.7
700 94.2 ± 5.1

Soya bean stalk 300 144.14
400 138.76
500 152.98
600 179.03
700 250.23

Broiler litter 350 60 Uchimiya et al. (2010)
700 94

Feed lot 350 1.3 Cantrell et al. (2012)
700 145.2

Fescue straw 100 1.8
200 3.3
300 4.5
400 8.7
500 50
600 75
700 139

Oak bark 450 1.9 Mohan et al. (2011)
Oakwood 400–450 2.7
Orange peel 150 22.8 Chen and Chen (2009)

200 7.8
250 33.3
300 32.3
350 51
400 34
500 42.4
600 7.8
700 201
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Table 1.2 Effect of biochar on organic and inorganic pollutants in soil

Feedstock
Production 
temperature Contaminant Effect References

Effect of biochar application on the mobility of heavy metals in soils
Bamboo Not available Cd Combined effect of 

electrokinetics, removal 
of extractable Cd by 
79.6% within 12 days

Ma et al. 
(2007)

Hardwood 450 °C As, Cd, Cu, Zn Reduction in Cd in soil 
pore water by tenfold; 
Zn concentrations 
reduced 300- and 
45-fold, respectively, in 
column leaching tests

Beesley and 
Dickinson 
(2011) and 
Beesley and 
Marmiroli 
(2011)

Hardwood 450 °C As, Cd, Cu, Pb, Zn Biochar surface 
mulching enhanced As 
and Cu mobility in the 
soil profile; little effect 
on Cd and Pb

Beesley and 
Dickinson 
(2011)

Wood 200 °C and 
400 °C

Cd, Zn Reduction in Zn and Cd 
leaching loss by >90%

Debela et al. 
(2012)

Effect of biochar application on the bioavailability of heavy metals in soils
Cotton stalks 450 °C Cd Reduction of the 

bioavailability of Cd in 
soil by adsorption or 
co-precipitation

Zhou et al. 
(2008)

Hardwood- 
derived biochar

400 °C As Significant reduction of 
As in the foliage of 
Miscanthus

Hartley et al. 
(2009)

Eucalyptus 550 °C As, Cd, Cu, Pb, Zn Decrease in As, Cd, Cu 
and Pb in maize shoots

Namgay et al. 
(2010)

Orchard prune 
residue

500 °C Cd, Cr, Cu, Ni, Pb, 
Zn

Significant reduction of 
the bioavailable Cd, Pb 
and Zn, with Cd showing 
the greatest reduction; an 
increase in the pH, CEC 
and water-holding 
capacity

Fellet et al. 
(2011)

Chicken manure 
and green waste

550 °C Cd, Cu, Pb Significant reduction of 
Cd, Cu and Pb 
accumulation by Indian 
mustard

Park et al. 
(2011)

Chicken manure 550 °C Cr Enhanced soil Cr(VI) 
reduction to Cr(III)

Choppala 
et al. (2012)

Sewage sludge 500 °C Cu, Ni, Zn, Cd, Pb Significant reduction in 
plant availability of the 
metals studied

Méndez et al. 
(2012)

(continued)
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Table 1.2 (continued)

Feedstock
Production 
temperature Contaminant Effect References

Rice straw Not clear Cu, Pb, Cd Significant reduction in 
concentrations of free 
Cu, Pb and Cd in 
contaminated soils; 
identification of 
functional groups on 
biochar with high 
adsorption affinity to Cu

Jiang et al. 
(2012a)

Quail litter 500 °C Cd Reduction of the 
concentration of Cd in 
physic nut; greater 
reduction with the higher 
application rates

Suppadit 
et al. (2012)

Oakwood 400 °C Pb Bioavailability reduction 
by 75.8%; 
bioaccessibility 
reduction by 12.5%

Ahmad et al. 
(2012)

Effect of biochar application on sorption of organic pollutants in soils
Eucalyptus 
wood

450 °C and 
850 °C

Diuron, chlorpyrifos 
and carbofuran

Higher pyrolysis 
temperature and higher 
rates of biochar applied 
to soils result in stronger 
adsorption and weaker 
desorption of pesticides

Yu et al. 
(2006)

Woodchip 500 °C Atrazine and 
acetochlor

Acetochlor adsorption 
increased 1.5 times; 
atrazine adsorption also 
increased

Spokas and 
Reicosky 
(2009)

Dairy manure 200 °C and 
350 °C

Atrazine At 200 °C, partitioning 
of atrazine is positively 
related to biochar carbon 
content

Cao et al. 
(2009)

Pinewood 350 °C and 
700 °C

Terbuthylazine Soil sorption increased 
2.7- and 63-folds in the 
BC350 and BC700 
treatments, respectively

Wang et al. 
(2010)

Green wastes 450 °C Atrazine Biochar-enhanced 
adsorption of pesticide

Zheng et al. 
(2010)

Pinewood 350 °C and 
700 °C

Phenanthrene Biochar produced at 
700 °C showed a greater 
ability at enhancing a 
soil’s sorption ability 
than that prepared at 
350 °C

Zhang et al. 
(2010)

(continued)
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Table 1.2 (continued)

Feedstock
Production 
temperature Contaminant Effect References

Pine needles 100 °C, 
300 °C, 
400 °C, and 
700 °C

PAHs Sorption capacity 
increased with pyrolysis 
temperature

Chen and 
Yuan (2011)

Eucalyptus 
woodchips

850 °C Diuron Pesticide absorption 
increases with the 
biochar contact time with 
soil and application rate

Yu et al. 
(2011)

Poultry litter, 
wheat straw and 
swine manure

250 °C and 
400 °C

Herbicides Biochars showed high 
sorption ability for two 
herbicides, fluridone and 
norflurazon

Sun et al. 
(2012)

Swine manure 350 °C and 
700 °C

Carbaryl At low carbaryl 
concentrations, the 
sorption capacity 
BC700 > BC350; similar 
sorption capacity at high 
carbaryl concentrations

Zhang et al. 
(2013)

MgO- 
impregnated 
magnetic 
biochar, 
sugarcane 
harvest residue 
biochar, 
magnetic 
biochar

550 ° C Phosphate Adsorption was higher in 
MgO-impregnated 
magnetic biochar

Li et al. 
(2016)

Effect of biochar application on bioavailability of organic pollutants in soils
Eucalyptus 450 °C and 

850 °C
Diuron, chlorpyrifos 
and carbofuran

Reductions of 
chlorpyrifos and 
carbofuran in total plant 
residues, respectively

Yu et al. 
(2009)

Hardwood 450 °C PAHs Pore water 
concentrations of PAHs 
were reduced by biochar, 
with greater than 50% 
decrease of the heavier, 
more toxicologically 
relevant PAHs

Beesley et al. 
(2010)

Cotton straw 450 °C and 
850 °C

Chlorpyrifos and 
fipronil

Chinese chive uptake of 
fipronil and chlorpyrifos 
reduced by 52% and 
81%, respectively, with 
1% of 850 °C biochar 
addition

Yang et al. 
(2010)

Bamboo 600 °C Pentachlorophenol Biochar reduced PCP 
bioavailability in soil

Xu et al. 
(2012)

(continued)
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et al. 2009; Ahmad et al. 2012, 2014). Furthermore due to the ubiquity and cost-
effectiveness of fresh biochar, exhausted biochar can be replaced easily and can be 
recycled by burning it to produce ash for use as liming agent in acidic soil (Feng 
et al. 2013).

 Why Biochar Acts as a Potential Adsorbent?

Biochars, generally used for soil conditioning and carbon sequestration, are now 
finding use in contaminant remediation (Mohan et  al. 2014). Biochar can be 
considered as a sustainable material as it requires less investment and, unlike 
activated carbon, the hydrogen and carbon remain in its structure along with the ash 
that originates from its biomass. One of the most important properties of biochar is 
its adsorption capacity. Biochars with high specific area are usually used as sorbents 
(Zhao et al. 2013). Several studies have demonstrated the effectivity of biochar in 
stabilizing some inorganic pollutants like heavy metals. They can stabilize the 
heavy metals in polluted soils, thus improving the soil quality and reducing heavy 
metals uptake by crops. Also, studies have demonstrated that the high surface area, 
high aromatic nature, micropore volume and abundance of polar functional groups 
present in biochar have aided in effective sorption of organic contaminants like 
POPs viz., PCBs,  PAHs and emerging pollutants such as steroid hormones and 
pharmaceuticals (Zhang et al. 2013; Zhao et al. 2013; Arun et al. 2017). Sludge- 
derived biochar was found to be an excellent adsorbent for amoxicillin in wastewater 
mainly due to large Brunauer–Emmett–Teller (BET) specific surface area (Arun 
et al. 2017). As shown in Fig. 1.2, scanning electronic microscope (SEM) images 
showed the distinct pattern and pores available before exposure of the biochar to 
water containing amoxicillin. Reduction of the particle size indicates the adsorption 
of amoxicillin to the pores of the biochar, and this property may be important for 

Table 1.2 (continued)

Feedstock
Production 
temperature Contaminant Effect References

Hardwood 600 °C PAHs Biochar application 
reduced concentration 
and biological activity of 
PAHs in soil

Gomez-Eyles 
et al. (2011)

Wheat straw 500 °C Chlorobenzenes 
(CBs)

Biochar amendment 
significantly reduced the 
bioavailability of CBs

Song et al. 
(2012b)

Wheat straw 250 °C, 
300 °C, and 
500 °C

Hexachlorobenzene 
(HCB)

Biochar amendment of 
soil resulted in a rapid 
reduction in the 
bioavailability of HCB, 
even at 0.1% biochar 
application rate

Song et al. 
(2012a)
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sequestration of a variety of contaminants. Li et al. (2016) reported that increasing 
the Mg content in MgO-impregnated magnetic biochar (MMSB) increased the 
adsorption of phosphate compared to sugarcane harvest residue biochar and 
magnetic biochar without Mg. Also studies on Mg/Al-layered double hydroxide- 
modified biochar showed that the Mg/Al ratio and pH of solution affected the 
adsorption of phosphates from aqueous solution (Li et al. 2016). One of the main 
aspects to be considered is the effect of biochar properties on the bioavailability of 
these contaminants. The risk of these organic and inorganic pollutants from entering 
the food chain, surface runoff, and leaching to groundwater is highly reduced due to 
adsorption. The effect of biochar on the bioavailability of metals depends on the 
feedstock materials used for preparing biochar and the type of heavy metal 
considered (Zhang et al. 2013). The amendment of soil contaminated by Cd and Zn 
using hardwood-derived biochar reduced the concentration of both the metals in 
pore water (Beesley et al. 2010; Karami et al. 2011).

 Soil Treatment Using Biochar

 Remediation of Organic Pollutants

POPs are those categories of pollutants that resist photolytic, biological or chemical 
degradation to a varying degree. Characterized by low water solubility and high 
lipid solubility, many are found to deposit in fatty tissues of organisms leading to 
their bioaccumulation in the environment due to their persistent nature. Some 
classes of organic pollutants well known for their persistence and toxicity are PCBs, 
OCPs and PAHs. Due to their everlasting effects on human health and environment, 
the need for cost-effective sustainable methods to remediate soils, especially 
dumpsite soils where they are detected frequently, is a necessity. Several studies 

Fig. 1.2 SEM images given by Arun et al. 2017, for sludge-derived biochar (a) before amoxicillin 
exposure and (b) after amoxicillin exposure
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have proved the effectivity of biochar in uptake of such POPs (Tong et al. 2011; 
Ahmad et al. 2014). The high aromaticity, high surface area, micropore volume and 
abundance of polar functional groups in biochar are the major factors that suffice the 
adsorption of organic pollutants by biochar. As shown in Fig. 1.3, the main phenom-
ena governing are physical adsorption, co-precipitation and simple substitution. 
Arun et al. (2017) reported sludge-derived biochar produced at pyrolytic tempera-
ture of 300 °C to be effective in removal of amoxicillin by adsorption from waste-
water, which was evident from the distinct pattern observed before and after 
adsorption in UV spectroscopy. Beesley et al. (2011) have observed that the PAH 
concentration in soil pore water reduced to 50% after treating with biochar. The 
reduction in bioavailability of various organic pollutants due to adsorption in bio-
char derived from different sources have been given in Table 1.2. When soil polluted 
with chlorpyrifos and fipronil was treated with biochar produced from corn straw, it 
was observed that uptake rate of chlorpyrifos and fipronil by plant reduced to 52% 
and 81%, respectively (Yang et al. 2010). A 95% removal of malachite green (MG) 
was attained within 40 min by adsorption into rice straw biochar applied on 25 mg/L 
of MG solution (Hameed and El-Khaiary 2008). Acid- treated straw biochar used to 
remove reactive brilliant blue and rhodamine B resulted in high adsorption by bio-
char than the activated charcoal (AC) accounting to the high surface area and less 
carbonization of AC compared to charcoal. Studies across a variety of locations 
globally suggest that biochar can be a better option in amending soil polluted with 
organic pollutants (Chun et al. 2004; Qiu et al. 2009).

Organic
Contaminants

In Organic
Contaminants

Sludge-Derived Bio
char

Pb

Pb

Pb

Pb
2+

2+
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Cation Exchange
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Phthalates
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Carbon Oxygen Fe, Al, Mn Ca(II), K, Na Alkyl Group

Fig. 1.3 Mechanism on the use of biochar for the removal of inorganic and organic pollutants as 
given by Zhang et al. 2013
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 Remediation of Toxic Metals

The indiscriminate use and occurrence of heavy metals in the industrial, medical 
and technological sector has resulted in its widespread distribution in the 
environment, raising concerns over their possible effects on the environment and 
human health. Some of the sources of heavy metals release into the environment 
include geogenic, industrial, pharmaceutical, agricultural, domestic effluent and 
atmospheric sources (He et  al. 2005). Among heavy metals arsenic, cadmium, 
mercury, lead and chromium are the top priority as they have been identified as 
possible human carcinogens by the United  States Environmental Protection 
Agency (USEPA) and International Agency for Research on Cancer. Thus, there is 
a necessity to develop eco-friendly and cost-effective methods to deal with these 
pollutants that ultimately reach the dumpsites.

As stated by Zhang et al. 2013, the various mechanisms involved in stabilization 
of heavy metals using biochar are (a) ion exchange between the cations associated 
with biochar and concerned heavy metals along with co-precipitation and inner 
sphere complexation with humic matter and mineral oxides of biochar and (b) 
surface complexation  – metals undergo surface complexation with several func-
tional groups and inner sphere complexation with free hydroxyl present in the min-
eral oxides (Fig. 1.3). Physical adsorption is a process involving simple adsorption 
and surface precipitation that lead to the stabilization of the heavy metal content (Lu 
et  al. 2012). Heavy metal stabilization can further  depend on the type of soil 
considered and the cations present in both biochar and soil (Zhang et  al. 2013). 
Ahmad et  al. (2014) observed that the bioavailability of Pb in military shooting 
range soil reduced to 75.8% after the treatment. Chen et  al. (2016) found that 
biochar prepared from corn straw could remove around 95% of Cu and 90% of Zn. 
On the other hand, pinewood biochar showed adsorption capacities of 4.13 mg/g, 
1.2 mg/g and 2.62 mg/g, while oakwood char showed 0.37 mg/g, 5.85 mg/g and 
3 mg/g for Pb, Cd and As, respectively (Mohan et al. 2014). The adsorption capacity 
of Cu by biochar prepared from peanut straw, soybean straw and canola straw was 
0.09  mg/g, 0.05  mg/g and 0.04  mg/g, respectively (Tong et  al. 2011). Recently, 
research has focused on enhancing biochar’s affinity for contaminant oxyanions 
such as AsO4

3−, AsO3
3− and CrO4

2− due to generally negative charge of pristine 
biochar. Development of metal oxide-impregnated biochar composite has shown 
promising adsorption of these metals present as oxyanions (Agrafioti et al. 2014; Li 
et al. 2016; Wang et al. 2016).

 Retention Capacity of Biochar

The retention capacity of biochar depends on the pyrolytic temperature, specific 
surface area, total pore volume, mechanism employed in adsorption, etc. Wood- 
derived activated charcoal and dairy manure biochar showed that despite having 
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lower surface area than activated charcoal, biochar could retain Pb six times more 
than activated carbon (Cao et al. 2009). The charge and surface area properties are 
the factors that usually help in reducing nutrient losses from biochar when it is used 
in soil (Glaser et al. 2002; Lehmann et al. 2003). The presence of functional groups 
in biochar affects the sorption capacity depending on the surface charge on it, thus 
helping in the adsorption and retention of both transitional and nontransitional 
metals on the biochar particles (Amonette and Joseph 2009). Interaction of biochar 
with natural organic molecules and clay minerals present in soil can suppress the 
sorption of the organic pollutants from soil (Pignatello et  al. 2006). Wang et  al. 
(2010) observed that the retention capacity of herbicide terbuthylazine decreased 
due to high organic content in the soil because dissolved organic carbon competed 
for sorption sites thereby reducing the retention capacity.

 Future Prospect for Remediation of Dumpsite Soils

Municipal waste is a growing health and ecological problem particularly  in the 
developing countries because of the toxic contaminants that enter poorly maintained 
dumpsites. Several developing nations have used biochar to decontaminate the 
surface soil. Dumpsite soil quality can be easily improved through the targeted use 
of low-cost biochar soil amendments that sequester and treat these contaminants. 
Ageing is a phenomenon where the presence of natural organic matter and clay 
minerals in the soil clogs the micropores of biochar and decreases the sorption of 
organic pollutants by biochar. Such high concentrations of organic matter in soil 
compete with the organic pollutants for sorption sites eventually decreasing the 
adsorption efficiency of biochar (Zhang et al. 2013). One important aspect yet to be 
investigated is the impact of biochar on the soil fauna as there are reports showing 
adverse effect of biochar on earthworms and soil microbes (Beesley et al. 2011). A 
high rate of biochar application can decrease the soil fertility by adsorbing the 
required soil nutrients (Frazzoli et al. 2010). Furthermore there are evidences for 
release of toxic pollutants like PAHs from the biochar itself due to high rate of 
application on soil (Thies and Rillig 2009). Based on literature, it seems that biochar 
can be more widely used in remediation of the organic and inorganic pollutants 
from soil by addition in layers on the polluted dumpsite soil. Incorporated biochar 
would act as an adsorptive medium for sequestering pollutants. Thus, biochar can be 
produced at high pyrolytic temperatures which would improve its adsorption 
characteristics by increasing the specific surface area and total pore volume available 
for adsorption of pollutants. Biochar has to be incorporated and maintained in the 
soil for the optimum time period. Bioaugmentation can be used for bioremediation 
of the biochar which has adsorbed different types of pollutants from the dumpsite 
soil. Bioaugmentation employs soil microorganisms that would pre-concentrate the 
contaminants on the biochar. Later on the immobilized microbial organisms would 
degrade the pollutants (Zhao et al. 2013).
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Biochar amendments prepared using wooden pellets for amending landfill soil 
covers facilitated the growth of methanotrophic bacteria that are effective in 
reducing methane emissions. The highest oxidation rates were observed in the upper 
layers of amended soil (up to 30 cm depth) with more oxygen availability (Reddy 
et al. 2014). Sea mango-based biochar utilized for removal of organic and inorganic 
pollutants from landfill leachates gave the highest adsorptive removal for colour 
(95.1%), chemical oxygen demand (COD) (84.94%) and NH3-N (95.77%) (Shehzad 
et al. 2016). Asia alone generates 4.4 billion tones and 790 MT of solid waste and 
MSW, respectively, per year, of which 6% is attributed to the Indian subcontinent. 
The land allotment for 48MT of waste from India is only 20.2 km2 which should be 
increased to 169.6 km2 by the end of 2047 with a projected amount of 300 MT of 
waste generated. Urban waste is predominantly rich in organic matter (46%) 
followed by paper (6%), glass (0.7%), rags (3.2%) and plastic (1%) and the rest is 
moisture. About 600 MT of waste is generated in India alone from agricultural 
waste of which sugar industries contribute 90 MT. With such rich amount of organic 
waste composition in the MSW, it can very obviously be used for the production of 
high-quality biochar for the removal of organic and inorganic contaminants as 
discussed in the previous sections. Furthermore, 730 Tg of biomass are burnt in Asia 
of which 250 Tg come from agricultural burning that leads to the emission of SOx, 
NOx, CO, CO2, PAHs and PCDD/Fs (Gadde et al. 2009). Biochar production can 
thereby reduce the load of open burning of crop residues and therefore, significantly 
contribute in arresting air pollution and concurrently help in conserving carbon. The 
versatility of biochar technologies also offers the potential for equitable technology 
transfer and use in developing countries (Pratt and Moran 2010). Cost-effectiveness 
in developed and developing nations using marginal abatement cost curve (MACC) 
was done by Pratt and Moran (2010). Several considerations were taken in to 
account, including price of electricity, carbon, biochar application rates and potential 
yield gain. Electricity generated from the biochar plants as byproduct such as syngas 
and bio-oil were used to operate the plants in developed nations. On the other hand, 
taking into consideration the developing nations where biochar kiln and stoves are 
employed, there was far better abatement of carbon emissions in comparison to 
fossil fuels. In developed nations with the advantage of adequate infrastructure and 
abundance of biomass for feedstock, it may appear that due to the high carbon 
market prices, biochar-producing plants will be highly cost-effective. However, 
MACC output clearly suggests otherwise and even without substantial infrastructure, 
waste management in developing nations was found to be more profitable by 
offering more abatement potential at lower costs than carbon capture and storage 
(CCS) (Pratt and Moran 2010).
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 Conclusion

With consideration of relatively simple low-cost methods for producing biochar and 
its remarkable adsorption capacity, it seems likely that biochar would provide a 
cost-effective solution for cleaning and managing contaminated soil in addition to 
its soil amendment benefits for dumpsite soils in developing and underdeveloped 
countries. The major influential factors governing the characteristics of biochar 
produced are the pyrolytic temperature employed and the feedstock utilized for its 
preparation. More in-depth research is needed to help facilitate production of 
biochar in these countries to increase the retention capacity of the pollutants. 
Furthermore, local municipalities would be expected to create a demand for 
improved biochar as an effective remediation technique and dumpsite management 
alternative. To meet the increasing demand, there can be a new market venture for 
such inexpensive remediation technique in the developing world.
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Abstract The requirement and need of novel techniques to speed up the sanitiza-
tion of polluted and adulterated sites and reduction in the expenses of these methods 
is a growing concern. The application of nanoparticles, predominantly the iron 
nanoparticles, as a pioneering and inventive technique to decontaminate the 
adulterated sites has received attention and consideration in recent times. Though, 
all over the world, many research studies have been carried on nanoparticles, 
diminutive level of knowledge is realized about their performance, actions, and 
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conduct in the soil and in aquatic habitats, their adsorption on soil mineral particles, 
and communication with soil microbes.
Industrial sectors, which are involved in the manufacturing of display, optical and 
photonic products, semiconductors, memory and storage devices, nano- 
biotechnology equipment (energy aspects), and health care goods, generate most of 
the products that contain nanoparticles. On the other hand, nanotechnology is a 
technique which has been employed as an environmental know-how to guard the 
nature through prevention, handling, curing, and cleanup of pollution. In this 
chapter, we have focused on the environmental toxicant cleanup and discuss a 
background and overview of the existing practices related to the remediation. The 
research findings; social issues; probable environmental, human health, and safety 
repercussions; and future thoughts for remediation using nanotechnology are also 
discussed. Here, we also discuss nanoscale zerovalent iron in some detail. The 
technique of nanoremediation has the capacity to lessen the total costs of 
decontamination at the bigger polluted sites. Moreover, the purpose of this technique 
is also to reduce the cleanup duration, eradicate the treatment requirement and 
dumping of the contaminated soil, and also lessen contaminant amount to almost 
zero. Further, we believe that suitable evaluation of nanoremediation approaches, 
especially the large-scale environmental studies, also need to be addressed to avoid 
and counteract any probable hostile environmental effects.

Keywords Nanoparticles · Remediation · Toxicants · Environment

 Introduction

Nanotechnology actually means the exploitation of the substances at their nanome-
ter size and is expected to enhance the quality of life and economic development on 
the global basis. A decade ago, nanoparticles (NPs) were studied because of their 
size- dependent physical and chemical properties, but now they have crossed the 
threshold of commercial exploration. Understanding of biological processes on the 
nanoscale level is a strong driving force behind development of nanotechnology. 
Nanotechnology is being employed in imaging, quantifying, modeling, and 
manipulating matter at nanoscale. Nanoparticle application in commercial sectors 
involves mostly in the area of semiconductors, nano-memory and storage chip 
technologies, optical display, and photonic technologies. This technology is also 
used in electricity, biological sciences, diagnostics, and therapeutic health care. On 
the other side, the application of nanotechnology in environmental sciences to 
shield the environment from toxicants and treatment and cleanup of hazardous 
waste dumping sites is coming up. Nanotechnology could be an effective replacement 
of current practices for waste remediation. In recently published studies, some of 
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the NPs have been employed in scavenging the high molecular weight polycyclic 
aromatic hydrocarbons (PAHs) from the contaminated soils and water. Considering 
this, the review discusses the safeguard properties of NPs against the deleterious 
effects of toxicants in environmental systems.

Under the American Recuperation and Reinvestment Act (2009), almost $ 1 bil-
lion have been granted to the United States Environment Protection Agency 
(USEPA) for remediation projects. Nanotechnology is the rising technology of 
current era, which could also be used as an affordable environmental remediation 
method. NP-associated technology can contribute and may prove as cost-effective 
and successful remediation strategy to clean up the contaminated sites. In year 
2007, the US government allocated $380 million fund to Superfund, for construction 
and post construction actions for site remediation projects (US EPA 2008). 
Superfund is a US federal government funding agency, intended to offer the financial 
grants for cleanup of areas contaminated with hazardous wastes and pollutants. This 
program was introduced as the legislative act to protect the environment under the 
Comprehensive Environmental Response, Compensation, and Liability Act of 1980 
(CERCLA).

So many other programs were established under Superfund program:

 (a) Brownfields Program [under the Small Business Liability Relief and Brownfields 
Revitalization Act (2002)] and fund allocated was $100 million.

 (b) Corrective Action (CA) programs under Subtitle C of the Resource, 
Conservation, and Recovery Act (RCRA 2002).

 (c) Underground Storage Tank program under Subtitle I of the RCRA and fund 
allocated was $200 million.

USEPA (American Recovery and Reinvestment Act 2009) allocated $600 mil-
lion for the Superfund remedial. USEPA (2004) estimated that it will take 
30–35 years and cost up to $250 billion to clean up the nation’s hazardous waste 
sites. There are other important and major remediation projects such as the remedia-
tion of Homebush Bay (New South Wales, Australia), one of the important projects 
because the pollution directly impacted and affected the food chain as well as local 
protected and threatened species; Japan-Australia Migratory Bird Agreement 
(JAMBA) and China-Australia Migratory Bird Agreement (CAMBA) for protected 
species and the ones which use other Ramsar-protected wetlands in various coun-
tries as per Ramsar convention; and Bakar Ex Cokeing Plant Site, Croatia project, 
European Union contract for cleaning a polluted area of BAKAR. After 3 years of 
rigorous investigation by the Croatian government, the European Union funded the 
immobilization project in BAKAR. The site is contaminated with large amounts of 
total petroleum hydrocarbons, polycyclic aromatic hydrocarbons, and metals. For 
the cleaning of pollutants, the service provider preferred to apply the mix-in-plant 
procedure (Operational ProgramME Environment, Ministry of Environmental and 
Nature Protection, Republic of Croatia 2007–2013).

2 Scope of Nanoparticles in Environmental Toxicant Remediation
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 Nanoremediation

Nanoremediation is an upcoming application; by 2009, nanoremediation technique 
was documented in almost 44 cleanup sites over the world, largely in the United 
States of America (Karn et  al. 2009; Mueller et  al. 2012; Project on Emerging 
Nanotechnologies. “Nanoremediation Map” 2013). In Europe, this process is being 
explored by the NanoRem project (Nanotechnology for Contaminated Land 
Remediation 2014). The objective of NanoRem (Nanotechnological Remediation) 
is using of nanotechnology for unlocking the potential of remediation process from 
laboratory level to end user cleanup site like land and water resource for the 
restoration of environment. This project is funded by the European Commission 
FP7. This project focuses on the smooth functioning of practical, secured, cost- 
effective, and usable nanotechnology for in situ remediation. This project helps to 
understand and develop a comprehensive knowledge of the environmental risk- 
benefit for the utilization of NPs, current market requirements, sustainability, and 
observation of users. A report released by the NanoRem consortium has recognized 
about 70 nanoremediation projects worldwide at pilot or full scale.

In current scenario highly reactive NPs/materials are used in the remediation and 
detoxification procedures of pollutants. These NPs have the potential to reduce and 
catalyze the concerned pollutants. In nanoremediation procedures no transportations 
are required for the treatment of water and soil from site of pollutant to site of 
treatment (Otto et  al. 2008). NPs can be applied in the remediation of several 
contaminated sites by acting as “super adsorbent” for many pollutants. They also 
play a significant and deciding role in the development of speedy and accurate 
environmental sensors which can be applied in the recognition of pollutants at 
atomic levels and also for deactivating injurious microbes (Khan et al. 2014).

NPs have some specific properties, such as they are tiny in size, they can have 
innovative surface modifications, and moreover, NPs are able to permeate from very 
small pores in the subsurface and remain settled down in groundwater. Owing to 
these properties, NPs travel far and have wide distribution (Tratnyek and Johnson 
2006). Various potential nanoparticles have been investigated for remediation 
processes, like nano-zeolites, metal oxides, carbon nanotubes, carbon fibers, 
enzymes, bimetallic nanoparticles, and ultrafine titanium dioxide (Ghorbani et al. 
2011). Of these, nanoscale zerovalent iron (nZVI) is currently the most widely used. 
Since the last few years, calcium peroxide NPs are also being used for remediation. 
There are various physical and chemical methods mostly used for the synthesis of 
various NPs for remediation applications (Turkevich et  al. 1953; Ghorbani et  al. 
2011). These production methods release toxic by-products; therefore, the utilization 
of these kinds of NPs, prepared by rigorous methods, creates added environmental 
issues and hence is not suitable for remediation. Green synthesis of NPs could be 
the alternative method for the synthesis of these particles which may be used in the 
remediation procedure as an eco-friendly approach toward the environment. This 
green synthesis can be performed by the use of plant extracts as well as from 
microbes like bacteria and fungi. However, this method of synthesis is basically 
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limited to metal oxide NPs. Synthesis of NPs using this technique makes use of 
intra-/extracellular enzymes produced by the plants and microbes. The bulk metal, 
truncated to nano-range by organisms apart from using tools for cleaning up 
environmental resources, is also intensively used in biosensors, bioprobes, and other 
biosystems. Metal NPs can be designed of desired shape and size and obtained by 
simply using bacteria to most complicated of eukaryotes (Prashant et al. 2008).

 Applications of Nanoremediations

In recently published studies, NPs have been employed in scavenging the high 
molecular weight polycyclic aromatic hydrocarbons (PAHs) from the contaminated 
soils (Karnchanasest and Santisukkasaeom 2007). Amphiphilic polymer NPs have 
been used as nano-absorbent for pollutants in aqueous phase. In a recent report, 
Bochra et al. (2011) have shown the potential application of titanate nanotubes as 
solid-phase extraction adsorbents for seven PAHs: acenaphthylene, acenaphthene, 
anthracene, fluorene, phenanthrene, fluoranthene, and pyrene, from the 
environmental water samples. The recoveries of PAHs ranged from 90% to 100%. 
The scavenging capacities of the NPs for PAH and other pollutants could probably 
be attributed to their higher affinity toward the xenobiotics (Karnchanasest and 
Santisukkasaem 2007). Recently, titanate nanosheets and titanate nanotubes (TNT) 
have also been synthesized and used as additives for removing harmful compounds 
in cigarette smoke (Qixin et al. 2011) including nicotine, tar, ammonia, hydrogen 
cyanide, selected carbonyls, and phenolic compounds. Interestingly, TNT exhibits 
highly efficient adsorption capability for most of the harmful compounds. This 
might be related to the intrinsic properties of NPs (Qixin et al. 2011).

Groundwater remediation is the most popular and common application of nano- 
based remediation (Bardos et al. 2014; US EPA 2014). Zerovalent metals (ZVMs) 
are an emerging and promising concept for decontamination of groundwater (Lowry 
2007). Nanoremediation process is capable to treat contaminates by passing the 
excavation or need to pump out the groundwater. This method starts with injecting 
slurry of NPs along the vertical range of the probe to provide treatment to contami-
nated groundwater through injection well. NPs are transported to the site of action, 
where they scavenge the contaminants through absorption process, by immobilizing 
them, and by converting the harmful contaminates into less harmful compounds. 
The conversion of contaminants is basically by redox reaction process (Lowry 
2007). The transportation of NPs is very important for the successful remediation of 
environmental toxicants. Direct push well technique is cost-effective than drilling 
and packing well technique (Pandey and Fulekar 2012). Carbon nanotubes and 
ultrafine TiO2 exhibited potential role for treatment, purification, disinfection, and 
desalination of surface water. NPs act as sorbents, reactive agents (photocatalysts or 
redox agents), and nanofilters in membrane filtration (Theron et al. 2008).

NPs have the capacity to detect and remediate the trace levels of toxicants from 
the contaminated sites. Generally, portable kits and instruments are not sensitive 
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enough to detect trace contaminants outside of the laboratory. NPs are highly 
reactive and, having large surface area, can be utilized as effective sorbents to help 
remediate the target trace contaminants. This they do by approaching solid-phase 
micro-extraction process, particularly in the form of self-assembled monolayers on 
mesoporous matrix. This matrix may be an effective sorbent for heavy/trace metals 
such as mercury (Hg), lead (Pb), cadmium (Cd), chromium (Cr) and arsenic (As), 
and radionuclides such as 99Tc, 137CS, uranium, actinides, metal ions, and organic 
and inorganic compounds to the ppb levels (Addleman et  al. 2005; Savage and 
Diallo 2005). Magnetite nanoparticles (Fe3O4) saturated with silica are applied for 
the removal of a huge amount of toxic elements. The nanostructured silica can also 
be used in wastewater treatment in order to remove heavy metal ions (Xin et al. 
2001). Mechanism of action of remediation, example of NPs used, and contaminates 
are shown in Table 2.1.

Few research articles demonstrated the remediation properties of TiO2 NPs in 
biological systems also. These NPs scavenge the toxicants or carcinogens from the 
biological systems. TiO2 NPs have been used to reduce the neurotoxicity of phoxim 
in the brain of silkworm (Xie et al. 2014). TiO2 NPs provide protection in cellular 
model A-549 cells against benzo-alpha-pyrene. Authors used very low or subtoxic 
concentrations of NPs in cellular system to protect the cells from carcinogens 
(Dhasmana et al. 2014, 2015).

 Nanoparticles Used in Remediation

 Metal-Based Nanoparticles

 Iron Nanoparticles

Iron (Fe) NPs are extensively applied in the chemical, electronics, and other indus-
tries. Recent applications of nano-Fe have been extended to the treatment of toxic 
and hazardous wastes and for remediation of soil and wastewaters, degradation of 
dyes, and reduction of aromatic nitro compounds and also dehalogenate organic 
compounds along with removing metal ions. Nano-iron (nano-Fe) is a striking 
module of remediation. Nano-Fe usually is synthesized from Fe2+ (II) and Fe3+ (III), 
using borohydride (anion BH4

−) as the reductant. Size range of nanoscale zerovalent 
(nZVI) nano-Fe particles is from 10 to 100 nm in diameter with typical core shell- 
like structure. The core consists primarily of nZVI or metal iron, whereas the mixed 
valent [i.e., Fe2+ (II) and Fe3+ (III)] oxide shell is formed as a result of oxidation of 
the Fe. Fe is naturally present in the environment as Fe2+ (II) and Fe3+ (III) oxides 
(Li et al. 2006). nZVI are usually ideal for nanoremediation, because of their large 
surface area and various sites of action which increases the reactivity of NPs 
(Tratnyek and Johnson 2006) and also holds two kinds of properties: adsorption and 
reduction (Fig.  2.1). This property provides strength to be used for the in situ 
remediation of a large range of contaminants. In addition, nZVI nano-Fe efficiently 
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Table 2.1 Mode of action of NPs for remediation of contaminates

Technique Procedure Implications Disadvantages Target metals

Precipitation 
method

Reduction and 
precipitation of 
metals, generation of 
Fe and other metal 
precipitation

Performance is 
similar to the 
natural procedure

Corrosion and 
clogging of 
zerovalent irons

Copper, zinc, 
lead, calcium, 
nickel, 
chromium, 
magnesium, 
cobalt, arsenic

Membrane 
filtration 
technique

Use of 3D structure 
in arresting of 
micelle slow 
electrical charges, 
complexation, 
dialysis

High removal 
efficacy

Filter blockage, 
restitution of filter 
materials

Technetium, 
mercury, 
copper, lead, 
chromium, zinc

Denitrification 
and BSR

Sulfide formation 
from divalent metals 
and (OH) hydroxides 
from trivalent metals

PRBs removal up 
to 95%

Continuous 
nutrient supply is 
required

Copper, zinc, 
lead, calcium, 
nickel, 
magnesium, 
cobalt, 
uranium, 
selenium, 
arsenic

Absorption 
method:

Metal sorption 
depends upon charge 
of the surfactant

Complex 
formation along 
with surfactants

Aquifer with 
highest 
penetrability is 
needed

Cadmium, 
lead, zinc, 
arsenic, copper, 
nickel

1. Inorganic 
surfactants
2. Industrial by 
products 
(derivatives)

Adsorption at 
surface site

Industrial raw 
materials

Field application 
is needed

Lead, arsenic, 
cadmium

3. Ferrous/
ferric materials

Metal sorption of 
iron oxide and its 
derivatives

As(V) with Fe 
form inner sphere 
complex

Oxidation process 
is problematic and 
materials to be 
replaced 
recurrently

Arsenic, 
chromium, 
mercury, 
copper, 
cadmium, lead

BSR technique Materials reduced to 
precipitates, 
catalyzed by the 
sulfate-reducing 
bacteria method

On-site treatment 
and off-site use of 
bioreactors and 
applied in 
permeable 
reactive barriers

Limited reaction 
rate and residence 
time are needed

Divalent metal 
cations

Reduction: Precipitation of 
metals at alkaline pH

Operational over 
a larger part

Toxic gas 
formation and 
handling are 
problematic

Thorium, 
uranium, 
chromium

1. Use of 
dithionites

2. Use of 
zerovalent iron 
and colloidal 
Fe

Precipitation and 
sorption on 
zerovalent iron

No toxic exposure 
in the deep 
aquifers

No proper 
scavenging of 
metals

Chromium, 
technetium, 
uranium, 
arsenic

(continued)
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remediates the contaminants by releasing less amount of hazardous chemicals 
(Varma and Nadagouda 2009). nZVI nano-Fe can also be customized by using 
palladium coatings such as polyelectrolyte or triblock polymers according to 
contaminants present (Saleh et  al. 2007). It has been studied that nZVI-Fe very 

Table 2.1 (continued)

Technique Procedure Implications Disadvantages Target metals

Flushing of 
chelate

Stable complexes 
formation

Ligands action at 
low dose and 
regeneration

Expensive, 
long-lasting, and 
toxic

Cadmium, 
copper, iron, 
arsenic, 
mercury, zinc, 
chromium

Biological 
approach: 
Subsurface 
activity

Bioaccumulation, 
oxidation, and 
precipitation

Low cost and 
effective for long 
duration

Not suitable for 
aquifers, 
technique is 
sluggish, 
modeling 
impossible

Lead, cobalt, 
copper, nickel, 
chromium, 
cadmium, zinc

Ion exchange 
technique

Liquid-liquid 
extraction and 
solid-phase 
separation

Selective in 
eradicating low 
level of metals

Not cost-effective 
and leads to 
contaminant

Transition and 
heavy metals

Agricultural 
wastes and 
cellulosic 
materials

Heavy metals 
adsorbed at 
pH 4–6 in cellulosic 
material and 
agricultural waste

Metals’ high 
concentrations 
are treated by 
cellulosic 
materials

Field studies have 
not been 
conducted, 
therefore doubtful

Zinc, cadmium, 
copper, nickel, 
lead

Bio-sorption 
method

Bacteria, fungi, 
plants, recover 
metals from the 
cytoplasm. Use of 
DNA has been 
implicated

Good metal 
absorption, 
anionic 
interference is not 
present

Owing to high 
acidic 
environmental 
conditions, 
desorption of 
metals happens

Cadmium, 
zinc, arsenic, 
chromium, 
nickel, iron

From Kumar and Gopinath (2016)

Fig. 2.1 Schematic 
diagram of zerovalent Fe. 
(From Rajan 2011)
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effectively scavenges Cr from soil with reduction of Cr (VI) (Singh et al. 2011). Fe 
NPs by using super paramagnetic property can be manipulated and able to remove 
99% of As from water samples by using 12 nm diameter iron oxide NPs (Rickerby 
and Morrison 2007). Nano-Fe and Ni are capable to decontaminate the radioactive 
sites also. Anionic species of uranium (U) sorption are very effective with magnetite 
NPs in neutral solutions. The amount of Fe3+ (III) contents is increased and U (Vl) 
reduction occurs. Magnetite NPs are very effective in removal of U from the 
pollutants (Dickinson and Scott 2011; Das et al. 2010).

 TiO2 Nanoparticles

TiO2 NPs associated with photocatalytic degradation are actively used for the 
removal of polychlorinated biphenyl (PCB) from contaminated soil samples (Zhu 
et al. 2012). TiO MCM (mesoporous molecular sieving) has been studied for the 
photolytic degradation of bisphenol A (2,2-bis(4-hydroxyphenyl)propane, BPA an 
endocrine disrupting compound) (Tao et al. 2011). Truncation of bulk TiO2 leads to 
formation of nano-TiO2 and nano-TiO2 (TiO2-x) holding oxygen vacant sites which 
have been created using a plasma discharge truncation procedure, and these vacant 
sites involve in mercury (Hg) removal. Moisture is the competitive inhibitor for the 
binding of Hg to the oxygen vacant sites of nano-TiO2 (Tsai et  al. 2011). The 
adsorption capacity of nano-TiO2 toward contaminant metals like Pb, Cu, Cd, Ni, 
and Zn is greater than bulk particles (Engates and Shipley 2011).

 SiO2 Nanoparticles

SiO2 NPs treated with 2,6-pyridine dicarboxylic acid and applied as a sorbent suc-
cessfully for the remediation of Hg2+ ions present in trace levels, from aqueous 
solutions (Patil et  al. 2016). SiO2 NPs exhibited positive features such as rapid 
absorption equilibrium, easy elution, good reusability, and increased stability with 
respect to Hg2+ ions as a sorbent (Zhang et al. 2010).

 Nano-zirconium Phosphate (ZrP)

Immobilized nano-zirconium phosphate (ZrP) with surface modification groups 
like -CH2Cl, -SO3−, and -CH2N (CH3)3 is actively used for the removal of lead (Pb) 
from the water (Silbernage et al. 2014). These fabricated NPs have positively or 
negatively charged functional groups which can remove different contaminants 
from the site of action (Zhang et al. 2011).

2 Scope of Nanoparticles in Environmental Toxicant Remediation
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 Carbon-Based Nanoparticles

Recently, nanotechnology has introduced various types of NPs in the water industry 
with encouraging results. Since the discovery of carbon nanotubes, these have 
attracted prodigious considerations owing to the exceptional qualities. The carbon 
nanotubes (CNTs) are NPs that are shaped into a tube and are categorized into two 
types as single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 
nanotubes (MWCNTs). This categorization is owing to the layers of carbon atoms 
in the walls of the nanotubes (Iijima and Ichihashi 1993). CNT have been employed 
in decontamination of ecosystems. Owing to these properties of detoxification, the 
nanosorbents are progressively being used since their discovery, due to their 
extraordinary adsorption potential and their capability to be attached to functional 
groups to enhance the affinity to the target molecules (Savage and Diallo 2005). 
Hexagonal arrays of carbon molecules in graphite sheets of CNT surface have a 
robust communication with other particles or atoms, which makes them an assuring 
adsorbent material which has replaced the activated carbon in many ways (Liang 
et al., 2004). These nanotubes are being used for the exclusion of heavy metals like 
Cr, Pb, and Zn, metalloids such as As compounds (Peng et  al. 2005), organic 
compounds, and natural biological impurities (Savage and Diallo 2005), eliminating 
several types of inorganic and organic contaminants such as dioxin (Long and Yang 
2001) and several volatile organic compounds (VOCs) (Agnihotri et  al. 2005). 
While comparing CNT with other active adsorbents, the scientists proclaim that 
these are more effective adsorbents for removing pollutants and can be employed in 
several environmental applications (Rao et al. 2007). The plus point of CNT is that 
they are exceptional, matchless, and unidimensional macromolecules that retain 
high thermal and chemical stability (Smart et al. 2006). Owing to this property of 
the nanomaterials, they have been maneuvered for the management of natural 
organic matter (NOM) which could produce toxic, carcinogenic agents (Grünwald 
et al. 2002) and may augment the biofilm formation and bacterial regrowth (Bull 
et al. 1995). Consequently, thermally handled CNT was used for the management of 
NOM to attain the applicable absorption. Therefore, CNT possesses all the 
indispensable and crucial properties to maintain purity of water of high excellence. 
For the remediation of groundwater, there are certain rigorous regulation approaches. 
Any augmentation in the release of heavy metals into the aquatic water bodies could 
prove toxic as they have the capabilities to accumulate in the living tissues of 
animals and plants. Henceforth, the carbon-based NPs should not be introduced into 
the water bodies; if introduced, these NPs must be removed from the water, because 
later they may lead to some aqua toxicity. The remediation efficiency has been 
achieved by employing multi-walled carbon nanotube (MWCNT) techniques. To 
enhance the absorption capability of MWCNTs, with the help of nitric oxide, it is 
oxidized which results into a higher level of adsorption potential. According to Li 
et al. (2003), the sorption of Pb (II), Cu (II), and Cd (II) onto the MWCNTs was 
three to four times greater than those of activated powdered carbon and activated 
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granular carbon particles which are the two traditionally and commonly employed 
sorbents in the water purification methods.

 Future Prospectus

Nanotechnology is now playing an important role of maintaining environmental 
sustainability and also has the potential to enhance and improve the conventional 
methods. The novel nano-based technologies have the capacity to replace the 
conventional technologies being much more efficient and cost-effective than 
conventional methods. Metal- and carbon-based NPs, nanofibers, nanoresins, and 
nanoenzyme-based portable equipments will be used for the purification and 
detoxification of the hazardous contaminates from soil, toxic gases such as CO and 
VOCs from air, and trace heavy metals from water and groundwater. In the future, 
these technologies will be frequently used as dependable and highly sensitive 
sensors for toxic and particular substances that are difficult to detect with 
conventional methods. This kind of nano-based application will be used commonly 
in the future because NPs are very small in size and highly reactive due to very large 
surface volume ratio.

 Conclusion

Nanoremediation is a cost-effective process of cleaning up large-scale contaminated 
sites, reduces cleanup time, and trims down the concentrations of pollutants. In 
order to prevent any serious adverse effect on environment, proper evaluation, 
including minute studies, of NPs is required before this technique is used on a mass 
scale. The success of the NP-based remediation technique in field conditions 
depends upon interdisciplinary factors. The good knowledge of chemistry, material 
science, atmosphere, and geology is one of the important requirements to face the 
challenge.
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Abstract Escalated industrialization, inappropriate waste management practices, 
mining, landfill operations, and application of sewage sludge have caused excess con-
tamination of aquatic and terrestrial ecosystems. As a consequence, human beings 
pose serious threats to life-supporting resources, i.e., air, soil, and water. Heavy met-
als and pesticides are a special class of contaminants having wide variety of effects. 
When the contaminated lands are used for agriculture practices, contaminants like 
heavy metals and pesticides get transferred from soil to food chain which leads to 
bioaccumulation and biomagnification. Phytoremediation (a technique that exploits 
plants ability to lessen, eradicate, degrade, or immobilize the environmental contami-
nants, with the aim of restoring the contaminated area) is gaining advantage over 
other conventional treatment techniques being economical, environmentally sound, 
and aesthetically acceptable. Conventional approaches for cleanup and restoration of 
heavy metals and pesticides from contaminated environment have some unavoidable 
precincts like high cost and creation of secondary pollutants. Many aquatic and ter-
restrial plants such as Eichhornia, Pistia, Lemna, Salvinia, Typha, Hydrilla, Ricinus, 
Brassica, Arabidopsis, Vetiver, Solanum, etc. are capable of accumulating heavy met-
als and can be used as agents for eco- restoration of degraded ecosystems. Further, 
biosorption has also emerged as an innovative, eco-friendly, cost-effective, and prob-
able substitute for the removal and/or recovery of inorganic contaminants from aque-
ous medium. Biosorption can be applicable over wide range of temperature and pH, 
with rapid kinetics of adsorption and desorption and low capital and operation cost. 
Even, biological biomass can again be regenerated for reuse.

Keywords Biosorption · Heavy metals · Macrophytes · Pesticides · 
Phytoremediation

 Introduction

Escalated industrialization and urbanization all over the world have generated vari-
ous luxurious facilities and commodities. However, such rampant industrialization 
and several anthropogenic deeds like mining, sewage sludge applications, improper 
waste management, and landfill operations have resulted in excess contamination of 
soil, air, and water (Ghavari et al. 2013; Ha et al. 2014). As a consequence, many 
life-forms including humans are facing serious threats to their life-supporting 
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resources. Heavy metals, metalloids, and pesticides are a special class of contami-
nants having wide variety of effects. Chemically, heavy metals are the transition 
metals having atomic mass and specific gravity greater than 20 and 5, respectively. 
Further, some heavy metals like As, Cd, Hg, Pb, Se are nonessential, since they do 
not play any major role in the physiological functions of plant. Besides these nones-
sential metals, some heavy metals like Fe, Cu, Zn, Mn are essential for normal 
growth and development of plants. However, at high concentrations, these metals 
cause many toxic repercussions and recognized as environmental toxicants (Kumar 
et al. 2013, 2016). A cumulative discharge of industrial waste comprising of heavy 
metals to agricultural fields not only degrades the health of soil but also affects the 
food quality, productivity, and environmental safety (Mapanda et al. 2005; Singh 
et al. 2010). When the contaminated fields are used for agriculture practices, metals 
and pesticides easily get transferred from soil to food chain and lead to bioaccumu-
lation and biomagnification (Sakakibara et  al. 2011; Kumar and Kumar 2016). 
Heavy metals and pesticides are primary pollutants in aquatic and terrestrial envi-
ronment, being recalcitrant in nature. Plants growing in metal- contaminated envi-
ronment express several disturbances in their physiological and biochemical 
processes like gaseous exchange, CO2 fixation, respiration, nutrient absorption, etc. 
Generally, all the heavy metals cause loss of 25 kDa polypeptide and subsequently 
cause reduction in cell enlargement and synthesis of heavy metal- binding phyto-
chelatin through inactivation of α-expansin/phytochelatin synthase (Kasim 2005). 
During the last couple of decades, researchers had explored several remediation 
techniques to mitigate the problem of contamination of soil, viz., stabilization, 
solidification, soil washing, encapsulation, vitrification, electrokinetic, and phytore-
mediation, and water (e.g., coagulation-flocculation, oxidation, chemical precipita-
tion, ion exchange, adsorption, membrane filtration, photocatalytic degradation, 
electrochemical, and phytoremediation) (Dhir et al. 2009). Among these available 
techniques, phytoremediation, which exploit plant’s ability to reduce, remove, 
degrade, or immobilize the environmental toxins, with the aim of restoring the con-
taminated area, has emerged as an efficient, environmentally sound, and aestheti-
cally acceptable technique (Kumar et al. 2012, 2013).

 Phytoremediation: An Environmentally Sound  
and Cost- Effective Approach

Today, phytoremediation is a well-known solar-driven botanical remediation 
approach. In recent years, the applicability of phytoremediation for the restoration 
of the soil contaminated with wide varieties of pollutant such as heavy metals (Chen 
et al. 2010; Kumar et al. 2012), nutrients (Ashworth et al. 2005; Silveira et al. 2013), 
and organics (Euliss et al. 2008; Nedunuri et al. 2009) has delivered considerable 
results. Certain plants have unique potential to survive in metal-contaminated 
matrix. They not only survive but also can significantly extract and accumulate 
heavy metals/metalloids in their roots/shoots tissues even at concentration greater 
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than in the contaminated medium (Fig. 3.1) (Lasat 2002). Further, along with its 
remediation potential, some plants also offer opportunity for the eco-restoration of 
degraded environment. Till date, over 500 plant species belonging to more than 45 
families have been documented for their ability toward metal tolerance and accumu-
lation of potentially toxic elements (PTEs) specially heavy metals (Hemen 2011; 
Sharma 2011).

 Phytoremediation of Contaminated Aquatic Ecosystems

Phytoremediation utilizes natural use of plants to absorb pollutants through roots 
and their translocation to aerial parts of the plant (Sharma et al. 2015). Several stud-
ies have revealed the removal of heavy metals and pesticides from contaminated 
water by applying phytoremediation (Bhatia and Goyal 2014; Kumar et al. 2013) 
For remediation of contaminated water, a wide number of macrophytes have been 
reported (Bhatia and Goyal 2014; Sharma et al. 2015). Macrophytes suitable for 
phytoremediation should have some special characteristics like rapid growth, exten-
sive root system, high biomass production, diverse adaptations, and high tolerance 
and potential to accumulate wide range of pollutants in their body parts (Valipour 
and Ahn 2016). Further, several factors like salinity, temperature, pH, sunlight, and 
plant growth rate affect the process and success of phytoremediation. Associated 
limitation like more time requirement can be solved by combining more than one 
phytoremediation approaches (Parmar and Singh 2015).

Phytostabilization
Rhizofiltration

Phytodegradation

Phytovolatilization

Phytoextraction

Pollutant uptake by
roots

(Pollutants convert into volatile form
and escape through leaf surface)

(Pollutants accumulate
into shoot)

(Transformation of
pollutants by enzymes in
tissues)

Limits mobility of
pollutants in the
medium

Fig. 3.1 Phytoremediation mechanisms and techniques
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Classically, three categories of macrophytes, viz., free-floating, submerged, and 
emergent, have been used for the treatment of aqueous medium (Valipour and Ahn 
2016). Historical advancement in the era of wastewater treatment using macrophytes 
is presented in Table 3.1.

Various investigators have proved that macrophytes, e.g., Lemna minor, 
Eichhornia crassipes, Pistia stratiotes, Myriophyllum spicatum, Azolla pinnata, 
Hydrilla verticillata, Elodea canadensis, Salvinia herzogii, etc., offer promising 
results for removal of metal from contaminated aquatic medium; Table  3.2 

Table 3.1 Historical advances in era of wastewater treatment using aquatic macrophytes

Decades Summary Scope of works References

1970s Exploration of ability of aquatic 
macrophytes for remediation of 
wastewater

Research on potential of 
aquatic and submerged 
plants

Boyd (1970), 
Cowgill (1974) 
and Hutchinson 
(1975)Rooted and rootless submerged 

macrophytes have potential to uptake 
contaminants from water rapidly
Accumulations of PTEs in the plant 
tissues were higher than in the 
growing medium

1980s Emergent and surface-floating 
macrophytes uptake heavy metals via 
their root systems while submerged 
uptake metals and nutrients via roots 
and their leaves

Study on emergent and 
surface-floating plants

Denny (1980, 
1987)

1990s Uptake and removal of potentially 
toxic metals by aquatic vascular 
plants known as “hyperaccumulation”

Study on 
hyperaccumulation which 
occurs via root and foliar 
absorption

Outridge and 
Noller (1991), 
Sharma and Gaur 
(1995) and Rai 
et al. (1995)

Nutrients uptake through root, and 
foliar absorption are also occurred in 
rooted macrophytes

2000–
2010

Aquatic plants are proficient in 
remediation of heavy metals/
metalloid; an important class of 
contaminants

Emergence of 
hyperaccumulator and 
exploration of 
effectiveness of 
macrophytes

Hu et al. (2003), 
Kamal et al. 
(2004) and Rai 
(2009)

Macrophytes, either living or 
nonliving, have been used for the 
treatment and monitoring of metal 
contamination

2010–
2015

Plants have high potential to 
accumulate or uptake pollutants by 
diverse mechanisms from the 
contaminated medium (Fig. 3.1)

Much emphasis on the 
mechanism and efficiency 
improving techniques

Sharma et al. 
(2015), Ali et al. 
(2013) and 
Sasmaz et al. 
(2015)Approaches for phytoremediation of 

PTEs are natural, economical, and 
tempted with application of 
hyperaccumulating plants and 
chemicals like synthetic chelating 
ligands
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Table 3.2  Metal and pesticides accumulation capacity of some aquatic macrophytes 

S. No Plant species Contaminants Accumulation References

1. Eichhornia crassipes Cu 6000–
7000 mg kg−1

Molisani et al. (2006)

Cr 4000–
6000 mg kg−1.

Hu et al. (2007)

Ni 1200 mg kg−1 Low et al. (1994)
Cd 2200 μg kg−1 Zhu et al. (1999)
Zn 1677 mg g−1 Kamel (2013)
As 909.58 mg kg−1 Delgado et al. (1993)
Hg 119 ng g−1 Molisani et al. (2006)
Mn 300 mg kg−1 Dixit et al. (2011)
Mevinphos Wolverton (1975)
Ethion Xia and Ma (2006)

2. Azolla pinnata Ni 16,252 l μg gm−1 Arora et al. (2004)
Cd 740 μg g−1 Rai (2008)
Cr 1095 μg g−1 Rai (2010)
Hg 940 μg g−1 Rai (2009)
Pb 1383 mg kg−1 Thayaparan et al. (2013)

3. Azolla filiculoides Cd 2608 μg g−1 Arora et al. (2004)
Cu 6013 μg g−1 Zhang et al. (2008)
As >60 μg g−1 Arora et al. (2006)
Cr 12,383 μg g−1 Vesely et al. (2011)
Pb 1607 mg kg−1

4. Azolla caroliniana Cr 356 mg kg−1 Bennnicelli et al. (2004)
Hg 578 mg kg−1 Zhang et al. (2008)
As 284 mg kg−1

5. Hydrilla verticillata As 231 mg kg−1 Srivastava et al. (2010)
Cu 770–3,0830 mg 

kg−1

Srivastava et al. (2011)

Chlordane 1060.95 μg L−1 Chaudhary et al. (2002)
6. Typha latifolia Ni 295.6 mg kg−1 Afrous et al. (2011)

Cu 1156.7 mg kg−1 Nguyen et al. (2009)
Dieldrin 0.60 ng g−1 Guo et al. (2014)

7. Pistia stratiotes Pb 519 mg kg−1 Vesely et al. (2011)
Chlorpyrifos 0.036 mg g−1 Prasertsup and 

Ariyakanon (2011)
8. Salvinia minima Pb 5469 mg kg−1 Vesely et al. (2011)
9. Salvinia natans Cr 7.40 mg g−1 Dhir et al. (2009)
10. Lemna gibba U 896.9 mg kg−1 Mkandawire et al. 

(2004)As 1021.7 mg kg−1

11. Lemna minor Pb 561 mg g−1 Leblebici and Aksoy 
(2011)

Cu 400 μg g−1 Boule et al. (2009)
Flazasulfuron 27 μg g−1 Olette et al. (2009)
Dimethomorph 33 μg g−1

Chlorpyrifos 0.23 g−10

(continued)
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(Mahmood et al. 2005; Verma et al. 2005, Aktar et al. 2010; Sasmaz et al. 2015; 
Rezania et al. 2016). Fritioff et al. (2005) suggested that submerged aquatic macro-
phytes are completely flooded and have the capability to uptake metals straight from 
the contaminated water and reducing metal concentrations in microbiologically 
treated wastewaters. E. crassipes possess high remediation potential for a number of 
heavy metals like copper (Cu), chromium (Cr), iron (Fe), zinc (Zn), manganese 
(Mn), mercury (Hg), cadmium (Cd), and arsenic (As) from contaminated growing 
medium and store them in their bladders followed by translocation to stems, leaves, 
and roots (Mahmood et al. 2005; Jardia and Fulekar 2009; Priya and Selvan 2013; 
Rizwana et al. 2014; Mohamad and Latif 2010; Rahman et al. 2008). Jafari (2010) 
observed the high accumulation ability of A. microphylla (94%), A. filiculoides 
(96%), A. pinnata (71%), and A. microphylla (98%), for Pb, Cu, Mn, and Zn, 
respectively, whereas, A. caroliniana have potential to accumulate Hg and Cr. 
Sasmaza et al. (2009) reported that the L. gibba can be applied for the remediation 
of As from secondary effluents as an alternative way of treatment. Miretzky et al. 
(2004) reported that P. stratiotes is capable of removing the metals, viz., Pb, Cr, Mn, 
and Zn, almost completely from water in first 24 h of exposure. Ipomoea aquatica 
can remove Cr (III) from contaminated water in the presence of chelating agents’ 
chloride and EDTA (Chen et  al. 2009). Further, chloride can also increase the 

Table 3.2 (continued)

S. No Plant species Contaminants Accumulation References

12. Typha angustifolia Mn 860 mg kg−1 Sasmaz et al. (2008)
Cu 50 mg kg−1

13. Myriophyllum 
spicatum

Pb 8.94 mg g−1 Kamel (2013)
Zn 2.66 mg g−1

14. Ceratophyllum 
submersum

Pb 258.62 mg kg−1 Sasmaz et al. (2008)
Zn 1172.8 mg kg−1 Nguyen et al. (2009)
Aldrin 0.38 n gg−1

Endosulfan 0.73 n gg−1

15. Wolffia globosa As > 1000 mg kg−1 Zhange et al. (2009)
16. Phragmites communis Fe 2813 μg g−1 Chandra and Yadav 

(2011)
Mn 814.40 μg g−1 Guo et al. (2014)
Zn 265.80 μg g−1

Pb 92.80 μg g−1

γ-HCH 0.97 ng g−1

DDTs 0.93 ng g−1

17. Pontederia cordata Oryzalin Fernandez et al. (1999)
18. Spirodela oligorrhiza o,p′-DDT, 

p,p′-DDT,
50–66% Gao et al. (2000)

19 Schoenoplectus 
californicus

DDTs 30.2–45.7 ng g−1 Miglioranza et al. 
(2004)
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 solubility of Cr and enhance its translocation and accumulation in roots and shoots 
of the plant.

Adhikari et al. (2010) assessed the removal potential of two wetland plant spe-
cies, i.e., Typha angustifolia and Ipomoea carnea, and reported that both the plants 
were able to remove Pb from contaminated wastewaters. Chandra and Yadav (2010) 
also found that T. angustifolia is suitable for the removal of heavy metals (Cu, Pb, 
Ni, Fe, Mn, and Zn) from wastewater and recommended the application of Typha 
for phytoremediation of heavy metals from industrial wastewater in optimized con-
ditions. Unnikannan et  al. (2013) identified Salvinia natans, P. stratiotes, and E. 
crassipes as hyperaccumulators of Cr. Kumar et al. (2012) evaluated the remedia-
tion potential of five macrophytes, viz., H. verticillata, E. crassipes, I. aquatica, 
Bacopa monnieri, and Melica minuta, and recommended that E. crassipes can be 
used for removal of Ni and Cu, while M. minuta and H. verticillata can be applied 
for remediation of Pb and Cr from the contaminated aqueous medium. Susselan 
et al. (2006) reported the effectiveness of Mimosa pudica for rhizofiltration of Hg, 
Cd, U, and Zn. Upadhyay et al. (2007) reported that the E. crassipes, L. minor, P. 
stratiotes, A. pinnata, and Spirodela polyrhiza are suitable for remediation of Fe, 
Cu, Cr, Cd, Zn, and Ni. Comparative heavy metal uptake efficiency of Salvinia and 
Spirodela was assessed by Li et al. (2016). They found that Spirodela was more 
efficient than Salvinia in removal of Pb and Zn (Li et al. 2016).

 Application of Aquatic Plants for Pesticide Removal

Selected macrophytes have developed high potential for accumulation and degrada-
tion of pesticides by adopting different cellular mechanisms such as direct root 
uptake, detoxification by phytotransformation and conjugation with glutathione or 
sugars, and subsequent accumulation of non-phytotoxic metabolites in plant roots/
shoots (Goncalyes and Alpendurada 2005). E. crassipes (Xia and Ma 2006), Juncus 
effusus, Ludwigia peploides (Bouldin et al. 2006), L. minor, Spirodela polyrhiza, E. 
canadensis, and Carya aquatica have been reported to be efficient in pesticide 
uptake (Olette et  al. 2008, 2009). Olette et  al. (2009) examined the remediation 
potential of L. minor and S. polyrhiza for remediation of dimethomorph and pyri-
methanil from water and noticed high removal efficiency during the 4-day test 
period (Olette et al. 2009). Prasertsup and Ariyakanon (2011) demonstrated effi-
cient and successful use of L. minor and P. stratiotes in the remediation of chlorpyri-
fos from aquatic medium. Both the plants can be utilized for efficient, economical, 
and ecological alternatives to accelerate the removal of wastewater contaminated 
with a relatively low concentration of chlorpyrifos (0.5 mg/L). Miglioranza et al. 
(2004) observed significant variances in the dichlorodiphenyltrichloroethane (DDT) 
levels between root and shoot of Typha, indicating its ability to uptake and translo-
cate DDT from water. Phytoremediation potential of some macrophytes are pre-
sented in Table 3.2.
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 Application of Terrestrial Plants in Phytoremediation

For terrestrial plants, roots are the main contact site for exposure to metal contami-
nants. Metal contamination in growing medium causes disturbances in normal 
physiological functioning of plant. In an endeavor to survive and safeguard the sus-
ceptible cellular component, plants have developed some effective and specific 
mechanisms to cope up with the metal stress. Adaptive mechanisms evolved by 
plants to mitigate the metal toxicity include immobilization, plasma membrane 
exclusion, restriction of uptake and transport and sequestration by specific ligands 
(Dalcorso et al. 2008; Hossain et al. 2009, 2012; Sharma and Dietz 2009; Hossain 
and Fujita 2009; Cobbett 2000; Clemens 2006). Cellular defense mechanism for 
metal tolerance consists of two basic approaches, to retain low level of toxic metal 
ions into the cytoplasm by preventing them from being transported through the 
plasma membrane. This can be achieved either by increasing the binding of metal 
ions to cell wall or by pumping out the metal by active efflux pumps from cell. The 
other approach is detoxification of toxic metal ions by inactivation via chelation of 
the metal cation by specific ligands or organic acids or conversion of toxic metal ion 
into less toxic form or vacuolar/cell wall sequestration away from metabolic sites 
(Zhu et al. 2004; Chaney et al. 2007; Mejare and Bulow 2001).

 Hyperaccumulator of Heavy Metals

Plant species having ability to accumulate 100 mg Cd; 1000 mg Ni, Cu, Co, Cr, and 
Pb; and 10,000 mg kg−1 Zn and Mn (dry weight) are called as hyperaccumulators 
(Baker and Brooks 1989; Kumar et  al. 2013; Brooks 1998; Yuan et  al. 2016). 
Further, translocation of metals from roots to aboveground plant parts is also an 
essential feature of phytoremediation plants and is deduced by calculating by the 
translocation factor (TF) (Kumar et al. 2013). TF higher and lower than unity is a 
key feature of metal accumulator and excluder plant species, respectively (Singh 
et al. 2010). Identification and use of hyperaccumulator plants for soil remediation 
can help up to a great extent to remediate the metal-contaminated matrix (Lasat 
2002). Till date more than 500 hyperaccumulator plants have been reported 
belonging to the family Asteraceae, Brassicaceae, Caryophyllaceae, Cyperaceae, 
Cunouniceae, Fabaceae, Flacourtiaceae, Lamiaceae, Poaceae, Violaceae, and 
Euphorbiaceae. Some of the hyperaccumulator plants having high phytoremediation 
potential and TF of >1 for selected metals are mentioned in Table 3.3. And the key 
important factors affecting the phytoremediation potential are mentioned in 
Table 3.4.
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Table 3.3 Hyperaccumulators of various metals

Plant name Family Contaminants References

Ricinus communis Euphorbiaceae Cd Bauddh and Singh (2012)
Brassica juncea Brassicaceae Cd, Se Qadir et al. (2004) and Banuelos 

et al. (2005)
Vetiveria zizanioides Poaceae Cd, Pb Danh et al. (2009)
Cyperus rotundus Cyperaceae Cr, Cu, Ni, Pb, Cd, 

As, Sn
Asharaf et al. (2011), Kumar et al. 
(2013), Jaison and Muthukmar 
(2016) and Yuan et al. (2016)

Parthenium 
hysterophorus

Asteraceae Mg Fe, Pb, Zn, Cd Mazumdar and Das (2015), 
Sanghamitra et al. (2011) and 
Ahmad and Al-Othman (2014)

Amaranthus 
cruentus

Amaranthaceae Mg, Fe, Pb, Zn, Cr Mazumdar and Das (2015) and Liu 
et al. (2008)

Populus tremula Salicaceae Zn, Cd, Cu Ruiz et al. (2011) and Pierre et al. 
(2011)

Solanum 
americanum

Solanaceae Mg, Fe, Pb, Zn Mazumdar and Das (2015)

Croton 
bonplandianum

Euphorbiaceae Cr, Cu, Ni, Pb, Cd Kumar et al. (2013)

Arabidopsis 
thaliana

Brassicaceae Cd, As Guo et al. (2012) and Kiyono et al. 
(2012)

Solanum nigrum Solanaceae Zn, Mn, Cu, Cr, 
Ni, Co, Cd, Pb

Malik et al. (2010) and Varun et al. 
(2012)

Cannabis sativa Cannabaceae Pb, Cu, Zn, Ni, 
Co, Cr

Malik et al. (2010)

Table 3.4 Factors affecting the phytoremediation potential of aquatic macrophytes

S. No. Parameter Effects

1 Temperature Metal uptake/toxicity decreases at lower temperature
2 Light Sometime depends upon light
3 pH Generally metal uptake/accumulation potential decreases at higher pH
4 Salinity High salinity decreases the content/toxicity
5 Monovalent 

cation
Enhances metal uptake in the presence of lower concentration of 
monovalent cation in growing medium

6 Divalent cation Enhances metal uptake in the presence of lower concentration of 
divalent cation in growing medium

7 Nitrate Decreases metal toxicity significantly
8 Sulfate Decreases metal uptake and toxicity
9 Polysaccharides Chelate metals, reduces uptake/toxicity
10 Organic acid/

selenite (Se)
Reduces metal uptake and toxicity

11 Heavy metals Reduces metal uptake/toxicity by binding metal complexes; Zn/Cd, 
Cu, and Ni combination is antagonistic, while Fe can encourage Cu 
uptake

Sood et al. (2012), De Fillippis (1979), Rai et al. (1981), Trevor et al. (1986), Wallen (1990), Kelly 
and Whitton (1989), Whitton et al. (1989), Mallick et al. (1990), Reed and Gadd (1990), Wong and 
Chau (1990), Mukherjee et al. (2004)
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 Biosorption of Contaminants Using Plant Biowastes

Generally, conventional treatment techniques, viz., precipitation, ion exchange, 
membrane filtration, electroplating, adsorption, etc., have considerable drawbacks, 
such as high consumption of chemical and energy, hazardous sludge generation, 
low efficiency when metals concentration is below 100  mgL−1, and high-cost 
involvement (Marin-Rangel et  al. 2012). In the recent years, biosorption has 
attracted considerable interest for the removal of inorganic and organic pollutants. 
Biosorption can be defined as the use of inactive, dead, biological waste to bind and 
concentrate contaminants from the medium. It comprises of a solid phase (sorbent 
or biosorbent; biowaste) and a liquid phase (solvent; water or wastewater) having 
varieties of dissolved species to be sorbed on sorbent (sorbate; metal ions, organic 
and inorganic pollutants). Due to high affinity of sorbent, the sorbate is attracted and 
adheres on sorbent by various mechanisms. The biosorption process continues till 
equilibrium is established between the amount of solid-bound sorbate species and 
its remaining portion present in the solution. The degree of affinity of sorbent 
determines the distribution of sorbate between solid and liquid phases (Ahalya et al. 
2003). Biowastes are a form of biomass which can be decomposed under anaerobic 
or aerobic conditions into simplest forms, i.e., carbon dioxide and water. The major 
advantages of biosorption over other conventional treatment methods include low 
cost, greater efficiency even with low metal concentration, minimization of chemical 
or biological sludge, regeneration of biosorbents, no additional nutrients 
requirements, easy operation, possibility of metal recovery, and no detrimental 
effects to the environment (Jiménez-Cedillo et al. 2013).

 Potential Biowastes for Biosorption of Contaminants

Biowastes are composed of food scraps (vegetable peels, eggshells), algae, yeast, 
fungi, manure; plant’s parts such as bark, stem, wood, leaves, root, husk, skin, shell, 
and bran; and paper and cardboard produced by industries, agriculture, and 
individuals. Some biowastes which have been applied for the removal of different 
organic and inorganic pollutants are presented in Table 3.5. Sludge from wastewater 
treatment plants is also considered as biowaste. Further, biowaste can be classified 
into two categories (Fig. 3.2).

 Naturally Occurring

These include various microorganisms: algae (Chaetomorpha sp., Ulva sp., 
Cladophora sp., Chlorella sp., Fucus sp., E. crassipes, etc.), fungi (Aspergillus sp., 
Rhizopus sp., Saccharomyces sp., Lentinus sp., Mucor sp., Trichoderma, Fusarium, 
etc.), and agricultural wastes (orange peel, lemon peel, pine leaves, rice husk, wheat 
straw, potato peel, gram husk, bagasse, coir, cashew nutshell, almond shell, cassava 
seeds, flower parts, sawdust, etc).
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Table 3.5 Biowastes for removal of different organic and inorganic pollutants

S. No. Biowaste Pollutant
qe 
(mg/g)

te 
(hrs) Reference

1 Parthenium hysterophorus Methylene blue 98.06 Chatterjee et al. 
(2012)

2 Coconut coir (activated carbon) Malachite 
green

27.44 Banerjee et al. 
(2012)

3 Animal bone meal Rhodamine B 65 Haddad et al. 
(2014)

4 Rutile TiO2 Direct fast blue 
B2RL

56 El-Mekkawi and 
Galal (2013)Degussa P25 144

5 CuFe2O4 nanocomposite Cyanine acid 
blue (CAB)

178.56 Hashemian and 
Salimi (2012)Sawdust nanocomposite 151.46

6 Olive stone Fe2+ 62.5 Alslaibi et al. 
(2013)Pb2+ 23.47

Cu2+ 22.73
Zn2 15.1
Ni2+ 12
Cd2+ 11.72

7 Peanut husk Cu2+ 0.345 Abdel et al. (2011)
0.182

Fly ash Zn2+ 0.368
0.180

8 Peanut husk Cu2+ 25.39 Witek-Krowiak 
et al. (2011)Cr3+ 27.86

9 Rapeseed oil cake (activated by 
Na2CO3)

Pb2+ 129.87 Uçar et al. (2014)
Ni2+ 133.33

10 Rose petal waste Pb2+ 119.92 Manzoor et al. 
2013

11 Bentonite clay Zn2+ 4.49 Araujo et al. 
(2013)

12 Parsley (iron-modified 
non-pyrolyzed)

As5+ 0.19 Jiménez-Cedillo 
et al. (2013)

13 Cortex banana waste Cd2+ 67.2 Kelly et al. (2012)
14 Coir pith Cr6+ 165 Suksabye and 

Thiravetyan 
(2012)

15 Orange peel (NaOH CaCl2 
modified)

Cu2+ 70.73 Feng and Guo 
(2012)

16 Litchi chinensis seeds Ni2+ 66.62 Flores-Garnica 
et al. (2013)

17 Schizosaccharomyces pombe 
(marine algae)

Cu2+ 70% 96 Prakash and 
Kumar (2013)

(continued)
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 Synthesized Products

These include various waste products produced by industries (sludge, fly ash, red 
mud, fertilizer wastes, paper and pulp waste, tea wastes, etc.) and domestic wastes 
(food and vegetable wastes, etc.).

 Biosorption Mechanisms of Biowaste

It is very important to explore the mechanisms followed by different biowastes for 
the process of biosorption to concentrate, remove, and recover the contaminants 
from aqueous solutions (Ahemad and Malik 2011; Abas et al. 2013). Several factors 

Table 3.5 (continued)

S. No. Biowaste Pollutant
qe 
(mg/g)

te 
(hrs) Reference

18 Ascophyllum nodosum (algae) Cd2+ 114.9 Kumar and 
Oommen (2012)Ni2+ 50

Zn2+ 53.2
Cu2+ 70.9
Pb2+ 204.1

19 Immobilized Bacillus subtilis 
beads (IBSB)

Cd2+ 251.91 3 Ahmad et al. 
(2014)

20 Coconut (cationic polymer- 
modified granular activated 
carbon)

Nitrate (NO3
−) 27.56 1.5 Cho et al. (2011)

Cr(VI) 80.56 2

21 Aleppo pine sawdust (activated 
by ethanol, urea and H2SO4)

Phosphate 
(PO4

3−)
29.67 0.6 Benyoucef and 

Amrani (2011)
22 Wheat stalk resin (amine-cross- 

linked biopolymer-based resin)
Perchlorate 
(ClO4

−)
170.4 Song et al. (2015)

23 Cotton stalk based resin 
(CS-resin)

Perchlorate 
(ClO4

−)
138.9 Ren et al. (2015)

24 Cotton stalk Nitrate (NO3
−) 33.35 Xu et al. (2013b)

Wheat stalk 43.18
25 Green algae (Cladophora 

hutchinsiae)
Se(IV) 74.9 1 Tuzen and Sarı 

(2010)
26 Cotton stalk Perchlorate 

(ClO4
−)

38.1 Xu et al. (2013a)

27 Cotton stalk (amine-impregnated) Perchlorate 
(ClO4

−)
83.8 Xu et al. (2015)

28 Sugarcane bagasse (activated by 
ZnCl2)

Cr(VI) >87% Cronje et al. 
(2011)

29 Sugarcane bagasse Phosphate 
(PO4

3−)
152 Carvalho et al. 

(2011)

te equilibrium time of adsorption, qe equilibrium adsorption capacity
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are found to affect working of biowastes for biosorption of pollutants, including 
types of biomass (living or nonliving), properties of metal solution chemistry, and 
environmental conditions (pH, temperature, humidity, etc.). Hence, the actual 
mechanism of the metal biosorption is not well understood, though a number of 
mechanisms have been suggested for the removal of different pollutants from the 
medium (Abbas et al. 2014; Nguyen et al. 2013). Broadly, the process of biosorp-
tion mechanisms can be categorized as mentioned in Fig 3.2.

Powder

Preparation of Biowastes

Biowastes

Natural Biowastes Synthesized Biowastes

Washing Size Reduction
Physio-Chemical 
Modification

Granular Pellets

Wastewater

Mechanism

ComplexationPrecipitation

Non-Metabolism DependentMetabolism Dependent

Ion-exchangeAdsorption

Transport across
cell wall

Clean or less polluted water
Residue

Restoration of Biomass

Biofertilizer

Bio-energy

Fig. 3.2 Schematic description on application of biowastes for removal of pollutants from water
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 Cell Metabolism

This category can be further divided into metabolism and non-metabolism 
dependent.

 Metabolism Dependent

As the name indicates, this mechanism involves living cells and transport of con-
taminants (metals) across the cell membrane involving intracellular accumulation. 
It is also linked with the defense system of the living cells which participate in 
different reactions with toxic contaminants. Uptake of contaminants includes 
metabolism-dependent binding of metals to the cell walls and intracellular uptake 
and transportation of metal ions across the cell membrane. Further, the same 
mechanism will be used to transport metabolically important ions like potassium, 
magnesium, and sodium into the living cell (Ahalya et al. 2004).

 Non-metabolism Dependent

This mechanism works on the physicochemical interaction between pollutants and 
the functional groups present in the biosorbents which depends on the physisorption, 
ion exchange, and chemisorption. Cell walls of the biomass are chiefly composed of 
polysaccharides, proteins, lipids, cellulose, hemicellulose, and lignin and have 
numerous metal-binding groups such as hydroxyl, carboxyl, hydroxyl, sulfate, 
phosphate, and amino groups. Due to abundant binding groups, biowastes have an 
enormous potential for decontaminating organic and inorganic pollutants from the 
contaminated medium (Nguyen et al. 2013).

 Location Based

This depends upon the location where biosorption takes place. It is further divided 
into intra- and extracellular accumulation/precipitation and cell surface sorption/
precipitation.

 Other Mechanisms

Other kind of interactions between the biowastes and the pollutants can be further 
categorized into the following types.
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 Physical Adsorption

It takes place with the help of weak van der Waals’ forces (Babak et  al. 2012). 
Babak et al. (2012) hypothesized that biosorption of Cr, Cu, and Zn by Pseudomonas 
aeruginosa takes place through electrostatic forces of interaction between the metal 
ions present in the aqueous solutions and microbial cell walls. Electrostatic 
interactions have been found to be accountable for metal biosorption by bacterium, 
e.g., Cr and Fe biosorption by sulfate-reducing bacteria (SRB) and Cu biosorption 
by Bacillus licheniformis (Karakagh et al. 2012).

 Ion Exchange

Cell walls of biological wastes contain polysaccharides, and metal ions get 
exchanged with the counterions of the polysaccharides. Ofomaja et  al. (2010) 
proposed that ion exchange was the prevailing mechanism for the removal of Cu(II) 
and Pb(II) using KOH treated pine cone powder (Ofomaja et al. 2010). Vázquez 
et al. (2012) explained the role of functional groups in the biosorption of Cu(II), 
Zn(II), Pb(II), and Cd(II) onto chestnut (Castanea sativa) shell by ion exchange 
(Vázquez et al. 2012).

 Complexation

Removal of metal from aqueous medium also takes place by complex formation, 
i.e., chemical reaction between functional groups present on the surface of biowaste 
and pollutants. The functional groups make biowastes capable for complexing 
metals and other pollutants by exchanging their hydrogen ions with metal ions or 
giving an electron pair to form metal complexes (Kumar et al. 2011). Microorganisms 
also produce organic acids such as citric, oxalic, fumaric, lactic, and malic acids 
which chelate with toxic metals and form metallo-organic molecules. These organic 
acids help in solubilization of metal compounds and their leaching from the surfaces. 
Metals may also be biosorbed or complexed by carboxyl groups found in 
polysaccharides and other biopolymers (Ahalya et al. 2004).

 Precipitation

In precipitation, soluble ions present in separate solutions mixed together to form an 
insoluble compound that settles out as a solid. Aman et  al. (2008) reported that 
precipitation of Cu(OH)2 took place at pH greater than 6.0 in case of Cu(II) removal 
by potato peels (Aman et al. 2008).
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 Factors Affecting the Process of Biosorption

Biosorption of inorganic and inorganic contaminants from wastewater is influenced 
by several physical and chemical factors such as pH, temperature, initial metal 
concentration, biosorbent dose and size, ionic strength, coexisting ions. These 
factors determine the overall biosorption by affecting the uptake rate, selectivity, 
and concentration of contaminants to be removed (Nguyen et al. 2013).

 pH

pH is a most important factor which governs the heavy metal adsorption. Rajoriya 
and Kaur (2014) reported that the uptake of Zn increased on increasing pH of solu-
tion till the equilibrium was achieved by using lemon and banana peel as adsorbent 
(Rajoriya and Kaur 2014). Tomar et al. (2014) also supported the pattern of increased 
removal percentage of Fe with increasing pH by using Zr-Mn composite material as 
adsorbent, and maximum adsorption, i.e., 90%, was found at pH 7. Kılıç et al. (2013) 
also reported the same pattern of increased amount of adsorption on increasing pH 
for Ni and Co, by using biochar of by-product of almond shell pyrolysis.

 Specific Surface Area

It can be defined as the total available area on the surface for the purpose of the 
biosorption (Naeem et al. 2010). Ahmady-Asbchin et al. (2008) reported that the 
surface area of Ficus serratus biosorbents was increased by the water immersion, 
and increase of the surface area enhanced the adsorption efficiency of adsorbent.

 Particle Size

This factor is directly correlated with adsorbent surface area as finer the particle of 
the adsorbent, the larger the surface area and higher will be the adsorption of 
contaminants on the surface.

 Temperature

Temperature of the solution affects the solubility and diffusion rate of contaminants 
and also damages the active binding sites and, thus, affects the adsorption rate too 
(Park et al. 2013).
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 Dosage of the Adsorbents

Several researchers have taken this factor in account to analyze the biosorption of 
different contaminants and reported that as the dosages of the adsorbent increase, 
the adsorption rates have also been found to improve (Wasewar et al. 2008; Naeem 
et al. 2010; Tomar et al. 2014).

 Contact Time

It was found that initially the rate of adsorption has been found to be rapid as there 
are numerous vacant active sites available for adsorption. Agitation and contact time 
provides energy and enough time to bring contaminant from the bulk of the solution 
to the available sites by reducing the resistance (Carvalho et al. 2011).

 Conclusion

Contamination of environment by toxic metals and pesticides is a precarious threat; 
therefore, effective remediation techniques are necessary. Conventional approaches 
for cleanup and restoration of heavy metals and pesticides from contaminated 
environment have serious limitations like cost and generation of secondary 
pollutants. Being economical, eco-friendly, and aesthetically acceptable 
phytoremediation is gaining lead over other conventional remediation approaches. 
However, the information on the physiological and molecular mechanisms involved 
in phytoremediation is still scanty and needs further exploration for attainment of 
goal of remediation. The development of new fast-growing transgenic plant species 
through genetic modification process, which have high biomass, deep root system, 
high tolerance, and high accumulation potential and are easily harvestable, can help 
to mitigate the problem of metal contamination. Many aquatic and terrestrial plants 
are capable of accumulating heavy metals and can be used as agents for eco- 
restoration of degraded ecosystems.

Further, biosorption has emerged as an innovative, eco-friendly, cost-effective, 
and efficient alternative for the removal and/or recovery of contaminants from 
aqueous solutions. Biosorption can be performed over wide range of pH and 
temperature, with rapid kinetics of adsorption and desorption with low capital and 
operation cost. Even biological biomass can again be regenerated for reuse. 
However, further research work is required with multiple pollutant systems and real 
wastewater to make industrial usage of biowastes more feasible.
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Abstract Anaerobically digested distillery effluent is a mixture of complex organic 
and inorganic pollutants which is composed of several plant sterols which do not 
only affect the water quality but also aquatic flora and fauna. Research has revealed 
the adverse effects of post-methanated distillery effluent (PMDE) on the seed ger-
mination and plant growth of Phaseolus mungo even at lower concentrations. 
Studies have also showed the adverse effect on soil fertility by inhibiting the nitro-
gen-fixing bacteria and root nodulation. The major colorant of distillery effluent is 
melanoidin, reaction product of amino-carbonyl compounds at elevated tempera-
ture in the sugar industries and distilleries due to condensation reaction. Due to its 
high solubility in aquatic ecosystem and negative charge, it makes complexation 
with all the humic substances and heavy metals in the environment. Therefore, the 
decolorization and degradation of PMDE is still a global challenge due to its com-
plexity. The physical, chemical, and biological techniques have been attempted for 
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its detoxification and color removal but still warranted for its feasible application. 
Manganese peroxidase (MnP) and laccase have been reported as key enzymes from 
fungi and bacteria. During the degradation process of PMDE, different metabolic 
products through GC-MS/MS analysis have also been characterized. The integra-
tion of bacterial treatment with constructed wetland plant treatment (Phragmites 
communis, Typha angustifolia, and Cyperus esculentus) technique has been reported 
recently as an effective approach for decolorization and degradation of PMDE. The 
major challenge of PMDE biodegradation and decolorization is its high total dis-
solved solids (TDS) containing complex organic pollutants including heavy metals. 
The high TDS is a result of precipitation of metal sulfides during anaerobic diges-
tion of distillery spentwash due to complexation of heavy metals and sulfates which 
impose inhibitory effects on the microorganisms, consequently inhibiting the bio-
degradation process. Several complex organic pollutants present in PMDE have 
been also reported as endocrine-disrupting chemicals (EDCs) which directly affect 
the aquatic and terrestrial ecosystems.

Keywords Degradation · Decolorization · Ligninolytic enzymes · Metabolites · 
Phytoremediation · Post-methanated distillery effluent

 Introduction

The disposal of wastewater generated from sugarcane molasses-based alcohol 
industries is a global challenge and environmental threat for sustainable development. 
There is production of huge amount of wastewater, i.e., 90 m3 of effluent from per 
kilo liter of alcohol production. However, wastewater discharge standard fixed by 
Environmental Protection Agency (EPA) is 12 m3 per kilo liter of alcohol produced 
(EPA 2008). Hence it is more than seven times higher discharge in comparison to 
the prescribed standard. Moreover, the wastewater remains very dark, viscous, and 
chemically complex even after secondary treatment which causes water and soil 
pollution due to its indiscriminate disposal in the environment. Therefore, alcohol 
industries are rated among the 17 most polluting industries in India. Currently 
around 397 distilleries are operating in India. In international scenario two countries, 
i.e., the United States and Brazil, are playing leading role for production of ethanol 
as fuel. However, the countries following them and rising very fast are India, China, 
Canada, European, Argentina, Colombia, and Thailand. Moreover, the world’s total 
production of alcohol from cane molasses is more than 13 million m3/annum 
(Khairnar et al. 2013)

In alcohol industries, major wastewater is generated during distillation process, 
where only 5–12% of ethanol is recovered, and 88–95% volume of wastewater is 
generated from fermented molasses which is known as spentwash. The spentwash 
remains acidic in nature and contains a variety of recalcitrant coloring compounds 
such as melanoidins, phenolics, metal sulfide, and methylated complex organics 
that contribute toxicity and color to distillery effluent. The pH of spentwash 
increases from 4.5 to 8.5 during the anaerobic treatment process which is finally 
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known as post-methanated distillery effluent (PMDE). Sugarcane molasses con-
tains high level of caramelized sugar, heavy metals, sulfates, and phenolics along 
with the fermentable sugar. But, during the fermentation process, the fermentable 
sugar gets converted into ethyl alcohol, leaving the complex, nondegradable 
organic residues as spent after distillation process. The water soluble hemicellu-
loses, proteins, gums, nonsugars, and organic compounds present in sugarcane 
juice also come into the spentwash in their original or transformed forms. Besides 
this, there is a high chemical oxygen demand (COD) and biological oxygen demand 
(BOD) of the spentwash (Chandra et al. 2008a). During conventional secondary 
treatment, i.e., anaerobic digestion of spentwash, phenolics and butyric acid are 
produced by reducing sugars, and methane is emitted. Phenolics, sulfides, and 
heavy metals are left which acted as inhibitors for biodegradation of PMDE during 
the tertiary treatment process (Borja et al. 1993). The heavy metals also form com-
plexes with sulfides, and these complexes result in toxicity of the effluent 
(Krishnanand et al. 1993; Kumar and Chandra 2004). Apart from this, distillery 
wastewater also contains nitrogen (1660–4200 mg/l), phosphorus (225–3038 mg/l), 
and potassium (9600–17,475 mg/l) as nutrients that can lead to the eutrophication 
of water bodies. Indiscriminate disposal or application of this effluent on crop 
plants causes health hazards for environment, humans, and animals. Chandra et al. 
(2009) have reported accumulation and distribution pattern of metals in wheat 
(Triticum aestivum L.) and Indian mustard (Brassica campestris L.) irrigated with 
mixed effluent of distilleries and tanneries. The study revealed that these plants 
have accumulated metals in different parts beyond the permissible limit as sug-
gested by Food and Agriculture Organization of the United Nations (FAO)/World 
Health Organization (WHO) when treated with mixed effluent of distillery and 
tannery. Maximum accumulation was of Fe, i.e., 340 mg/kg in wheat’s root and 
560 mg/kg in mustard’s leaves, followed by Mn and Zn in the order root > shoot > 
leaves > seeds. Maximum increase in photosynthetic pigment and protein content 
was observed between 30–60 days and 60–90 days of plant growth, respectively. 
Another study with distillery sludge-amended soil (10, 20, 40, 60, 80, and 100%) 
showed 10% (w/w) sludge was favorable for Phaseolus mungo, while above 10% 
sludge concentration showed inhibitory effect. Soil with 10% (w/w) distillery 
sludge induced the growth of root, shoot, number of leaves, biomass, photosyn-
thetic pigment, protein, and starch, while 20% (w/w) sludge-amended soil had 
variable effects on P. mungo. Concentrations >40% reduced all the growth param-
eters, viz., root length, shoot length, number of leaves, biomass, photosynthetic 
pigment, and protein content, of P. mungo (Chandra et al. 2008b). Hence, prior to 
discharge of effluent into the environment, its treatment is mandatory. Though vari-
ous wastewater treatment approaches including physical, chemical, and biological 
have been reported, but the feasible and economic technology has to be developed. 
Recently the Central Pollution Control Board (CPCB) has recommended two tech-
nologies, namely, (1) concentration and incineration and (2) concentration and bio-
composting, to achieve zero discharge. But, these technologies are still not 
operative due to cost feasibility. Complete chemical properties of PMDE and their 
degradation process are still to be understood. In the present review the available 
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knowledge on the subject for the awareness and ignition of scientific society to 
manage this challenging problem has been discussed.

 Physico-chemical Properties of PMDE

The spentwash generated after the distillation in industries is highly acidic in nature 
and has a variety of recalcitrant coloring compounds such as melanoidins, phenolics, 
and metal sulfides that are mainly responsible for the dark color of this effluent. The 
bad smell of effluent might be due to the presence of indole, skatole, and other 
sulfur compounds. Moreover, due to the presence of high amount of organic 
pollutants, most of the distilleries generate biogas from these by anaerobic digestion. 
In this process organic substances are converted into methane-rich biogas, which is 
utilized as fuel. This biogas normally contains 55–65% methane gas, which is well- 
recognized fuel gas with minimum air pollution potential. The main steps involved 
for methane production from spentwash are (1) hydrolysis, (2) acidogenesis, (3) 
acetogenesis, and (4) methanation (Fig.  4.1). In anaerobic treatment process 
hydrogen sulfide (H2S) gas is also produced as a result of the reduction of oxidized 
sulfur compounds, and the resulting wastewater is known as PMDE. Sulfides bind 

Spentwash
Polysaccharides, Proteins & Fats

Sugar, amino acids, Fatty acids, Glycerol

Production of volatile fatty acid
Propionic acid, Butyric acid, acetic acid, formic acid, lactic acid, ethanol, methanol

Acetic acid, Hydrogen and CO2

Hydrolysis 1.C6H10O5 + 2H2O → C6H12O6 + 2H2

Fermentable bacteria Bactoroids&Clostridim spp

Acedogenesis
2. C6H12O6 ↔ 2CH3CH2OH + 2CO2
3. C6H12O6 + 2H2 ↔2CH 3CH2COOH + 2H2O
4. C6H12O6 → 3CH3COOH

Acetogenesis
5: CH3CH2COO- + 3H2O ↔CH 3COO- + H+ + HCO3

- + 3H2
6: C6H12O6 + 2H2O ↔2CH 3COOH + 2CO2 + 4H2
7: CH3CH2OH + 2H2O ↔CH 3COO- + 2H2 +H+

Methane and CO2

Methanogenesis
8: CO2 + 4H2 → CH4 + 2H2O
9: 2C2H5OH + CO2 → CH4 + 2CH3COOH

Fig. 4.1 Steps of biomethanation for generation of methane from spentwash
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with heavy metals present in effluent and form a colloidal solution of metal sulfides, 
which results in dark black color of PMDE (Chandra et al. 2008a). The PMDE is a 
complex, cumbersome, and highly toxic waste, which has very high BOD, COD, 
color, sulfate, phenol, total suspended solids (TSS), TDS, and various heavy metals 
(Table 4.1). The dark color of effluent is deleterious to aquatic life because it hinders 
the photosynthesis by blocking sunlight. The increasingly stringent environmental 
laws are forcing the distilleries to improve the existing treatment processes and 
explore suitable methods for effluent management.

 Major Colorants in PMDE

Color-contributing substances present in distilleries are generated and concentrated 
during the processing of sugarcane juice, while some are added during the process-
ing of sugar. The wastewater generated from alcoholic fermentation has a large 

Table 4.1 Physico-chemical properties of spentwash and post-methanated distillery effluent 
(PMDE)

Physico-chemical properties Spentwash PMDE Permissible limits

Color (Co-pt) Brown (1,50,000) Dark brown (70,000) Not clear
Odor Jaggery smell Mild sulfur smell Not clear
pH 3.90 ± 0.25 8.3 ± 0.31 5–9
TS 103,084 ± 5.50 34,317 ± 455 2200
TDS 77,776 ± 3768 20,022 ± 438 2100
TSS 25,308 ± 1201 14,276 ± 16.00 100
COD 90,000 ± 231 58,018 ± 185 120
BOD 42,000 ± 123 29,120 ± 265 40
Chloride 2200 ± 105 1300 ± 60.50 1500
Phenol 4.20 ± 1.80 1.65 ± 0.76 0.50
Sulfate 5760 ± 260 13,656 ± 21.23 1500
Phosphate 5.36 ± 0.17 1.16 ± 0.15 Not clear
Total nitrogen 2800 ± 130 568 ± 23.00 25
Total organic carbon 25,368 ± 1.06 10,904 ± 0.34 Not clear
Metals

Cd 0.020 ± 0.00 2.281 ± 0.07 0.010
Cr 0.192 ± 0.01 0.40 ± 0.01 0.050
Fe 6.312 ± 0.21 84.01 ± 1.98 2.000
Ni 0.171 ± 0.01 1.241 ± 0.04 0.100
Cu 0.961 ± 0.00 0.955 ± 0.02 0.500
Pb 0.945 ± 0.00 4.446 ± 0.06 0.050
Zn 2.012 ± 0.00 4.631 ± 0.11 2.000
Mg 0.214 ± 0.00 2.112 ± 0.05 0.200

Chandra et al. (2004) and Chandra and Srivastava (2004)
All the values are in mg/l, except color, odor, and pH
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amount of melanoidin (i.e., brown pigment). The major colorant is synthesized as 
per Maillard reaction due to reaction of sucrose or reducing sugar with mixture of 
amino acids present in sugarcane juice (glycine, aspartic acid, histidine, lysine, 
tryptophan, and arginine) at high temperature during concentration of sugar juice. 
Though the reaction is complicated which forms mixture of compounds at various 
stages, but to understand the process it can be simplified into three stages as given 
in Fig. 4.2 (Hodge 1953).

 1. Initial stage: Products formed during this stage are colorless which show no 
absorption in ultraviolet range. This stage involves the following two reactions:

Reaction i: Sugar-amine condensation
Reaction ii: Amadori rearrangement

 2. Intermediate stage: Products formed during this stage are colorless or yellow 
which show strong absorption in the ultraviolet range. This stage involves the 
following reactions:

Reaction iii: Sugar dehydration
Reaction iv: Sugar fragmentation
Reaction v: Amino acid degradation (Strecker degradation)

 3. Final Stage: Products formed during this stage are highly colored. This stage 
involves the following reactions:

Reaction vi: Aldol condensation
Reaction vii: Aldehyde-amine condensation and formation of heterocyclic nitro-

gen compounds

Initial Stage
Colourless

Interm
ediate Stage

C
olourless or Yellow

Final Stage
D

ark B
lack colour

Aldose Sugar Amino acid+ N-Substituted 
Glycosylamine + CO2

Amadori Rearrangment

1-amino-1-deoxy-2-ketose 

Schiff base HMF or Furfural 

Acidic Basic

Reductones 
High T

Dehydro Reductones 

Melanoidins

+ amino 
compound 

Aldimines 

+ amino acid Aldehyde +
CO2

Strecker degradation

Aldimines 

Fission products
(Acetol, Pyruvaldehyde, 
diacetyl etc) + amino 

compound 

With or without 
amino compound 

Aldols and N free 
polymers

+ amino 
compound 

-2H +2H

i

ii

iii iii

iv

v

vi

vii

vii

Fig. 4.2 Nonenzymatic browning reaction. (Based on Hodge 1953)
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The coloring compounds present in spentwash are not degraded by the conventional 
treatment process and even be increased during the anaerobic treatment process in 
methane reactors due to the re-polymerization of compound. Melanoidins from 
overheated sugars, furfurals from acid hydrolysis, and humic and tannic acids from 
feedstock mainly contribute to the color of the effluent (Chandra et  al. 2008a). 
However, heating of glucose and fructose at acidic or basic conditions leads to the 
degradation reaction forming the highly reactive intermediate compounds, which 
undergo condensation and polymerization reactions forming more complex and 
colored polymers known as melanoidins (Table 4.2). The colorants can be divided 
into enzymatic colorants such as melanins and nonenzymatic colorants such as 
melanoidins. Around 6% of melanoidins are present in sugarcane molasses that 
impart colors to the effluent, and molasses is raw material of distilleries. High 
concentration of sulfate is also present in sugarcane molasses, which is added during 
the cleaning of sugar crystals. The high level of sulfate can lead to production of 
sulfides during the anaerobic digestion of distillery spentwash, which is precipitated 
out along with the existing metals as metallic sulfides in PMDE, consequently 
increasing the total solids (TS) contents of the distillery effluent. In addition to these 
color-contributing components, during the heat treatment process, the Maillard 
reaction is accompanied by the formation of a class of compounds known as 
Maillard reaction products (MRPs) in the different fractions of distillery wastewater. 
The suspended solid fraction of distillery effluent comprises hydroxypropanone, 
methylbenzene phenol, methylphenol, p-chloroanisole, methylbenzaldehyde, 
indole, and methylindole. Most of the compounds have been reported as pyrolysis 
products of different amino acids as methylbenzene from phenylalanine, indole and 
methylindole from tryptophan, and finally phenol and methylphenol from the 
tyrosine amino acid (Bharagava and Chandra 2010; Gonzalez et al. 2000).

Table 4.2 Major colorants present in post-methanated distillery effluent (PMDE) and their 
characteristics

Colorant Characteristics

Melanoidin Browning reaction products of sugar and amino acids with high molecular 
weight

Caramel Process colorant, thermal degradation products of sugar, high molecular 
weight with low net charge

Phenolics Plant pigment, low molecular weight may be attached to polysaccharides, 
pH sensitive, darker at high pH, pale yellow to orange color, react with 
iron to produce very dark color, may dimerize or oxidize to form darker 
color

Alkaline 
degradation 
products of fructose

Process colorants, reddish to dark brown in color, low molecular weight 
up to polymeric depending on degree of degradation

Sulfides Process colorant, toxic to microorganisms and creating foul smell, and 
have strong binding tendency with metals

Heavy metals Process colorants, toxic to microorganisms, animals, and humans
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The presence of all these compounds in distillery wastewater could be derived 
from the amino acids present in original molasses or from the rest of the yeast cells 
that remain in distillery effluent after alcoholic distillation process. Despite hydroxy-
propanone has been reported as a dehydration product of glycerol and typical car-
bohydrate pyrolysis product, glycerol represents 5–6% of the dry weight of vinasse 
which is also a raw material of distilleries industries. The existence of carbohydrate-
derived compounds such as furfuryl alcohol and 2,3-dihydro-5- methylfuran-2-one 
or lignin-derived moieties such as 4-vinylguaiacol and syringol could be ascribed to 
residual sugarcane fragments present in the suspended solids fraction of distillery 
effluent. Moreover, 4-vinylguaiacol has been described as a pyrolysis product of 
ferulic acid, one of the two cinnamic acids present in the vegetal cell wall of gramin-
eous plants as is the case of sugarcane (Saccharum officinarum L.). The polysaccha-
ride-free fraction of distillery effluent contains hydroxypropane and 
2,5-dimethylfuran along with some other minor carbohydrate pyrolysis products 
such as 2-hydroxymethylfuran and 2,4-dimethylfuran, 1-hexadecanol, and palmitic 
acid. Moreover, the polysaccharide-rich fraction of distillery effluent has major 
portion of hydroxypropanone, 2,5-dimethylfuran, 2-hydroxymethylfuran, 
2,4-dimethylfuran, 2,3-dihydro-5-methylfuran-2-one, and 5-methyl-2- 
furfuraldehyde (Gonzalez et al. 2000; Bharagava and Chandra 2010). The presence 
of all these types of toxic compounds in distillery wastewater indicated that there is 
an urgent need to develop an environment-friendly and cost-effective treatment 
technique, which can remove/degrade/detoxify all these toxic compounds from 
distillery effluent, so that it can be safely disposed into environment.

 Environmental Pollution and Toxicity Profile of PMDE

PMDE turns more dark and viscous with alkaline pH than original spentwash dur-
ing the anaerobic treatment process in industries. The increase in pH from 4 to 
8.5 in methane reactor during the anaerobic digestion process is mainly due to the 
oxidation of organic acids to carbon dioxide (CO2), which react with basic 
compounds present in PMDE and generate carbonates and bicarbonates resulting in 
the increase of pH. The highly colored PMDE is the major source of soil as well as 
water pollution. PMDE causes water pollution in two ways. First, the highly colored 
(1,50,0000–1,80,000 co-pt) nature of PMDE blocks out the sunlight penetration in 
rivers and streams, reducing the photosynthesis leading to the reduction in 
oxygenation of which becomes detrimental for aquatic life. Secondly, due to the 
high organic load, i.e., high COD and BOD, it causes eutrophication. In addition, 
due to the presence of putriciable organics like indole, skatole, and other sulfur 
compounds, the PMDE that is disposed in aquatic resources also produce bad smell.

The organic and inorganic ions added in water and agricultural land through 
PMDE pose a serious threat to the soil and groundwater (Table  4.3), if applied 
without proper dilution/treatment (Jain et  al. 2005; Kaushik et  al. 2005). The 
agricultural crops growing on such metal-contaminated soil may accumulate high 
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Table 4.3 Effect of higher concentration of PMDE on soil and water properties

Properties Toxicity effect

Soil

pH Acidify the soil with spentwash application and decrease the productivity
Electric 
conductivity

Increase electricity and results in salinization of the soil which is important 
cause of lower productivity

Organic carbon Heavy infield transport machinery is most commonly associated with soil 
compaction problems. Soil compaction decreases porosity and water 
infiltration rate, restricting the rooting ability of the crop

Total phosphorous Stunted plant growth decreases the plant’s ability to uptake zinc, decreases 
the plant’s ability to uptake iron

Total nitrogen Increase acidity of soil
Total potassium Deleterious effects on soil as well as on crops, since very high 

exchangeable K can also cause dispersion of soil. Higher anionic and 
cationic concentration can decrease the bulk density as well as water 
holding capacity of soil by reducing the porosity in clay soil due to 
deflocculation of clay particles which occurs in the presence of higher Na 
content, and the consequent effects are seen in the cation exchange 
capacity in the soil which adversely affects the seed germination and plant 
growth

Total sodium Change the electric conductivity, soil dispersion affecting soil permeability 
and aeration, which causes hindrance to seed germination

Total calcium Change the electric conductivity
Heavy metals (iron
zinc, cadmium, 
copper)

Inhibit the biodegradation of organic contaminants, adverse effects on the 
soil microbial diversity, plant growth, and genetic variation

Microbial 
parameters

Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, 
Enterobacter spp., Klebsiella spp., Proteus spp., and Bacillus spp., while 
the fungi isolated were Aspergillus spp., Rhizopus spp., and Penicillium 
spp.

Soil enzyme 
(phosphatase, 
dehydrogenase, 
urease)

Soil enzyme activity is increased and found to be more than the 
recommended NPK and farmyard manure

Water

pH The pH of water affects the solubility of chemicals. Therefore, the 
availability of these chemicals to aquatic organisms is affected. As acidity 
of water increases by application of spentwash, most metals and other 
toxic compounds become more soluble and more toxic which decrease the 
productivity

COD Increase organic content leading to depletion of oxygen and reduction of 
dissolve oxygen (DO) which creates anaerobic conditions. Anaerobic 
condition is deleterious to higher aquatic life

BOD Fish and other aquatic organisms may not survive under very high level of 
BOD

Total phosphorous Eutrophication
Total nitrogen Increase eutrophication
Total potassium Increase eutrophication
Heavy metals Act as inhibitor for many biological treatment processes, recalcitrant and 

persistence in nature
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amount of toxic metals which is excessive enough to cause clinical problems to both 
humans and animals (Rattan et al. 2005). Wastewater treatment inhibited seed ger-
mination, reduced soil alkalinity and soil manganese deficiency leading to damage 
to agricultural crops. Bharagava et al. (2008) have reported the effect of different 
concentrations of distillery effluent irrigation on morphological and physiological 
parameters of Indian mustard (Brassica nigra L) at different time intervals. During 
this study it was found that distillery effluent beyond 50% (v/v) concentration sig-
nificantly decreases the plant growth parameters (root, shoot length, number of 
leaves, chlorophyll, and protein content) in tested plants in respect to control. 
However, the maximum increase in root length, shoot length, number of leaves, and 
total dry weight were recorded in mustard plants treated with 50% (v/v) distillery 
effluent. Moreover, the mustard plants treated with 75% (v/v) distillery effluent have 
shown the vigorous growth initially. But later on reduced growth and delayed flow-
ering and fruiting were also observed as compared to control plants. Lower concen-
tration of distillery effluent which supported the plant growth parameters might be 
due to the induction of plant growth hormones. While higher concentration of efflu-
ent (>50%) suppresses the hormone activities, it has been also reported that higher 
distillery effluent content acts as inhibitor for plant growth hormone(s) (auxin and 
gibberellins), which are mainly required for the growth and development of plants 
(Subramani et al. 1997)

The reduction in plant growth parameters at higher concentration of distillery 
effluent might be also due to the entrance of toxic heavy metals into the protoplasm 
resulting in the loss of intermediate metabolites, which are essential for further 
growth and development of plants. Further, Chandra et al. (2008b) have also observed 
the effect of distillery sludge amendments in soil (10, 20, 40, 60, 80, and 100%) and 
found that 10% (w/w) sludge was favorable for P. mungo, while >10% was inhibitory 
for plant growth (Fig. 4.3). Greater than 40% concentrations of sludge-amended soil 
reduced all the growth parameters, viz., root length, shoot length, number of leaves, 
biomass, photosynthetic pigment, protein, and starch, of P. mungo.

Fig. 4.3 Morphological effect of distillery sludge amendment soils at different concentrations 
(10–80%) on the growth of root, shoot, and leaves of P. mungo after 60 days vs. the control
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Disposal of undiluted and untreated PMDE in water bodies has toxic effects on 
fishes and other aquatic organisms. Ramakritinan et al. (2005) have estimated LC50 
for distillery spentwash at 0.5% using a bio-toxicity study on freshwater fish 
Cyprinus carpio var. communis. They reported that the respiratory process in C. 
carpio under the PMDE stress is severely affected resulting in a shift toward the 
anaerobiosis at organ level during sublethal intoxication. The sulfide toxicity of 
PMDE toward microorganisms is also well documented as sulfide has strong 
tendency of metal binding which contributed more toxicity and color to the PMDE 
(Krishnanand et  al. 1993). Several studies have reported that PMDE inhibits the 
microbial growth by sequestering the ammonia, amino acid, and peptide, while 
melanoidins inhibit growth by cross-linking with polypeptide chain and sequestering 
essential multivalent metal cations (Silvan et al. 2006). In vitro studies have also 
revealed that melanoidins (the major color-contributing component in distillery 
effluent) have mutagenic, carcinogenic, and cytotoxic effects in humans and animals 
(Silvan et  al. 2006). The excessive glycation has also been reported to cause 
destruction of essential amino acids, decreased digestibility, inactivation of enzymes, 
inhibition of regulatory molecule binding sites, cross-linking of the glycated 
extracellular matrix, decreased susceptibility to proteolysis, abnormality of nucleic 
acid functions, altered macromolecular recognition, and endocytosis as well as 
increased immunogenicity (Silvan et  al. 2006), which are involved in the 
development of diseases such as diabetes mellitus, cardiovascular complications, 
and Alzheimer’s disease (Silvan et al. 2006; Chandra et al. 2008a).

Since melanoidins are equally harmful to plants, animals, and humans, hence the 
nutritional and physiological effects of melanoidins have been widely investigated. 
Lee et al. (1977) showed the effect of non-dialyzable melanoidins prepared from 
reduction sugars and amino acids on the rats. Results showed that growth was 
depressed and diarrhea was induced in rats feeding on diets containing melanoidin. 
The high molecular weight part of non-dialyzable melanoidins was hardly digested 
or absorbed, and long-term feeding on it did not affect the growth of rats, while the 
low molecular weight components of melanoidins have depressing effects on 
protein digestion and absorption.

Over the last decades, toxicity profile of distillery effluent was mainly focused on 
the persistent organic pollutants (POPs) present in effluent which are not removed 
during the secondary treatment by the industries. Among these POPs most of the 
compounds come under the endocrine-disrupting chemicals (EDCs) on which there 
is need for further research. Table  4.4 presents some EDCs on the basis of 
authoritative reports (TEDX 2011). EDCs are complex mixtures of compounds that 
are persistent and bioaccumulative or less persistent and not bioaccumulative. EDCs 
were mainly associated with nuclear hormone receptors and affected their functions. 
Due to the EDCs mostly androgen, estrogen, thyroid, and progesterone are affected. 
Androgen receptors are proteins which are found in the cytoplasm that specifically 
bind to androgens, which are responsible for male characteristics. Estrogen receptors 
are also cytoplasm proteins that bind to estrogens, which are most responsible for 
female characteristics. While thyroid receptors which are usually found in the 
nucleus regulate DNA transcription and regulate the metabolism. Similarly, 
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Table 4.4 List of detected organic pollutants present in PMDE screened under EDC compounds

S.No.
Organic compounds present in 
PMDE Toxicity References

1. 4-Methylphenol (p-cresol) Irritation and burning of the 
skin, eyes, mouth, and 
throat; abdominal pain and 
vomiting, heart damage, 
anemia, liver and kidney 
damage, facial paralysis, 
coma and death

Camarero et al. (1999) 
and Gonzalez et al. 
(2000)

2. 4-Methoxyvinylbenzene Not clear Camarero et al. (1999)
3. 1,2-Dimethoxybenzene 

(veratrole)
Pneumoconiosis Camarero et al. (1999)

4. Nitroacetone phenone Group D carcinogenic Bharagava and Chandra 
(2010) and Sangeeta 
et al. (2011)

5. 3,4-Dimethoxytoluene Carcinogenic Gonzalez et al. (2000)
6. p-Anisaldehyde Neurotoxicant Camarero et al. (1999)
7. 1-Methoxy-4-(2-propenyl)

benzene
Not clear Camarero et al. (1999)

8. 1,2,3-Trimethoxybenzene Carcinogenic effects, 
hazardous in case of 
inhalation (lung irritant)

Camarero et al. (1999)

9. 1,2-Dimethoxy-4-ethylbenzene Allergic reactions in certain 
sensitive individuals, 
carcinogenic effects

Camarero et al. (1999)

10. 1,2-Dimethoxy-4-vinylbenzene Camarero et al. (1999)
11. p-Chloroanisole Liver and kidney damage, 

carcinogenic, reproductive 
damage

Bharagava and Chandra 
(2010) and Sangeeta 
et al. (2011)

12. 1,2,3-Trimethoxy-5-
methylbenzene s, 1,3,5-tri-tert-
Butylbenzene (standard)

Skin or sensory organ 
toxicants

Gonzalez et al. (2000)

13. Cis-1,2-Dimethoxy-4-(1-
propenyl)benzene

Cause cancer or mutations, 
inhalation of vapors may 
cause drowsiness and 
dizziness, hepatotoxic

Gonzalez et al. (2000) 
and Sangeeta et al. 
(2011)

14. Trans-1,2-Dimethoxy-4-(1- 
propenyl)benzene

Do Camarero et al. (1999)

15. 1,2,3-Trimethoxy-5-
vinylbenzene

Do Camarero et al. (1999)

16. 1,2,3-Trimethoxy-5-(2-propenyl)
benzene

Do Camarero et al. (1999)

17. 1,2-Dimethoxy-4-(2-ketopropyl)
benzene

Do Camarero et al. (1999)

18. Cis-1,2,3-Trimethoxy-5-(1- 
propenyl)benzene

Do Camarero et al. (1999)

19. 2,3-dimethyl pyrazine Irritating to the eyes, 
respiratory system, and skin

Bharagava and Chandra 
(2010) and Sangeeta 
et al. (2011)

(continued)
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progesterone receptors are specific proteins found in or on cells of progesterone 
target tissues that specifically combine with progesterone, which control the men-
strual cycle, pregnancy, and embryogenesis; the cytosol progesterone-receptor com-
plex then associates with the nucleic acids to initiate protein synthesis. EDCs can 
mimic the natural hormone, fooling the body to give overresponse against stimulus 
and responding at inappropriate times; block the effects of the hormone from certain 
receptors or directly stimulate or inhibit the endocrine system; and cause overpro-
duction or underproduction of hormones (Kandarakis et al. 2009). Several pollut-
ants of distillery waste act as EDCs, and their exposure may have a much wider 
impact on the body’s endocrine system, including health problems, i.e., nonrepro-
ductive cancers, immune effects, metabolic effects, obesity, diabetes, brain develop-
ment, cardiovascular disease, and behavior. Many metals and metalloids also work 
as endocrine disruptors. Metal exposure can target all five steroid receptor pathways 
(progesterone, estrogen, testosterone, corticosteroids, and mineralocorticoids) and 
also receptors for retinoic acid, thyroid, and peroxisome proliferators. Some EDCs 
are persistent in the environment and bioaccumulate through food webs to high 
concentrations in wildlife and humans and can be transferred to the developing fetus 
and the newborn through the placenta or breast milk, respectively, and cause abnor-
malities. Hence, their remediation from the distillery wastewater is mandatory and 
very challenging for the researchers.

Table 4.4 (continued)

S.No.
Organic compounds present in 
PMDE Toxicity References

20. Trans-1,2,3-Trimethoxy-4-(1- 
propenyl)benzene

Anticoagulant effect Gonzalez et al. (2000)

21. Methyl 4-methoxycinnamate Not clear Camarero et al. (1999)
22. 3,4,5-Trimethoxyacetophenone Group D carcinogenic Camarero et al. (1999)
23. Methyl 3,4,5-trimethoxybenzoate Carcinogenic, reproductive 

and developmental toxicity, 
neurotoxicity and acute 
toxicity

Camarero et al. (1999)

24. Methyl 3,4-dimethoxycinnamate Not clear Camarero et al. (1999)
25. 4-Vinylphenol Pneumotoxicity and 

hepatotoxicity
Camarero et al. (1999)

26. 1,2-Dimethoxy-4-(2-propenyl)
benzene

Persistence and 
bioaccumulation potential

Camarero et al. (1999)

27. 3,4,5-Trimethoxybenzaldehyde Carcinogenic, reproductive 
and developmental toxicity, 
neurotoxicity, and acute 
toxicity

Camarero et al. (1999)
28. 2,3-Dihydro-5-methylfuran Bharagava and Chandra 

(2010) and Sangeeta 
et al. (2011)

TEDX (2011)
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 Bacterial Treatment of PMDE

Microorganisms including bacteria, fungi, and actinomycetes due to their versatile 
inherent properties to metabolize a variety of complex compounds have been widely 
utilized for biodegradation purposes. Degradation and detoxification of industrial 
wastes by microbes is an environment-friendly and cost-competitive method for 
industrial waste cleanup. During industrial wastewater treatment process, the utility 
of microbes largely depends on the nutrient requirement, enzymatic setup, 
environment conditions, as well as the nature and chemical structure of recalcitrant 
compounds (Chandra et  al. 2007; Mohana et  al. 2007). However, most of the 
researchers have reported the microbial degradation of distillery effluent by using 
the various fungal strains at laboratory scale, but the application of fungal strains for 
the treatment of wastewater at industrial scale is not practically possible because of 
slow growth rate of fungus and their less stability under stress environment such as 
higher pH, low oxygen, and high pollution load. Hence, bacteria appear to be more 
effective than fungi for the bioremediation of environmental pollutants due to their 
broad environmental adaptability and biochemical versatility (Chandra et al. 2007; 
Bharagava et al. 2009).

Many workers have reported several aerobic bacterial strains for the degradation 
and decolorization of PMDE (Table 4.5). Bharagava et al. (2009) isolated Bacillus 
sp., Bacillus licheniformis, and Alcaligenes sp. from distillery effluent-contaminated 
soil and found that these bacterial strains were capable for 52, 49, and 59% 
decolorization of natural melanoidins, respectively, in axenic condition, while in 
mixed condition these showed 70% decolorization in the presence of glucose (1.0%) 
and peptone (0.1%) at pH 7.0 and temperature 37 °C. Further, Ghosh et al. (2004) 
have also isolated Acinetobacter, Enterobacter, Pseudomonas, Klebsiella, and 
Stenotrophomonas from the distillery effluent contaminated soil which showed 
degradation of recalcitrant compounds from PMDE with 44% COD reduction. 
Sangeeta et al. (2011) have also isolated and characterized the potential MnP pro-
ducing Bacillus, Raoultella planticola, and Enterobacter sakazakii. The consor-
tium of these bacteria showed maximum 60% decolorization of synthetic melanoidin 
(SAA-MP; 2400  mg/l) at optimized nutrient, pH (7.0  ±  0.2), shaking speed 
(180  rpm), and temperature (35 ± 2  °C) after 144 h incubation. The addition of 
D-xylose at stationary stage enhanced the decolorization from 60 to 75% along with 
reduction of BOD and COD. Jain et al. (2002) isolated three bacterial strains, B. 
megaterium, B. cereus, and B. fragariae, from the activated sludge of distillery 
effluent, and these strains showed 38–58% color and 55–68% COD reduction from 
distillery effluent. Sirianuntapiboon et  al. (2004) isolated acetogenic bacterial 
strains from juice and vegetable samples that were found effective to decolorize 
76% molasses pigment medium and 73–76% anaerobically treated distillery effluent 
within 5 days when media was supplemented with glucose and nitrogen sources. 
Patel et al. (2001) have reported Oscillatoria sp., Lyngbya sp., and Synechocystis sp. 
for 96, 81, and 26% decolorization of distillery waste, respectively. Dahiya et al. 
(2001) have also reported Pseudomonas fluorescens from the reactor liquid and 
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Table 4.5 Different bacterial strains reported for the decolorization of PMDE

Bacterial strains Decolorization conditions
Decolorization 
efficiency (%) References

Lactobacillus hilgardii Immobilized cells of the 
heterofermentative lactic acid 
bacterium decolorized 40% of 
the melanoidins solution within 
4 days aerobically

40 Ohmomo et al. 
(1988)

Bacillus cereus,  
B. megaterium,  
and B. smithii

Decolorization occurred at 
55 °C in 20 days under 
anaerobic conditions in the 
presence of peptone or yeast 
extract as supplemental nutrient. 
Strains could not use MWW as 
sole carbon source

76, 82 and 
35.5, 
respectively

Kambe et al. 
(1999)

Acinetobacter sp., 
Bacillus sp., P. 
paucimobilis, 
Pseudomonas sp., 
Acinetobacter sp.,  
and Agrobacterium 
radiobacter

These entire organisms were 
isolated from air bubble column 
reactor belonged to species of 
the genus Bacillus were used for 
treating winery wastewater after 
6 months of operation

Not checked in 
this study

Petruccioli et al. 
(2002)

Acetobacter aceti The organism required sugar, 
especially, glucose and fructose, 
for decolorization of MWWs

76.40 Sirianuntapiboon 
et al. (2004)

Pseudomonas 
fluorescens

Decolorization was obtained 
with cellulose carrier coated 
with collagen. Reuse of 
decolorization cells reduced the 
color

94 Dahiya et al. 
(2001)

Pseudomonas putida The organism used glucose as a 
carbon source and produce 
hydrogen peroxide with 
reduction of color

60 Ghosh et al. 
(2002)

Xanthomonas  
fragariae,
B. megaterium,  
and B. cereus

These three strains needed 
glucose as carbon and NH4Cl as 
nitrogen source. Decolorization 
efficiency was found better in 
free cells as compared to 
immobilized cells

76 Jain et al. (2002)

B. brevis The three strains were part of a 
consortium which decolorized 
the anaerobically digested 
spentwash in the presence of 
basal salts and glucose

22 Kumar and 
Chandra (2004)Pseudomonas 

aeruginosa
27.4

B. thuringiensis 67 Kumar and 
Chandra (2004)

Enterobacter, 
Pseudomonas, 
Stenotrophomonas, 
Klebsiella, and 
Acinetobacter

All were isolated from the soil 
of effluent discharge site, and 
addition of 1% glucose was 
necessary for decolorization

44 Ghosh et al. 
(2004)

(continued)
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found that this bacterial strain was capable to decolorize melanoidin-containing 
wastewater up to 90 and 76% under sterile and non-sterile conditions, respectively. 
Marine cyanobacteria such as Oscillatoria boryna have potential to produce H2O2, 
hydroxyl, perhydroxyl, and active oxygen radicals for degradation of melanoidin 
(Kalavathi et al. 2001). The decolorization of molasses wastewater by immobilized 
cells of P. fluorescence on porous cellular carrier was undertaken achieving 76% 
decolorization in 24 hrs incubation at optimized conditions. Bacillus sp. has been 
reported to decolorize molasses wastewater by up to 36% under aerobic conditions 
within 20  days at 55  °C (Kambe et  al. 1999). Kumar and Viswanathan (1991) 
isolated bacterial strains from sewage and acclimatized on increasing concentration 
of distillery waste. These strains reduced 80% COD within 4–5 days without any 
aeration, and the major products left after the effluent treatment were biomass, 
carbon dioxide, and volatile acids. Ohmomo et al. (1988) have used Lactobacillus 
hilgardii immobilized cells on calcium alginate for the decolorization of melanoidin 
under continuous supply of small amount of oxygen resulting in 40% decolorization 
of PMDE. Moreover, the differences in decolorization of PMDE might be due to the 
fact that melanoidin’s stability varies with pH and temperature. At higher 
temperature, during the sterilization process, melanoidin pigment decomposes into 
low molecular weight compounds, while during the anaerobic treatment process, 
the pH of distillery spentwash increases from 4.5 to 8.5 during which melanoidins 
undergo complexation process forming complex which can’t be easily degraded 
during the bacterial treatment of distillery effluents.

Table 4.5 (continued)

Bacterial strains Decolorization conditions
Decolorization 
efficiency (%) References

B. licheniformis, 
Bacillus sp., and 
Alcaligenes faecalis

All require the presence of 
glucose (1.0%) and peptone 
(0.1%) in medium and pH 7.0 
and temperature 37 °C

70 Bharagava et al. 
(2009)

Bacillus sp., Raoultella 
planticola, and 
Enterobacter sakazakii

The three strains have potential 
to decolorized the synthetic 
melanoidin, and decolorization 
was enhanced by addition of 
D-xylose at stationary stage of 
growth

60 and 75, 
respectively

Sangeeta et al. 
(2011)

Proteus mirabilis, 
Bacillus sp., Raoultella 
planticola, and 
Enterobacter sakazakii

They decolorized the molasses 
melanoidin and PMDE after 
extraction of melanoidin

75 and 70, 
respectively

Sangeeta and 
Chandra (2012, 
2013)
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 Recent Approaches for the Treatment of PMDE

The sequential bioreactor treatment of wastewater has become promising over the 
conventional treatment techniques to remove the complex mixture of pollutants 
from distillery wastewater. The bacterial pre-treatment of distillery effluent 
enhanced the phytoremediation process of distillery effluent (Kumar and Chandra 
2004). In this study it was found that the recalcitrant compounds present in effluent 
that were ameliorated by Bacillus thuringiensis is through utilization of complex 
compounds. Therefore, foster phytoremediation of heavy metals was observed from 
the PMDE.  Enzymatic pre-treatment for the enhancement of biodegradability of 
distillery wastewater has also been reported by Sangave and Pandit (2006a). The 
cellulase (enzymatic hydrolysis) followed by aerobic oxidation was investigated in 
this study for the treatment of distillery spentwash. The rate of anaerobic oxidation 
enhanced by two- to three fold in the pre-treatment sample as compared to the 
untreated sample when the pH during the pre-treatment step was maintained at a 
value of 4.8. Similarly, two fold increase in the aerobic oxidation rate was also 
observed when effluent was pre-treated with the enzyme without any pH control 
(effluent pH 3.8). This might be due to the enzymatic pre-treatment transforming 
the complex and large pollutant molecules into simpler biologically assailable 
smaller molecules. Sangave and Pandit (2006b) have also reported the role of the 
ultrasound and enzyme assisted biodegradation of distillery wastewater. Efficiency 
of these two techniques was analyzed by subjecting the effluent to subsequent 
aerobic biological oxidation (AO). The distillery effluent when treated with 
ultrasound (US) alone for 30 min, COD reduction was found best after 2 h during 
the aerobic oxidation step (US+AO). However, the 50 U of enzyme was used alone 
at pH 4.8 for 24 h, which yielded better COD removal as compared to untreated 
effluent, while US followed by enzymatic pre-treatment resulted in maximum COD 
removal efficiency during the aerobic oxidation (US+E + AO) process as compared 
to the other combinations tested for the treatment of distillery effluent. Moreover, 
the application of constructed wetland at pilot scale for the treatment of industrial 
wastewaters was also reported by various authors. Chandra et al. (2008c) reported 
that the integration of bacterial pre-treatment of PMDE with Typha angustata 
enhanced the reduction of heavy metals, i.e., Cr (36–58%), Cd (34–62%), Fe (33–
51%),Cu (33–54%), Ni (36–60%), Mn (36–83%), Zn (32–54%), and Pb (33–60%) 
in comparison with control lacking this pre-treatment step. In addition to the 
removal of heavy metals, other physico-chemical parameters, viz, color, COD, 
BOD, total nitrogen, and phenol, were also reduced significantly by 98%, 99%, 
99%, 94%, and 82%, respectively, at 30% effluent after 7 days of free water surface 
flow treatment process. This indicated that the bacterial pre-treatment of PMDE 
followed by phytoremediation will significantly boast the treatment process of 
PMDE.  Chen et  al. (2006) used four different wetland plant species including 
floating plants (Pistia stratiotes, Ipomea aquatica) and emergent plants (Phragmites 
communis, Typha orientalis) for the removal of COD, BOD, and suspended solids 
from industrial wastewater and found that the system with a 50 HRT (hydraulic 
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retention time) (feed rate 0.4 m3/day) and vesicles ceramic bioballs as the media 
was effective to remove 61% COD, 89% BOD and 81% suspended solid (SS), 35% 
total phosphate (TP), and 56% NH3-N.

The use of distillery effluent for agriculture has been advocated due to the pres-
ences of high amount of nitrogen and phosphorous. But its indiscriminate applica-
tion may create adverse effects on crop and contamination of groundwater. Kaushik 
et  al. (2005) reported that long-term application of PMDE causes significant 
increase in total organic carbon (TOC), total kjeldahl nitrogen (TKN), potassium, 
and phosphorus along with accumulation of high concentration of sodium ions 
(Na+) in soil. Moreover, the short-term application of 50% PMDE along with 
bioamendments proved most useful in improving the properties of sodic soil and 
also favored the successful germination and improving seedling growth of pearl 
millet. Similar observations were recorded by Chandra et al. (2004) during a study 
on the impact of pre-treatment and PMDE irrigation on soil microflora and growth 
of Phaseolus aureus in pot-grown experiment. They concluded that lower 
concentration of raw distillery effluent (1–5%) and PMDE (1–10%) stimulated the 
growth of P. aureus and soil microflora, except soil bacteria (inhibited by all the 
concentrations of raw effluent). However, higher concentration (raw effluent, 
10–20%, and PMDE, 15–20%) showed toxicity. Similar toxicity pattern was also 
observed by Sangeeta and Chandra (2006) on Vicia faba where they reported that 
the sludge of PMDE also contains high quantity of organic and inorganic pollutants. 
The sludge-amended soil above 10% (W/V) concentration causes adverse effects on 
legume crops. The sludge concentration above 50% causes toxicity to plants and 
even inhibits the seed germination. Further, the continuous irrigation with PMDE 
affects the underground water quality by increasing 40% TDS with salt (Jain et al., 
2005). A study by Hati et al. (2007) on soil properties and crop yield on a vertisol in 
India shows increase in organic carbon and salinity. The study supported the 
judicious application of distillery effluent as an amendment to the agricultural field 
can be considered as an available option for its safe disposal into the environment.

 PMDE Treatment with Consortium

During the last two decades experiments were restricted only to use the axenic cul-
ture and immobilized culture on solid supports for the degradation of toxic com-
pounds. Recently, immobilized consortia of two or more selected bacterial strains 
were employed (Kowalska et  al. 1998). The use of bacterial consortium for the 
treatment of distillery wastewater is highly effective because mixed bacterial culture 
comprise of many strains which are very helpful in co-metabolism employing dif-
ferent sets of enzymes. The pH and temperature play a very important role for opti-
mum activity of enzymes. In co-metabolism, the metabolites or intermediates 
produced by one bacterial strain are utilized by other bacterial strains as source of 
nutrient and energy (Chandra et  al. 2007; Bharagava and Chandra 2010). Some 
authors have also reported the use of jet loop reactors (JLR) for the aerobic treatment 
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of winery wastewater. Petruccioli et al. (2002) used a JLR with working volume of 
15 dm3 for the aerobic treatment of winery wastewater, and they recorded more than 
90% COD removal efficiency with an organic load of the final effluents ranging 
between 0.11 and 0.3 kg COD m−3 at much diluted concentration of effluent. Eusibio 
et al. (2004) have also reported the operation of a JLR for more than 1 year treating 
winery wastewater collected in different seasons and achieved 80% COD removal 
efficiency at diluted concentration of distillery effluent. They also reported that JLR 
have higher oxygen transfer rate at lower energy costs. Hence the use of mixed 
bacterial culture for the treatment of industrial wastewater is more effective 
compared to a single pure bacterial strain.

 Phytoremediation Approach for Treatment of PMDE

Phytoremediation is a low-cost technique which is very useful to remediate sites con-
taminated with recalcitrant toxic compounds and heavy metals. Phytoremediation takes 
advantage of plant nutrient utilization processes, transpires water through leaves, and 
acts as transformation system to metabolize organic compounds. They may also absorb, 
sequester, and bioaccumulate toxic compounds. Billore et al. (2001) used Phragmites 
kharka in a constructed wetland for the treatment of wastewater from the same industry 
and obtained 36% removal of TKN and 48% removal of TSS. Detoxification of distill-
ery effluent through B. thuringiensis (MTCC 4714) enhanced phytoremediation poten-
tial of Spirodela polyrrhiza (Kumar and Chandra 2004).

Recently, a comparative heavy metal accumulation pattern and ultrastructural 
changes were studied in P. communis, T. angustifolia, and C. esculentus in both in 
situ and ex  situ conditions (Chandra and Sangeeta 2011; Sangeeta and Chandra 
2011). In situ study showed direct correlation of bioaccumulation with the metal 
content in sediments. Both macrophytes T. angustifolia and C. esculentus were 
observed as root accumulators for Fe, Cr, Pb, Cu, and Cd, while ex situ condition 
showed the maximum accumulation of all tested heavy metals in P. communis 
followed by T. angustifolia and C. esculentus. Results revealed that P. communis 
and T. angustifolia had more potential for tested metals than C. esculentus. Similarly, 
Potamogeton pectinatus has also been reported for the bioaccumulation of heavy 
metals from distillery effluent (Singh et  al. 2005), and an increase in effluent 
concentration greatly reduced the biomass of plant with maximum accumulation of 
Fe being recorded in plants growing at 100% effluent concentration. In another 
study, Trivedy and Nikate (2000) have employed Typha latifolia for the treatment of 
distillery effluent in a constructed wetland treatment system resulting in 78% and 
47% reduction in COD and BOD, respectively, within a period of 10 days. Using a 
combined treatment with Lemna minuscula and Chlorella vulgaris, Valderrama 
et  al. (2002) have achieved 52% color removal from distillery effluent. The 
microalgal treatment removed nutrients and organic matter from wastewater and 
produced oxygen for other organisms. The microphyte removed organic matter and 
eliminated the microalgae from treated wastewater. However, despite the potential 
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of aquatic macrophytes in cleaning wastewater, the use of these plants in designing 
a low-cost treatment system is still at experimental stage and is considered to be a 
potentially important area of environmental management.

 Role of Enzymes in PMDE Decolorization

Although the enzymatic process related with detoxification and decolorization of 
melanoidins and PMDE is yet to be completely understood, it seems greatly 
connected with fungal ligninolytic mechanisms. The white-rot fungi have complex 
enzymatic systems which are nonspecific, extracellular, and work under nutrient- 
limiting conditions. A large number of enzymes from different microorganisms and 
plants have been reported for the treatment of wastewater discharge from various 
industries. Important amongst these are ligninolytic enzymes, i.e., manganese 
peroxidase (MnP), lignin peroxidase (LiP), and laccase reported by several workers 
for degradation and detoxification of PMDE and synthetic and molasses melanoidin 
(Ghosh et  al. 2002; Petruccioli et  al. 2002; Sangeeta et  al. 2011; Sangeeta and 
Chandra, 2012; Sangeeta and Chandra 2013). The catalytic cycle of MnP also 
resembles with other heme peroxidases, i.e., horseradish peroxidase (HRP) and 
lignin peroxidase and includes the native ferric enzyme as well as the reactive 
intermediates compound I and compound II (Fig.  4.4). In contrast to other 
peroxidases, MnP uses Mn2+ as the preferred substrate as electron donor. The 
catalytic cycle of peroxidases is starting with the reaction of native ferric enzyme 
(Fe3+-P (porphyrin)) with H2O2 yielding compound 1. Compound 1 is a complex of 
high-valent oxo-iron and porphyrin cation radical (Fe4+ = O, P.). Compound 1 is 
reducing a substrate (RH) and yielding a radical cation (R.) and one-electron- 
oxidized enzyme intermediate compound II (Fe4+ = O, P). A single one-electron 
oxidation of a substrate molecule returns the enzyme to the native ferric state, 
completing the catalytic cycle. Similarly MnP activity is initiated by binding of 
H2O2 or organic peroxide to the native ferric enzyme and formation of an iron- 
peroxide complex. Subsequent cleavage of the peroxide oxygen-oxygen bond 
requires a two-electron transfer from the heme resulting in formation of MnP 
compound I, which is a Fe4+-oxo-porphyrin-radical complex. Afterwards, the 

Native enzyme
(Fe3+, P)

Compound I
(Fe4+=O, P

.
)

H2O2 H2O

Compound II
(Fe4+=O, P)

RH R
.

RH R. + H2O

Fig. 4.4 Catalytic cycle of peroxidases
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dioxygen bond is heterolytically cleaved and one water molecule expelled. 
Subsequent reduction proceeds through MnP compound II (Fe4+-oxo-porphyrin 
complex). A monochelated Mn2+ ion acts as one-electron donor for this porphyrin 
intermediate and is oxidized to Mn3+. The reduction of compound II proceeds in a 
similar way, and another Mn3+ is formed from Mn2+ thereby leading to generation of 
native enzyme and release of the second water molecule. The Mn3+ formed is 
stabilized by organic acids such as oxalate and acts in turn as a low-molecular mass, 
diffusible redox mediator that attacks organic molecules nonspecifically via 
hydrogen and one-electron abstraction.

Laccases are common enzymes in nature and are found widely in plants and fungi 
as well as in some bacteria and insects. Different types of laccases are secreted by 
different organisms, but they all catalyze polymerization or depolymerization pro-
cesses including phenols, polyphenols, anilines, and even certain inorganic com-
pounds by a one-electron transfer mechanism. Laccase is a multicopper blue oxidase 
which reduces oxygen molecules leading to oxidation of broad range of organic sub-
strates. The laccase is a dimeric or tetrameric glycoprotein usually containing per 
monomer four copper (Cu) atoms bound to three redox sites (Type 1, Type 2 and 
Type 3 Cu pair). The Type 2 and Type 3 Cu sites are close together and form a tri-
nuclear center that is involved in the catalytic mechanism of the enzyme. The molec-
ular mass of the monomer ranges from about 50 to 100 kDa with acidic isoelectric 
point around pH 4.0. For the catalytic activity a minimum of four Cu atoms per active 
protein unit are needed. To function, laccase depends on Cu atoms distributed among 
the three different binding sites. Cu atoms play an essential role in the catalytic 
mechanism. There are three major steps in laccase catalysis. The Type 1 Cu is 
reduced by a reducing substrate, which therefore is oxidized. The electron is then 
transferred internally from Type 1 Cu to a trinuclear cluster made up of the Type 2 
and Type 3 Cu atoms. The O2 molecule is reduced to water at the trinuclear cluster. 
The O2 molecule binds to the trinuclear cluster for asymmetric activation, and it is 
postulated that the O2 binding pocket appears to restrict the access of oxidizing 
agents other than O2. H2O2 is not detected outside of laccase during steady-state lac-
case catalysis indicating that a four-electron reduction of O2 to water is occurring. A 
one-electron substrate oxidation is coupled to a four-electron reduction of oxygen.

Several reports claimed that intracellular sugar-oxidase-type enzymes (sorbose- 
oxidase or glucose-oxidase) also had melanoidins-decolorizing activities. It was 
suggested that melanoidins were decolorized by the active oxygen (O2; H2O2) 
produced by the reaction with sugar oxidases. Ohmomo et al. (1985) used Coriolus 
versicolor Ps4a, which decolorized molasses wastewater by 80% in darkness under 
optimum conditions. Decolorization activity involved two types of intracellular 
enzymes, i.e., sugar-dependent and independent. One of these enzymes required no 
sugar and oxygen for their activity and could decolorize molasses wastewater up to 
20% in darkness and 11–17% of synthetic melanoidins. Thus, the participation of 
these H2O2 producing enzymes as a part of the complex enzymatic system for 
melanoidin degradation by fungi should be taken into account while designing any 
treatment strategy. Color removal of synthetic melanoidin by Coriolus hirsutus 
involved the participation of peroxidases (MnP and MIP) and the extracellular H2O2 
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produced by glucose-oxidase, without disregard of a partial participation of fungal 
laccase. Mansur et al. (1997) obtained a maximum decolorization of around 60% by 
fungus Trametes sp. I-62 after 8th day incubation. Here effluent was added at a final 
concentration of 20% (v/v) after 5 days of fungal growth, the time at which high 
levels of laccase activity were detected in the extracellular mycelium. The white-rot 
basidiomycete Trametes versicolor is an active degrader of humic acids as well as 
of melanoidins. Melanoidins mineralizing 47 KDa extracellular proteins 
corresponding to the major mineralizing enzyme system from T. versicolor was 
isolated by Dehorter and Blondeau (1993). This Mn2+-dependent enzyme system 
required oxygen and was described to be as peroxidase. Some studies have identified 
the lignin degradation-related enzymes participating in the melanoidin 
decolorization. Intracellular H2O2 producing sugar oxidases have been isolated from 
Coriolus strains. Also, C. hirsutus have been reported to produce enzymes that 
catalyze melanoidins decolorization directly without additions of sugar and O2. 
Miyata et al. (1998) used C. hirsutus pellets to decolorize a melanoidin-containing 
medium. It was elucidated that extracellular H2O2 and two extracellular peroxidases, 
a manganese-independent peroxidase (MIP) and manganese peroxidase (MnP), 
were involved in decolorization activity. Lee et  al. (2000) investigated the dye- 
decolorizing peroxidase by cultivating Geotrichum candidum Dec1 using molasses 
as a carbon source. Components in the molasses medium stimulated the production 
of decolorizing peroxidase but inhibited the decolorizing activity of the purified 
enzyme. D’souza et al. (2006) reported 100% decolorization of 10% spentwash by 
a marine fungal isolate whose laccase production increased several folds in the 
presence of phenolic and non-phenolic compounds. A combined treatment technique 
consisting of enzyme followed by aerobic biological oxidation was investigated by 
Sangave and Pandit (2006a) for the treatment of spentwash. It was suggested that 
enzymatic pre-treatment of the distillery effluent leads to in situ formation of the 
hydrolysis products, which have different physical properties and are easier to 
assimilate than the parent pollutant molecules by the microorganisms, leading to 
faster aerobic oxidation even at low biomass. In another study, Sangave and Pandit 
(2006b) used ultrasound combined with the use of an enzyme as pre-treatment 
technique for treatment of distillery wastewater. The combination of the ultrasound 
and enzyme also reported significant COD removal efficiencies as compared to the 
processes when they were used as stand-alone treatment techniques. Panicker et al. 
(2015) have showed the possibility of using immobilized enzyme to enhance the 
biodegradability of the distillery spentwash. The investigations so far can be seen as 
an initial step toward solving the problem. Moreover, most of these microbial 
decolorization studies required effluent dilution for optimal activity. While, using 
microorganisms use of media supplement pose extra burden on overall effluent 
treatment process. Further, the emerging treatment methods like enzymatic treatment 
have technological advantages and yet are in its infancy, requiring economic 
considerations in order to apply on the plant scale. Hence, there is need of suitable 
technique to treat distillery effluent. Furthermore, capital and operating costs of the 
available physico-chemical and biological treatment processes of distillery waste 
stream are inevitably high thus making these processes less lucrative to the industry.
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 Metabolites Produced During the Bacterial Treatment 
of PMDE

The study of metabolites produced during the degradation process is very essential 
to explore the degradation pathway of any pollutant as well as to develop the 
effective bioremediation techniques. The structural characterization of Maillard 
reaction products (MRPs) has proved to be rather challenging due to extreme 
complexity of MRPs that are known to range from small molecules to extremely 
large polymers. There are many techniques available which are used for 
characterization of large, complex pollutants and metabolites/intermediate 
compounds, produced during degradation process (Table  4.6). By using these 
techniques, some authors have studied the chemical nature of melanoidins and 
reported that these are complex polymers consisting of repeating units of furans 
and/or paroles, which are produced during the advance stages of Maillard reaction 

Table 4.6 Analytical techniques used for the analysis of Maillard reaction products (MRPs)/
melanoidin

Maillard reaction products 
(MRPs) Analytical techniques

Amadori compounds 
(direct analysis)

Column chromatography, HPLC differential refractometry 
detection, HPLC involving derivatization, HPAEC coupled 
electrochemical and/or DAD, FAB-MS, ESI coupled HPLC and 
EC, EC coupled MS, MALDI-TOF, NMR, LC-MS, NBT, ELISA

Indirect analysis 
(2-FM-AA)

Immunoblotting (lactosylated proteins), ion-pair RP-HPLC, CEC 
UV detection

Unreactive lysine Colorimetric and fluorimetric methods
Advanced Maillard 
reaction products

FAST

General AGEs HPLC-DAD
CML RP-HPLC, RP-HPLC o-phthalaldehyde pre-column derivatization, 

GC-MS, ELISA
Pyrraline Amino acid analysis with PAD, RP-HPLC
Cross-linking products 
lysine dimmers

LC-MS with ESI

Arginine-lysine LC-MS with ESI, ion-exchange chromatography
Other amino acid 
derivatives, argpyrimidine

HPLC-coupled GC-MS

OMA ELISA
PIO RP-HPLC/LC-ESI-TOF-MS/NMR
Pyrazinones HPLC with UV and fluorescence detection
Lysine amnioreduction HPLC-DAD
Final stage MRPs

General melanoidins HPLC, NMR, MS, UV, IR spectrometry
Pronyl-L-lysine GC-MS chemical ionization

Jones et al. (1998), Silvan et al. (2006) and Shen et al. (2007)
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and remain linked by polycondensation reactions (Tressl and Wondrak 1998; 
Gonzalez et al. 2000; Bharagava and Chandra 2010). Hofmann (1998) also reported 
that MRPs are low molecular weight colored compounds, which cross-link to 
proteins via amino groups of lysine or arginine and polymerized through aldol-type 
condensation reactions to produce high molecular weight colored MRPs. The 
chemical structure of these MRPs is mainly built with sugar degradation products, 
which largely depends on the starting materials as well as on the reaction conditions 
(Cammerer and Kroh 1995). Some authors have also reported that the electro spray 
ionization mass spectrum (ESI-MS) infrared (IR)1H NMR and LC-MS-MS analysis 
of untreated distillery wastewater has shown the presence of dihydroxyconiferyl 
alcohol (C10H14O3), 2,2′-bifuran-5-carboxylic acid (C9H6O4), 2-nitroacetophenone 
(C8H7NO3), p-chloroanisole (C7H7CIO), 2,3-dimethyl pyrazine (C6H8N2), 
2-methylhexane (C7H16), methyl benzene (C7H8),1,2- dihydro-5 methylfuran 
(C5H8O),3-pyrroline (C4H7N), and acetic acid (C2H4O2), while in treated distillery 
wastewater, compounds 2-nitroacetophenone (C8H7NO3), p-chloroanisole 
(C7H7CIO), 2,2-bifuran(C8H6O2), indole (C8H7N), 2-methylhexane (C7H16), and 
2,3-dihydro-5-methylfuran (C5H8O) were reported (Gonzalez et al. 2000; Bharagava 
and Chandra 2010). Further, most of the detected metabolic products were reported 
to as degradation products of pyrroles/furans, which remains present in distillery 
wastewater.

 Challenges for the Degradation and Decolorization of PMDE

The major problem of PMDE is its complex nature due to the presence of recalci-
trant constituents that inhibit the growth of microbes during the effluent treatment 
process in industries. The major coloring constituent, i.e., melanoidins, has a net 
negative charge and, thus, forms large complex molecules with different heavy 
metal ions (Cu2+, Cr3+, Fe3+, Zn2+, Pb2+, etc.) in acidic medium and gets precipitated. 
Besides melanoidins, distillery effluent contains various phenolic compounds such 
as gallic acids, p-coumaric acid, gentisic acid, and 3–4 dimethoxy 2 (1,1-hydroxy-
ethyl)α-naphthol (Borja et al. 1993; Bharagava et al. 2006). These compounds have 
inhibitory and antimicrobial activity reducing the anaerobic digestion process of 
distillery effluent in methane reactors. Further, the sulfates and heavy metals present 
in PMDE get reduced into black-colored precipitate of metal sulfides, which also 
act as competitive inhibitor for sulfate-reducing bacteria (SRB) and non-SRB 
(McCartney and Oleszkiewicz 1991) leading to the inhibition of methanogenesis 
process. In addition, the presence of EDCs makes effluent more toxic, and complete 
knowledge of these is lacking.

Thus, it becomes very essential to study the effect of sulfides and metals along 
with phenolics as well as other compounds on decolorization and the detoxification 
of PMDE. Similarly complete knowledge of EDCs is mandatory before biological 
treatment and discharge of effluent in the environment.
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 Future Prospects

Alcohol production and distilleries are one important commodity and industry 
world over. But, the huge generation of complex wastewater is still a challenge for 
its safe disposal and pollution prevention for sustainable development. Therefore, 
the detailed characterization and biodegradation of complex pollutants present in 
PMDE is a priority need of researches and industries. The potential microorganisms 
including bacteria, fungi, and cyanobacteria may be optimized for the attenuation of 
the complex pollutants with the enzymatic activity (MnP and laccase). Further, the 
potential wetland plants which enhance the biodegradation may be integrated for 
degradation of PMDE. The detoxified and decolorized PMDE may be recycled for 
agricultural practices and green vegetation development around the industrial and 
urban areas. In addition, generated sludge and biomass in developed treatment 
technology can be formulated for biocomposting as organic manure for the 
sustainable development and pollution prevention of aquatic resources.

 Conclusion

PMDE is generated after methanogenesis of sugarcane molasses-based spentwash 
which contains dark color, high TDS due to the presence of complex mixture of 
organic and inorganic pollutants. The complex organic and inorganic pollutants 
inhibit biodegradation. Therefore, the degradation and decolorization of PMDE is 
still a challenge for researchers and industries. Thus the complete knowledge 
regarding the nature of organic and inorganic pollutants present in PMDE is 
essential. Further, its biodegradation in valuable products is also essential. The 
reported research knowledge is still inadequate. The intergradations of bacterial 
treatment with phytoremediation may be effective and feasible techniques for 
treatment of this complex wastewater.
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Abstract Metals naturally exist in the crust of the earth, and their compositions 
vary among different localities, resulting in structural disparity of surrounding con-
centrations. Some heavy metals are much important in trace amounts in respect to 
living organisms related to their metabolic activities. High solubility of various 
heavy metals changes them into extremely toxic and perilous contaminant of water 
and soil when discharged by many industrial activities. When these metals 
are released into the environment, they can be leached into the underground waters, 
depositing in the aquifers, or run off into surface waters and soils thereby resulting 
in water and soil pollution. Thus, heavy metals become a potential contaminant for 
environment that can partake in trophic transfer in food chains. The toxicity of heavy 
metals mainly depends upon its relative oxidation state, which is responsible for 
physiological bio-toxic effects. When these metals enter into the living organisms, 
they, combine with proteins, enzymes, and DNA molecules, form highly stable bio-
toxic compounds, thus altering their proper functioning and obstructing them from 
the bioreactions. Arsenic, chromium, cadmium, and lead are highly toxic and pro-
duce mutagenic, carcinogenic, and genotoxic effects. Hence, this chapter is focused 
on occurrence and allocation of heavy metals, their toxicological impact on environ-
ment, and their possible eco-friendly remedies for green and healthy environment.

Keywords Heavy metals · Contamination · Environment · Toxicity · 
Bioremediation

 Introduction

Heavy metal pollution is a major environmental problem faced by the modern 
world. Rapid industrialization leads to manufacturing expansion which causes 
continuous increase in metal concentration and serious pollution problems due to 
improper dumping and discarding of industrialized waste products directly into 
water bodies and land areas (Dixit et al. 2015). Heavy metals are the main elements 
of the earth’s crust which exist as persistent environmental contaminants that cannot 
be purely biodegraded but can only be transformed into nontoxic forms (Coral et al. 
2005).

Generally, heavy metal is a collective term used for a group of metals having 
higher atomic number (above 20) and greater density (5 g/cm3) such as cadmium, 
lead, mercury, nickel, chromium, arsenic, copper, and zinc. These metals are directly 
related with environmental pollution and biological toxicity problems because of 
their powerful inhibitory actions on biodegradation activities (Nagajyoti et al. 2010; 
Gupta et al. 2014).

Mostly, metals are essential in a small quantity as nutrients, involved in a range 
of enzymatic and metabolic pathways, and act as cofactors. However, large quantities 
of such metals can become strongly inhibitory/deadly to all forms of lives including 
microorganisms, plants, animals, and humans. Although few metals like cadmium 
(Cd), arsenic (As), and mercury (Hg) are extremely poisonous at a very low 

S. Mishra et al.



105

concentrations (Atlas and Bartha 1993; Nies 1999). High concentration of metals, 
when accumulated in soil, causes detrimental effects on productivity and fertility. 
These can also go into the system through food, water, or air and bioaccumulate for 
a long time (Lenntech 2004; Deeb and Altahali 2009). Accumulation of lethal 
metals into the human body creates severe health consequences such as growth and 
developmental abnormalities, carcinogenesis, neuromuscular defects, mental 
illnesses, and failure of metabolic activities (Thiele 1995; Chandra et al. 2011).

The most significant way of releasing toxic metals into the environment occurs 
through a range of practices and pathways, together with combustion and extraction 
of toxic waste to the atmosphere, and excess emanations of wastewaters/effluents 
containing harmful noxious chemicals and contaminants, polluting surface waters 
and soils. The continuous use of hazardous metals in anthropogenic activities from 
industrial sectors like electroplating, painting, tanning, textiles and dyes, 
papermaking, mining, and others has increased enormously and has become 
detrimental for diversity of life on earth (Dhal et al. 2013; Yadav et al. 2017). The 
indiscriminate discharge of hazardous metals from these industrial processes often 
at elevated concentrations (above permissible limits) creates a toxicity risk for 
environmental contamination. Hence, their removal/remediation has become 
necessary for environmental safety (Dhal et al. 2013; Velma et al. 2009).

Thus, biological remediation using microbes and plants is generally considered 
as environment-friendly, safe, cost-effective, and sustainable approach for the 
treatment of toxic metals in comparison with conventional treatment technologies. 
Nevertheless, conventional technologies have some disadvantages, regarding their 
expensive charge, maintenance, and generation of hazardous by-products or 
inefficiency, whereas biological treatment technologies elucidate such problems of 
cost and operating system since they are easy to operate and do not produce 
secondary pollutants (Vargas et  al. 2012; Chandra et  al. 2011). The practices of 
involvement of microorganisms and plants for the reduction and detoxification of 
highly toxic pollutants into innocuous and less harmful forms are known as 
bioremediation and phytoremediation, respectively (Jain et al. 2014). This chapter 
is focused on heavy metal contamination into the environment and their occurrence, 
applications, and toxic impact related to their accumulation in plants, animals, and 
humans. The chapter also discusses the possible remediation of heavy metal- 
contaminated sites by biological means.

 Distribution of Heavy Metals into the Environment

The environment (soil, water, and air) has been severely contaminated with various 
toxic metals. Metals are introduced into the environment through different 
anthropogenic and natural activities. Naturally, rock formation, weathering, erosion, 
and volcanoes are particularly responsible for the exposure and emission of huge 
amount of Al, Cu, Hg, Mn, Ni, and Zn into the environment (Seaward and Richardson 
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1990). Usually metals like aluminum, copper, and silver get deposited in a variety 
of rocks including igneous, hornblende, olivine, augite, and sedimentary as minerals, 
and the rocks having sufficient quantity of metals for economic extraction are 
known as ores, contributing considerable amount of metals in their pure extracted 
forms (Nagajyoti et al. 2010).

Anthropogenic deeds of electroplating, mining, smelting, pesticides and fertil-
izer discharges, bio-solids, municipal sewage/sludge, and textiles and paint indus-
tries have become most significant sources of metal contamination (Barkat 2011; 
Yadav et al. 2017; Mani and Bharagava 2016). Prevalently, heavy metals are present 
in toxic concentrations in terrestrial and aquatic water bodies attributed to the direct 
discharge of solid and liquid waste products emanating from these industries. This 
rapid and modern industrialization increased the level of heavy metal’s contamination 
in the environment. Metalliferous mining operations such as coal mines are mainly 
responsible for the extraction of metals such as As, Cd, Fe, etc., and such operations 
are ultimately causing nonstop soil contamination because of regular practices 
around the coalfield. Transportation of metals from mining areas to various 
industries for their extensive applications in manufacturing of various products is 
also an important source of metal contamination into the environment.

Leather industries are primarily responsible for Cr contamination into the envi-
ronment because of extensive applications of Cr salts during the chrome tanning 
process (Mishra and Bharagava 2016). Electroplating and paint industries contribute 
Pb-based contamination to the environment. The widespread use of fertilizers, 
pesticides, and fungicides in agricultural activities is also contributing to metal 
pollution into soils. The extensive use of chemical-based fertilizers in agricultural 
practices to enhance fertility of soil for production of crop yields has become one of 
the important sources of metal contamination (Yadav et al. 2016). These fertilizers 
have significant amount of As, Cr, Cd, Pb, Zn, Ni, Fe, Mo, and Mn that play a vital 
role in growth improvement and healthy progression of plants, but excess 
concentration of such metals results in toxic effects in soil as well as in aquatic 
resources (Reeves and Baker 2000; Blaylock and Huang 2000).

 Arsenic (As)

It belongs to the VA group of periodic table and mainly presents as As2O3 in vari-
ability of mineral forms. It exists in several oxidation states (ranging from -III, 0, 
III, V) (Smith et al. 1995). It is conspicuously lethal, cancer causing, and expan-
sively existing in the semimetallic form of oxides/sulfides or as salts of Fe, Na, Ca, 
Cu, etc. (Singh et al. 2007). It is predominantly used as coloring agent in textiles, 
wallpaper, and toy-making industries. It is also used as insecticide and rat killer to 
protect timber and hide from termites and rats. Furthermore, As is present in ashes 
from coal combustion. Elemental As and its simplest organic compound AsH3 
(arsine), which is highly toxic and flammable, usually occur under extremely 
reduced environments. Several compounds of arsine, dimethyl arsine HAs (CH3)2 
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and trimethylarsine As (CH3)3, which are generated via methylation of As, are also 
extremely dangerous and toxic in nature. Conversion of As to arsenite via methylation 
into mono-methyl (MMA) or dimethyl (DMA) compounds is also deadly poisonous 
in comparison with other arsenicals. MMA is also responsible for causing 
As-induced carcinogenesis (Singh et  al. 2007). Contamination with high 
concentrations of As is a matter of great concern because As causes numerous 
human health disorders. As compounds cause skin damage, cancer, and marked 
problems with circulatory system (Scragg 2006). The presence of As in drinking 
water more than its permissible limit is also responsible for severe clinicopathological 
diseases, developmental abnormalities, neurobehavioral sicknesses, cardiovascular 
diseases, and hearing sickness, together with anemia, leukopenia, eosinophilia, and 
carcinoma (Tchounwou et al. 2004; ATSDR 2000; Centeno et al. 2005; NRC 2001). 
Damage of cellular respiration due to the inhibition of various mitochondrial 
enzymes is one of the main mechanisms which is mainly responsible for As 
associated with uncoupling of oxidative phosphorylation, which results in As 
toxicity from its capability to interact with sulfhydryl groups of proteins and 
enzymes and to substitute P in a variety of biochemical reactions (Wang and 
Rossman 1996).

 Cadmium (Cd)

Predominantly, Cd is available in the associated forms with Pb and Zn ores in natu-
ral environments. It is a by-product of Zn refining. Zn production constitutes preva-
lent source of Cd contamination into the environment (Ziemacki et al. 1989). Cd is 
considerably applicable in numerous industrial processes involving electroplating, 
stabilizing agent in plastic industry, and vending machines of soft drinks, cigarette 
smoke, and batteries, and it provides protection against corrosion. Industrial waste-
water contains higher amounts of Cd from 10 mM to 100 mM (Shuttleworth and 
Unz 1993).

Cd is the seventh most hazardous and noxious metal as per Agency for Toxic 
Substances and Disease Registry (ATSDR) ranking. Extensive exposure of Cd 
contamination severely affects human and animals more probably by inhalation or 
ingestion via a number of sources including metal industries, spoiled and wasted 
food, cigarettes, and Cd products related to factories and work areas (IARC 1990; 
Paschal et al. 2000). The chemical similarity of Cd to Zn accounts for its toxicity, 
located just below the Zn in the periodic table. Therefore, the substitution of Zn by 
Cd causes disruption of metabolic activities (Campbell 2006).

Cd causes an indirect oxidative stress that might be relative to its carcinogenic 
and mutagenic nature resulting in severe health hazards such as kidney damage, 
prostate dysfunction, bone diseases, and cancer (Admis et al. 2003). The prolonged 
exposure of Cd in the kidneys adversely affects several enzymes which are 
accountable for reabsorption of proteins in kidney tubules, resulting in kidney 
dysfunction and proteinuria.
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Cd is highly toxic and nonessential heavy metal that is well known for its severe 
and inhibitory effects on enzymatic reactions inducing oxidative stress and nutritive 
deficiency in plants (Irfan et al. 2013). Cd toxicity is a matter of concern due to its 
strong cancer-causing behavior with a half-life of 20 years (Giaginis et al. 2006). Cd 
causes Fe deficiencies as it can easily bind with histidine, cysteine, aspartate, and 
glutamate ligands (Castagnetto et  al. 2002). It is also responsible for renal and 
hepatic damages and coma due to after stark absorption and acts as severe 
gastrointestinal irritant (Baselt 2000).

 Chromium (Cr)

Cr is a d-block transition metal located in the VIB group of periodic table. Elemental 
or pure form of Cr cannot be found into the environments; it can exist only in Cr 
compounds. Mostly Cr metal is held inside the sediments and rocks as ores mainly 
in the compounds of chromite (FeOCr2O3) and  is commonly introduced into the 
natural waters, soils, air, and food products (Smith et al. 1995).

Different forms of Cr exist in nature ranging from divalent to hexavalent in which 
Cr (VI) and Cr (III) forms are highly stable in relation to human exposure and 
toxicity (Zhitkovich 2005). Cr (VI) is extremely harmful and reported as priority 
pollutant and human carcinogen and causes severe health implications and clinical 
disorders sometimes leading to death (IARC 1990; ATSDR 2008). Cr is extensively 
used in numerous industrial processes of leather tanning, metal refining, textile 
dyeing, pharmaceutical drugs, inks and pigment, refractories, as a wood preserver, 
etc. (Patra et al. 2010; Bharagava and Mishra 2018). Both Cr forms, Cr (III) and Cr 
(VI), are unlike in relation to their mobility, solubility, bioavailability, and toxicity. 
Cr (VI) is highly toxic due to prevailing stability and cellular permeability to cross 
membranes via sulfate transport system and causes denaturation and mutation of 
nucleic acids and proteins. However, trivalent Cr is less harmful and vital for humans 
as nutrient supplement, primarily bound to organic substances present in water and 
soil environments. Cr (VI) is very well known to cause life-threatening harmful 
toxic effects, resulting in cancer mutations and genotoxic abnormalities in humans 
and animals (Turpeinen et  al. 2004; Mishra and Bharagava 2016). Cr (VI) 
contamination in soil changes the organization of native microbial diversity by 
reducing their growth and metabolic activities. Moreover, Cr disturbs the human 
physiology by accumulating in the food chain and creates critical health issues of 
skin problems, nasal irritation, hear impairment, and lung carcinoma (Verkleji 1993; 
Stern 2010). Cr compounds and its several intermediates are also responsible for 
chromosomal aberration alteration in replication and DNA damage by forming 
DNA-protein complexes (Chang and Gu 2007; Xu et al. 2005; Mastsumoto et al. 
2006).
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 Lead (Pb)

Pb is a bluish gray metal belonging to IV group and period 6 of the periodic table. 
It occurs naturally as mineral in association with other components such as sulfides 
with S (PbS, PbSO4) or oxides with oxygen (PbCO3). It exists in the earth’s crust in 
the concentrations between 10 and 30 mg kg−1 (USDHHS 1999). Pb is commonly 
used in auto exhaust, hair dyes, paints, sindoor (vermillion), surma (collyrium), 
glazing of pottery, and enamelware. Road transports and vehicles are principally 
responsible for high amounts of Pb emissions into the environment. Anthropogenic 
activities of coal combustion, leaded fuels, and production of pyrometallurgical 
nonferrous metals are noticeably contributed for Pb-related pollution of water 
bodies and soil sources (Monterroso et al. 2003; Andrews and Sutherland 2004).

Generally, Pb can be present in ionic, oxide, hydroxide, and oxyanion forms into 
the environment. Among which, Pb (II) is predominantly common and highly reac-
tive and ionic form of Pb, whereas Pb (VI) compounds tend to be covalent and 
strong oxidants. Industrial exposure to Pb causes decrease in intelligent quotient, 
memory loss, infertility, mood swing, and sterility. The most significant way of Pb 
exposure is through direct intake of polluted soil or dust by eating. Inhalation is an 
important cause of Pb poisoning. Pb is highly hazardous and nonessential, but it can 
enter into the human body through contaminated food uptake and causes severe and 
evident illnesses, weakness of joints, nausea, insomnia, anorexia, or even death 
(NSC 2009). Young and infants are more sensitive to lead poisoning in comparison 
with adults.

Pb is potentially toxic and causes significant modifications and alterations in cell 
signaling, protein folding, enzymatic reactions, and other physiological processes 
due to interaction with proteins and inhibitory or mimicking the action of bivalent 
cations (Mg2+, Fe2+, Ca2+) and monovalent cations (ATSDR 1999; Flora et al. 2007). 
The presence of high quantity of Pb in plants produces reactive oxygen species 
(ROS), causing lipid membrane damage that results in damage and disruption of 
chlorophyll and photosynthetic processes and suppresses the overall growth of the 
plant (Najeeb et al. 2017).

 Mercury (Hg)

Hg is a heavy silver white transition metal belonging to d-block and period 6 of the 
periodic table. Hg residues are frequently used in scientific tools and equipments 
such as in thermometers and barometers, in instruments used to measure blood 
pressure, in amalgam for dental restoration, and also in fluorescent lighting. It is 
largely involved in the electrochemical process of chlorine manufacturing and as an 
electrode in chlor-alkali industry. Hg has been involved in the production of caustic 
soda and preservation of pharmaceutical products, nuclear reactors, and antifungal 
agents for wood processing and acts as solvent for reactive and precious metals 
(Tchounwou 2003).
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Hg is a well-reported hazardous metal that usually exists in mercuric (Hg2+), 
mercurous (Hg2

2+), elemental (Hg0), or alkylated form (methyl/ethyl Hg) in nature. 
Redox potential and pH of the system are accountable for the steadiness of Hg. 
Alkylated form of Hg is extremely toxic and easily soluble in water and volatile in 
air (Smith et al. 1995). Hg is primarily found in metallic elements, inorganic salts, 
and organic compounds, which possess diverse toxicity and bioavailability (Bodek 
et al. 1988). All these forms are exceedingly poisonous and produce gastrointestinal 
toxicity, neurotoxicity, and nephrotoxicity (Tchounwou et al. 2003). It can also alter 
the structure of tertiary and quaternary protein-damaging cellular function by 
interacting with selenohydryl and sulfhydryl groups. Hg complexes increase MDA 
levels in the kidneys, liver, lungs, and testes (Lash et al. 2007). Methyl Hg causes 
mitochondrial damage, lipid peroxidation, accumulation of neurotoxic molecules, 
and microtubule destruction (Patrick 2002).

 Nickel (Ni)

Ni is a lustrous, silvery, white metal with a slight golden tinge belonging to the transi-
tion metals. It is hard and ductile, existing in minute quantity usually in ultramorphic 
rocks. Oral consumption is a primary mode of Ni contamination. Ni is categorized as 
borderline metal ion because it has both soft and hard metal properties and can bind 
to Sr, N, and O2 (Costa and Klein 1999). It naturally occurs in food products and 
water and concentrations may increase by pollution. Metal plating industries, com-
bustion of fossil fuels, Ni mining, and electroplating industries are main causes of Ni 
pollution into the environment (Khodadoust et al. 2004). Ni is an essential element 
for various metabolic reactions used as catalyst required in small amounts and 
becomes more hazardous when exceeding the maximum permissible limits. Ni is not 
a cumulative toxin, but higher concentration and industrial exposure make it toxic 
and even carcinogenic and also result in occupational hazards. Nickel carbonyl [Ni 
(CO)4] is an extremely toxic gas. It has been implicated as an embryo toxin terato-
genic (Chen and Lin 1998; WHO 1991). The atmosphere is continuously being con-
taminated with the increasing application of Ni metal refining and fossil fuel 
combustion. Humans can engross nickel directly from tobacco smoke, jewelry, 
shampoos, detergents, and coins. Residues of nickel are also absorbed into the plasma 
from the chelating action of albumin through hemodialysis (Cempel and Nikel 2006).

 Toxicological Influence of Heavy Metals in Environment 
and on Human Health

Toxicological impacts of heavy metals into the environment involve the contamina-
tion of soils, groundwater, sediments, natural water, and air. Metal contamination 
can affect human health through several exposure routes (Bade et al. 2013; Yadav 
et al. 2016). There are three major pathways: inhalation, diet, and dermal contact or 
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via manual handling of pollutants (Luo et al. 2012). Metals are extremely hazard-
ous, lethal, and non-biodegradable unlike organic pollutants. Heavy metals can 
severely inhibit or interfere in the degradation and reduction of organic substances. 
Soils are polluted by excessive depositions or accumulation of toxic metals and 
metalloids discharged by numerous harmful human activities (Maslin and Maier 
2000; Kirpichtchikova et  al. 2006). Heavy metal contamination in environment 
(soil, water, and air) may pose dangerous toxicological risk and problems to humans 
and animals as shown in Table 5.1 (Yadav et al. 2017). Natural environment gets 
severely contaminated by direct or indirect exposure of heavy metals present in 
drinking and natural water supplies (Table 5.2) and results in the reduction in pro-
ductivity and fertility of soil, air quality, and food quality (Ling et al. 2007; Wuana 
and Okieimen 2011).

Table 5.1 Various toxic metals used in industries and their health hazards in living organisms

Metals Applications Health hazards

Cr Tanning, paints pigment, 
fungicide

Cancer, nephritis, ulceration, and hair loss

Hg Coal vinyl chlorides, 
electrical batteries, 
thermometers

Autoimmune disease, depression, drowsiness, fatigue, hair 
loss, insomnia, loss of memory, restlessness, disturbance of 
vision, tremors, temper outbursts, brain damage, lung and 
kidney failure

Pb Plastic, paint, pipe, 
batteries, gasoline, auto 
exhaust

Neurotoxic and risk of cardiovascular disease

Cd Fertilizer, plastic, 
pigments

Carcinogenic, mutagenic, endocrine disrupter, kidney 
damage, lung damage, and fragile bones, affect calcium 
regulation in biological systems

Zn Fertilizer Dizziness, fatigue, vomiting, renal damage, and cramps
Co Vitamin B-12, wood 

preservative
Diarrhea, low blood pressure, and paralysis

Se Coal, sulfur Dietary exposure of around 300 μg/day affects endocrine 
function, impairment of natural killer cell activity, 
hepatotoxicity, gastrointestinal disturbances, damage of the 
liver, kidney, spleen, and nervousness

Ni Electroplating Cancer of the lungs, allergic disease such as itching, 
immunotoxic, neurotoxic, teratogenic, carcinogenic, 
genotoxic, and mutagenic, affects fertility and hair loss

Be Coal, rocket fuel Carcinogenic, acute, and chronic poison
Cu Electronics, wood 

preservative, 
architecture

Brain and kidney damage, elevated levels result in liver 
cirrhosis, chronic anemia, stomach and intestine irritation

As Pesticides, treated wood 
products, herbicides

Affects essential cellular processes such as oxidative 
phosphorylation and ATP synthesis, arsenicosis, carcinogen, 
and cancer

Ba Appropriate dust control 
equipment and industrial 
controls

Cause cardiac arrhythmias, respiratory failure, 
gastrointestinal dysfunction, muscle twitching, and elevated 
blood pressure

Source: Adopted from Yadav et al. (2017)
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 Impacts of Heavy Metals on Humans

Heavy metals greatly affect human health when they are exceeding from their par-
ticular recommended limit of dietary intake and show various toxicological effects 
that have been well studied and documented (Dong et  al. 2010). Occurrence of 
excess concentrations of metals in cultivated soils changes food quality and affects 
safety, which in turn causes increased risks of kidney and liver failure, infertility and 
reproductive disorders, cancers, nervous breakdown, leukemia, mental illness, and 
other toxicity problems (Khan et al. 2011).

Table 5.2 Guideline values and limits of detection of some heavy metals present in drinking water

Metal
Guideline 
value Occurrence in drinking water resources Limit of detection

As 0.01 mg/L Generally range between 1 and 2 mg/L in 
natural waters, although concentrations 
may be elevated (up to 12 mg/L) in areas 
containing natural sources

0.1 mg/L by ICP/MS, 
2 mg/L by hydride 
generation AAS or FAAS

Cr 0.05 mg/L for 
total chromium

Total chromium concentrations in drinking 
water are usually less than 2 mg/L, 
although concentrations as high as 
120 mg/L have been reported

0.05–0.2 mg/L for total 
chromium by AAS

Cu 2 mg/L Concentrations in drinking water range 
from 0.005 to > mg/L, primarily as a result 
of the corrosion of interior copper 
plumbing

0.02–0.1 mg/L by ICP/
MS, 0.3 mg/L by ICP/
optical emission 
spectroscopy, 0.5 mg/L by 
FAAS

Pb 0.01 mg/L Concentrations in drinking water are 
generally below 5 mg/L, although much 
higher concentrations (above 100 mg/L) 
have been measured where lead fittings are 
present

1 mg/L by AAS

Hg 0.006 mg/L for 
inorganic 
mercury

Mercury is present in the inorganic form in 
surface water and groundwater at 
concentrations usually below 0.5 mg/L, 
although local mineral deposits may 
produce higher levels in groundwater

0.05 mg/L by cold vapor 
AAS, 0.6 mg/L by ICP, 
5 mg/liter by FAAS

Se 0.01 mg/L Levels in drinking water vary greatly in 
different geographical areas but are usually 
much less than 0.01 mg/L

0.5 mg/L by AAS with 
hydride generation

Zn Levels of zinc in surface water and 
groundwater normally do not exceed 0.01 
and 0.05 mg/L

Ni 0.07 mg/L The concentration of nickel in drinking 
water is normally less than 0.02 mg/L, 
although nickel released from taps and 
fittings may contribute up to 1 mg/liter

0.1 mg/liter by ICP-MS, 
0.5 mg/liter by FAAS, 
10 mg/liter by ICP-AES

Source: World Health Organization (WHO) (2003)
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Heavy metals in urban soils change ecological quality by polluting the food, air 
level, water supply, and surrounding environment which directly damage the popu-
lation specifically kids and youngsters through dermal contact and inhalation 
(Nagajyoti et al. 2010). ATSDR Committee has listed Cd as the sixth most toxic 
substance since it damages or affects metabolic rate of calcium, leading to Ca defi-
ciency and resulting in cartilage disease, bone fractures, etc. (ATSDR 2008).

Pb mainly enters human body via gastrointestinal and respiratory tract and then 
circulates into the blood in soluble salts, protein complexes or ions, etc., in which 
95% of the Pb accumulates in the bones in insoluble phosphate form. It also dam-
ages the body organs and systems such as the kidney, liver, reproductive system, 
nervous system, urinary system, and immune system and the basic physiological 
processes and genetic expressions (Chao et al. 2014).

Some vital trace metals like Ni, Cu, Zn, and Mo are crucial for enzymatic and 
physiological activities, but higher quantity of these metals might cause destruction 
and injuries to human health if they are taken in excessive amount from outside 
environment. Ni and Cu are tumor-promoting factors, and their carcinogenic effect 
is of global concern. Direct exposure of Ni-manufacturing products to industrial 
workers is responsible for respiratory cancer and nasopharyngeal carcinoma (Chen 
2011; Chao et al. 2014). Inhalation of Cr (VI) is very dangerous and toxic, creates 
severe symptoms of irritation and itching of the nose and skin, and damages nasal 
septum and ulcers, whereas absorption and ingestion of high Cr (VI) dose can cause 
kidney and liver damage, nausea, irritation of the gastrointestinal tract, stomach 
ulcers, convulsions, and death (Mishra and Bharagava 2016).

 Impact of Heavy Metals on Plants

Metal contamination shows detrimental, chronic, and acute toxicity symptoms on 
developmental activities, yielding capacity and growth pattern of plants. Heavy 
metal exposure causes cellular damage, ionic homeostasis, and oxidative stress and 
generates higher amount of reactive oxygen; inhibition of necessary microelements, 
enzymes, and pigments; and disruption of respiratory and photosynthetic activity 
(Reddy et al. 2005; Hennery 2000). Cd and Pb are considered as nonessential ele-
ments for plants. But excess accumulation of such metals in plant severely harms 
the plant growth and reproduction by damaging ion channels and disrupting meta-
bolic reactions and absorption of essential elements (Xu and Shi 2000). Pb is highly 
reactive with sulfhydryl substances in the cells, and therefore, it easily inhibits cel-
lular enzyme actions, changes membrane permeability, causes water imbalance, and 
reduces nutritive quality (Sinha et al. 1988; Sharma and Dubey 2005). It has been 
reported that in early stage, Cd inhibits the photosynthesis and growth of rice, then 
inhibits the reproductive organs and differentiation, and finally disturbs the nutrient 
transport and mobilization. Cd and Zn reduce catalytic efficiency of enzymes, cause 
chlorosis, and adversely affect both root and shoot growth (Somasekharaiah et al. 
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1992; Fontes and Cox 1998). Cd toxicity results in browning of root tips, chlorosis, 
disrupting chlorophyll synthesis, induces lipid peroxidation, altering membrane 
permeability and death of plant (Guo et al. 2008). Cr complexes are noxious pollut-
ants that adversely affect seed germination and damage plant growth due to inhibi-
tory action on amylase activity and sugar transport, which easily reduces germination 
process (Peralta et al. 2001; Zeid 2001).

 Impact of Heavy Metals on Soil

Human activities and industrial development have greatly degraded and deterio-
rated the soil quality due to the unnecessary and increased use of metals. Metals are 
highly potent and noxious contaminants, which ultimately lead to severe soil pollu-
tion and affect soil fertility and productivity (Raju et al. 2013; Prajapati and Meravi 
2014). Metals can be found in very smaller to higher concentrations (~10,000 mg 
Kg−1) in contaminated soil (Long et al. 2002). The regular use of metals, their salts, 
and residues in fertilizers, pesticides, compost, mines, smelting and textile indus-
tries, and agricultural practices increases risks of soil contamination, and once soil 
gets contaminated or polluted with heavy metals, it is difficult to remediate and is 
harmful for farming (Zhang et al. 2011). Metal-contaminated soil is considered as 
chemical time bombs, which may cause serious ecological damage (Wood 1974). 
Wastewaters from tannery, textile, pigments, transportation, and automotive vehi-
cles and electroplating industries contain high quantity of metals as their waste 
products, and direct disposal and dumping of such wastewaters into open soil areas 
is one of the major causes of soil pollution. These metals are accumulating in soil 
and affecting plant and aquatic life and severely disrupt ecological balance 
(Falahiardakani 1984; Chen 2002). Continuous long-term exposure of metal-con-
taminated soil is highly dangerous for plant diversity and aquatic and terrestrial 
organisms. It negatively affects the species richness and diversity of plants and 
microorganisms (Zhang et al. 2011; Arao et al. 2010).

 Remediation Technologies of Heavy Metal Contamination 
for Eco-friendly Environment

The contamination of soil, groundwater, sediments, surface water, and air with toxic 
metals, organic and inorganic pollutants, phenols, dyes, and other xenobiotic 
compounds are the major threats facing the world today, as these are persistent in 
the environment or take several years to be broken down into the nontoxic forms 
and, therefore, have long-lasting effects on the ecosystem. According to recent 
study, the urgent need to remediate natural resources has led to the development of 
new technologies that emphasized on the destruction of pollutants rather than on the 
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conventional approaches to prevent their entry into the food chain for the safe dis-
posal of pollutants into the environment (Fulekar 2010; Dixit et al. 2015).

 Bioremediation

Bioremediation is a viable alternative in comparison with the use of costly conven-
tional physicochemical methods for metal decontamination. Bioremediation is a 
process where naturally occurring microorganisms are used to convert harmful 
toxic substances to either less or nontoxic compounds (Asha and Sandeep 2013). It 
generally involves the naturally occurring bacteria, fungi, plants, and even 
earthworm to remove or degrade/detoxify hazardous pollutants and waste material 
in an eco-friendly manner for environmental safety (Venkateshkumar et al. 2015). 
For the remediation of contaminated sites, the microorganisms native to that area or 
isolated from elsewhere and transferred to the contaminated site can be used (Kumar 
et al. 2011).

There are various environmental factors such as pH, temperature, soil type, and 
texture, nutrient amendments and O2, which influence the bioremediation process. 
Bioremediation has the ability to detoxify inorganic pollutants like metals by 
adsorption, uptake, or accumulation by microbes. Bioremediation can be used in 
situ and ex situ for the removal of contaminates. In in situ bioremediation, the 
contaminants are treated through direct contact of microorganisms with the 
dissolved and sorbed contaminants and used as substrates in comparison with other 
methods for cleaning up of contaminated water as well as of soil (Bharagava et al. 
2017).

A precise knowledge of heavy metal concentrations, the form in which they are 
found and their dependence on soil physicochemical properties, lends careful 
management of soil, thus limiting the adverse impacts on the ecosystem. Since 
metals cannot be destroyed like organic contaminates, therefore, these must be 
either removed or transformed to a stable form through biotransformation (Chandra 
et  al. 2011). Mechanisms including biosorption, bioleaching, biomineralization, 
intracellular accumulation, and enzyme-catalyzed transformation (redox reactions) 
can be utilized by microorganisms for bioremediation of metals (Lloyd and Lovely 
2001). Interactions of microbes with heavy metals can have several implications on 
the environment. Microbes play a very important role in heavy metal’s biogeochem-
ical cycling as well as in cleaning up or treating metal-contaminated environments 
(Cheung and Gu 2007). Several metal-resistant bacteria have been reported to 
survive under metal-stressed condition through certain mechanisms including 
accumulation and complexation of the metal ions into less toxic state, which helps 
them to tolerate the uptake of these ions (Diaz et  al. 2008). Other than the said 
mechanisms, microorganisms have developed certain other ways such as uptake, 
adsorption, oxidation, reduction, and methylation through which they protect 
themselves from toxicity of heavy metals. In order to survive at extreme 
environmental conditions, bacteria exhibit certain morphological changes at cellular 
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as well as colony level (shape, color, texture, opacity, convexity, margin appearance, 
etc.) when exposed to some environmental stress, for example, temperature, 
aeration, and presence of heavy or toxic metals. As a result of these morphological 
changes, bacterial colonies show phenomenon of phase variation (Tamara et  al. 
2006).

Many studies have demonstrated the microbe’s ability to remove/transform the 
toxic metals into nontoxic form. Many microorganisms such as Pseudomonas spp., 
Alcaligenes spp., Arthrobacter spp., Bacillus spp., Corynebacterium spp., 
Flavobacterium spp., Azotobacter spp., Rhodococcus spp., Microbacterium spp., 
Nocardia spp., Methosinus spp., methanogens, Apergillus niger, Pleurotus ostreatus, 
Rhizopus arrhizus, Stereum hirsutum, Ganoderma applanatum, etc. are reported as 
metal-resistant microbes that cause biotransformation of highly toxic metal into less 
toxic state (Katz and Salem 1993; Zaki and Farag 2010; Rajendran et  al. 2003; 
Megharaj et al. 2003).

For enzymatic functions and bacterial growth, some heavy metal ions are very 
necessary, which are drawn into the cells through some existing uptake mechanisms, 
which are of two types. One system is quick and unspecific driven by a chemiosmotic 
gradient across the cell membrane with no ATP requirement, and the second one is 
time-consuming, more substrate-specific, and driven by energy from ATP hydrolysis 
(Cervantes and Campos-Gracia 2007). Being quick and more energy efficient, the 
first mechanism results in an influx of wider variety of heavy metals and, when 
these metals are accumulated in higher concentration once inside the cell, cause 
more toxic effects.

 Phytoremediation

The majority of the conventional technologies are too costly to implement and fur-
ther can cause disturbances to the already damaged environment (Alloway and 
Jackson 1991). Phytoremediation term is collectively used for all plant-based 
bioremediation technologies involving the use of green plant and their associated 
microbiota for in situ remediation of contaminated soil and groundwater (Sadowsky 
1999; Lal et al. 2013).

The concept of using metal-accumulating plants for removing heavy metals and 
other compounds from contaminated soil and plants was actually implemented 
30  years  ago, introduced in 1983 (Henry 2000). For developing countries, 
phytoremediation is an eco-friendly, aesthetically pleasing, and cost-effective 
approach, but despite its potential, it is yet to become a commercially viable 
technology in India (Ghosh and Singh 2005).

Depending on the mechanism of remediation, phytoremediation may take place 
through phytoextraction, phytofiltration, phytostabilization, phytovolatilization, 
and phytodegradation (Fig.  5.1). In the phytoextraction, the metal ions are 
accumulated in the aerial parts of plants, which can be further removed by disposing 
off or burning to recover metals. In phytofiltration, plant roots or seedlings are 
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involved for removing metals from aqueous wastes, whereas in the phytostabiliza-
tion, the pollutants from soil are absorbed through plant root and are stored in the 
rhizosphere, rendering them harmless by preventing them from leaching. The pol-
lutants such as Se and Hg are volatilized from foliage in phytovolatilization, whereas 
plants and its associated microorganisms are involved to degrade organic pollutants 
in the phytodegradation (Garbisu and Alkorta 2001).

Several researchers have investigated and reported the hyperaccumulation of 
heavy metals in various plant species making clear that the different mechanisms of 
metal accumulation, exclusion, and compartmentation might exist in these plant 
species (as presented in Table 5.3). For example, in Thlaspi caerulescens, Zn is a 
requisite preferentially in soluble forms in vacuoles of epidermal cells (Frey et al. 
2000). Kidd and Monterroso (2005) successfully grew the plant Alyssum serpyllifo-
lium sp. lusitanicum (Brassicaceae) on two mine-spoil soils to investigate its effi-
ciency in phytoextraction of polymetal-contaminated soils. For the study, they 
planted on one contaminated with only Cr (283 mg/kg) and other contaminated with 
Cr (263 mg/kg), Cu (264 mg/kg), Pb (1433 mg/kg), and Zn (377 mg/kg).

Among all the ferns, Pteris vittata, also known as brake fern, has been well iden-
tified as hyperaccumulator, which can accumulate up to 7500  mg/kg As from 
As-contaminated soils and waters without showing toxicity symptoms (Ma et al. 
2001). Other than ferns, many other species including sharp dock (Polygonum 
amphibium), duckweed (Lemna minor), water hyacinth (Eichhornia crassipes), 

Rhizofilteration
(Rhizosphere accumulation)

Phytostabilization
(Complexation )

Phytoextraction
(Hyper - accumulation)

Phytovolatilization
(Volatilization by leaves)

Phytotransformation
(Degradation in plants)

Phytoremediation

Fig. 5.1 Various phytoremediation processes used by plants to remove toxic metals
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water lettuce (Pistia stratiotes), water dropwort (Oenanthe javanica), calamus 
(Lepironia articulata), dollarweed (Hydrocotyle umbellata), etc. have been 
identified and tested for the phytoremediation of heavy metals from the polluted 
water (Prasad and Freitas 2003; Verma et  al. 2016). Further, the Indian mustard 
roots were found effective in removing Cd, Cr, Cu, Ni, Pb, and Zn and sunflower in 
removing Pb, U, Cs-137, and Sr-90 hydroponic solutions (Wang et al. 2002).

 Challenges and Future Prospects

Heavy metal pollution has become a major environmental issue as well as major 
health concern worldwide. The contamination of heavy metal in soil and water leads 
to the bioaccumulation and bio-magnifications of the available heavy metals. Heavy 
metals cannot be degraded into any harmless by-product through any physical, 
chemical, and biological means; instead they can only be transformed into less toxic 
forms by means of plants and microbes. Bioremediation/phytoremediation is an 
emerging advanced green technology that holds promise for safe and healthy 
environment. However, the future of phytoremediation and bioremediation is still in 
developing phase regarding their technical limitations which need to be addressed. 
Many metal-resistant microorganisms and hyperaccumulator plants remain to be 
discovered. However, there is a need to know more about microbial diversity as well 
as metal-accumulating plants and their physiology to survive in metal-contaminated 
environments.

Table 5.3 Some 
hyperaccumulating plants and 
aquatic macrophytes used for 
the phytoremediation of 
various heavy metals

Plants species Heavy metal

Brassica juncea As, Ni, Cr
Pistia stratiotes Zn, Pb, Ni, Hg, Cu, Cd, and Cr
Solanum nigrum Cd
Thlaspi caerulescens Cd, Zn, and Pb
Jatropha curcas Cd, Cu, Ni, Pb
Zea mays Cd, Pb, Zn
Salix fragilis Cd, Cu, Pb, Zn
Populus trichocarpa Cd, Cu, Pb, Zn
Aquatic macrophytes
Azolla pinnata Fe, Cu, Hg, Cr, Cd
Eichhornia crassipes Zn, As, Cd, Ni, Cr, Se, Cu
Lemna minor Pb, Ni, Fe, Cu, As, Hg, Ti
Vallisneria spiralis Cr, Cd, Ni
Nasturtium officinale Cu, Zn, Ni
Cyperus alternifolius Cu, Zn, Pb, Cd
Eleocharis acicularis Fe, Pb, Mn, Cu, Cr, Ni, Zn

Source: Modified from Yadav et al. (2017) and Kumar and 
Singh (2017)
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 Conclusion

Due to the potential impact on human and animal health, the contamination of 
heavy metals in the environment is of great concern, and its treatment from the soil 
and water around industrial plant has been a challenge since years. Thus, for 
protecting the precious natural resources and biological diversity, cheaper and 
effective technologies are needed. During the past few years, the application of 
microorganisms for the recovery of metals from waste streams as well as the 
employment of plants for landfill practice has gained attention. Therefore, the cost- 
effective and eco-friendly newer biotechnological processes, viz., bioremediation 
and phytoremediation, through microbial and hyperaccumulator plants may become 
the most promising approach for green environment in the future.
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Abstract The rhizosphere is the region around plant roots where maximum micro-
bial activities occur. In the rhizosphere both beneficial and harmful activities of 
microorganisms affect plant growth and development. The mutualistic rhizospheric 
bacteria which improve the plant growth and health are known as plant growth- 
promoting rhizobacteria (PGPR). They are of much importance due to their ability 
to help the plant in diverse manners. PGPR such as Pseudomonas, Bacillus, 
Azospirillum, Azotobacter, Arthrobacter, Achromobacter, Micrococcus, 
Enterobacter, Rhizobium, Agrobacterium, Pantoea, and Serratia are now very well 
known. Application of PGPR as bioinoculants/bioformulations is found to be very 
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effective in enhancing crop productivity in a sustainable way. The use of PGPR in 
agriculture is also ecologically important as the synthetic chemicals used in agricul-
ture are a severe threat to agroecosystems.

Keywords Rhizosphere · PGPR · Bioinoculants · Agriculture · Agroecosystem

 Introduction

In soil, there is a region around plant’s root known as rhizosphere (Hiltner 1904). 
Rhizosphere has diverse number of microorganisms which are 10–100 times higher 
in comparison with bulk soil (Weller and Thomashow 1994). These rhizospheric 
microbes have been found to have beneficial, harmful, or neutral impact on plant’s 
health (Whipps 2001; Bais et  al. 2006). However PGPR, which show beneficial 
effect on their host plant, are of prime importance. The term PGPR was coined by 
Kloepper and Schroth (1978). Among all the rhizospheric bacteria, about 2–5% are 
considered as PGPR (Antoun and Kloepper 2001). PGPR have three main features: 
(i) root colonization ability, (ii) high survivability and multiplicity in root surround-
ings helping in plant growth promotion, and (iii) inhibition of phytopathogens 
(Lugtenberg et al. 2001; Gamalero et al. 2004). Currently diverse types of bacterial 
genera are considered as PGPR (Lucy et al. 2004; Adesemoye et al. 2008; Saharan 
and Nehra 2011; Tailor and Joshi 2014). On the basis of their relationship with the 
plants, PGPR have been divided into two major groups: symbiotic and free-living 
(Khan 2005; Hayat et al. 2010). Pseudomonas and Bacillus are widely reported as 
free-living whereas rhizobia as symbiotic plant growth promoters (Podile and 
Kishore 2006).

As the PGPR live in close association with plant roots, they also improve soil 
quality (Haghighi et al. 2011). Plant growth stimulation by PGPR involves multiple 
mechanisms (Martinez-Viveros et al. 2010). However, few activities are very com-
mon among certain bacteria, and others might be species specific (Schwachtje et al. 
2012). PGPR play fundamental roles in physiology and development of plants by 
influencing various activities (Arora et al. 2013; Arora 2015; Kundan et al. 2015; 
Gouda et al. 2018). They directly enhance plant growth by the process of nitrogen 
fixation (Islam et al. 2013), phytohormone production (auxins, cytokinins, gibberel-
lins, ethylene, abscisic acid) (Glick et al. 1995; Vacheron et al. 2013; Maheshwari 
et al. 2015), mineral (phosphorus, iron, zinc, potassium, and sulfur) solubilization 
(Rodríguez et al. 2006; Delvasto et al. 2009), and siderophore, enzyme, and organic 
acid production (Sayyed et  al. 2005; Ahemad and Kibret 2014). Indirect growth 
promotion is mainly due to their biocontrol activities attributed to antibiotic produc-
tion, iron chelation, cyanide production, induced resistance, synthesis of extracel-
lular enzymes, and competition for niches within the rhizosphere (Beneduzi et al. 
2012; Ramadan et al. 2016). In addition to these activities, PGPR also have a role in 
the management of abiotic stress conditions such as nutrient deficiency, salinity, 
drought, floods, and extreme temperatures (Da Mota et al. 2008; Arzanesh et al. 
2011; Arora et al. 2012; Asari 2015; Tewari and Arora 2016) and removal of various 
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pollutants (heavy metals, organic pollutants) by the process of phyto- and rhizore-
mediation (Wani et al. 2007; Ma et al. 2011; Kong and Glick 2017; Mishra et al. 
2017a). PGPR thus can be used in the enhancement of crop productivity in stressed 
soils as well as for the bioremediation of such habitats.

Application of PGPR on different crops has shown a notable success. These 
crops include cereals (Lucas et al. 2009; Qaisrani et al. 2014; Majeed et al. 2015; 
Karnwal 2017), oil crops (Shahid et al. 2012; Tewari and Arora 2014; Sharifi 2017), 
pulses (Khare and Arora 2010; Pérez-Montaño et al. 2013; Kumari et al. 2018), and 
vegetables (Loganathan et al. 2014; Moustaine et al. 2017). Studies indicate that 
PGPR increase seed germination, seedling vigor, seed emergence, root and shoot 
growth, total biomass of the plants, seed weight, flowering, and yields (Van Loon 
et al. 1998; Spaepen et al. 2009; Ahmad et al. 2013; Korir et al. 2017).

Plant productivity is governed by various climatic conditions and increases 
under suitable conditions, but unfortunately various types of negative changes are 
occurring in global climate due to anthropogenic activities. Various adverse effects 
are generated due to climate change which cause degenerative impacts on global 
vegetation including crop productivity. Climate change is also a threat causing 
reduction in soil microbial diversity (Bradford et al. 2008; Ladau et al. 2017). Due 
to climate change, various abiotic stresses have developed which reduce the crop 
production. PGPR can work as suitable agents to combat the impact of abiotic 
stresses caused by climate changes. Hence, PGPR inoculation is emerging as a very 
effective method for enhancing crop production not only for our current food 
requirements but for future needs as well. In this review we have discussed about 
the diversity of rhizospheric bacteria and the plant growth-promoting (PGP) mecha-
nisms along with their important roles in agriculture. Some future potential uses of 
PGPR in enhancing crop productivity and combating global warming are also 
projected.

 PGPR Diversity

The rhizospheric region of plants harbors diverse types of PGPR. Different plants 
can have specific dominant PGPR genera and species. Root microbiome of plants 
depends on various environmental (biotic and abiotic) factors such as root type, 
plant species, plant age, soil type (Campbell 1985), and type of plant species (geno-
types) (Lareen et al. 2016). Exudates secreted by plant roots are the most important 
factors responsible for high microbial diversity in rhizospheric region. On the basis 
of their functions and taxonomical status, PGPR have been categorized in many 
groups. According to Tilak et al. (2005), PGPR strains widely belong to five main 
taxa: Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, and Proteobacteria. 
It is reported that most commonly studied PGPR of these taxa are Azospirillum, 
Azotobacter, Bacillus, Enterobacter, Gluconacetobacter, Paenibacillus, 
Pseudomonas, Rhizobium, and Serratia (Bhattacharyya and Jha 2012; Arora 2015). 
According to Gray and Smith (2005), PGPR are divided into four categories based 
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on their association level with plant root: (i) those living in the root vicinity, (ii) liv-
ing on the root surface (rhizoplane-colonizing bacteria), (iii) residing in root tissue 
(spaces between cortical cells), and (iv) living inside cells of specialized root struc-
tures or nodules. Broadly on the basis of these associations, PGPR can be separated 
into two major groups: (i) extracellular (ePGPR) or rhizospheric and (ii) intracel-
lular or endophytic (iPGPR) (Vessey 2003; Gray and Smith 2005; Martinez-Viveros 
et al. 2010; Santoyo et al. 2016).

ePGPR cause enhancement in plant growth by various mechanisms and are 
known as efficient producers of various secondary metabolites which work as potent 
PGP agents (Gray and Smith 2005). These free-living rhizobacteria, e.g., 
Achromobacter, Acetobacter, Alcaligenes, Arthrobacter, Azospirillum, Azotobacter, 
Azomonas, Bacillus, Beijerinckia, Clostridium, Corynebacterium, Derxia, 
Enterobacter, Herbaspirillum, Klebsiella, Pseudomonas, Rhodospirillum, 
Rhodopseudomonas, Serratia, and Xanthobacter, have great agricultural impor-
tance (Prithiviraj et al. 2003; Bhattacharyya and Jha 2012).

Among all ePGPR, Bacillus and Pseudomonas are more abundant because of 
their outstanding root-colonizing and PGP abilities (Sivasakthi et al. 2014). Bacillus 
is known as very versatile and an important PGPR having many physiological char-
acters to survive in extreme environmental conditions (Shafi et al. 2017). Their abil-
ity to form endospore, multilayered cell wall, stress resistance, and secretion of 
diverse secondary metabolites (peptide antibiotics, peptide signal molecules, extra-
cellular enzymes) are of importance (Gutiérrez-Mañero et al. 2001; Kumar et al. 
2011). Many members of Bacillus and Bacillus-derived genera (BBDG) of phylum 
Firmicutes are associated with different plants and show various PGP attributes 
(Yadav et al. 2017). Among all the reported bacilli, Bacillus and Paenibacillus are 
highly explored members of the PGPR group (Choudhary and Johri 2008) followed 
by Alicyclobacillus, Aneurinibacillus, Virgibacillus, Solibacillus, and Gracilibacillus 
isolated from different crop plants (Yadav et al. 2016). Pseudomonas is also ubiqui-
tous in soil and rhizosphere and one of the dominant PGPR genus with diverse traits 
(Sivasakthi et al. 2014). Fluorescent pseudomonads are considered as most effective 
and metabolically and physiologically diverse group of bacteria showing fast growth 
rate with simple and diverse nutrients (Lugtenberg and Dekkers 1999; Lata et al. 
2002). Fluorescent pseudomonads are known as efficient biocontrol agents because 
of their ability to produce various types of metabolites against phytopathogens 
(Khare and Arora 2011; Mishra et al. 2012; Tewari and Arora 2014; Mishra and 
Arora 2018). The most studied members of this group are P. fluorescens, P. putida, 
P. aeruginosa, P. chlororaphis, P. aureofaciens, and P. syringe (Tewari and Arora 
2016; Dorjey et al. 2017).

Actinomycetes are also known as potential group of PGPRs and mainly reported 
as biocontrol agents against diverse phytopathogens (Merzaeva and Shirokikh 2006; 
Franco-Correa et al. 2010). Actinobacteria are well known for their ability to pro-
duce secondary metabolites and plant growth regulators (Sathya et  al. 2017). 
Besides biocontrol Actinobacteria are also able to mobilize minerals and metals in 
various crops (He et  al. 2010; Sathya et  al. 2016). Streptomyces, Actinomadura, 
Microbispora, Micromonospora, Nocardia, Nonomuraea, Mycobacterium, Frankia, 
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Actinoplanes, Saccharopolyspora, and Verrucosispora are common genera of 
 actinomycetes reported in soil and rhizosphere (Vijayabharathi et al. 2016). Some 
Actinobacteria such as Arthrobacter, Agromyces, Corynebacterium, Mycobacterium, 
Micromonospora, Propionibacteria, and Streptomyces are also reported as nitrogen- 
fixing endophytes (Sellstedt and Richau 2013). Some other important ePGPR are 
from among Cyanobacteria, Proteobacteria, and Firmicutes which include 
Anabaena, Nostoc, Azotobacter, Azospirillum, Beijerinckia, and Clostridium 
(Steenhoudt and Vanderleyden 2000; Duc et al. 2009). These are mainly free-living 
nitrogen fixers present in soil (Zhan and Sun 2012).

iPGPR exist inside plant cells, in specialized nodular structures. Rhizobia and 
Frankia are known as the most explored members of this group (Figueiredo et al. 
2011; Gopalakrishnan et al. 2015). These two groups of bacteria can symbiotically 
fix atmospheric nitrogen with higher plants and are widely studied as symbiotic 
plant growth promoters (Ahemad and Kibret 2014). Rhizobia are a very broad 
group of phenotypically heterogeneous Gram-negative, aerobic, non-sporulating, 
rod-shaped bacteria (Tak et al. 2017; Rao et al. 2018). Rhizobia show various PGP 
activities, but biological nitrogen fixation (BNF) is most important (Dardanelli et al. 
2010; Arora et al. 2017). Rhizobia are known as legume symbionts with 238 species 
and 18 genera, belonging to 3 different classes: α- proteobacteria (Rhizobium, 
Mesorhizobium, Bradyrhizobium, Azorhizobium, Ensifer (formerly Sinorhizobium), 
Methylobacterium, Devosia, Microvirga, Ochrobactrum, Phyllobacterium, Shinella, 
Allorhizobium, Pararhizobium, Aminobacter, Blastobacter, Photorhizobium), ß- 
proteobacteria (Burkholderia and Cupriavidus (formerly Ralstonia)), and 
ϒ-proteobacteria (Pseudomonas) (Berrada and Fikri-Benbrahim 2014; Shamseldin 
et al. 2017). Frankia forms root nodules in 200 species of non-leguminous woody 
plants (24 genera of angiosperms in 8 different families) (Welsh et al. 2009; Franche 
et al. 2011). Nitrogen-fixing cyanobacteria such as Nostoc, Anabaena, Calothrix, 
Aulosira, Tolypothrix, Fischerella, and Chlorogloeopsis also have the ability to col-
onize different tissues of plants including Bryophyta, Pteridophyta, gymnosperms, 
and angiosperms (Bergman et al. 2007; Santi et al. 2013; Mus et al. 2016).

Besides these, some rhizobacteria live inside plant roots with more intimacy and 
are categorized as root endophytes (Schulz and Boyle 2006). Endophytic bacteria 
are an important group of PGPR and now considered as more effective in compari-
son with rhizospheric bacteria (Coutinho et al. 2015; Asaf et al. 2017). Endophytes 
belong to various bacterial phyla (Acidobacteria, Actinobacteria, Ascomycota, 
Bacteroidetes, Basidiomycota, Deinococcus-Thermus, and Firmicutes) (Suman 
et al. 2016). Dominant bacterial genera which are endophytes are Achromobacter, 
Bacillus, Burkholderia, Enterobacter, Herbaspirillum, Micrococcus, 
Microbacterium, Pantoea, Pseudomonas, and Streptomyces (Ryan et  al. 2008; 
Verma et al. 2013; Suman et al. 2016). Some researchers also consider rhizobia as 
endophytes. Diversity of various PGP bacterial endophytes are explored and applied 
for higher crop production (Rosenblueth and Martínez-Romero 2006; Liu et  al. 
2017).
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 Roles of PGPR in Rhizosphere

PGPR perform various beneficial activities to promote plant growth and health 
(Fig. 6.1). These mechanisms can be divided into four major activities: (i) growth- 
enhancing activities, (ii) biocontrol activities, (iii) management of abiotic stresses, 
and (iv) soil renovations by rhizoremediation (García-Fraile et al. 2015).

 Growth-Enhancing Activities

PGPR enhance the plant growth by several mechanisms, and these work as direct 
benefits to the plant (Table 6.1) (Bhattacharyya and Jha 2012; Arora 2015).

Fig. 6.1 Plant growth 
promoting activities of 
PGPR
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 Nutrient Uptake

Nitrogen (N) is among the most vital nutrients essential for plant growth. In the 
atmosphere, nitrogen is present in very large amounts (78%) but remains unavail-
able for the direct uptake by the plant. Diazotrophic microorganisms, particularly 
bacteria and archaea, can fix atmospheric dinitrogen (N2) through the BNF process 
(Dixon and Kahn 2004). Nitrogen-fixing microorganisms change nitrogen to ammo-
nia by using a complex enzyme system known as nitrogenase (Postgate 1998; Leigh 
2002). Nitrogen-fixing bacteria are of two types: symbiotic (rhizobia and Frankia) 
(Ahemad and Khan 2012) and nonsymbiotic (Cyanobacteria, Azospirillum, 
Azotobacter, Gluconacetobacter, Azoarcus) (Bhattacharyya and Jha 2012; Roper 
and Gupta 2016). Among all nitrogen fixers, root nodule-associated rhizobia are 
most studied and exploited. It is reported that in agricultural systems rhizobia are 
annually able to fix 180 × 106 tonnes of nitrogen through BNF process at global 

Table 6.1 Direct mechanisms and PGPR used

Mechanism PGPR Crops References

Nitrogen 
fixation

Symbiotic Rhizobium and 
allied genera

Legumes, e.g., 
Soybeans, Peanut, 
Chickpea etc.

Lucas-Garcia et al. 
(2004), Vargas et al. 
(2010), Laranjo et al. 
(2014), and Abd-Alla 
et al. (2017)

Frankia Higher Agiospermic 
plants (Actinorhizal 
plants), e.g., Alnus, 
Casurina

Crannell et al. (1994), 
Santi et al. (2013), Diagne 
et al. (2013), and Ballhorn 
et al. (2017)

Free- 
living

Cyanobacteria, 
Azotobacter, 
Azospirillum, 
Beijerinckia

Cereals, e.g., Wheat, 
Rice, Maize

Steenhoudt and 
Vanderleyden (2000), 
Cassán et al. (2009), and 
Shariatmadari et al. (2013)

Phosphate 
solubilisation

Pseudomonas, 
Bacillus, Rhizobium

Any crops Mamta et al. (2010), 
Schoebitz et al. (2013), 
and Oteino et al. (2015)

Iron sequestration Alcaligenes, 
Pseudomonas, 
Bacillus

Any crops Gamit and Tank (2014) 
and Aznar and Dellagi 
(2015)

Zinc solubilisation Burkholderia, 
Pseudomonas, 
Bacillus

Any crops Goteti et al. (2013), Vaid 
et al. (2014), and 
Sunithakumari et al. 
(2016)

Potassium 
solubilisation

Bacillus, 
Pseudomonas

Any crops Bagyalakshmi et al. 
(2012), Parmar and 
Sindhu (2013), and 
Prajapati and Modi (2016)

Phytohormone 
production

Bacillus, Rhizobium, 
Pseudomonas

Any crops Khare and Arora (2010), 
Reetha et al. (2014), and 
Pandya and Desai (2014)
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level (Postgate 1998; Sahgal and Johri 2003) which causes efficient increment in the 
productivity and quality of crops (Herridge et al. 2008; Krapp et al. 2011). It is also 
estimated that the cost of total nitrogen fixed by BNF process is equivalent to US $ 
160–180 billion (Rajwar et al. 2013). Due to this (BNF) outstanding property, rhi-
zobia are being used as biofertilizers to enhance crop production in several coun-
tries (Mia and Shamsuddin 2010; Arora et al. 2017). In this regard, Yadegari et al. 
(2010) reported that on inoculation of Rhizobium phaseoli, growth and yield of 
Phaseolus vulgaris are increased due to high nitrogen fixation. Similarly Sarr et al. 
(2015) also worked on the enhanced growth, nitrogen fixation, and increased nodu-
lation of cowpea by application of Bradyrhizobium strains.

Phosphorus (P) is the second major nutrient required for plant growth and devel-
opment and present at levels of 400–1200 mg/kg of soil (Begon et al. 1990; Khan 
et  al. 2007). Most of the soils are deficient in P due to its high fixation rate in 
insoluble forms (Batjes 1997; Kravchenko et al. 2004), and very less amount (1 mg 
or less) of P is in soluble form hence in general is not available for plant uptake 
(Khan et al. 2009). It is reported that only 5% or less of total P present in soil is 
available for plant uptake. PGPR solubilize these insoluble compounds by acidifica-
tion, chelation, exchange reactions, and gluconic acid production which make the P 
uptake process by plants very easy (Rodriguez et al. 2004; Chung et al. 2005; Khan 
et al. 2009; Coutinho et al. 2012; Li et al. 2017). Phosphate-solubilizing bacteria 
(PSB) help in phosphate uptake by the plants due to one or more aforesaid mecha-
nisms. PSB belong to various genera such as Azotobacter, Bacillus, Beijerinckia, 
Burkholderia, Enterobacter, Erwinia, Flavobacterium, Microbacterium, 
Pseudomonas, Rhizobium, and Serratia (Bhattacharyya and Jha 2012). PSB enhance 
the plant growth and yield such as Oteino et  al. (2015) reported that phosphate- 
solubilizing Pseudomonas strain increased the growth of Pisum sativum L. by pro-
ducing gluconic acid. Similarly, Demissie et  al. (2013) and Gusain et  al. (2015) 
reported the enhanced plant growth and phosphate uptake in faba bean and rice, 
respectively. Recently, Li et  al. (2017) also worked on the growth promotion of 
maize plants by inoculation of PSB isolates (Paenibacillus, Pseudomonas, and 
Sphingomonas). Besides P uptake, PSB also enhance the plant growth by stimulat-
ing BNF (Ahmad et al. 2008; Zaidi et al. 2009).

Apart from N and P, PGPR also influence the uptake of other nutrients such as 
potassium (K), zinc (Zn), iron (Fe), and sulfur (S) (Peix et al. 2001; Wu et al. 2005; 
Adesemoye et al. 2008; Lukkani and Reddy 2014). K is also a very important nutri-
ent, essential for the growth and development of plants. However, more than 90% of 
K in the soil exists in insoluble forms (micas, illite, and orthoclases) (Li et al. 2006; 
Bahadur et al. 2016). PGPR such as Pseudomonas, Burkholderia, Acidithiobacillus, 
Bacillus, and Paenibacillus are known to solubilize K for plant uptake mainly by 
excreting organic acids (Rogers et al. 1998; Parmar and Sindhu 2013). Han and Lee 
(2005) reported the increased K uptake, photosynthesis, and yield of eggplant grown 
on K-limited soils by inoculation of K-solubilizing bacteria. According to 
Bagyalakshmi et al. (2012), K-solubilizing bacteria caused high productivity of tea 
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plants by enhancing nutrient uptake efficiency. Shanware et al. (2014) and Etesami 
et al. (2017) reported the detail about the mechanism, occurrence, and functions of 
potassium-solubilizing rhizobacteria.

Zn is an essential micronutrient for plant growth, but according to FAO it is esti-
mated that about 50% of lands are Zn deficient due to fixed forms of Zn compounds 
(FAO 2002; Review 2008). PGPR help plants to mobilize the fixed form of Zn 
compound and its easy uptake (Iqbal et al. 2010; Hussain et al. 2015). Several bacte-
rial genera are now considered as Zn solubilizers which include Bacillus, 
Pseudomonas, Rhizobium, Burkholderia, Acinetobacter, Mycobacterium, 
Stenotrophomonas, Enterobacter, and Xanthomonas (Vaid et al. 2014; Naz et al. 
2016). PGPR solubilize Zn by various mechanisms such as excretion of organic 
acids (2-ketogluconic acid and gluconic acid), protein extrusion, and production of 
chelating agents (Nahas 1996; Seshadre et al. 2002). Goteti et al. (2013) observed 
enhanced nutrient uptake and growth of maize plants when inoculated with 
Zn-solubilizing bacteria. Shakeel et  al. (2015) also recorded that root-associated 
Bacillus sp. enhanced Zn translocation toward grains of rice varieties, basmati-385 
and super basmati, and also increased total yields by 22–49% and 18–47%, respec-
tively. Zinc-solubilizing PGPR have a very important role in agriculture and food 
security (Shaikh and Saraf 2017).

Fe is the fourth most abundant and essential element present in the soil and works 
as an essential nutrient for all forms of life on earth. Iron is spatially distributed in 
soils with 0.2% to 55% (20,000–550,000 mg/kg), but in the aerobic environment, Fe 
occurs in insoluble hydroxides and oxyhydroxide form, which is generally inacces-
sible to both plants and microorganisms (Rajkumar et al. 2010). In low Fe condi-
tions, certain bacteria produce siderophores as low-molecular mass Fe chelators 
(Miethke and Marahiel 2007). Siderophore-producing PGPR help in Fe uptake by 
the plants through formation of a ferric-siderophore complex even at very low con-
centrations (Podile and Kishore 2006; Dimkpa et  al. 2009; Boiteau et  al. 2016). 
Bacterial genera Pseudomonas, Burkholderia, Enterobacter, and Grimontella are 
reported as efficient siderophore producers, while Klebsiella, Stenotrophomonas, 
Rhizobium, Herbaspirillum, and Citrobacter are also known to be siderophore pro-
ducers (De Souza et al. 2015; Arora and Verma 2017). In this context, Sharma et al. 
(2013) reported that iron content of rice grains is increased on treatments with strain 
of P. putida. In another study, Wang et al. (2017) observed the enhanced iron uptake 
by Arabidopsis thaliana plants on inoculation with B. amyloliquefaciens. Detailed 
information about the application of bacterial siderophores is described by Ali and 
Vidhale (2013) and Saha et al. (2016).

S is also an essential nutrient for plant growth and taken up by plants mainly in 
the form of sulfate and sulfur dioxide (Marschner 2012). A major part of S (95%) is 
unavailable (bound with organic complex) for plant uptake, and only 5% is avail-
able (Kertesz and Mirleau 2004). Sulfur-oxidizing PGPR can be used to convert 
unavailable S into available form for direct uptake by the plants (Gahan and 
Schmalenberger 2014). Currently PGPR have gained much attention in agriculture 
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to fulfil the sulfur requirements of plants (Salimpour et al. 2010; Anandham et al. 
2014). Grayston and Germida (1991) reported that sulfur-oxidizing PGP isolates 
stimulate canola growth by enhancing mineral nutrient uptake. Awad et al. (2011) 
reported that onion growth, yield, and nutrient content were increased on inocula-
tion with sulfur-oxidizing bacteria. Similar work was also done by Eslamyan et al. 
(2013) who reported that on inoculation with P. fluorescens, growth of rapeseed 
cultivars is increased due to high S uptake.

 Phytohormone Production

Phytohormones act as chemical messengers and enhance plant growth by affecting 
all the major activities such as formation and development of various parts of plants 
mainly leaves and flowers and ripening of fruits (Khalid et al. 2006). There are sev-
eral PGPR which show phytohormone production ability and influence the physio-
logical processes of plants to facilitate their growth by regulating hormonal balance 
(Patten and Glick 2002; Asghar et al. 2004; Boiero et al. 2007; Maheshwari et al. 
2015). PGPR can control the production of hormones such as indole acetic acid 
(IAA), abscisic acid (ABA), cytokinins, gibberellins, and ethylene (Kudoyarova 
et  al. 2015). Among all, IAA is reported as quantitatively most abundant and 
secreted by several bacterial genera including Azospirillum, Bacillus, Pseudomonas, 
and Rhizobium (Arora 2013; Islam et al. 2015). It is reported that more than 80% of 
the rhizospheric bacterial strains are able to produce auxins (Khalid et  al. 2004; 
Hayat et al. 2010). The biosynthesis of IAA depends on various environmental fac-
tors such as pH, carbon, and precursor concentration (Spaepen et al. 2009). IAA 
plays a very important role in rhizobacteria-plant interactions (Spaepen and 
Vanderleyden 2011) and promotes the plant growth mainly by stimulating the devel-
opment of root system (Khare and Arora 2010; Tewari and Arora 2013). Mohite 
(2013) reported the enhanced growth of wheat plant due to inoculation of IAA- 
producing strains of Bacillus and Lactobacillus. Etesami et al. (2015) observed the 
enhanced growth of rice crop on inoculation with IAA producing rhizospheric and 
endophytic bacteria. Recently Pérez-Fernández and Alexander (2017) also reported 
that IAA-producing strains significantly enhanced the plant biomass, flower, pod, 
and seed production along with nitrogen content in Cicer arietinum. Vidhyasekaran 
(2015) reported that auxin also controls various plant defense-signaling pathways 
by affecting other plant hormone activities, e.g., cytokinin, abscisic acid, ethylene, 
jasmonate, and salicylic acid.

PGPR are also known to produce cytokinins which have major role in root initia-
tion, cell division, cell enlargement and increase the root surface area of plants by 
enhanced formation of adventitious roots (Werner et al. 2003; Salamone et al. 2005). 
Cytokinins mainly affect the leaf growth by delaying the senescence or aging of 
plant tissues (Kundan et  al. 2015). Some bacterial genera, e.g., Azotobacter, 
Rhizobium, Pantoea, Rhodospirillum, Pseudomonas, Bacillus, and Paenibacillus, 
are reported to produce cytokinins (Salamone et al. 2001; Glick 2012). In a study 
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Ortíz-Castro et al. (2009) reported that cytokinin-producing Bacillus megaterium 
promote biomass production of Arabidopsis thaliana plant. Hussain and Hasnain 
(2009) reported enhanced growth in cucumber on inoculation with 
 cytokinin- producing bacterial extract. Selvakumar et  al. (2016) reported that 
cytokinin- producing osmotolerant strains (Citricoccus zhacaiensis and B. amyloliq-
uefaciens) enhance the growth of tomato under irrigation-deficit conditions.

Gibberellins (GA) are a class of phytohormones that commonly result in modifi-
cations of plant morphology by extension of plant tissues, particularly stem tissues 
(Salisbury 1994). In bacteria, they act as signaling factors toward the host plant 
(Bottini et al. 2004). GA production by PGPR induces growth promotion in plants 
(Piccoli et  al. 1997; Gutiérrez-Mañero et  al. 2001; Kang et  al. 2014). It is also 
reported that GA interact with other phytohormones which modify the plant hor-
monal balance and affect plant growth (Bömke and Tudzynski 2009). Bottini et al. 
(2004) stated that gibberellin-producing bacteria have potential to enhance the 
growth and yields of crops. Kang et al. (2014) reported that gibberellin-producing 
PGP strain Leifsonia soli (SE134) has efficient potential to enhance the biomass, 
hypocotyl, and root lengths of cucumber seeds in comparison with control.

Ethylene is a gaseous phytohormone that controls the plant growth and develop-
ment (Abeles et al. 1992; Khalid et al. 2006). It is also important to induce different 
physiological changes in plants by performing various activities such as inhibition 
of root elongation and auxin transport which promotes senescence and abscission of 
various organs and fruit ripening (Glick et al. 2007; Cassán et al. 2014). Besides 
regulating plant growth, ethylene has also been recognized as a stress hormone 
(Saleem et  al. 2007). Ethylene production also regulates other important plant 
growth functions such as seed germination, seedling establishment, development of 
root hair, formation of adventitious roots, nodulation, flower and leaf senescence, 
and leaf and fruit abscission (Kucera et al. 2005; Bakshi et al. 2015). Corbineau 
et al. (2014) reported that ethylene production breaks seed dormancy and regulates 
seed germination. Ribaudo et  al. (2006) reported that ethylene produced by 
Azospirillum brasilense promotes root hair development in tomato plants.

 Production of Volatile Organic Compounds (VOCs)

It has recently been reported that some rhizobacteria promote plant growth by 
releasing VOCs (Ping and Boland 2004; Ortíz-Castro et al. 2009; Tahir et al. 2017). 
These compounds are of diverse types and very helpful for PGPR to communicate 
with each other and their host plants (Peñuelas et al. 2014). VOCs include various 
compounds such as 2, 3-butanediol, acetoin, terpenes, and jasmonates. The synthe-
sis of bioactive VOCs is considered to be a strain-specific phenomenon. These 
VOCs can act as signaling molecules in plant-microbe interactions and elicit the 
plant responses mainly when generated at sufficient concentrations (Ryu et al. 2003; 
Reddy et al. 2014). Gutierrez-Luna et al. (2010) observed that VOC emission by 
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PGPR can modulate both plant growth promotion and root system architecture of A. 
thaliana plant. Similarly Tahir et al. (2017) reported that volatile compounds pro-
duced by Bacillus subtilis play a very significant role in growth promotion of tomato 
plants by regulating biosynthesis of phytohormones.

 Biocontrol Activities

Several phytopathogens cause severe diseases in crops and reduce crop yields. 
Contamination of food grains with phytopathogens is also considered to diminish 
quality of food and responsible for high economic losses (Guo et  al. 2013). 
Biocontrol of phytopathogens by using natural organisms is an effective method to 
treat plant diseases in an eco-friendly manner without causing harm to the environ-
ment (Compant et al. 2005; Fatima et al. 2009). Hence application of biocontrol 
appears as a more beneficial and profitable approach in comparison with synthetic 
chemicals. Biocontrol PGPR are reported to control plant diseases caused by vari-
ous types of pathogens and pests such as bacteria, fungi, protozoa, viruses, nema-
todes, and insects (de Bruijn et al. 2007; Raaijmakers et al. 2010).

Biological control of phytopathogens by PGPR is boon to modern as well as 
conventional agriculture. Currently various strains of PGPR in genera Agrobacterium, 
Arthrobacter, Azoarcus, Azotobacter, Azospirillum, Bacillus, Burkholderia, 
Caulobacter, Chromobacterium, Enterobacter, Erwinia, Flavobacterium, 
Klebsiella, Micrococcus, Rhizobium, Pantoea, Pseudomonas, and Serratia are 
being used to control the diseases of agriculturally important crops (Ahemad and 
Kibret 2014; Figueroa-López et al. 2016). Pseudomonas and Bacillus are very pref-
erential among them because they are aggressive colonizers of the rhizosphere and 
have broad-spectrum antagonistic activities (Weller et al. 2002; Ahmad et al. 2008; 
Khare and Arora 2011; García-Gutiérrez et al. 2013; Arora and Mishra 2016; Mishra 
and Arora 2018). PGPR show various biocontrol activities against phytopathogens 
such as competition for nutrients, antagonism by production of various metabolites 
(antibiotics, hydrolytic enzymes, cyanide, siderophores), and induction of systemic 
resistance (Table  6.2) (Siddiqui 2006; Lugtenberg and Kamilova 2009; 
Ramyasmruthi et al. 2012; Mishra et al. 2017b). These aforesaid mechanisms are 
not only very efficient to control phytopathogens, but they also act in synergistic 
manner to resist the plants against pathogens (Jha et al. 2011).

 Competition

PGPR control the growth of pathogens by creating competitive environments for 
nutrient uptake by them and cause the reduction in nutrient availability around the 
host plant. This competition between pathogens and non-pathogens is responsible 
to control the phytopathogen population (Pal and Gardener 2006). Rabosto et al. 
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(2006) studied that Bacillus sp. showed antagonistic activity against Botrytis cine-
rea creating competition for nutrients. Similarly, Haidar et al. (2016) reported the 
biocontrol activity of antagonistic bacteria by creating competitive environments 
for fungal pathogens. Siderophore production is very important for this type of 
interaction in which siderophore-producing bacteria suppress the growth of patho-
gens by creating iron-limiting conditions in soil (Arora et al. 2001; Sayyed et al. 
2008; Verma et al. 2011). Siderophores work as antagonistic metabolites for biocon-
trol of phytopathogens which helps bacteria to rapidly colonize around the plant 
root (Keel et al. 1989; Loper and Buyer 1991; Haas and Défago 2005). According 
to Hofte et al. (1992), siderophore (salicylic acid, pyochelin, and pyoverdine) pro-
duction causes disease suppression by limiting the supply of essential trace minerals 
for pathogens in rhizosphere. Yu et  al. (2011) reported that the siderophore- 
producing bacterium, Bacillus subtilis CAS15, has a biocontrol effect on Fusarium 
wilt and promotes the growth of pepper plant. Recently Kotasthane et al. (2017) also 
reported that siderophore-producing Pseudomonas strain controls the collar rot dis-
ease of chickpea plant.

 Production of Metabolites

Production of metabolites is one of the potent and broad-spectrum mechanisms of 
biocontrol (Mishra and Arora 2018). Besides siderophore, PGPR also produce many 
other antagonistic compounds against pathogens such as (i) volatile compounds, 

Table 6.2 Indirect mechanisms and PGPR used

Mechanisms PGPR Crops References

Competition Enterobacter, 
Pseudomonas, 
Bacillus

Any crops, e.g., 
Wheat, Rice, 
Tomato

Raaijmakers and Weller (2001), 
Kageyama and Nelson (2003), 
and Liu et al. (2013)

Enzyme 
production

Bacillus, 
Pseudomonas, 
Serratia

Any crops, e.g., 
Cucumber, Grape, 
Peanut

Singh et al. (1999), Kishore 
et al. (2005), Arora et al. (2008), 
and Kejela et al. (2016)

Antibiotic 
production

Pseudomonas, 
Bacillus, 
Agrobcaterium, 
Pantoea

Any crops, e.g., 
Tobacco, Cotton, 
Cabbage, Mung 
bean

Hill et al. (1994), Mishra and 
Arora (2012), and Dhanya and 
Adeline (2014)

HCN 
production

Pseudomonas, 
Bacillus, Burkholderia

Any crops e. g. 
Wheat, Barley

Reetha et al. (2014), and Nandi 
et al. (2015)

Siderophore 
production

Rhizobium, 
Pseudomonas, 
Bacillus

Any crops, e.g., 
Groundnut, 
Chickpea, Capsicum

Arora et al. (2001), Omidvari 
et al. (2010), Mishra and Arora 
(2011), and Rais et al. (2017)

ISR and SAR Pseudomonas, 
Serratia, Bacillus, 
Rhizobium

Any crops, e.g., 
Cucumber, Tobacco 
Bean, Tomato

Press et al. (1997), Reitz et al. 
(2002), Meziane et al. (2005), 
Pal and Gardener (2006), and 
Tahir et al. (2017)
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e.g., hydrogen cyanide, aldehydes, alcohols, ketones, and sulfides, and (ii) nonvola-
tile compounds, e.g., polyketides (diacetylphloroglucinol (DAPG) and mupirocin) 
and heterocyclic nitrogenous compounds such as derivatives of phenazines (pyocya-
nin, phenazine-1-carboxylic acid (PCA), phenazine-1-carboxamide (PCN), and 
hydroxy phenazines) (De Souza et  al. 2003). Meyer et  al. (2016) reported that 
DAPG-producing P. fluorescens is used for biocontrol of Meloidogyne incognita 
and Fusarium oxysporum. In this context, recently Mishra and Arora (2018) and 
Shahid et al. (2018) reported the detail information about the secondary metabolites 
produced by pseudomonads for effective biocontrol activities. Exopolysaccharide 
(EPS) production has also very promising role in growth enhancement of plants by 
performing biocontrol activities. EPS control plant diseases by protecting their root 
against phytopathogenic attacks (Noumavo et al. 2016). In this regard, Tewari and 
Arora (2014) reported that EPS-producing Pseudomonas strain enhances the yield 
of sunflower crop by protecting it from the attack of a pathogen, Macrophomina 
phaseolina.  Recently, Tewari and Arora (2018) reported role of salicylic acid 
(SA) produced by fluorescent pseudomonads in biocontrol of fungal phytopatho-
gens. Khare et al. (2018) suggested the role of biologically active peptides known as 
peptaibols, in inhibition of phytopathogen, Fusarium oxysporum.

Several biocontrol PGPR show antagonistic activity against phytopathogens by 
causing lysis of their cell wall which is performed by secreting various hydrolytic 
enzymes such as chitinases, glucanases, proteases, and lipases (Maksimov et  al. 
2011; Jadhav and Sayyed 2016). These enzymes are extracellular and hydrolytic 
and cause the digestion or deformation of cell wall components of fungi (Aeron 
et al. 2011). Hydrolytic enzymes producing bacteria are also used in combination 
with other biocontrol agents, leading to a synergistic inhibitory effect against phy-
topathogens (Someya et al. 2007). Arora et al. (2007) and Saraf et al. (2014) reported 
chitinase and glucanase production by Bacillus and Pseudomonas sp. as growth 
suppressor of filamentous fungi both in laboratory and field conditions. Figueroa- 
López et al. (2016) also observed the antagonistic activity of rhizospheric bacteria 
against Fusarium verticillioides by producing various hydrolytic enzymes (gluca-
nases, proteases, or chitinases) for disease control in maize plant.

 Induced Systemic Resistance (ISR) and Systemic Acquired 
Resistance (SAR)

ISR and SAR activate chemical and physical defense mechanisms of the host plant 
by an inducer (chemical or microorganism) (Pieterse et al. 2014). However, induc-
tion of host defenses can be local and/or systemic in nature, depending on the type, 
source, and number of stimuli or signaling compounds (Van Loon 2007). ISR is 
triggered by PGPR and starts in the root and then spreads to the other plant parts 
(Ramos-Solano et  al. 2008). Various chemical elicitors are produced by PGPR 
strains such as lipopolysaccharides (LPS), siderophores, cyclic lipopeptides, DAPG, 
homoserine lactones, and volatiles (acetoin and 2, 3-butanediol) (Lugtenberg and 
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Kamilova 2009; Pieterse et al. 2014). ISR is mainly elicited by ethylene and jas-
monic acid signaling in the plant (Van Loon 2007). Several PGPR strains among 
Pseudomonas, Bacillus, Serratia, and Azospirillum have been reported as ISR 
inducers (Bakker et al. 2013). Zhang et al. (2002) observed the role of SA in ISR 
elicited by PGPR against blue mold of tobacco. Boukerma et al. (2017) evaluated 
that P. fluorescens (PF15) and P. putida (PP27) have potency to protect tomato 
plants against Fusarium wilt by ISR.  In contrast, SAR is typically activated by 
necrotic pathogenic bacteria and the molecule that typically leads to the expression 
of pathogenesis-related (PR) proteins such as SA.  These PR proteins include 
enzymes some of which may act directly to lyse invading cells, reinforce cell wall 
boundaries to resist infections, or induce localized cell death (Beneduzi et al. 2012).

 Abiotic Stress Management

Abiotic stresses are the major constraints that are affecting the soil quality as well as 
productivity of the crops (Grayson 2013). According to the Food and Agriculture 
Organization (FAO), it is estimated that due to abiotic stresses, 30% land will 
degrade in the next 25 years and it will reach up to 50% by the year 2050 (Wang 
et al. 2003). PGPR can support plants to resist against various types of stresses to 
ameliorate their effect (Lugtenberg and Kamilova 2009; Egamberdieva 2012). 
Stress-tolerant PGP inoculants work as cost-effective tools to improve production of 
crops in a hostile environment (Nadeem et al. 2010; Tewari and Arora 2015). PGPR 
can induce abiotic stress tolerance in plants by imposing physical and chemical 
changes which is known as “induced systemic tolerance” (IST) (Yang et al. 2009). 
PGPR like Achromobacter, Azotobacter, Azospirillum, Acetobacter, Bacillus, 
Chryseobacterium, Flavobacterium, Enterococcus, Klebsiella, Pseudomonas, 
Rhizobium, Serratia, and Paenibacillus are being used for ameliorating various 
stresses in diverse habitats (Rabie and Almadini 2005; Egamberdieva 2012). Arora 
et al. (2012) recommend that the use of such bioproducts is helpful to combat the 
soil stress with high crop production. It is reported by various workers that applica-
tion of PGPR in stressed soils reduces their harmful effects by regulating the pro-
duction of various metabolites such as phytohormones, antioxidants, enzymes, and 
EPS (Raghavendra et al. 2010; Kong et al. 2014; Arora and Mishra 2016).

Salinity stress is a major issue, affecting more than 900 million hectares (ha) land 
around the globe (Khan and Panda 2008). Salinity causes alkalization of soil; hence 
soil nutrients become unavailable for plant leading to nutrient stress (Maheshwari 
et al. 2012a). Application of PGPR in saline soil can be helpful for reducing the 
impact of salinity along with plant growth promotion (Ilangumaran and Smith 2017). 
EPS production is known to be a potential trait for salinity stress amelioration. EPS 
production by rhizobacteria is helpful for effective survival of plant under salinity 
stress in rhizospheric soil by inducing osmotolerance activity (Grover et al. 2010; 
Upadhyay et al. 2011). EPS production by salt-tolerant PGPR causes high accumu-
lation of soil particles around plant roots with high water retention activity along 
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with nutrients and facilitates the plant growth in saline soil (Roberson and Firestone 
1992; Paul and Lade 2014). Due to this activity, physiological properties of soils and 
metabolic properties of crops increase, leading to higher crop  productivity with 
improved quality. In this regard, Qurashi and Sabri (2012) reported that salt-tolerant 
PGP strains have the ability to enhance plant growth by secreting large amount of 
EPS under high salinity. Tewari and Arora (2016) also reported the enhanced yield 
of sunflower under salinity stress on inoculation with EPS-producing Pseudomonas 
sp. An enzyme, 1-aminocyclopropane-1-carboxylate (ACC) deaminase produced by 
PGPR, plays an important role in stress management by acting as regulator for phy-
tohormone ethylene (Glick 2014; Saikia et  al. 2018). It cleaves ACC (immediate 
precursor of ethylene) in the biosynthetic pathway for ethylene in plants (Glick et al. 
1998). In this context Saleem et al. (2007) and Glick (2014) reported that ACC pro-
ducing PGPR can contribute to growth promotion efficiently in stressful soil condi-
tions when inoculated on plants. In another study Habib et al. (2016) worked on 
ACC deaminase producing PGPR and their effect on reduction of salinity stress in 
okra plant through reactive oxygen species (ROS)-scavenging enzyme activity.

Temperature is an important abiotic factor for plant growth, but exposure at very 
high or very low temperatures is harmful. Cold-tolerant and heat-tolerant PGPR are 
recently being used to ameliorate the adverse effects of temperature on plants 
(Hoflich and Kuhn 1996; Meena et al. 2015). Ali et al. (2011) reported the effect of 
thermotolerant PGPR inoculation on the growth of wheat under heat stress. 
According to Mishra et  al. (2012), cold-tolerant bioinoculants are also useful in 
stress management. Drought is also reported as a major stress for crop production 
(Glick 2004). Drought stress can be ameliorated by using various drought-tolerant 
PGPR including Azotobacter, Azospirillum, Bacillus, Rhizobium, and Serratia 
(Vurukonda et al. 2016). Sandhya et al. (2009) used the EPS-producing PGPR to 
promote the growth of sunflower crop under drought stress. Kaushal and Wani 
(2016) recommended the use of PGPR to combat the drought stress problems in 
drylands. Flooding is also one of the major abiotic stresses that works as a limiting 
factor for crop growth (Normile 2008). It is reported that on an average flooding 
affects 140 million people per year around the globe (WDR 2003). Chakraborty 
et al. (2013) reported the water stress amelioration and high yield of wheat crop by 
using osmotic stress-tolerant bacteria. Similarly, Tewari and Arora (2016) reviewed 
the effect of flooding stress on soybean production and their amelioration by using 
PGPR. According to Tewari and Arora (2013), application of microbes to amelio-
rate soil abiotic stresses is easier and beneficial in comparison with developing 
stress-tolerant crops. PGPR are now being used as efficient and inexpensive tools to 
ameliorate the soil stresses (Batool et al. 2014; Gontia-Mishra et al. 2016).

 Soil Renovation

Presently it is estimated that a large portion of the land around the globe is wasted 
due to soil erosion and degradation problems. According to Riadh et al. (2010), out 
of the world’s 5.2 billion ha of dryland agriculture, 3.6 billion ha is affected by the 
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problems of erosion and soil degradation. Soil properties and fertility depend on the 
combination of various biotic and abiotic factors. Richness and diversity of micro-
bial communities in soil and their activity work as a major indicator of soil health 
(fertility) (Griffiths and Philippot 2012; De Souza et  al. 2015). In low-quality 
pollutant- contaminated soil, microbial load and nutrients are very less, and PGPR 
inoculation improves physicochemical as well as biological properties (Sahoo et al. 
2013; Bhardwaj et al. 2014). Several methods have been developed for pollutant 
removal, but microbes have emerged as successful solution for bioremediation due 
to their high sensitivity, tolerance, and the sequestration ability (Burd et al. 2000; 
Amora-Lazcano et al. 2010). The role of PGPR in pollutant degradation is very use-
ful for plants to grow as natural vegetation at a contaminated site (Pérez-Montaño 
et al. 2014). It is reported that use of PGPR can be extensively applied for crop 
improvement along with contaminant removal in deteriorating soils (Huang et al. 
2005; Yang et al. 2009). Several researchers reported that on application of PGPR, 
high crop production and metal removal takes place simultaneously in polluted 
environment (Zhuang et  al. 2007; Romeh and Hendawi 2014; Khan and Bano 
2016). This bioremediation technology (rhizoremediation) is now being used for the 
removal of pollutants such as pesticides, polyaromatic hydrocarbons, heavy metals, 
and other toxic wastes (Bhalerao 2012; Hansda et  al. 2014; Bisht et  al. 2015). 
Efficiency of rhizoremediation process is controlled by various factors such as pol-
lutant type and their bioavailability, plant variety and diversity and activity of 
microbes, and environmental conditions (Wenzel 2009). In this regard, Okon et al. 
(2014) worked on the bioremediation of palm oil mill effluent polluted soil and their 
effect on the growth of Amaranthus hybridus L. They reported that the crop growth 
in polluted soil can be upgraded by using bioproducts. It is also studied that PGPR 
are used for rhizoremediation of petroleum compounds in soil along with the growth 
of various plants such as cotton, ryegrass, tall fescue, and alfalfa (Tang et al. 2010).

Heavy metals are present in soils as contaminants (Gadd 2010) with concentra-
tion ranging from 1 to 100,000 mg/kg in typical soil (Long et al. 2002). Metal con-
tamination from soil can be removed mainly by geo-active action of soil microbes 
(Mishra et al. 2017a). Metal-mobilizing PGPR remediate heavy metals from soil 
and perform multiple functions, e.g., soil quality improvement, plant growth 
enhancement, detoxification, and metal removal from soil (Hassan et  al. 2016; 
Mishra et al. 2017a). PGPR enhance rhizoremediation of metals through various 
mechanisms such as acidification, chelation, complexation, precipitation, and redox 
reactions by producing various metabolites, e.g., organic acids, siderophores, exo-
polymers, and biosurfactants (Ma et al. 2011; Ma et al. 2016). According to Pires 
et al. (2017) Bacillus, Pseudomonas, and Arthrobacter are considered as predomi-
nant genera of the bacterial population in metal-contaminated sites. Abou-Shanab 
et  al. (2006) reported that application of certain rhizobacteria can increase the 
uptake of nickel (Ni) from soils by changing its phase. Wani and Khan (2010) 
worked on chromium (Cr) toxicity and reported its reduced uptake in roots, shoots, 
and grains of Cicer plant on application of Bacillus strain. In the same year, Dary 
et al. (2010) worked on the application of PGPR for remediation of copper (Cu), 
cadmium (Cd), and lead (Pb) with increased biomass of Lupinus plant. Pinter et al. 
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(2017) observed that on the application of arsenic (As)-tolerant PGPR (B. 
 licheniformis, Micrococcus luteus, and P. fluorescens), grapevine biomass is 
increased. Zn-tolerant rhizobia from Zn mining soil is reported as growth promoter 
of Leucaena leucocephala in contaminated soil (Rangel et al. 2017). Cu-resistant 
Kocuria sp. is also reported as potential PGPR isolated from the dry tailing of cop-
per mine (Hansda et al. 2017). Ma et al. (2015) studied that PGP strains of Bacillus 
sp. are able to mobilize high amount of metals. Rhizoremediation, thus, can be a 
very important and low input biotechnology of the future for cleaning contaminated 
soils off pollutants and simultaneously enhancing their productivity.

 Diverse Applications of PGPR

PGPR are essential components of soil and for crop management. PGPR play sig-
nificant role in solving the problems related to soil stress, soil fertility, soil degrada-
tion, and plant growth (Glick 2010). Generally PGPR have been used as biofertilizers 
or biopesticides (Vessey 2003; Zahir et al. 2004; Arora et al. 2016a; Vandenberghe 
et al. 2017), but in the future these useful microbes can be used to play various other 
roles in sustaining the agroecosystems.

 Biofertilizers

Biofertilizers are playing crucial role in enhancing crop productivity and quality in 
present-day agriculture (Mahanty et  al. 2016). Currently biofertilizers are also 
termed as biostimulants. Biostimulants are considered as any substance (of biologi-
cal origin) or microorganism or their combinations applied to plants, seeds, or soil 
to enhance nutrient uptake efficiency, stress tolerance activation, and crop quality 
improvement (du Jardin 2015). Biofertilizers/biostimulants are formulated products 
of one or more microorganisms which promote plant growth by colonizing the rhi-
zosphere or inner parts of plants (Vessey 2003; Malusá and Vassilev 2014). 
Biofertilizers work as important components of integrated nutrient management in 
soil and nourish the plant by playing a very active role in nutrient cycling between 
soil, plant roots, and microorganisms (Abdel Ghany et al. 2013; Vejan et al. 2016).

Globally biofertilizers have been commercially used in agriculture since more 
than 120 years when “Nitragin” was launched (Nobbe and Hiltner 1896). Rhizobia- 
based bioinoculants are commercially available since more than 100  years now 
(Bashan 1998; Arora et al. 2017). According to BCC research (2014), it is estimated 
that total fertilizer market has 5% share of biofertilizers and more than 150 microbe- 
based products are registered for agricultural purposes. Currently various types of 
biofertilizers are used in agriculture: nitrogen fixers, phosphate solubilizers, potash 
solubilizers, and others (Zn, boron, S solubilizers). Among all the biofertilizers, 
nitrogen fixers (Rhizobium, Azospirillum, Azotobacter, Azoarcus, and  cyanobacteria) 
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and phosphate solubilizers (B. megaterium, Pseudomonas sp.) have wide  commercial 
applications at global level (Mishra and Das 2014) (Fig. 6.2). Zn-, K-, and S-based 
biofertilizers are also emerging as important bioinoculants to overcome their defi-
ciency in plants (Khatibi 2011; Shaikh and Saraf 2017). It is reported that biofertil-
izers increase the crop yield by  up to 10–40% by improving uptake of various 
nutrients such as proteins, amino acids, vitamins, nitrogen, etc. (Bhardwaj et  al. 
2014). Nitrogenous biofertilizers can increases up to 15–25% of total crop yield by 
adding 20–200 kg N/ha/year, while PSB-based biofertilizers can increase 10–20% 
crop yield by solubilizing about 30–50 kg phosphate/ha/year (AgriInfo.in 2015). 
Although various types of biofertilizers are commercially available in the global 
market, rhizobia-based inoculants have the largest market share estimated at approx-
imately 78%, while phosphate solubilizers and other bioinoculants have 15% and 
7% shares respectively (Owen et al. 2015; Transparency Market Research 2017). It 
is reported that various other nitrogen-fixing products are also used at large scale 
which are based on Azospirillum, Azotobacter, and Gluconacetobacter species 
(Parnell et al. 2016). Phytohormone-producing biofertilizers are also globally used 
for sustainable agriculture mainly as growth regulators of plants (Narula et al. 2006; 
Maheshwari et al. 2015). According to Nadeem et al. (2014), biofertilizers for high 
nutrient uptake have wide applicability in global market, but growth regulator-based 
biofertilizers need more concern for their commercialization. Currently, the require-
ment and growth of fertilizers, mainly biofertilizer market in all regions of the world 
(Fig. 6.3), are increasing to fulfil the food requirements at global level. It is reported 
that the biofertilizer market was valued at USD 946.6 million in 2015 (marketsand-
markets.com 2016). This market is projected to grow at a cumulative annual growth 
rate (CAGR) of 14.08% from 2016 to 2022 to reach USD 2305.5 million (market-
sandmarkets.com 2016).

Nitrogen fixers Phosphate solubilizers
Potash mobilizers Others (Zinc,Boron, Sulfur solubilizers)

Fig. 6.2 Market shares of 
various types of 
biofertilizers at global 
level. (Research Nester 
2018)
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 Biopesticides

Various plant diseases are responsible for the loss of approximately one-third of the 
crop yields at global level (Lugtenberg et  al. 2002). According to Lugtenberg 
(2015), approximately 25% of the crop yield is lost every year due to diseases 
caused by phytopathogens around the globe. To overcome this problem, PGPR with 
biocontrol traits are used as biopesticides. Biopesticides are also attracting attention 
to manage several pests and weeds (Kumar and Singh 2015). The global market for 
pesticides has 2.5% contribution of biopesticides (marketsandmarkets 2014). 
Biopesticides are of various types including living organisms, their products (phy-
tochemicals, microbial products), and byproducts (semiochemicals) (Dutta 2015). 
Microbial biopesticides contribute in global biopesticide market with 30% share 
(Thakore 2006; Cawoy et  al. 2011). Although first commercial biopesticide 
“Sporeine” based on Bacillus thuringiensis (Bt) was used in France in 1938, effec-
tive development and commercialization of microbial biopesticides was started by 
the development and registration of “Thuricide,” as first registered commercial 
product of B. thuringiensis in 1961. Biopesticides are target-specific, eco-friendly, 
and effective solutions for the eradication of phytopathogenic diseases (Gupta and 
Dikshit 2010; Kumar and Singh 2015). Biopesticides are used to protect various 
crops (cereals, legumes, fruits, flowers, and ornamentals) from phytopathogenic 
diseases. Presently biopesticides are gaining much attention and used as better alter-
natives of chemicals all over the world (Mishra et al. 2015).

North America

Europe Asia Pacific

Latin America

Rest of the World (ROW)

Fig. 6.3 Market share of 
biofertilizers in various 
regions of world. (BCC 
Research 2014)
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In the global market, bacterial biopesticides have higher share in comparison 
with other microbe-based products (Fig. 6.4). Most of the bacterial strains exploited 
as biopesticides belong to the genera Bacillus and Pseudomonas (Fravel 2005). 
Among various biopesticides, Bacillus-based products are considered as very popu-
lar and have been widely used (Schallmey et al. 2004). The most successful bacte-
rial biopesticides are B. thuringiensis (Bt) based which represent about 95% of total 
market of biocontrol products (Bravo et al. 2011). Bt is specifically used for insect 
pest control (Sanchis and Bourguet 2008). Other species of Bacillus used as biopes-
ticides are B. subtilis, B. licheniformis, and B. pumilus (Ongena and Jacques 2008).

Pseudomonas is also used as efficient and popular biopesticide (Ganeshan and 
Kumar 2006). Among all Pseudomonas sp., fluorescent pseudomonads are reported 
as important biopesticides in crop protection (Wilson et  al. 1992; Fravel 2005). 
Besides Bacillus and Pseudomonas, some other bacterial genera being used as 
biopesticides are Agrobacterium, Azospirillum, Burkholderia, and Streptomyces, 
which are commercially available in the market (Nakkeeran et al. 2005). Currently 
biopesticides are being used all over the world, and their market share by geographi-
cal region is shown in Fig. 6.5. According to global market report of BCC research, 
the total sale of biopesticide was $1.2 billion in 2008 and $1.6 billion in 2009 (BCC 
Research 2010). According to PR Newswire (2017), the global biopesticide market 
reached $3.7 billion in 2015 and nearly $4.0 billion in 2016. The market is projected 
to gain at a CAGR of 14.1% from 2016 to 2021 and should reach $7.7 billion by 
2021 (PR Newswire 2017).

Bacterial
Fungal

Viral
Others (nematodes)

Fig. 6.4 Market share of 
various types of 
biopesticides. (CPL 
Business Consultants 
2010)
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 Future Roles of PGPR

To fulfil the food requirements of the growing world population, there is a need of a 
suitable, economic, and beneficial approach which should not have side effects on 
the environment. For the safe and sustainable agricultural future, there is a need to 
produce sufficient amount of food crops with three main parameters: disease resis-
tance, stress tolerance, and high nutrient content (Arora et al. 2016a). PGPR appli-
cation can be an effective method for approaching this goal. PGPR impart a very big 
role in increasing crop productivity by various beneficial processes, e.g., biofertil-
ization, biocontrol, bioremediation, and biofortification, which are important to 
achieve agricultural sustainability for a better future (Rana et al. 2015; Shaikh and 
Saraf 2017). Although PGPR are being used for crop production, their contribution 
either as biofertilizers or biopesticides is very less at global level, hence by applying 
various advanced techniques such as genomics, proteomics, metabolomics, and 
nanotechnology, we can improve upon bioinoculant technology for better and reli-
able products (Vejan et al. 2016; Gouda et al. 2018). Various issues related with 
plant-microbe interactions require more concern for better future approaches such 
as advanced culture techniques for microbes (independent culture techniques), 
diversity analysis of microbes, study of mechanism and genetic constructions of 
plants and microbes, and the interaction of PGPR with plants at metabolic and 
molecular levels. Some advanced inoculation methods can also be used for improv-
ing crop productivity, and in this regard Arora and Mishra (2016) suggested the 
application of secondary metabolite-based formulations for high crop productivity. 
Similarly, Timmusk et al. (2017) suggested that implementation of metabolomics of 

North America

Europe Asia Pacific

Latin America

ROW

Fig. 6.5 Market share of 
biopesticides in various 
regions of world. (BCC 
Research 2014)
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microbiomes has potent capability to advance the quality and applications of bioin-
oculants in agriculture. Recently, Mitter et al. (2017) reported a new technique to 
inoculate bioinoculants in plants: inoculating flowers to develop progeny seeds 
which modify plant microbiomes and characters as per requirements. It is also sug-
gested that the integrated use of PGPR with other organic farming techniques 
(Maheshwari et  al. 2012b; Nazir et  al. 2017) and seed biopriming techniques 
(Mahmood et al. 2016) can also be focused for high crop productivity. Only explo-
ration and selection of efficient PGPR is not sufficient but also their proper registra-
tion, regulation, and effective delivery system are required (Arora et  al. 2016b). 
There is necessity to attract the farmers toward bioinoculants by selecting suitable 
and reliable products; hence we can gain their faith in agrobiologicals.

Climate change is responsible for various problems and global warming is one of 
them. Global warming causes reduction in crop production by causing hormonal 
imbalances which has negative impacts on agriculture and global food security 
(Lobell and Gourdji 2012). Global warming is increasing due to high emission of 
carbon dioxide (CO2) in the atmosphere (Anderson et al. 2016). Soil systems work 
as the largest sink of CO2, but due to high human interference, their deterioration 
takes place which leads to the high release of CO2 in the atmosphere causing 
enhanced global warming (Salam and Noguchi 2005). It is suggested by various 
researchers that applications of microbial inoculants in agricultural crop produc-
tions can be used as sustainable tool to overcome the negative effect of climate 
change as well as global warming (Dimkpa et al. 2009; Tewari and Arora 2013). It 
is reported that maximum parts (90%) of plant biomass are derived from CO2 assim-
ilation by photosynthetic activity (Long et  al. 2006) and photosynthetic rate of 
plants is increased upon the application of biofertilizers (PGPR) (Mia and 
Shamsuddin 2010; Mahanty et  al. 2016). Hence it can be concluded that due to 
PGPR inoculation, plants consume more CO2 which reduce the atmospheric CO2 
level and global warming (Pendall et al. 2004; Nie et al. 2015). According to Nie 
et al. (2015), the rate of microbial respiratory carbon loss is also reduced on the 
application of PGPR which decreases global warming. Higher application of micro-
bial inoculants in agriculture minimizes the chemical load which also reduces the 
risk of global warming. It is also reported that stress-tolerant PGPR significantly 
help to maintain the soil fertility and reclamation of wastelands (Hrynkiewicz and 
Baum 2011; Mishra et al. 2017b). It can be considered that due to the reclamation 
of wastelands, sinks of CO2 are increased that cause reduction of atmospheric CO2 
and global warming.

 Conclusion

Extension of agriculture services in an eco-friendly manner is a key issue in present- 
day era of increasing population and climate change. To attain surplus agricultural 
production, farmers are still dependent on synthetic chemicals. However, indiscrim-
inate use of these harmful chemicals has only raised the problems. Soil microbes are 
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always considered as chief components of soil fertility. In this context the use of 
PGPR for enhancing plant growth, preventing deadly diseases, alleviating abiotic 
and biotic stresses, and restoring soil health can be very useful. PGPR-based prod-
ucts such as biofertilizers and biopesticides are already being used at the global 
level and found to be suitable alternatives to dangerous chemicals. There is a need 
to explore PGPR now for purposes such as stress management, bioremediation, and 
combating climate change (global warming). In recent years, considerable develop-
ments are visible in the field of plant-microbe interactions affirming their role in 
solving key environmental problems. However, in agroecosystems, contribution of 
PGPR is not fully exploited in accordance with economic and social needs. The 
possibilities for their wide application in agriculture can increase by the advent of 
newer techniques. A number of PGPR strains showing multifarious plant beneficial 
activities are now known, but very few have been formulated in the form of bioin-
oculants. Hence a strong perspective focused on their extended use in remediation 
of soil problems and diverse applicability in agroecosystems is required.
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Abstract Increasing agro-productivity for feeding growing world population under 
present climatic scenario requires optimizing the use of resources and adopting the 
sustainable agriculture methods. This can be achieved by using plant-beneficial 
bacteria. Target of achieving sustainable agriculture implies the use of varieties that 
are resistant to disease and tolerant to stress and having desired nutrition value. This 
can be effectively achieved through the use of rhizospheric microflora including 
bacteria, fungi, algae, etc. Among these, plant growth-promoting rhizobacteria 
(PGPR) have been seen as reliable and most promising bioinoculants for promoting 
plant growth and controlling phytopathogen without causing environmental 
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deterioration. Application of PGPR as bioinoculants can help in achieving the target 
of global agricultural productivity to feed the world’s booming population, which is 
expected to become 9 billion by 2050. However, to be useful and effective 
bioinoculants, PGPR strains should be competent in their habitat, safe to the 
environment, helpful in plant nutrition and biocontrol, compatible with useful soil 
rhizobacteria, and tolerant to a variety of stress factors and show broad spectrum 
activity. In the context of the above scenario, this chapter focusses on the use of 
PGPR to increase agro-productivity and as one of the vital drivers of the agro- 
economy. In this review we focus on the modes of action of PGPR and their role in 
environmental protection and agricultural sustainability under increasing climatic 
variations.

Keywords PGPR · Plant growth promotion · Biocontrol · Abiotic stress · 
Mechanisms

 Introduction

The term PGPR as introduced by Kloepper and Schroth (1978) is used to define 
bacteria that are found in the rhizosphere and help in plant growth, nutrition, and 
disease control and thereby crop productivity. Since root exudates are sinks of 
nutrients for microbial growth, microflora of rhizosphere is relatively different from 
that of its surrounding (Burdman et al. 2000; Sayyed et al. 2004). Close zone of 
rhizosphere is a better source of nutrients for microbes as compared to the bulk soil. 
Population density of PGPR in close vicinity of rhizosphere is generally 10–100 
times larger than in the bulk soil (Weller and Thomashow 1993). Bacteria are the 
most abundant species present in the rhizosphere followed by actinomycetes, fungi, 
algae, and protozoa that colonize the rhizosphere (Kaymak et al. 2010). PGPR can 
live in symbiotic association or as free-living microbes (Gray and Smith 2005).

 Mechanisms of Action of PGPR

PGPR promote plant growth through direct and indirect mechanisms (Fig. 7.1).

 Direct Mechanisms

The direct mechanisms of action of PGPR include supply of nutrients, phytohor-
mones, and stimulation of root growth. Besides symbiotic bacteria, certain bacteria 
are able to establish mutualistic association with their host plant, while few bacteria 
can directly integrate their physiology with the plant, causing the formation of spe-
cialized structures.
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 Production of Phytohormones

Phytohormones are the plant growth hormones or phytostimulants that influence 
plant growth. They include auxins (indole-3-acetic acid (IAA), gibberellic acid 
(GA), cytokinins, and ethylene. These chemical molecules are recognized over the 
years as four major plant hormones needed for growth and development of plant. 
PGPR species belonging to the genera Pseudomonas, Bradyrhizobium, Rhizobium, 
Enterobacter, Alcaligenes, Azospirillum, Acetobacter, Klebsiella, and Xanthomonas 
and also species of Bacillus pumilus, Bacillus licheniformis, Paenibacillus polymyxa, 
Phosphobacteria sp., Gluconacetobacter sp., Aspergillus sp., and Penicillium niger 
possess the ability to produce phytohormones (Idris et  al. 2007; Karnawal et  al. 
2009; Shobha and Kumudini 2012).

Auxins

Auxin is a molecule that directly or indirectly regulates most plant processes. 
Irrespective of endogenous supply of auxins, plants still depend largely on external 
supply for their optimum growth. This external supply of auxins is made by PGPR 
(Khalid et al. 2004; Patten and Glick 2002). Auxins trigger various cellular functions 
like differentiation of vascular tissues, root growth, cell division, stem elongation, 
and shoot growth in response to the stimuli (Glick 1995). Efficient production of 
IAA by PGPR depends on the type of species and strain, culture conditions, 
developmental stage, and availability of nutrient in the rhizosphere (Ashrafuzzaman 

Fig. 7.1 Mechanisms of 
plant growth promotion 
and biocontrol by PGPR
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et  al. 2009). Role of other auxins, viz., indole-3-butyric acid (IBA) and phenyl 
acetic acid (PAA) that have been reported in plants, is yet to be understood. Increase 
in the level of L-tryptophan is known to increase the biochemical and metabolic 
activities of auxin-producing bacteria, with a parallel increase in the length of root 
(Bartel 1997). It has been illustrated that in the absence of L-tryptophan, PGPR 
produce low amount of auxins (Zahir et  al. 2010). Hence, understanding the 
exogenous requirement of this chemical messenger to bring to the peak so as to 
enhance plant growth, even under stressed conditions, is crucial.

Gibberellic Acid (GA)

GA promotes the development of stem tissue, root elongation, and lateral root 
extension (Yaxley et al. 2001). GA constitutes a group of tetracyclic diterpenes that 
greatly affect the processes of seed germination, fruit development, stem elongation, 
leaf expansion, and flower and trichome initiation (Yamaguchi 2008). Because of 
their crucial role in improving efficient photosynthetic processes in plants, 
gibberellins and strains producing them are of prime importance particularly during 
environmental stress conditions. GA is thus an important plant growth bioregulator 
that can increase the stress tolerance in a number of crop plants. Kang et al. (2009) 
have reported plant growth promotion by GA-producing PGPR. The external supply 
of GA is useful in amendment of polluted soil and in crop yield (Iqbal et al. 2011). 
GA-producing PGPR have shown to improve the grain yield in wheat (Radi et al. 
2006; Iqbal et al. 2011), barley (Vettakkorumakankav et al. 1999), and tomato by 
reducing stomatal resistance and enhancing water use efficiency (Maggio et  al. 
2010). Gibberellin is involved in regulating plant morphology (Van Loon 2007); 
thus GA functions as a stress tolerance-inducing hormone.

Cytokinins

Cytokinin is involved in cell division, biogenesis of chloroplast, vascular differen-
tiation, nutrient mobilization, leaf senescence, root proliferation, root elongation, 
shoot differentiation, and apical dominance (Davies and Hartung 2004; Aloni et al. 
2006). This molecule can be acquired endogenously and exogenously by either 
plant or PGPR. Plant increases uptake of endogenous cytokinin via the promotion 
of biosynthesis (Pospíšilová 2003). Cytokinin also regulates plant adaptation under 
salt stress conditions (Hadiarto and Tran 2011). Cytokinin helps in regulating the 
level of other phytohormones; they inhibit formation of abscisic acid (Pospíšilová 
2003). Under water scarcity conditions, the plant cytokinin content is drastically 
reduced resulting in increase in ABA concentration. Mansour et  al. (1994) have 
reported the production of cytokinins by various Streptomyces strains. Though this 
is vital for plant’s development, its exact mechanism of action is still not well-elu-
cidated. Cytokinin receptor genes of most plants and organisms are regulated by 
changes in osmotic conditions and also demonstrate a complex osmotic stress 
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response (Merchan et al. 2007). Inoculation of seedling with cytokinin- producing 
strains of B. subtilis conferred plant resistance against environmental stresses 
(Merchan et al. 2007).

Ethylene

This is a unique phytohormone with a variety of biological functions. The beneficial 
role of this biomolecule is best recorded at low concentration, but at high 
concentration, results show that ethylene is a senescence hormone as it shows 
inhibitory role in plant growth. To overcome this alarming consequence, an enzyme 
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase is needed. The role of 
this biocatalyst is to degrade the plant ACC which is the direct precursor of ethylene 
synthesis in plant to α-ketobutyrate and ammonium (Glick et al. 2007). The result 
of the degradation is the reduction of plant ethylene production through a range of 
mechanisms, while the PGPR-producing ACC deaminase regulates the ethylene 
level in plant and prevents the growth inhibition caused by high levels of ethylene 
(Noumavo et al. 2016). PGPR capable of inducing exogenous production of ethylene 
via degradation of the endogenous product using enzyme include Achromobacter, 
Acinetobacter, Azospirillum, Alcaligenes, Agrobacterium, Burkholderia, Bacillus, 
Pseudomonas, Enterobacter, Serratia, Ralstonia, and Rhizobium. Work has shown 
that ACC deaminase activity of associated PGPR was vital for Brassica napus 
growth in stress conditions (Dell’Amico et al. 2008). Pierik et al. (2006) found that 
low concentration of ethylene increases the plant yield, growth performance, and 
germination properties of A. thaliana.

 Nitrogen Fixation

Nitrogen is one of the major and important nutrients required by all living organ-
isms for variety of cellular, synthetic, and metabolic functions. Although it is pres-
ent abundantly (78%) in the atmosphere, its direct availability to plants and animals 
is restricted due to lack of mechanisms for uptake of elemental form of nitrogen. 
Nitrogen-fixing PGPR play a significant role in providing nitrogen in the soluble 
forms to the plants, and from plant the soluble nitrogen reaches to humans via food 
chain. Several bacteria living freely in soil or in symbiotic association with plants 
convert (fix) elemental nitrogen into soluble form that can be easily taken up by 
plants (Sayyed et al. 2012).

Symbiotic Nitrogen Fixers

These are the organisms that live in symbiotic association with leguminous plants. 
Rhizobium and Frankia spp. are the best examples of symbiotic nitrogen-fixing 
PGPR. Besides these Azorhizobium, Bradyrhizobium, and Cyanorhizobium also fix 
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nitrogen in association with leguminous plants. The efficient strains of Rhizobium 
can fix 40–200 kg/ha N in the soil (Sayyed et al. 2012).

Free-Living Nitrogen Fixers

These are the microorganisms that live freely in soil and fix nitrogen. This soluble 
nitrogen in soil is easily utilized by crop plants. Azotobacter sp., Azospirillum sp., 
blue green algae (BGA), Acetobacter sp., and Azolla sp. are known as best free- 
living nitrogen-fixing PGPR. They can fix 40–100 kg/ha N in the soil (Sayyed et al. 
2012).

 Sulfur Solubilization

Although sulfur is present in large quantities (95%) in soil, it is not easily available 
to crop plants as it is organically bounded in the form of sulfate esters or sulfonates, 
which are unavailable to the plant and need conversion into inorganic forms via 
microbial desulfurization. Sulfur-oxidizing PGPR, like Thiobacillus thiooxidans 
and Thiobacillus novellus, oxidize insoluble sulfur into soluble form through 
multienzyme complex responsible for cleaving the S group from the aromatic ring. 
S-solubilizing PGPR play significant role in sulfur nutrition of crop plants (Gomah 
et al. 2014).

 Potash Solubilization

Potassium (K) is an essential macronutrient for plant growth; it plays important 
roles in several metabolic processes such as protein synthesis, photosynthesis, and 
enzyme activation (Raghavendra et  al. 2016). Potassium  is not just the essential 
growth nutrient, but it is also an important signaling agent required in mediating a 
wide range of plant adaptive responses to abiotic and biotic stresses such as drought, 
salinity, oxidative stress, and apoptosis. Major amount of total K+ of the soil exists 
in insoluble form complexed with other elements and organic matter, making it 
unavailable. In this regard many potassium-solubilizing microorganisms (KSMs) 
present in soil are capable to solubilize insoluble/unavailable forms of the K into 
soluble/available form. The main mechanisms of K+ solubilization include 
acidolysis, chelation, exchange reactions, and production of organic acid. KSM can 
increase crop yield by 20–25% (Zahedi 2016).

 Phosphate Solubilization

Phosphorus is the second important key element after nitrogen as a mineral nutrient 
in terms of quantitative plant requirement. It is abundantly available in soil in 
insoluble forms (Khan et al. 2010) and thus not available for plants. P is generally 
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added in soil as chemical fertilizers, but synthesis and use of chemical P fertilizer 
pose numerous demerits. In this regard phosphate-solubilizing microorganisms 
(PSM) have been seen as sustainable means of P nutrition of crops. Several species 
of bacteria (Bacillus and Pseudomonas), molds (Aspergillus and Penicillium), 
yeasts (Schizosaccharomyces and Pichia), actinomycetes (Streptomyces), 
cyanobacteria (Anabaena, Calothrix, Nostoc sp.), and vesicular arbuscular 
mycorrhiza (Glomus sp.) are known to solubilize insoluble P into soluble form that 
is easily absorbed by plants (Saber et al. 2013). PSMs are important components of 
the P cycle in soil and are vital agents for P solubilization through various 
mechanisms (Khan et al. 2010) such as (1) the release of P mineral metabolites like 
organic acid anions, siderophores, protons, hydroxyl ions, and CO2, (2) the excretion 
of P-solubilizing phosphatase enzymes (biochemical P mineralization), and (3) the 
release of P during enzymatic substrate degradation (biological P mineralization). 
Thus PSMs play a crucial role in P nutrition of crop plants (Sharma et al. 2013).

 Iron Nutrition

Iron is an essential element for survival of almost all cell types; it is the fourth most 
abundant element present in soil, but it exists in insoluble and therefore unavailable 
form. In order to sequester and solubilize the iron present in soil, PGPR produce a 
variety of iron-chelating molecules referred to as siderophores (Sayyed et al. 2013). 
Most important biotechnological exploitation of siderophores is in the rhizosphere 
region of the plant where they provide iron, serve as first defense against root- 
invading parasites, and help in removing toxic metals from polluted soil. There are 
sufficient evidences available regarding iron uptake by plants through microbial 
siderophores, which convert the insoluble form of iron into soluble form. 
Siderophore-producing PGPR have been reported to promote growth of various 
crop plants (Sayyed et al. 2007, 2009).

 Zinc Solubilization

Zinc is one of the important micronutrients required in very small quantity 
(5–100  mg kg−1) for growth and reproduction of plants. Its deficiency affects 
membrane integrity and synthesis of carbohydrates, IAA, nucleotides, and 
chlorophyll and makes plant susceptible to heat stress. Zn deficiency in plants is due 
to its low solubility in soils. Zinc-solubilizing PGPR are potential alternatives to 
synthetic chemical supplements. Several PGPR including Pseudomonas sp. and 
Bacillus sp. are known as Zn solubilizers. Goteti et  al. (2013) has reported 
Zn-solubilizing and plant growth-promoting activity of Pseudomonas sp. and 
Bacillus sp. in Zea mays. Gontia-Mishra et  al. (2017) have also reported 
Zn-solubilizing and plant growth-promoting ability of Pseudomonas aeruginosa, 
Ralstonia pickettii, Burkholderia cepacia, and Klebsiella pneumonia in rice. 
Exiguobacterium aurantiacum producing array of plant growth-promoting traits 
have been found effective in Zn solubilization for Triticum aestivum (Shaikh and 
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Saraf 2017). Pseudomonas fragi, Pantoea dispersa, Pantoea agglomerans, 
Enterobacter cloacae, and Rhizobium sp. isolated from wheat and sugarcane fields 
solubilized zinc during pot and field trials and promoted growth of sugarcane and 
wheat (Boughammoura et al. 2017).

 Indirect Mechanisms

PGPR promote plant growth indirectly by inhibiting growth of phytopathogens 
through the production of antibiotics and induction of systemic resistance and by 
competing with available nutrients and niches, thus making these unavailable for 
phytopathogens (Egamberdieva and Lugtenberg 2014).

 Antibiotic Production

Antibiotics are low molecular weight compounds produced by PGPR to inhibit 
growth of phytopathogens. Antibiotic production is one of the most known 
biocontrol strategies displayed by PGPR.  Many antibiotics such as amphisin, 
2,4-diacetylphloroglucinol (DAPG) (Vinay et  al. 2016; Reshma et  al. 2018), 
oomycin A, phenazine, pyoluteorin, pyrrolnitrin, tensin, tropolone, and cyclic 
polypeptides (oligomycin A, kanosamine, zwittermicin A, and xanthobaccin) are 
produced by PGPR (Compant et  al. 2005; Loper and Gross 2007). These 
biochemicals are generally produced by Pseudomonas, Bacillus, Streptomyces, and 
Stenotrophomonas sp. as active chemical agents. Many antibiotics have successfully 
been utilized to control phytopathogens (Kang et al. 2004; Kaur et al. 2006; Cazorla 
et al. 2006; Perneel et al. 2008). Increase in crop productivity as a result of biocontrol 
by PGPR has been reported in pepper root rot (Ezziyyani et al. 2007), leaf blight/
seedling blight of rice, Fusarium root rot and tomato wilt (Minuto et al. 2006), S. 
hygroscopicus infection, and anthracnose (Prapagdee et  al. 2008). Partial list of 
antibiotic-producing PGPR applied in biocontrol of phytopathogens is given in 
Table 7.1.

 Nutrients and Niche Competition

In order to establish as a dominant species in the soil, PGPR must be able to com-
pete favorably for the available nutrients and space. This is a vital strategy needed 
for limiting the disease incidence and severity (Kamilova et al. 2005). Rapid and 
abundant colonization of rhizosphere makes the rhizosphere unavailable for 
phytopathogens. Aggressive root-colonizing PGPR take charge and control of the 
metabolic activities in rhizosphere.  Besides their inherent property to grow via 
competition, other properties such as presence of flagellum and lipopolysaccharides, 
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chemotaxis, and usage of root exudates enhances the survival of PGPR (Lugtenberg 
and Kamilova 2009). A good illustration can be seen in unavailability of iron to 
phytopathogenic fungi when chelated by siderophores synthesized by PGPR 
(Sayyed et al. 2011, 2012, 2013, 2015; Shaikh and Sayyed 2015; Shaikh et al. 2014, 
2016). The ability of PGPR to use heterologous siderophores offers added advan-
tage during nutrient competition in soil. This also reduces the metabolic efforts 
inside the microbial cell (Sayyed and Patel 2011; Sayyed and Chincholkar 2006, 
2010). Iron is one of the prerequisite nutrients required for synthesis of ATP and as 
a metal ion for functioning of various enzymes and protein. In niche competition, a 
physical occupation of site by PGPR is enhanced through delay tactics, by prevent-
ing the colonization of pathogens until the available substrate is exhausted (Heydari 
and Pessarakli 2010). This feature has been an age-old adaptive property exerted by 
beneficial soil microorganisms to occupy the root rhizosphere and make nutrients 
available for their upkeep and unavailable for other microbes.

Table 7.1 List of antibiotic-producing PGPR

PGPR Antibiotic Target phytopathogen Reference

Pseudomonas sp. 2, 4-Diacetylphloroglucinol 
(2, 4- DAPG)

Gaeumannomyces 
graminis var. tritici

de Souza 
et al. (2003)

P. fluorescens Phenazine-1-carboxylic acid 
(PCA)

Pathogenic fungi Weller 
(2007)

Bacillus 
amyloliquefaciens

Lipopeptide and polyketide Soilborne pathogens Sacherer 
et al. (1994)

Pseudomonad sp. Phenazine F. oxysporum and 
Gaeumannomyces 
graminis

Chin-A- 
Woeng et al. 
(2003)

P. chlororaphis 
PCL1391

Phena-zine-1-carboxamide Pathogenic fungi Hernandez 
et al. (2004),
Haas and 
Défago 
(2005)

Bacillus ssp. Polymyxin, circulin, and 
colistin

Pathogenic fungi Maksimov 
et al. (2011)

P. cepacia Pyrrolnitrin Bipolaris maydis Sayyed et al. 
(2013)P. fluorescens Pf5 Sclerotina homoecarpa

P. fluorescens2-79 Phenazines Various sp. of bacteria 
and fungi

P. aureofaciens 30-84 G. graminis tritici

P. aureofaciens PGS12 G. graminis tritici

B. subtilis st. Iturin and fengycin Podosphaera fusca Romero 
et al. (2007)

Bacillus, Streptomyces, 
and Stenotrophomonas 
sp.

Oligomycin A, kanosamine, 
zwittermicin A, and 
xanthobaccin

Prevents the 
proliferation of plant 
pathogens (generally 
fungi)

Compant 
et al. (2005a, 
b)
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 Induced Systemic Resistance (ISR)

PGPR trigger inducement of defense system in plants that is capable of fighting 
pathogenic bacteria, fungi, and viruses. This potentially positions the plant as a 
much stronger and highly adapted species (Van Loon 2007). The gene and gene 
products involved in such type of biocontrol phenomenon have not been well- 
documented. Systemic acquired resistance (SAR) is a defense mechanism activated 
in plant following the primary infection (Ryals et al. 1996; Handelsman and Stabb 
1996), while induced systemic resistance (ISR) utilizes organic acids and 
phytohormones to produce signals for stimulation of the host plant defense response 
against phytopathogens (Beneduzi et al. 2012; Pieterse et al. 2014; Patel et al. 2016). 
ISR involves increase in physical and mechanical strength of the cell wall and 
modulation of physical and biochemical reactions of the cell to environmental 
stresses (Labuschagne et al. 2010). ISR by PGPR is mediated through the production 
of salicylic acid, siderophores, lipopolysaccharides, flagella, N-acyl homoserine 
lactone (AHL) molecules (Van Loon 2007; Shuhegger et al. 2006), and antibiotics. 
The participating organisms in this form of biocontrol include Bacillus and 
Pseudomonas. On a wider scale, application of PGPR strains has tremendously 
improved ISR against Colletotrichum lagenarium, which causes anthracnose in 
cucumber, and Pseudomonas syringae causing angular leaf spot and bacterial wilt 
by Erwinia tracheiphila in a number of crops (Zehnder et al. 2001).

 Lytic Enzymes Production

The production of lytic enzymes such as chitinases, cellulases, lipases, ß-1,3- 
glucanases, and proteases by rhizobacteria has been suggested to be a vital form of 
biocontrol (Markovich and Kononova 2003; Jadhav and Sayyed 2016; Jadhav et al. 
2017). These hydrolytic enzymes degrade wide range of compounds. In order to 
hydrolyze the cell wall of phytopathogen, PGPR must secrete multiple hydrolytic 
enzymes (Whipps 2001) either alone or in combination (Mabood et al. 2014). β-1,3- 
glucanase produced by Lysobacter enzymogenes has been reported to lyse the cell 
wall of Pythium (Palumbo et al. 2005). These hydrolytic enzymes also help the plant 
in protection from desiccation and from other abiotic stresses (Qurashi and Sabri 
2012). Hydrolytic enzyme-producing PGPR have been found effective in controlling 
blight in pepper caused by Phytophthora capsici (Jung et  al. 2005), Fusarium 
infection (Hariprasad et  al. 2011), and Pythium ultimum (Dunne et  al. 1997). 
Chaiharn and Lumyong (2009) reported the antagonistic effect of chitinase, β-1,3- 
glucanase, protease, and cellulase-producing PGPR.  Lytic enzyme-producing 
Pseudomonas sp. is also known to be a good biocontrol agent (Cattelan et al. 1999). 
Mycoparasites have also been employed in biocontrol activities against Rosellinia 
necatrix and other plant pathogens using chitinases (Harman et  al. 2004; Ten 
Hoopen and Krauss 2006).

R. Z. Sayyed et al.



185

 Hydrogen Cyanide (HCN)

Hydrogen cyanide is principally produced by Pseudomonas sp. (Sayyed and Patel 
2011). Methods for quantitative estimation of HCN are now available (Lorck 1948; 
Castric 1977). Among the volatile compounds, HCN is a well-studied metabolite. 
Its cyanide ion inhibits most metalloenzymes, especially copper-containing 
cytochrome c oxidases (Blumer and Haas 2000). Cyanide produced by Pseudomonas 
strains has been used successfully to curb canker of tomato (Lanteigne et al. 2012). 
It is produced by Gram-negative bacteria as secondary metabolite from glycine 
under the influence of HCN synthase (Castric 1994). P. fluorescens strain CHA0 
(Voisard et  al. 1989) was used to control tobacco black root rot caused by 
Thielaviopsis basicola (Laville et  al. 1998). Due to the aggressive colonizing 
strength (and HCN production is one of the reasons) of fluorescent pseudomonads, 
they have effectively been used in the biocontrol of soilborne plant pathogens 
(Lugtenberg et  al. 2001). There are still indications that a good number of 
rhizobacteria are cyanogenic when provided with glycine in their culture medium.

 Use of Hypovirulent Strains

Hypovirulence is a reduced virulence found in few strains of phytopathogens. 
Application of such hypovirulent strains of phytopathogens has helped in reducing 
the effect of virulent phytopathogenic strains. Rhizoctonia solani, Gaeumannomyces 
graminis var. tritici, and Ophiostoma ulmi have been used as hypovirulent strains to 
reduce the severity of plant diseases caused by virulent strains (Sayyed et al. 2013).

 Detoxification or Degradation of Virulence Factors

Detoxification of virulence factors of pathogens is another important mechanism of 
biocontrol. In this mechanism biocontrol strain produces a protein that reversibly 
binds the toxin leading to irreversible detoxification. Biocontrol strain of 
Pseudomonas sp. is known to detoxify albicidin toxin produced by Xanthomonas 
albilineans (Walsh et al. 2001). Other biocontrol strains, for example, Burkholderia 
cepacia and Ralstonia solanacearum, have been reported to hydrolyze a phytotoxin 
(fusaric acid) produced by various Fusarium species.

 Mycoparasitism

PGPR with biocontrol potential can be parasites or predators of the pathogens. 
Mycoparasites, such as Coniothyrium minitans and Sporidesmium sclerotivorum, 
have been tested as biocontrol agents, and some of them are efficient in controlling 
diseases caused by Sclerotinia sp. and other sclerotia-forming fungi (Sayyed et al. 
2013). Trichoderma spp. are being used as biocontrol agents against several plant 
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pathogens. These fungi produce cell wall-degrading enzymes such as beta-1,3- 
glucanase, chitinase, acid phosphatase, acid proteases, and alginate lyase and toxic 
volatile metabolites, having significant effects on growth and development of the 
plant pathogens (Qualhato et al. 2013).

 Role of PGPR Under Stress

Soil environmental stresses are the major limiting factors for achieving the sustain-
ability in agricultural production, as they determine the growth of plant. 
Environmental stresses are of two types – biotic and abiotic. Biotic stress includes 
phytopathogens and pests such as nematodes, insects, etc., while abiotic stresses 
include presence of heavy metals in soils, drought, nutrient deficiency, soil salinity, 
temperature, etc.

 Abiotic Stress Tolerance in Plants

In general, PGPR promote plant growth by different ways. Some strains possess 
more than one mechanism and can help the plant withstand environmental stresses. 
Under natural, i.e., stress-free, environment most of the plant growth promotion 
mechanisms used by PGPR are common, but under stress conditions, PGPR may 
not be able to perform efficiently. However, some PGPR strains tolerate stress 
conditions and perform their growth-promoting activities even under stressful 
environmental conditions. The plant growth-promoting ability of PGPR also 
depends on the interaction with host plant and soil environment. Various mechanisms 
are adopted by PGPR to mitigate stress-induced adverse effects on plants. Lowering 
of stress-induced ethylene level, exopolysaccharide (EPS) production, and induction 
of ISR are some of the examples of such mechanisms (Saravanakumar et al. 2007; 
Glick et al. 2007; Saharan and Nehra 2011; Upadhyaya et al. 2011). Lowering of 
ethylene level is one of the major mechanisms elicited by PGPR for promoting plant 
growth under stress conditions (Mattoo and Suttle 1991; Glick et al. 2007). Under 
stress conditions the precursor of ethylene, i.e., ACC, is produced in larger quantities 
(Zapata et  al. 2004); as a result more ethylene is produced. ACC regulates root 
elongation that ultimately affects nutritional as well as physiological functions of 
plants (Belimov et al. 2002; Alarcon et al. 2012). Therefore, for normal growth of 
plants, the level of ethylene needs to be kept under control. This is achieved by ACC 
deaminase produced by PGPR; the enzyme breaks ACC into ammonia and 
α-ketobutyrate (Glick et al. 2007) resulting in decreased level of ethylene in root 
vicinity (Whipps 1990; Glick et  al. 1998). Increased synthesis and endogenous 
storage of IAA stimulates ACC synthase that converts S-adenosyl methionine to 
ACC in plant roots (Patten and Glick 1996). Plant excretes this ACC in their root 
exudates, which is taken up by the PGPR. This ACC is then converted to ammonia 
and α-ketobutyrate by ACC deaminase; this in turn lowers the ethylene level, thus 
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offering protection to the plant from toxic concentrations of ethylene. This 
mechanism suppresses the negative effect of ethylene on the root (Patten and Glick 
1996). Many researchers have demonstrated the effectiveness of this mechanism in 
plant growth promotion (Nadeem et al. 2006a; Cheng et al. 2007; Tank and Saraf 
2010; Barnawal et al. 2012; Siddikee et al. 2012; Chen et al. 2013).

Under stress conditions, growth of plant is affected due to imbalance of mineral 
ions, for instance, saline conditions (high level of Na+) affect the uptake of other 
nutrients as well as cause specific ion toxicity (Ashraf 1994). High K+/Na+ ratio is 
one of the prerequisites for salt tolerance and maintenance of osmotic balance in a 
plant (Hamdia et al. 2004). PGPR produce EPS that chelate Na+ ions, thus making 
it unavailable for uptake by plant (Geddie and Sutherland 1993; Khodair et al. 2008; 
Qurashi and Sabri 2012). The reduced availability of Na+ results in lowering of its 
uptake, thereby maintaining high K+/Na+ ratio that provides tolerance to plants 
under high salt concentrations (Ashraf et al. 2004; Han and Lee 2005; Khodair et al. 
2008). EPS also protect the plant from drying and desiccation and enable them to 
continue their growth under water-deficit conditions. Pseudomonas species is 
known to lower stress-induced ethylene level and also decrease the availability of 
Na+ by producing EPS. Salinity is one of the major abiotic stresses in crop produc-
tion particularly in arid and semiarid regions of the world. Studies have revealed that 
inoculation with PGPR having ability to produce ACC deaminase significantly pro-
moted the plant growth. Inoculation with salt-tolerant PGPR also enhances the 
uptake of other major nutrients as well as improves the water content of stressed 
plants (Mayak et al. 2004; Nadeem et al. 2006b, 2007). Inoculation with Klebsiella 
oxytoca (Rs-5) having ACC deaminase resulted in enhanced uptake of ions like N, 
P, K, and Ca and promoted plant growth by mitigating the negative effects of salt 
stress (Yue et al. 2007). Inoculation with Pseudomonas spp. improved the eggplant 
growth by lowering the uptake of Na+ under salinity stress (Fu et al. 2010). Increase 
in the antioxidant enzyme activities and regulation of mineral uptake may be the two 
key mechanisms involved in salt stress alleviation. PGPR strains are effective in 
promoting plant growth under salinity stress, heavy metal stress, drought, and flood-
ing (Glick et al. 2007). Inoculation of P. fluorescens protected Catharanthus roseus 
plants from drought stress by increasing the level of ajmalicine (antihypertensive 
alkaloid) content (Jaleel et al. 2009). PGPR having ACC deaminase also alleviated 
the adverse effects of drought stress in pea plants (Zahir et al. 2008). EPS-producing 
PGPR have been successfully used for enhancing drought resistance in sunflower 
plants  (Tewari and Arora 2018). Lowering down of ethylene level also helped in 
alleviating heavy metal stress (Belimov et  al. 2005; Dell’Amico et  al. 2008), as 
PGPR strains can accumulate metals in their cells thereby reducing heavy metal ion 
concentration. Another important aspect of PGPR is to increase resistance against 
phytopathogens. Biocontrol potential of PGPR has been demonstrated against large 
number of phytopathogens even under stress conditions (O’Sullivan and O’Gara 
1992; Singh et al. 1999; Ramos Solano et al. 2008; Kotan et al. 2010; Nihorimbere 
et al. 2011; Bhattacharyya and Jha 2012; Soltani et al. 2012).

PGPR strains are also helpful to overcome the harmful effect of temperature 
stress, increase the shelf life of flowers, and inhibit parasitic weeds (Bensalim et al. 
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1998; Nayani et al. 1998; Grichko and Glick 2001; Babalola et al. 2003; Barka et al. 
2006). Zahir et al. (2009) reported P. putida as better mitigator of salinity stress. P. 
fluorescens and P. stutzeri responded better in enhancing growth of canola and 
tomato plants, respectively, under stressed conditions (Jalili et al. 2009; Tank and 
Saraf 2010). Such  variation in plant growth promotion is due to variable ACC 
deaminase activity, IAA production, root colonization, and P solubilization abilities 
(Gamalero et al. 2009). PGPR strains have been found to perform well with other 
microbial consortia. Figueiredo et  al. (2008) claimed good synergistic effect of 
co-inoculation of Paenibacillus polymyxa and Rhizobium tropici on growth, nitrogen 
content, and nodulation in Phaseolus vulgaris L. (common bean) under drought 
stress in a greenhouse experiment. For commercialization of this formulation, this 
performance was cross-checked under natural field conditions where similar 
synergistic effect was observed (Heidari et al. 2011). These PGPR were effective 
under drought stress as well as salinity stress. The growth and yield of groundnut 
were significantly higher under salt stress conditions when inoculated with PGPR 
strains. However, the performance of strains was variable. Similar results have been 
obtained and reported when maize seed was inoculated with rhizobacteria containing 
ACC deaminase.

Thus PGPR strains are effective bioinoculants for enhancing plant growth under 
a wide range of stresses such as drought, flooding, salinity, heavy metals, and 
pathogen attack. This plant growth-promoting effect is attributed to the ability of 
PGPR of lowering down the ethylene concentration and production of EPS or 
through ISR. Few studies have been conducted in the field, and further work needs 
to be done under natural conditions.

 Conclusion

PGPR promote plant growth through biofertilization or pathogen suppression, by 
imparting disease resistance to plants and suppression of phytopathogens in the soil. 
However, only those strains which possess useful properties like stress tolerance, 
efficient root colonization, and rhizosphere competence can be potential candidates 
for bioinoculants to be used in agriculture for sustainable development. PGPR that 
promote plant growth by efficient nutrient uptake, stress tolerance, biocontrol of 
plant pathogens, and induction of SAR and ISR have been seen useful in increasing 
agricultural production while maintaining environmental sustainability. Therefore, 
the use of PGPR as multifunctional bioinoculants can help in achieving sustainable 
global agricultural productivity for feeding the booming world’s population.
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Abstract Plants encounter various challenges that impact on growth and develop-
ment. In the agricultural scenario, any limiting condition can transform into serious 
economic losses. Conventional methods employed to deal with biotic and abiotic 
stresses, including chemical methods, plant breeding, genetic engineering and other 
modern practices, present a variety of practical concerns. For example, transgenic 
plants can lead to selection pressure on the parasites thus providing a means to 
develop resistance. Hence a shift towards exploring the potentialities in plant 
growth-promoting microbes (PGPM) as a part of mainstream agricultural practices 
is imperative. In this review, we focus on PGPM (inclusive term for plant growth-
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promoting rhizobacteria and fungi), which, apart from their plant growth- promoting 
activities, also play a role in plant diseases control as well as in alleviating the 
impact of abiotic stresses. A deeper understanding of the mechanisms by which 
PGPM modify plant stress responses to boost their resistance and the nuances of the 
PGPM-host interactions would lead to increased acceptance of PGPM in agricultural 
applications.

Keywords Plant growth-promoting microbes (PGPM) · Biotic stress · Abiotic 
stress · Biotechnological interventions · ISR · SAR · Genetically modified PGPB

 Introduction

The chapter begins with a discussion on the conventional methods used to manage/
mitigate stress in plants, either through selective breeding, hybridization, selection 
or through molecular biotechnology involving recombinant DNA technology and 
protein engineering, to develop genetically modified plants (Balconi et al. 2012). 
Certain operational bottlenecks in these strategies prompt the need to explore more 
competent alternatives. Plant-associated microbes with plant growth-enhancing 
effect can serve as promising alternatives for stress management in plants. Current 
chapter presents various mechanisms through which PGPM are capable of modulat-
ing plant responses to biotic or abiotic stressors, promoting stress resistance and/or 
tolerance in plants (Bach et al. 2016). The chapter further explores the possibility, 
whether the ability of PGPM to play a central role in nutrient recycling can alleviate 
stress effects in the soil micro-environment (Sarathambal et al. 2014; Santoyo et al. 
2016). PGPM can improve soil fertility by participating in nitrogen fixation, phos-
phate solubilization, sequestering iron and modulating phytohormone levels (cyto-
kinins, gibberellins, indoleacetic acid, ethylene, etc.), and this ability of theirs can 
prove useful to plants being grown in nutrient-deficient soils or soils where nutrients 
are present but are in unavailable form and hence inaccessible for rhizosphere func-
tions (Porcel et al. 2014; Pontes et al. 2015). A synergistic action expressed by cer-
tain PGPM is discussed where they elicit cross protection, a phenomenon by which 
common effector molecules can offer protection against seemingly unrelated stress-
ors. The chapter concludes with a note on how PGPM can be improved by genetic 
modification and how a system like tripartite approach of strengthening ‘host-
microbe-soil’ as a unit and not as individual entities can help is discussed in context 
with their prospective role in future plant stress management biology.

 Conventional Methods to Deal with Biotic and Abiotic Stress

Plant productivity can be improved by mitigating stress effects, which can be 
achieved by employing strategies like improving plant material through breeding 
for tolerance/resistance and/or genetic engineering; improving root health by 
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methods like crop rotation, tillage of soil, control of soil-borne disease; good 
irrigation practices like ensuring optimal water quality and availability; and by 
protecting plants against airborne diseases (Balconi et al. 2012). These plant stress 
management approaches can be broadly classified as: agricultural-based practices, 
plant breeding-/hybridization-based and genetic engineering-based or 
biotechnological interventions.

 Traditional Agricultural Practices

Good farming practices minimize soil disturbance and contribute to the preservation 
and improvement of overall soil health. Field rotation is another method that 
enhances crop nutrition and improves soil health by allowing replenishment of its 
resources. Maintenance of a protective organic cover on soil surface, by using cover 
crops or crop residues, is another strategy that not only protects the soil surface but 
also conserves water and nutrients while promoting biological activity in soil. Use 
of fertilizers and pesticides also enhances crop yield by their role in management of 
pathogens via nutrient balancing and biological control properties, respectively 
(Hobbs et al. 2008). In the recent times, India has shifted from healthy traditional 
practices and has become more and more reliant on modern systems of agriculture 
that include unstructured irrigation, usage of chemical fertilizers and harmful 
pesticides in excess. Some irrigation methods used include strip irrigation, check 
basin method, furrow irrigation and basin irrigation method. Such irrigation methods 
are not suitable for all types of crops. Apart from this, gallons of water wasted due 
to over-irrigation or irrigation run-off not only moves into the drain system, but it 
also carries off top layers of organic soil (humus) and crop chemicals. Furrow 
irrigation method particularly involves digging furrows. This requires extra labour, 
and due to the digging, the salts come up to the surface, increasing the overall salt 
concentration (Silva et al. 2007). Usage of chemical fertilizers is primarily intended 
to enhance the yield and reduce the attack of pests on the crop. However, once the 
crop is harvested, these chemical residues are left in the soil and are not readily 
degradable and hence become harmful to plants, cattle and human health. 
Additionally, due to their excessive presence, the soil fertility is decreased, and the 
chemical composition of the soil is also altered. The biggest negative impact of 
using chemical fertilizers is the groundwater contamination. Nitrates are produced 
from nitrogen fertilizers which easily seep into the soil and reach the groundwater. 
Being insoluble in water, they can stay there for decades (Viets and Lunin 2009). 
Thus, improper agricultural practices and high use of external inputs like fertilizers/
pesticides, over a period of time, can result in soil and environmental degradation.

Majority of agricultural and soil conservation techniques focus on providing 
nutrients and water to satisfy the basic needs of plants. Such techniques do not have 
much to do with understanding the soil as a living system that has a dynamic nature. 
Lack of such integrated understanding has led to decreased levels of soil organic 
matter and further increased the use of chemical inputs.
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 Conventional Breeding Techniques

Introducing genetic resistance in plants by selective breeding has the advantage of 
negligible maintenance cost once cultivars are developed. However, the risk of these 
cultivars placing a selection pressure on parasite populations to develop resistance 
cannot be overruled. For example, R (resistance) genes have traditionally been used 
in conventional resistance breeding programmes as one R gene has the potential to 
provide complete resistance to one or more than one strain of a specific pathogen, 
when transferred to a previously susceptible plant of the same species. Unfortunately, 
co-evolving pathogens can quickly defeat R genes. Moreover, several R genes also 
lack durability as they can be nullified by even one, loss-of-function mutation, in 
corresponding Avr (avirulence) gene. Traditional breeding strategies use R genes in 
a ‘one at a time’ manner which exerts strong selection pressure for mutation of the 
relevant Avr gene, thereby increasing vulnerability to the emergent pathogen. 
Alternatively, multiple R genes (pyramids) can be bred into individual plant lines 
which would require the pathogen to accumulate mutations in multiple Avr genes to 
escape detection (Balconi et al. 2012). But this strategy requires multiple cycles of 
breeding and rigorous selection norms to be able to arrive at desirable cultivar with 
multiple R genes incorporated stably. This could be very time-consuming and many 
a times have unpredictable yield impacts. Particularly, such efforts to breed abiotic 
stress tolerance in plants gave some survival benefits to plants but exhibited their 
own set of limitations. Also, such strategies do not play a significant role in 
increasing the yield. Breeding for such traits generally employs a trade-off at the 
cost of yield potential, hence making it irrelevant in agricultural scenarios.

 Conventional Biotechnological Interventions

Exogenous application of various organic compounds and plant hormones has 
shown increase in growth and yield in certain host plants that do not exhibit an 
inherent defence mechanism against stress conditions (Spoel and Dong 2008). In 
tomato plants, it was reported that GA (gibberellic acid) application decreases 
stomatal resistance and increases crop growth and yield under saline condition. 
Under stress, metabolic activities can get disturbed due to altered hormonal balance, 
and exogenous application of growth hormones might be a useful strategy for stress 
tolerance (Fahad et  al. 2015). Exogenous application of SA (salicylic acid) was 
found to ameliorate the damage caused by cadmium toxicity in maize and barley. It 
also  conferred tolerance to Cassia tora plants exposed to aluminium toxicity, 
augmented drought tolerance in tomato and bean plants and enhanced tolerance to 
high temperatures in Agrostis stolonifera by preventing oxidative damage. It was 
also found to relieve the damaging effects of low temperatures in rice, wheat, bean 
and banana and damaging effects of UV-B radiation in Kentucky bluegrass and tall 
fescue sod grass. Exogenous application of BRs (brassinosteroids) was found to 
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ameliorate adverse effects of salt stress on seed germination, elongation of roots and 
subsequent growth of rice plants (Fahad et  al. 2015). As per research reports of 
Duque et al.(2013), increased concentration of CKs (cytokinins) in xylem and their 
exogenous application can decrease stomatal sensitivity to abscisic acid (ABA), 
which in return can help in obtaining a better yield from plants experiencing mild 
drought conditions. CK up-regulation can be achieved by reducing expression of a 
gene encoding cytokinin oxidase, an enzyme which degrades CKs.

Transgenic crop varieties were also successfully used in combating biotic stress-
ors like viruses. Attempts to introduce a gene coding for whole viral protein or part 
of a viral protein into the host plants by transformation were successful (Boualem 
et al. 2015). Virus-resistant plants can be obtained by transferring genes from the 
pathogen itself into the plant (pathogen-derived resistance), by making transgenic 
plants expressing viral coat proteins (expression of viral genes disrupt viral infec-
tion or its symptoms) or by post-transcriptional gene silencing employing viral rep-
licase genes or RNA-dependent RNA polymerase genes. The later method has been 
reported to confer resistance to potato leaf roll virus, barley yellow dwarf virus, 
cucumber mosaic virus and wheat streak mosaic virus in potato, oats, tomato and 
wheat, respectively. It also induced resistance to rice tungro spherical virus in rice. 
RIPs (ribosome-inactivating proteins) expression in transgenic plants is also used to 
protect plants against multiple viruses as RIPs inhibit protein synthesis. Depending 
on the plant species producing them, they exhibit varying toxicity levels against dif-
ferent pathogens. Another common approach is using antibodies directed against the 
virus coat proteins that can neutralize virus infection by interacting with newly syn-
thesized coat protein and disrupting viral particle formation in the pathogen.

Stabilization of the functional conformation of proteins is a major concern in 
plant stress metabolism. Biotechnological approaches for improving abiotic stress 
response in plants include protein engineering approaches. This involves selection 
of protein mutants which increase protein stability by strategies such as random 
mutagenesis and high-throughput screening, functional screens or comparing 
homologous proteins. There has been a strong research focus on understanding the 
stabilization of hydrophobic core and internal structural elements of proteins. 
Protein surfaces also influence stability, and surface residues are generally more 
flexible. The protein surface structures have free movement than the compact core; 
therefore, mutations in the protein surface largely affect protein stability and 
enhance protein stability. Further information is required to understand the rules for 
protein folding stability and dynamics with the aim to improve protein stability and 
stress tolerance in plants (Ortbauer 2013).

Insect-resistant transgenic crops are widely used; greater than 30 million hect-
ares of land worldwide is planted with crops expressing Bt (Bacillus thuringiensis) 
d-endotoxins. About 140 genes have been characterized for the Bt d-endotoxins 
affective against lepidopterans, coleopterans and dipterans, and they are also target 
specific. Hence, they provide safe alternatives to chemical control agents. Apart 
from Bt Cry genes, other candidate genes, such as protease inhibitors, alpha-amylase 
inhibitors, vegetative insecticidal proteins from Bt, cholesterol oxidases and toxins 
from predators such as mites and scorpions, are also used to make insect-resistant 
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transgenics. Studies have shown that transgenic tobacco plants expressing chitinase 
show increased resistance to lepidopterans. Development of artificial resistance, via 
introduction of effector genes into the host plant, was reported to provide a viable 
molecular strategy for expressing nematode resistance. These effector genes can 
encode enzymatic inhibitors that block physiological processes within the 
nematodes, degrading enzymes (e.g. collagenases, chitinases), ingestible toxic 
compounds (cytotoxins), molecule binding compounds (e.g. lectins, monoclonal 
antibodies), enzymes which interact with nematodes and substances causing 
breakdown of particular feeding structures (cytotoxins).

Even though genetically modified (GM) plants have been the centre of attraction 
of plants researchers, there have been different limitations for the same. First, GM 
plants are not the natural way of cultivation; hence they pose unexplained and at 
times perceived threat to the environment. Second, the genes inserted in the plant 
genome add an extra burden to the host plant itself as it has to partition its metabolic 
energy resources to fuel these non-native functions, and this reallocation of resources 
might reflect in decreased crop yield. Such alterations add an extra burden to the 
roots and result in less plant biomass. GM plants may also influence abundance of 
soil organisms including the rhizobacteria. The chances of cross contamination are 
also high when one is dealing with GM plants. Even though there are not 
many  significant facts reported, overall root-plant-soil relationships are 
perceivably disturbed. There has not been any extensive research about GM plants 
and their influence on this tri-partite (GM plant _ rhizosphere microbes – soil micro- 
environment) due to ethical concerns, lack of evidence and apprehension from the 
market (Domingo and Bordonaba 2011). Figure 8.1 is a pictorial representation of 
all such aspects and challenges faced by host-soil-microbe systems.

 Why the Need for Alternatives to Conventional Methods?

All the methods discussed above in section ‘Conventional methods to deal with 
biotic and abiotic stress’ have their own strengths and weaknesses. Primarily, the 
effect on nontarget species, invasiveness, horizontal gene transfer of transgenes and 
adverse effects on natural soil biota are causes of great concern. Introduction of 
insecticide resistance can challenge natural ecosystems with unknown impacts on 
their associated complex network of nontarget organisms (Cramer et al. 2011). As 
global decline of biodiversity is a major issue, proactive measures are necessary, 
and consideration of the likely effects of transgenics on plant and insect biodiversity 
is essential (Downey 2003). Though engineering genes encoding insecticidal 
proteins into crop plants have several benefits, researchers expressed this technology 
could disrupt natural biological control by causing side effects of the plant on the 
fitness and behaviour of pests. Interactions between transgenic plants and beneficial 
insects were also taken up to assess issues of incompatibility (Schuler et al. 1999). 
There are two major concerns regarding the use of Bt transgenic crops: the effect on 
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nontarget organisms and the possibility of resistance development in target insects 
to the Bt protein. Satellite RNA can also be used to increase resistance against 
cucumber mosaic virus. Attempts using this approach have been made in tomato but 
are controversial as a single point mutation in the satellite RNA can transform it into 
a harmful necrogenic form.

To satisfy the increasing global demand for food, a re-evaluation of existing agri-
cultural practices (including the use of chemical fertilizers, herbicides, fungicides 
and insecticides) is also required. To this end, there is a shift in agricultural practices 
towards approaches that are sustainable, as well as environmental friendly. One 
such beneficial approach with no discernible toxic implications happens to be the 
application of PGPM in mainstream agriculture (Glick 2012).

 Plant Growth-Promoting Microbes

In nature, beneficial relationships between plants and microorganisms are present 
and defined under many types such as mutualism, symbiosis, cohabitation, commen-
salism, co-metabolism, biofilms, endophytes and so on. They generally occur in the 
rhizosphere and aid in improving plant growth or help the plant to cope with biotic 
and abiotic stress (Zamioudis and Pieterse 2012). Among the diverse range of 

Fig. 8.1 Genetically engineered plant and its response to various biotic/abiotic stressors
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microscopic life forms found in soil, bacteria are by far the most common (i.e. 95%). 
However, they are generally not homogenously distributed in the soil, i.e. greater 
concentration of bacteria would be found in the rhizosphere than in the rest of the 
soil. This suggests that plants can shape their microbiome by root exudates compris-
ing of nutrients such as sugars, amino acids, organic acids and other small molecules, 
which account for up to a third of the carbon fixed by a plant. Considering the plant 
perspective, the interaction between soil bacteria and plants may either be beneficial 
or harmful or neutral. Also, the effect of particular bacteria on a plant will vary with 
changing conditions. For example, a bacteria facilitating plant growth by providing 
fixed nitrogen or phosphorus (which are generally present in limited quantities in 
soils) are unlikely to prove beneficial to plants when significant amounts of chemical 
fertilizer are added to the soil. Moreover, a particular bacterium can affect different 
plants disparately (Glick 2012). Plant growth-promoting rhizobacteria (PGPR) have 
been the most extensively studied plant growth promoting bacteria (PGPB) (Compant 
et al. 2005). Depending on plant interactions, PGPR can be divided into two groups: 
symbiotic bacteria (which live inside plants and exchange metabolites with them 
directly) and free-living rhizobacteria (which live outside plant cells). Typically 
symbiotic bacteria live in the intercellular spaces of the plant host, but some bacteria 
form truly mutualistic interactions and penetrate plant cells. Additionally, some of 
them integrate their physiology with the plant, leading to formation of specialized 
structures. Rhizobia are one of the most studied mutualistic bacteria, which live sym-
biotically with leguminous crop plants and fix atmospheric nitrogen for the plant in 
root structures called nodules. Other examples of mutualistic bacteria include 
Frankia, which forms nodules wherein it fixes nitrogen in actinorhizic plants such as 
Alnus trees. Several PGPR are used worldwide as biofertilizers, contributing to 
increased crop yields and soil fertility, and hence hold the potential to contribute to 
sustainable agriculture and forestry (García-Fraile et al. 2015). Bacillus mycoides 
B38V, Burkholderia cepacia 89 and Paenibacillus riograndensis SBR5 were studied 
for their plant growth-promoting characteristics. Bach et  al. (2016) evaluated the 
biocontrol potential and rhizosphere competence of two PGPB. The study was with 
different cultivars of wheat, and PGPB were added to the substrate. They have 
recorded remarkable antifungal activity upon inoculation with PGPB in addition to 
improved growth characteristics in host plants. This and many such examples recom-
mend that PGPB could be successfully used as bioinoculants once host-microbe 
optimization studies are completed. Regardless of the differences between these bac-
teria, they all utilize similar mechanisms of support (Glick 2012), as explained in the 
section ‘Role of PGPM in dealing with plant stress’ of the chapter.

Endophytic fungi have been widely studied in several geographic and climatic 
zones and are ubiquitously found within plant tissues and have rich species diversity. 
They play an important role in providing nutrients to host in exchange for 
photosynthates, adapting them to their environments, defending them from 
environmental stresses and promoting biodiversity of plant community (Zhou et al. 
2014). Certain rhizospheric fungi belonging to the genera Penicillium, Fusarium, 
Trichoderma and Phoma are involved in promotion of plant growth and development. 
They impact growth and health of plants by direct and/or indirect mechanisms. 
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They can affect indirectly by strategies such as antibiotics and siderophore 
production and directly via solubilization of minerals, etc. They also stimulate plant 
growth partly by the production of secondary metabolites such as IAA (indoleacetic 
acid), CK, GAs, ET (ethylene) and other plant growth-promoting substances. They 
can also protect against pathogens by the production of phytohormones and also 
through production of molecules which affect hormone homeostasis within the 
plants (Salas-Marina et  al. 2011). P (phosphate)-solubilizing and N (nitrogen)-
fixing bacteria synergistically interact with AM (arbuscular mycorrhizal) fungi, 
increasing P and N availability to the plant and promoting its growth and biotic 
stress resistance (Alizadeh et al. 2013).

Beneficial associations of PGPM can stimulate plant growth through degradation 
of soil pollutants and production of phytostimulators (Zamioudis and Pieterse 
2012). It has been reported that the PGPM strains of  Pseudomonas alcaligenes, 
B.  polymyxa and Mycobacterium phlei promote plant growth significantly when 
inoculated into the nutrient-deficient soils. PGPM can also foster plant’s nutrient 
uptake efficiency under poor soil conditions. In addition, PGPM can induce plant 
resistance to phytopathogens, insect pests and nematodes. Since nutrients and 
PGPM all remain in the soil environment, the soil property could also affect their 
interactions (Sripontan et al. 2014).

 Role of PGPM in Dealing with Plant Stress

PGPM can contribute to plant growth by enhancing its resistance to biotic/abiotic 
stress or by protecting/priming them against the same. However, to establish this 
plant-PGPM association, mutual recognition and coordination are needed between 
them. Substantial evidence indicates that initially plants identify beneficial microbes 
as potential invaders, thereby triggering an immune response. But at later stages of 
such interactions, mutualists outwit plant defence responses to successfully colonize 
host roots (Zamioudis and Pieterse 2012).

 How Do PGPM Help in Fighting Biotic Stress?

PGPB can confer induced systemic resistance (ISR) in plants, a phenomenon which 
resembles systemic acquired resistance (SAR) in phenotypic aspects. Plants 
exhibiting ISR are called primed (Glick 2012), and biopriming of plants with certain 
PGPB provides systemic resistance against a broad spectrum of plant pathogens and 
diseases. ISR is not very specific in its targets and can rather control diseases caused 
by a variety of pathogens (Compant et  al. 2005).The PGPM-mediated ISR is 
important for disease control under conditions where the PGPM and pathogens are 
spatially separated. The systemic resistance induction process leads to increases in 
peroxidase (PO) and phenoloxidase (PPO) activities, which are involved in 
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catalysing lignin formation and phenyl ammonia lyase (PAL), for the biosynthesis 
of phytoalexin and phenol (Filippi et al. 2011). Direct interaction between resis-
tance inducing PGPB and pathogen is not required in ISR. Apart from ethylene 
(ET) and jasmonate, bacterial molecules like O-antigenic side chain of the bacterial 
outer membrane protein lipopolysaccharide, pyoverdine, flagellar proteins, chitin, 
β-glucans, cyclic lipopeptide surfactants and salicylic acid (SA), also act as signal-
ling molecules for ISR (Glick 2012). SA can cause an ISR even when present in 
nanogram amounts (Bloemberg and Lugtenberg 2001). A brief overview of differ-
ent strategies employed by PGPM to protect plants against biotic and abiotic stress-
ors is given in Fig. 8.2.

The first instances of PGPB-induced ISR were reported in carnation (Dianthus 
caryophyllus) and in cucumber (Cucumis sativus) which exhibited reduced suscep-
tibility to wilt caused by Fusarium sp. and foliar disease caused by Colletotrichum 
orbiculare, respectively. The combination of host plant and bacterial strain decides 
manifestation of ISR. Even though most reports of PGPB-induced ISR involve free-
living rhizobacterial strains, endophytic bacteria were also found to exhibit ISR 
activity. Pseudomonas fluorescens EP1 triggers ISR against red rot caused by 
Colletotrichum falcatum on sugarcane. Burkholderia phytofirmans PsJN induces 
ISR against Botrytis cinerea on grapevine and Verticillium dahliae on tomato. 
Pseudomonas  denitrificans and Pseudomonas putida confer resistance against 
Ceratocystis fagacearum in oak, while P. fluorescens does the same against 
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Fusarium oxysporum f. sp. radicis-lycopersici in tomato and Pythium ultimum and 
also against F. oxysporum f. sp. pisi in pea roots. Bacillus pumilus SE34 provides 
ISR against F. oxysporum f. sp. pisi in pea roots and against F. oxysporum f. sp. 
vasinfectum in cotton roots. Both rhizobacteria and bacterial endophytes were 
observed to have the ability to act as bioprotectants via ISR. Bacterial traits such as 
flagellation, production of siderophores, lipopolysaccharides, etc. were proposed to 
trigger ISR. However, no solid evidence exists for an overall ISR signal produced 
by bacteria. Even though some PGPB trigger an SA-dependent signalling pathway 
in the rhizosphere, majority of ISR inducing PGPB were shown to utilize a 
SA-independent pathway involving jasmonate and ET signals. Rather than 
increasing the production of these hormones, ISR was implicated to increase 
sensitivity towards them as the former could lead to the activation of a partially 
different set of defence genes. When PGPB triggers ISR, it was also observed to 
fortify the strength of the plant cell wall and alter the physiology and metabolic 
responses of the host to enhance synthesis of plant defence chemicals. After 
inoculating tomatoes with endophytic P. fluorescens WCS417r, the cortical cell 
walls were found to be thickened upon colonization of epidermal or hypodermal 
cells. During endophytic colonization by B. phytofirmans PsJN in grapevine, 
accumulation of phenolic compounds and strengthening of the cell walls of 
exodermis and other cortical cell layers were reported. Plant ISR response also 
includes formation of structural barriers, like thickening of cell wall papillae by 
deposition of callose and accumulation of phenolic compounds at the site of attack. 
Biochemical or physiological changes in plants include accumulation of 
pathogenesis-related (PR) proteins like PR-1, PR-2, chitinases and some peroxi-
dises. Instead of inducing PR proteins, certain PGPB were known to induce accu-
mulation of phytoalexins, peroxidases, polyphenol oxidase, phenylalanine ammonia 
lyase and/or chalcone synthase. Production of some of these compounds (e.g. chal-
cone synthase) in plant defence might be triggered by the same N-acyl homoserine 
lactones which bacteria also use for intraspecific signalling (Compant et al. 2005).

The list of rhizobacterial Pseudomonas species known to induce ISR is rapidly 
growing as many researchers have worked on the genus. There exists a dependency 
on plant genotype in generation of ISR as reported in literature. Detailed review of 
the plant factors involved in the ISR and SAR pathways has shown that induced 
disease resistance can be increased by simultaneous activation of these two pathways 
(Bloemberg and Lugtenberg 2001). PGPM were shown to induce ISR in several 
crops like Arabidopsis, cucumber, tomato, potato and so on against fungal, bacteria, 
nematode and viral pathogens. Studies have reported early and enhanced levels of 
peroxidase being stimulated in rice plants by seed treatment and seedling root 
dipping. In the PGPR-treated rice plants inoculated with sheath blight pathogen, 
Rhizoctonia solani, two isoforms of peroxidase were induced. Chilli plants treated 
with P. fluorescens Pf1, when challenged with Colletotrichum capsici, reportedly 
showed higher levels of expression of peroxidases. Similarly, tomato plants treated 
with PGPR exhibited increased activity of polyphenol peroxidase upon challenging 
with F. oxysporum f. sp. lycopersici. Pseudomonas strains treated plants have 
registered higher levels of phenylalanine ammonia lyase as compared to control. 
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Seedlings dipped in talc-based formulation of P. fluorescens were observed to 
increase the activity of phenylalanine ammonia lyase in finger millet leaves against 
blast disease. In an experiment, researchers inoculated PGPR strains P. putida 89B- 
27 and Serratia marcescens 90-166 with F. oxysporum f. sp. cucumerinum on two 
separate halves of roots of cucumber seedlings and have reported induction of 
systemic resistance against Fusarium wilt. They observed delayed development of 
disease symptoms and reduced number of dead plants. The same PGPR strains were 
also seen to induce systemic resistance against P. syringae pv. lachrymans which 
causes bacterial angular leaf spot in cucumber (Liu et al. 1995). Treatment of maize 
seeds with P. fluorescens witnessed higher activity of peroxidase, polyphenol 
oxidase and phenylalanine ammonia lyase in the host plant against pathogen R. 
solani. Seeds bactericized with P. fluorescens led to the accumulation of higher 
phenolic compounds and greater activity of polyphenol peroxidase, peroxidase and 
phenylalanine ammonia lyase, compounds that are known to have a role in multiple 
defence mechanisms in plants against pathogen (Sivakumar and Sharma 2003). 
PGPR-induced systemic resistance also controlled diseases caused by nematodes in 
tomato and bell pepper, and ISR was accredited for a reduction of 42% in nematode 
penetration (Siddiqui and Shaukat 2002). The experimental set-up consisted of an 
in vitro split root system, where one half of the split root system was challenged 
with nematodes, while PGPR strains were applied in the other half of the system (in 
tomato). A study involving application of PGPR by seed, root and foliar spray 
treatments separately in different combinations in field revealed that among the 
different PGPR strains tested, highest activity was by B. subtilis strain GB3, in 
terms of suppressing bacterial spots and increased activity of defence-related 
enzymes like peroxidase and phenylalanine ammonia lyase. PGPR which were 
found effective in greenhouse against bacterial spots also showed sustained ability 
to induce resistance in tomato under field conditions. Symbiotic association of 
Glomus mosseae with clover plants crop variety Sonja totally prevented infection by 
P. ultimum. Also, disease symptoms induced were systemically reduced even in 
non-mycorrhizal roots of plants which were grown in split root systems inoculated 
with AM fungi. Systemic regulation of pathogens induced by AM colonization 
indicates establishment of ISR. In plants colonized by AM species with biocontrol 
activities, higher concentrations of ISR-related compounds such as phenolic acids 
and new isoforms of superoxide dismutases, peroxidises and PR-1 proteins 
(pathogenesis-related proteins type 1) were detected. Rhizobacteria-mediated ISR 
in mycorrhizal roots is associated with accumulation of JA (jasmonic acid) which 
might be related to the systemic pathogen biocontrol. Additionally, local cell wall 
modifications like callose accumulation were identified around arbuscule-containing 
cortical cells of tomato roots (Alizadeh et al. 2013).

PGPB are able to colonize and retain their niches in the rhizosphere by produc-
tion of bacterial allelochemicals, like siderophores, biocidal volatiles, antibiotics 
and lytic and detoxification enzymes (Compant et al. 2005). Secondary plant metab-
olites also play a vital role in stress management and plant growth-promoting activi-
ties. For example, Bacillus amyloliquefaciens FZB42 (a plant-associated bacteria) 
simultaneously promotes plant growth while producing secondary metabolites like 
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polyketides bacillaene and difficidin which aid in suppression of soil-borne plant 
pathogens (Chen et al. 2007). Furthermore, colonization of basil plants by Glomus 
mosseae (which protects against F. oxysporum) did not increase the concentration of 
defence-related compounds such as rosmarinic and caffeic acids, phenolics and 
essential oils, highlighting the role of mechanisms other than the stimulation of 
systemic and localized plant defence mechanisms in AM-mediated biocontrol 
(Alizadeh et al. 2013).

Over the past two decades, there has been an increase in understanding of anti-
biosis being employed as biocontrol mechanism by PGPB. Detailed studies of sev-
eral antibiotics along with their specificity and mode of action have been done, 
identifying the contribution of compounds like amphisin, DAPG 
(2,4-diacetylphloroglucinol), HCN (hydrogen cyanide), oomycin A, phenazine, 
pyoluteorin, pyrrolnitrin, tensin, tropolone and cyclic lipopeptides produced by 
Pseudomonads. Bacillus, Streptomyces and Stenotrophomonas spp. were also 
reported to produce oligomycin A, kanosamine, zwittermicin A and xanthobaccin. 
DAPG is a polyketide compound with broad-spectrum activity against fungi, 
bacteria and helminths. Phenazines are heterocyclic pigments which contain 
nitrogen and are synthesized by Pseudomonas, Streptomyces, Burkholderia and 
Brevibacterium species. Pyrrolnitrin is a broad-spectrum antifungal metabolite 
which can persist actively in the soil for a minimum of 30 days. Pyoluteorin, an 
aromatic polyketide antibiotic, inhibits oomycetous fungi and has strong activity 
against P. ultimum upon application to seeds, leading to decreased severity of 
Pythium damping off. P. fluorescens strain CHAO and its antibiotic over-expressing 
derivative CHAO/PME 3424 reduce Meloidogyne incognita galling in primary 
growth stages of crops such as tomato and brinjal. There exists a strong negative 
correlation between rhizobacteria colonization and nematode invasion as reported 
by Alizadeh et al. (2013). Different PGPR isolates from weedy grass have been used 
to control rice plant pathogens such as Pyricularia oryzae, R. solani and Sarocladium 
oryzae (Sarathambal et  al. 2014). Many strains of Pseudomonas produce AFM 
(antifungal metabolites) out of which phenazines, pyrrolnitrin, DAPG and 
pyoluteorin are most common, but new AFMs like viscosinamide and tensin have 
also been reported. Studies have shown that viscosinamide prevents P. ultimum 
infection in sugar beet. Interestingly, AFM production is also observed in 
Pseudomonas where its biosynthesis happens under complex global regulation and 
quorum sensing. Global regulators like gacS/gacA genes regulate AFMs (and other 
extracellular products like protease, HCN) by encoding a two-component regulatory 
system. GacA has recently been shown to indirectly control the HCN synthase 
genes (hcnABC) and the protease gene aprA in P. fluorescens CHAO via a post- 
transcriptional mechanism involving a distinct recognition site overlapping the 
ribosomal binding site. It has recently been established that plants can recognize 
AHLs (N-acyl homoserine lactones) and their gene expression in roots and shoots 
can be altered by them. AHLs can also regulate the defence and cell growth responses 
of plant (Ortiz-Castro et al. 2009). An AHL synthase such as LuxI produces AHL 
signal molecules, which are believed to be involved in quorum sensing. It was 
reported that when AHL is at a threshold concentration (depending on density of 
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bacterial cells), it binds to and activates LuxR, a transcriptional regulator. This 
activated form of the transcriptional regulator further stimulates gene expression 
(Bloemberg and Lugtenberg 2001).

Moreover, some PGPB-produced antibiotics are being tested for their utility as 
pharmaceuticals which can be used to tackle the increasing menace of multidrug 
resistance among human pathogenic bacteria. It is reported that their regulatory 
cascades involve global regulators GacA/GacS or GrrA/GrrS, the sigma factors 
RpoD and RpoS and quorum-sensing autoinducers such as AHL derivatives and are 
under positive autoregulation. Antibiotic synthesis is closely linked to the overall 
metabolic status of the cell, and the metabolic status is shaped by nutrient availability 
and other environmental factors. Trace elements specifically zinc and carbon source 
levels affect the capacity of secondary metabolite producing PGPM by influencing 
the genetic stability/instability of microbes. It is pertinent that several strains 
produce pellet of secondary antimicrobial metabolites and that conditions which 
favour one compound might not favour another. Therefore, the wide variety of 
biocontrol strains can enable suppression of pathogens under a wide range of 
environmental conditions. This was illustrated by the reports that the presence of 
glucose as a carbon source in P. fluorescens stimulates CHAO biosynthesis of 
DAPG and represses pyoluteorin (bacterial aromatic polyketide antibiotic). 
However, as glucose levels get depleted, pyoluteorin levels increase, and it becomes 
the more abundant antimicrobial compound produced by this strain which ensures 
that the antagonist has flexibility when dealing with different or changing 
environment. Biotic conditions also influence antibiotic biosynthesis. For instance, 
bacterial metabolites-salicylates and pyoluteorin affect DAPG production by P. 
fluorescens. Additionally, plant growth and development also have an impact on 
production of antibiotic compounds as biological activity of DAPG producers is 
induced not by the exudates of young plant roots but by the exudates of older plants. 
This leads to the creation of selective pressure against other microorganisms in the 
rhizosphere. Another feature that influences disease-suppressive interaction of plant 
with a microbial biocontrol agent is the host genotype itself (Compant et al. 2005).

Too much dependence on antibiotic-producing bacteria as biocontrol agents 
poses the complication of resistance development in phytopathogens against specific 
antibiotics. To overcome this shortcoming, researchers are utilizing biocontrol 
strains which synthesize HCN along with one or more antibiotics. This is an effective 
strategy as even though HCN may not have much biocontrol activity individually, it 
acts synergistically with bacterially encoded antibiotics (Glick 2012). The cyanide 
ion is exhaled as HCN and is metabolized further into other compounds. The 
mechanism through which HCN exerts its biocidal action is by inhibiting electron 
transport and disrupting the energy supply to the cell leading to the death of the 
organism. It also disrupts functioning of enzymes and natural receptors that can 
reverse its impact and inhibits action of cytochrome oxidase. HCN is reportedly 
produced by several rhizobacteria. HCN has broad-spectrum antimicrobial activity 
and is involved in biocontrol of several root diseases by many plant-associated 
fluorescent pseudomonads (Alizadeh et al. 2013). The ability of P. fluorescens strain 
CHAOs to suppress black root rot of tobacco and take-all of wheat was attributed to 
the production of HCN, and the same isolate was also shown to inhibit in  vitro 
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mycelial growth of Pythium and suppression of F. oxysporum f. sp. radicis- 
lycopersici in tomato. The cyanide producing strain CHAO was also observed to 
stimulate the formation of root hair presumably by inducing and altering plant 
physiological activities. In a particular study, four out of six PGPR strains were 
recognized for inducing systemic resistance in cucumber against C. orbiculare 
through production of HCN. Fluorescent Pseudomonas strain RRS1 isolated from 
Rajnigandha (tuberose) was studied to be positive for HCN production and also 
contributed to improved seed germination and root length. It has been reported that 
low oxygen levels are essential for the activity of ANR, a transcription factor 
responsible for positively regulating HCN biosynthesis.

Several microorganisms exhibit hyper-parasitic activity and attack pathogens by 
secretion of cell wall hydrolases. PGPB which can synthesize enzymes capable of 
lysing a portion of the cell walls of pathogenic fungi, such as chitinases, cellulases, 
β-1,3 glucanases, proteases and lipases, can exhibit biocontrol activity against wide 
spectrum of pathogenic fungi including B. cinerea, Sclerotium rolfsii, F. oxysporum, 
Phytophthora spp., R. solani and P. ultimum (Glick 2012). Serratia plymuthica C48 
produces chitinase to inhibit spore germination and germ-tube elongation in Botrytis 
cinerea. The same enzyme was also responsible for its antagonistic activity against 
S. rolfsii. Suppression of F. oxysporum f. sp. cucumerinum by Paenibacillus sp. 300 
and Streptomyces sp. strain 385 was also attributed to their ability to produce 
chitinase (Compant et  al. 2005). Extracellular chitinases and laminarinases from 
Pseudomonas stutzeri could digest and lyse mycelia of F. solani. In PGPB S. 
plymuthica IC14 suppression of Sclerotinia sclerotiorum and B. cinerea was due to 
synthesis of proteases and other biocontrol traits. The β-1,3-glucanases synthesized 
by both Paenibacillus sp. (strain 300) and Streptomyces sp. (strain 385) were seen 
to lyse fungal cell walls of F. oxysporum f. sp. cucumerinum. The same enzyme 
synthesized by B. cepacia was found to damage the integrity of R. solani, S. rolfsii 
and P. ultimum cell walls (Compant et al. 2005). Constitutive and additional isoforms 
of defence-related enzymes were also reported in mycorrhizal roots (Alizadeh et al. 
2013).

Iron is a vital element for growth of all living organisms, but the scarcity of bio-
available iron can foment great competition in soil habitats and on plant surfaces. 
Bacterial strains which don’t possess or employ other means of biocontrol can use 
their capability of producing siderophores to establish themselves as biocontrol 
agents. Under iron-limiting conditions, PGPB-produced siderophores can help 
them to efficiently outcompete pathogens in competitively acquiring ferric ion. In 
fact siderophores from PGPB limit the proliferation of pathogenic fungi by depriving 
them of iron, an essential element to carry out many metabolic functions. Some 
PGPB strains can even derive iron from heterologous siderophores being produced 
by other microorganisms in their vicinity. Biosynthesis of siderophores is under 
strict regulation of iron-sensitive Fur proteins; GacS and GacA; sigma factors RpoS, 
PvdS, FpvI and N-acyl homoserine lactone; and site-specific recombinases. 
However, there are contradictory opinions on this as some studies do not support the 
involvement of these global regulators in siderophore production. For instance, 
GacS or RpoS had no significant effect on the level of siderophores synthesized by 
Enterobacter cloacae CAL2 and UW4. Similarly, non-involvement of RpoS of P. 
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putida strain WCS358, and preferential involvement of GrrA/GrrS over GacS/GacA 
of S. plymuthica strain IC1270  in regulation of siderophore synthesis, indicates 
evolution of genes in the siderophore-producing bacteria. Furthermore various 
environmental factors were also evidenced to modulate siderophore synthesis, viz. 
pH, iron levels, form of iron ions, presence or absence of other trace elements and 
optimal supply of major nutrients like phosphorus, nitrogen and carbon (Compant 
et  al. 2005). Iron depletion in the rhizosphere by siderophores produced by the 
PGPB does not affect the growth of plants as most plants can thrive at much lower 
iron concentrations than most microorganisms. Moreover, several plants can bind, 
take up and utilize the iron-siderophore complexes generated by these 
PGPB. Evidence for involvement of bacterial siderophores in biocontrol of fungal 
pathogens comes from various studies. Certain studies used mutants defective in 
production of siderophores and found them less effective at protecting plants against 
fungal pathogens than the wild-type strains. Also, another study found that mutants 
which overproduce siderophores show greater effectiveness in protecting plants 
against fungal attacks (Glick 2012). Siderophores from endophytic bacteria were 
reported to limit the growth of Streptomyces scabies and Xanthomonas campestris 
in vitro. Compant et  al. (2005) proved with their experiment the tissue type and 
tissue site-specific activities of siderophores by employing endophytic bacteria 
isolated from potato tubers. A study by Tiwari and Thrimurthy (2007) utilized 21 
isolates of siderophore producing P. fluorescens and has concluded that isolates, 
PFR 1 and PFR 2, were superior over others in increasing shoot and root length of 
rice cv. Bamleshwari. An in vitro evaluation of the P. fluorescens isolates confirmed 
their antagonistic ability against Pyricularia grisea and R. solani. Pure culture of 
Pseudomonas aeruginosa were also studied for siderophore production, and their 
antifungal activity was tested against Fusarium moniliformae, Alternaria solani and 
Helminthosporium halodes, and it was seen that P. aeruginosa inhibits these fungal 
pathogens by production of antifungal secondary metabolites (Alizadeh et al. 2013). 
Apart from having high affinity for iron, siderophores may show affinity for other 
metals too. Excretion of catecholate compounds has been reported in Azotobacter 
vinelandii. These were earlier identified as siderophores, and they bind to metal 
cofactors of nitrogenase (Mo, V and Fe) enzyme (Pontes et al. 2015).

PGPM also employ detoxification of pathogen virulence factors as a mechanism 
of biocontrol. For example, Xanthomonas albilineans produces an albicidin toxin 
which is detoxified by certain biocontrol agents. In Klebsiella oxytoca and 
Alcaligenes denitrificans, this detoxification mechanism involves the production of 
a protein which reversibly binds the toxin, while Pantoea dispersa produces an 
esterase which irreversibly detoxifies albicidin. Fusarium species produce fusaric 
acid, a phytotoxin which is hydrolysed by many different microorganisms including 
B. cepacia and Ralstonia solanacearum strains. However, most pathogen toxins 
have a broad-spectrum activity capable of suppressing growth of microbial 
competitors, or as self-defence against biocontrol agents, they can detoxify the 
antibiotics they produce. PGPB can quench pathogen quorum-sensing capacity by 
degrading the autoinducer signals which would effectively block the expression of 
several virulence genes. A majority of plant bacterial pathogens depend on 
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autoinducer-mediated quorum-sensing to activate their gene cascades coding for 
virulence factors, and this mechanism holds promise for relieving/curing disease 
even after the onset of infection. Both free-living rhizobacteria and endophytic 
bacteria share some biocontrol mechanisms. For instance, both are capable of 
synthesizing metabolites with antagonistic activity towards plant pathogens 
(Compant et al. 2005).

Lowering a plant’s ET response to pathogens can ameliorate the extent of damage 
caused to plants by phytopathogens. This can be done by treating plants (generally 
the roots or seeds) with PGPB containing ACC (1-aminocyclopropane-1- carboxylate) 
deaminase. This technique has lowered the damage in cucumber, potato, castor bean, 
tomato, carrot and soybean plants, caused by various phytopathogens including P. 
ultimum, F. oxysporum, Erwinia carotovora, Agrobacterium tumefaciens, 
Allorhizobium vitis, S. rolfsii and R. solani, in both greenhouse and growth chamber 
experiments (Glick 2014). Transgenic plants expressing bacterial ACC deaminase 
are protected from damage caused by various phytopathogens to a significant level. 
Another study by Gamalero et al. (2010) supported the beneficial nature of PGPR for 
plant growth even under stress conditions. Interaction between ACC (1-aminocyclo-
propane-1-carboxylate) deaminase-producing bacterial strains and an arbuscular 
mycorrhizal fungus (AMF) was studied, and the effect of this interaction on cucum-
ber growth was examined under saline conditions. Seeds of cucumber plant were 
treated with ACC deaminase- producing strain P. putida UW4 (Acds+). Inoculation 
with P. putida was shown to have a positive effect on various parameters of assess-
ment including root length, photosynthetic activity and overall plant growth. 
Inoculation of peas with Pseudomonas spp. containing ACC deaminase witnessed a 
similar growth- promoting effect and also contributed significantly to decrease the 
adverse effects of drought stress on growth, grain yield and ripening of pea (Pisum 
sativum L.) (Arshad et al. 2008). Salinity has negative effects on growth, but root 
colonization by ACC deaminase-producing bacteria or AMF can improve the toler-
ance of plant for such stressful conditions. This study was not only relevant from an 
ecological point of view, but also it has tremendous application as well. While PGPR 
stimulate growth rates in wild-type plants, it inhibits growth in ABA-deficient mutant 
plants. It has also been shown to induce accumulation of ET in ABA-deficient plants 
correlating with increased expression of the pathogenesis-related gene Sl-PR1b. 
Such results suggest that in ABA-deficient mutant plants, over-accumulation of ET 
corresponds with increased expression of Sl-PR1b indicating that maintenance of 
normal plant endogenous ABA levels might be essential for promotion of growth 
caused by Bacillus megaterium (Porcel et al. 2014). Goel et al. (2008) has elaborated 
on various type III effector proteins from P. syringae strains that act as virulence 
factors in the host cells. The virulence factors, Pma M6CΔE and HopAM1, were 
discussed for their role in enhanced nutrient uptake in plants that are grown under 
drought stress and adaptation to water availability. In Arabidopsis, HopAM1 was 
shown to induce hypersensitivity to ABA, causing stomatal closure and germination 
arrest. Although a discussion about all the PGPM currently in use is beyond the 
scope of this chapter, Table 8.1 provides a brief list of some PGPM which are pres-
ently being explored/used to protect plants against biotic stress.
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Disease incidence and severity can be minimized when competition between 
pathogens and PGPB occurs. For example, non-pathogenic soil microbes can rap-
idly colonize plant surfaces and use up the available nutrients making it difficult for 
pathogens to grow. Treatment of plants with Sphingomonas sp. has been reported to 
prevent the bacterial pathogen P. syringae pv. tomato from causing disease symp-
toms (Glick 2012). However, poor rhizosphere competence leading to inconsistent 
performance hampers application of PGPB in field tests. Rhizosphere competence 
of biocontrol agents is determined by effective root colonization and ability to sur-
vive/proliferate along with growing plant roots over a significant time period, in the 
presence of native microflora. As rhizosphere competence is of utmost importance 
for effective biological control, detailed understanding of genetic and environmen-
tal regulation of root-microbe interaction can considerably help to improve the effi-
cacy of these biocontrol agents. Root colonization is important in competing for 
root niches and bacterial determinants. Root surface and its surrounding rhizosphere 
are significant sink for carbon. Photosynthate allocation to this zone can be up to 
40%. PGPB compete for these nutrients and niches in order to protect plants from 
phytopathogens. They reach root surfaces chemotactically, facilitated by flagella. 
Root exudates contain chemical attractants like organic acids, amino acids and spe-
cific sugars. Some of these exudates are also effective as antimicrobial agents pro-
viding an ecological niche advantage to organisms that have the ability to detoxify 
them via adequate enzymatic machinery. Genetic and environmental factors control 
the quantity and composition of chemoattractants and antimicrobials exuded by 
plant roots. Thus, it can be deduced that PGPB competence depends heavily upon 
their ability to take advantage of a specific environment and/or adapt to changing 
conditions. For example, sugars, amino acids and organic acids induce chemotaxis 
in Azospirillum. However, different strains vary in their degree of chemotactic 
response to each of these compounds. Rice exudates were shown to induce stronger 
chemotactic responses of endophytic bacteria compared to  non- PGPB present in the 
rice rhizosphere, suggesting that PGPB are uniquely equipped to sense chemoat-
tractants. Bacterial LPS (lipopolysaccharides) are also involved in root coloniza-
tion, but their importance in colonization may be strain dependent as the LPS 
O-antigenic side chain of P. fluorescens WCS374 doesn’t play a part in potato root 
adhesion, while on the other hand, the O-antigen chain of P. fluorescens PCL1205 
does contribute in tomato root colonization. Moreover, the O-antigenic aspect of 
LPS was shown to have no contribution in rhizoplane colonization of tomato by the 
PGPB P. fluorescens WCS417r, whereas this bacterial determinant did contribute in 
its endophytic colonization of roots. Properties like high rate of bacterial growth, 
ability to synthesize vitamin B1 and exuding NADH dehydrogenases enable PGPB 
to colonize plants. They also indulge in root colonization via type IV pili which are 
known for their role in the adhesion of bacteria to eukaryotic cells and are also 
involved in plant colonization by endophytic bacteria. Efficient root colonization in 
certain PGPB is linked to the ability of secreting even a site-specific recombinase. 
Transfer of a site-specific recombinase gene from a rhizosphere- competent P. fluo-
rescens into a rhizosphere-incompetent Pseudomonas strain reportedly increased its 
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ability to colonize root tips (Compant et al. 2005). In field experiments, inadequate 
biocontrol is often correlated with poor root colonization. A screen for mutants of 
the rhizobacterial strain P. putida KT2440 was able to identify set of putative sur-
face and membrane proteins that have a role in attachment to corn seeds. Some such 
proteins were homologs of a calcium-binding protein, a hemolysin and a potential 
multidrug efflux pump. A study used in vivo expression technology to identify P. 
fluorescens genes that are specifically expressed in the rhizosphere (i.e. rhi genes) 
and found greater than 20 rhi genes. Out of these, 14 were shown to have significant 
homology to genes involved in nutrient acquisition, stress response or secretion. 
Various root colonization genes and traits were also observed in the Pseudomonas 
species with biocontrol properties and suggested for use in improving colonization 
of wild-type Pseudomonas strains. The competitiveness of these strains is also 
increased by their ability to produce siderophores. Authors observed that ability to 
utilize organic acids is the nutritional basis of tomato rhizosphere colonization 
where a defect/inability in the utilization of the raid organic acids has led to 
decreased competitive colonization of the tomato rhizosphere. On the other hand, a 
defect in sugar utilization found to have no impact on colonization (Bloemberg and 
Lugtenberg 2001). AMF have to compete with soil-borne pathogens in order to 
acquire space and nutrients. Plant pathogens may obstruct mycorrhizal colonization 
if they are present in very large numbers. To avoid this competitive inhibition and 
have better biocontrol efficiency, AMF pre- inoculation and pre-host treatment are 
always favoured. Dual inoculation of AMF with rhizobacteria has a synergistic or 
additive effect on its control of plant growth suggesting that biocontrol properties 
would depend on the combination of bacterial/fungal species used, soil’s nutritional 
status and other environmental factors (Alizadeh et al. 2013).

 How Do PGPM Help in Fighting Abiotic Stress?

Typically, plant growth involves periods of maximum growth interjected randomly 
with various levels of no growth or growth inhibition periods triggered by external 
stress stimuli. Upon addition, PGPM can employ any one or more of several 
different strategies described below, in order to overcome the growth inhibition 
caused by environmental stress or biotic and abiotic.

ACC deaminase-containing PGPB can be employed to ameliorate abiotic stresses 
like temperature extremes, metal toxicity, flooding, drought, hypoxia, salt and 
organic contamination (Glick 2012). Several PGPR containing ACC deaminase are 
present in the soil which aid in improvement of plant growth, especially under 
unfavourable environmental conditions. Abiotic stresses trigger increase of ET in 
plants which is directly related to the concentration of ACC in plant tissues. These 
bacteria may improve the survival of seedlings in the first few days post-sowing by 
decreasing ET levels, which helps in longer root formation. Plants with decreased 
level of ET react better when facing different environmental stresses such as salinity, 
drought and metal toxicity (Fahad et al. 2015). Both endogenous and exogenous 
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ACC deaminase genes have been shown to increase the symbiotic performance of 
several rhizobial strains. In case of flooding, plant roots are typically subjected to 
hypoxic or oxygen-limiting conditions which lead to increased production of ACC 
synthase enzyme and other stress proteins. The stressed plant subsequently 
synthesizes more ACC in its roots, but the newly made ACC cannot be converted to 
ET in the roots (ET synthesis requires oxygen), hence ACC has to be transported to 
the shoots where there is an aerobic environment. There ACC gets converted to ET, 
and production of ET by flooded plants results in epinasty (wilting), chlorosis, 
necrosis and reduced growth. Treating plants with ACC deaminase-producing 
PGPB can protect plants from majority of damage caused by flooding. A study 
reported that PGP bacteria that are endemic to sites of limited rainfall prove better 
in protecting plant growth against drought stress as compared to similar bacteria 
from sites of water abundance. Researchers have proved the efficacy of ACC 
deaminase-containing PGPB in protecting a wide variety of plants against drought- 
induced growth inhibition. Lowering ET levels using ACC deaminase-containing 
PGPB might also afford protection against salinity stress as reported in studies by 
Glick (2014) and Sarathambal et al. (2014). The presence of organic contaminants 
in the soil would also result in increase in stress-induced ET synthesis. As a number 
of ACC deaminase-containing PGPB are able to protect plants from a wide range of 
abiotic stresses, this technology can be explored to become a technology (marketable 
product) with commercial use in the field. However, certain inhibitions about the 
use of bacteria on a large scale in agriculture exist as the biosafety level of such 
PGPB needs confirmation (Glick 2012, 2014).

PGPB that do not contain ACC deaminase nevertheless protect plants from the 
harmful effects of abiotic stresses by providing IAA to the plant which directly 
stimulates plant growth, even if other inhibitory compounds are present. However, 
bacteria producing both IAA and ACC deaminase can be considered effective in 
protecting plants against a wide range of stresses. The synergistic effect of IAA and 
ACC deaminase in plant growth promotion can be explained as follows: PGPB 
bound to plant roots utilize tryptophan (exuded by plant roots) to convert it into 
IAA. This IAA produced is secreted out by the bacteria in the rhizosphere and is 
taken up by plant cells. Once there, it joins the plant’s IAA to stimulate an auxin 
signal transduction pathway, which includes various auxin response factors. As a 
result, growth and proliferation of plant cells occur. Simultaneously, some of the 
IAA promotes transcription of the ACC synthase-encoding gene which increases 
concentration of ACC. As ACC oxidase catalyses ACC into ET, the ET levels also 
shoot up. Various biotic and abiotic stresses can also increase IAA synthesis or stim-
ulate transcription of ACC synthase gene. In the absence of bacterial ACC deami-
nase, ET-induced cell growth and proliferation limitation take place due to decreased 
transcription of auxin response factors. It also limits IAA stimulation of the synthe-
sis of more ET. In the presence of ACC deaminase, lesser ET is formed, and there-
fore in its presence, transcription of auxin response factors is not inhibited, and IAA 
stimulates cell growth and proliferation without causing a build-up of ET. Therefore, 
both in the presence and absence of stress, ACC deaminase can decrease inhibition 
of plant growth by ET and allows IAA to promote plant growth (Glick 2012).
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CKs are compounds with structural resemblance to adenine and are named so 
because of their ability to promote cytokinesis or cell division in plants. Various 
plants, some yeast strains and a number of soil bacteria including PGPB produce 
CKs. Transgenic plants which can overproduce CKs under abiotic stress were found 
to have withstand the harmful effects of stress. However, there aren’t any conclusive 
studies showing that bacterially produced CKs can protect plants from abiotic 
stresses. A comparative study concentrating on the activity of CK-producing PGPB 
as against that of CK minus mutants may help in understanding the role of PGPB in 
CK of those bacteria is needed (Glick 2012).

Gibberellins are plant hormones regulating growth and development processes 
like germination of seeds, emergence of seedling, floral induction, growth of roots, 
stems, leaves, fruits and flowers and senescence. In majority of such processes, GAs 
play a complementary role with other phytohormones and regulatory factors and 
integrate the signalling pathways (Bottini et al. 2004). It was reported that drought 
resistance can be acquired by inhibition of GA synthesis (Waqas et al. 2012). Under 
drought, synthesis of GA and ABA was found to be reduced in maize seedlings, and 
it was shown that prior inoculation with Azospirillum lipoferum promoted growth of 
both roots and shoots. It has also been reported to relieve water stress effects on 
wheat, at least in part by GA synthesis (Bottini et al. 2004). It has also been reported 
that two endophytic fungi, Phoma glomerata LWL2 and Penicillium sp. LWL3, 
alleviate drought and salt stress by secreting phytohormones like gibberellins and 
IAA along with promoting plant growth in cucumber plants (Waqas et al. 2012).

Trehalose is a non-reducing storage disaccharide and is ubiquitous in nature. 
Increased levels of trehalose act as protectant against various abiotic stresses like 
drought, high salt and temperature extremes. Trehalose is a highly stable molecule 
resistant to both acid and high temperature. It forms a gel phase as cells dehydrate, 
by replacing water and, thereby, decreases drought and salt damage. Additionally, 
trehalose also prevents protein degradation and aggregation which occur under 
extreme temperature stresses. PGPM engineered to overproduce trehalose were 
observed to make plants tolerant against drought and other stresses. Treatment of 
bean plants with the genetically engineered symbiotic bacteria Rhizobium etli (an 
overproducer of trehalose) has reportedly led to formation of more nodules, more 
nitrogen fixation, increase in biomass and increased recovery from drought stress as 
compared to plants inoculated with wild-type R. etli. Similarly, treatment of maize 
plants with the PGPB Azospirillum brasilense (modified for overproduction of 
trehalose) made the plants more resistant to drought, producing more biomass than 
plants which were treated with wild-type A. brasilense. Even though plants can also 
be directly engineered to overproduce trehalose, it is easier to use genetically 
modified PGPB to attain the same end. Also, one engineered bacterial strain can be 
effective in protecting many different crop plants (Glick 2012).

PGPR can also enhance stress resistance by solubilizing minerals and nutrients 
in the plant-soil system and enhance release of these nutrients into soil solution 
(Sarathambal et al. 2014). Nitrogen-fixing bacteria (NFB) can play a vital role in 
plant establishment and development as they provide the limiting nutrient (nitrogen) 
to plants. The relationships of symbiotic bacteria (like Rhizobium and Frankia) with 
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leguminous crops have been studied extensively, and its total coverage is beyond the 
scope of this chapter. It has been reported that diazotrophs, such as Acetobacter and 
Herbaspirillum, might be beneficial for plant growth promotion in nonlegumes 
(Grandlic 2008). Non-rhizobial N2-fixing bacteria were shown to exhibit endophytic 
growth in several grasses. Pseudomonas species were the most dominant class of 
nifH (the nitrogen fixation gene) carrying bacteria in the rhizosphere of perennial 
grasses of South Australia. The nifH gene is present in many non-Frankia 
actinobacteria like Agromyces, Microbacterium, Corynebacterium and 
Micromonospora. Nitrogen fixation is also reported in Prosopis sp. under natural 
conditions (Sarathambal et al. 2014). Other well-known NFB include Azospirillum, 
Bradyrhizobium, Burkholderia, Sinorhizobium, Mesorhizobium and Azorhizobium 
(Grandlic 2008). It has been reasonably hypothesized that optimally nitrogen- 
nourished plants have survival advantage over nitrogen malnourished ones, when 
challenged by abiotic stresses (Arora 2004). Certain species of Rhizobium have 
been reported to form effective (N2-fixing) symbioses with legumes under various 
stresses (salt, heat, acid stress, heavy metal stress) (Zahran 1999).

Some microorganisms are capable of solubilizing the inorganic P (phosphorus) 
present in the soil and increase its availability to plants. Plant-associated microbes 
have been reported to solubilize P in various instances. This group comprises of 
bacteria, fungi and some actinomycetes, and they solubilize unavailable forms of 
organic P such as tricalcium, iron, aluminium and rock phosphates into soluble 
forms by releasing various organic acids like malic, fumaric, succinic, citric, 
glyoxylic and gluconic acids (Pontes et al. 2015). In conditions wherein phosphate 
is present in an insoluble form, phosphate-solubilizing bacteria (PSB) like strains 
belonging to the genus Cedecea and Microbacterium have been reported to promote 
the growth of barley plants (Sarathambal et al. 2014). The hyphae of AMF were 
noted to absorb poor mobility nutrients like P from soil beyond the zones that are 
depleted by roots particularly when nutrient availability is low. Mycorrhizal fungi 
increase plant growth by enhanced phosphorus uptake, and some AMF aid in 
enhancing plant resistance towards salinity stress by either modulating the hormonal 
balance of the host plant or by enhancing water uptake (Alizadeh et al. 2013). At a 
particular deserted site with low nutrient and organic matter content, a native 
mycorrhiza, Geastrum coronatum, was shown to be an important microbe in plant 
establishment. In addition, G. coronatum was most effective at heightening nitrogen 
and P content in plants when used together with Rhizobium sp. Another mycorrhizal 
species, Glomus intraradices, showed greater affectivity at promoting plant growth 
with a completely different strain of Rhizobium (Grandlic 2008).

Apart from phosphorous, most soils are deficient in micronutrients, such as: Zn, 
Fe and Mn with Zn registering as foremost nutrient that is deficient across the world. 
Hence zinc solubilizing bacteria (ZSB) based bioinoculants are highly beneficial for 
countries like India in which there is high incidence of zinc deficiency (greater than 
70%).These ZSB are capable of solubilizing insoluble zinc compounds/minerals in 
agar plates as well as in the soil. Potassium-solubilizing bacteria like Bacillus 
mucilaginosus and Bacillus edaphicus are used in bioinoculants and are capable of 
solubilizing potassium rock by production and secretion of organic acids. The 
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bacteria being heterotrophic and aerobic can obtain energy and carbon from existing 
organic sources. Hence, they can also improve soil structure by contributing to the 
formation and stabilization of water-stable soil aggregates. A study by Sarathambal 
et al. (2014) reported that B. subtilis, Azospirillum sp., A. brasilense and Bacillus sp. 
have the ability to solubilize minerals such as P, potassium and Zn. The metal- 
resistant PGPB Pseudomonas sp. and Pseudomonas jessenii were shown to aid in 
metal sequestering (nickel, copper and Zn) Ricinus communis when associated with 
host as well as phosphate solubilization and IAA production. These aforementioned 
abilities could be highly useful for promoting plant growth to counter abiotic stress 
polluted soils in metal-stressed soils (Rajkumar and Helena 2008). Sheng et  al. 
(2008) isolated and characterized endophytic lead (Pb)-resistant bacteria (P. 
fluorescens G10 and Microbacterium sp. G16) from rape roots of plants grown in 
heavy metal-contaminated soils. These two strains were shown to possess various 
heavy metal and antibiotic resistance characteristics and can increase water-soluble 
Pb (in solution) in Pb-added soil while simultaneously showing plant growth 
promotion.

For in-field effectiveness, a PGPB should show persistence and proliferation 
ability in the environment. Some countries have a common spring temperature of 
5–10 °C, and PGPB should be functional in these cool soil temperatures and should 
be able to survive repeated freeze-thaw cycles common during the winter season in 
several places. Moreover, as many fungal pathogens are most destructive in cold 
and temperate climates, cold-tolerant (psychrotrophic) PGPB can be expected to 
show better biocontrol activity in such climates than mesophilic biocontrol strains. 
It has been studied that in some psychrophilic and psychrotrophic PGPB, exudation 
of antifreeze proteins into surrounding area takes place when grown at low 
temperatures. Bacterial antifreeze proteins would regulate the formation of ice 
crystals outside the bacterium, protecting cell walls of the bacteria from the lethal 
piercing damage which might be caused by the formation of large crystals at 
freezing temperatures. Additionally, some of them were also found to possess ice 
nucleation activity. Even though there have been various studies aiming at isolation 
and characterization of bacterial antifreeze proteins, none of these studies focused 
on the possibility of utilizing this activity to enable PGPB functionality in environ-
ments that include cold temperatures (Glick 2012).

 Other Strategies of Dealing with Abiotic Stress

Recent researches in the field of PGPM have shown tremendous opportunities that 
have a positive impact on the growth and health of plants. Also, applying PGPM for 
the remediation of contaminated soils has opened newer possibilities of research. 
For instance, combining PGPM with contaminant-degrading bacteria can help to 
eradicate contaminants present in the soil. Rhizobacteria can also be used to increase 
the uptake of specific metal pollutants from soil. Exploiting and manipulating 
genetic engineering technologies in this line can be proven to help bioremediation 
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(Zhuang et  al. 2007). Phytodegradation and rhizoremediation are remediation 
strategies that utilize rhizospheric bacteria to degrade persistent organic compounds. 
It is well known that ET is integral for initiation of senescence in flowers. Many cut 
flowers (e.g. carnations and lilies) are treated with silver thiosulfate (an ET inhibitor) 
prior to their sale. However, high silver thiosulfate levels can be phytotoxic and 
cause environmental problems. Using ACC deaminase-containing plant PGPR 
(with ability to limit ET production) for treating cut flowers can provide an 
environmentally friendly alternative. In the first instance of using ACC deaminase- 
containing PGPB for metal phytoremediation, it was reported that a nickel-resistant 
bacteria could alleviate nickel toxicity in canola plants. Since then, there have been 
several accounts of metal phytoextraction using PGPB including a wide variety of 
plants, different metals, soils and bacteria. In many of those studies, bacteria were 
first selected based on their resistance to the toxic metal(s) and then tested for ACC 
deaminase activity, IAA and siderophore synthesis. Additionally, some other 
bacterial traits might be involved in metal phytoremediation. Certain bacteria 
facilitating phytoremediation were shown to have the ability to solubilize phosphate 
and were proposed to assist in metal uptake. Another study reported the production 
of biosurfactants in the bacterial strain aiding in phytoremediation which might be 
involved in increasing the bioavailability of metals. Strategy of using bacteria in 
combination with phytoremediation was suggested to be effective in removing and/
or degrading organic contaminants from impacted soils, both in the lab and under 
field conditions (Glick 2014).

Timmusk and Wagner (1999) reported changes in plant gene expression up on 
inoculation with PGPR.  The model plant chosen was Arabidopsis thaliana, and 
PGPR inoculated was Paenibacillus polymyxa. Abiotic and biotic stress was 
introduced where abiotic stress was induction of drought and biotic stress was 
infection by pathogen E. carotovora. The results showed that the plants inoculated 
with PGPR were more tolerant to stress and showed more resistance than the control 
plants. In a study by De Souza et al. (2015), Pseudomonas sp. FeS53a was isolated 
from rice roots from an area with a history of iron toxicity, and the bacterial genome 
was sequenced. Its genome was found to contain genes involved in auxin biosynthesis 
that can regulate metabolic processes and promote plant growth under abiotic stress 
conditions. This strain was also observed to encode superoxide dismutase and 
catalase, the enzymatic antioxidants which remove free radicals and prevent damage 
to cell membranes and DNA. Bacterioferritin genes that can be involved in iron 
storage systems and the ferric uptake regulation protein (Fur) were also detected in 
this isolate. In a recent study, Amaresan et al. (2016) isolated salt-tolerant isolates 
of Bacillus PGPR from Tsunami (India)-affected areas and reported the presence of 
isolates capable of growing even at 10% NaCl concentration. Out of these isolates, 
14 showed phosphate solubilization activity, 13 produced siderophores and five 
produced IAA, while 16 isolates could produce at least one extracellular enzyme. 
Some of these isolates also exhibited antagonistic activity against S. rolfsii. It was 
hypothesized that such PGPR could be employed as bioinoculants for enhancing 
crop growth in Tsunami-stressed soils.
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The plant-bacteria associations have been a topic for research since decades. But 
there is a lot more to explore about the mechanisms employed by PGPB. Currently 
it is known that the bacteria can be good for plant growth and health, whereas a 
significant factor to be considered is that the plant can also select their microbiome 
to have beneficial bacteria preferential to their systems (Marasco et al. 2012). This 
kind of an approach needs to be further explored to maximize the benefits of PGPM- 
host associations. Bacterial endophytes have been a topic for research due to their 
direct mechanism of plant growth-promoting capacity as well as for their indirect 
mechanism as biocontrol agents. The mechanism of rhizopheric bacteria and 
endophytes are almost similar; therefore much work has been done in the domain of 
rhizopheric bacteria, assuming a similar mechanism in endophytes. But the fine line 
that separates the two is the micro-environment in which they dwell. For instance, 
for rhizopheric bacteria, the variations in temperature, light, soil type and other 
abiotic factors play a key role. It is also possible that different plant growth- 
promoting mechanisms which are unexplored in rhizopheric bacteria might be 
discovered in bacterial endophytes (Santoyo et al. 2016).

 Genetic Modification to Improve PGPM

Identification of the genes involved in plant growth-promoting activity of rhizobac-
terial strains can be used to improve the performance of biocontrol strains and/or to 
design novel biocontrol strains by genetic modification. Rhizobacterial strains have 
been transformed using single genes or even complete operons, under control of 
regulatory genes or regulated by tac or lac promoters. Introduction of a mini-Tn5 
vector including the complete operon for biosynthesis of PCA (phenazine- 1- 
carboxylic acid), an antifungal metabolite, has been reported to enhance rhizosphere 
competence and suppression of fungal diseases by genetically engineered P. fluore-
scens. Similarly, introduction of the phzH gene from Pseudomonas chlororaphis 
PCL1391 was found to enhance the biocontrol ability of Pseudomonas strains pro-
ducing PCA by increasing the production of phenazine-1- carboxamide, addition-
ally. Effective control was seen against tomato foot and root rot. Other studies also 
reported improved biocontrol and/or plant growth promotion by introduction of 
such genes like Cry-toxin-encoding cry1Ac7 gene of B. thuringiensis, chitinase-
encoding chiA gene of S. marcescens, and ACC deaminase gene from E. cloacae 
into rhizobacterial strains. Also, it was shown that the transfer of Sss gene of P. fluo-
rescens WCS365 could enhance the competitive colonization ability of other P. fluo-
rescens strains (Bloemberg and Lugtenberg 2001).

The Sss recombinase genes, ptsP and orfT, are important in the interaction of 
Pseudomonas spp., with various hosts. The gene ptsP encodes a nitrogen-specific EI 
paralogue called EINtr that forms a regulatory PTS phosphoryl transfer chain. This 
chain is involved in sugar-dependent utilization of certain amino acids and is also 
linked to metabolism of carbon and nitrogen. Sss gene and orfT were hypothesized 
to have a contributory role in providing rhizosphere competence and phenotypic 
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variation in fluorescent Pseudomonas (Mavrodi et al. 2006). Two genetically modi-
fied derivatives of P. putida WCS358r carrying the phz biosynthetic gene locus of 
strain P. fluorescens 2–79 are known to constitutively produce the antifungal com-
pound PCA, thus imparting improved antifungal activity. Glandorf et al. (2001) sug-
gested that the gene responsible to produce PCA can be introduced into a plant 
growth-promoting bacterial strain, P. putida WCS358r, using the mini-Tn5 transpo-
son system as a delivery vector. Pectin, a complex plant polysaccharide, when bro-
ken down to D-glucuronate and D-galacturonate, serves as a carbon source for 
bacterial growth and could potentially serve as a nutrient source for efficient root 
colonization of PGPR. Therefore, the presence of genes that enable D-galacturonate 
and D-glucuronate utilization could be advantageous for plant growth-promoting 
activity through efficient root colonization. These genes were present in B. amylo-
liquefaciens subsp. plantarum and can be genetically introduced into other species 
to improve their root colonization ability (Hossain et al. 2015).

 Future Prospects and Need for More Intensive Utilization 
of PGPM

The growing concern and awareness to protect the agriculture, environment and 
food safety issues has been significant enough to warrant a reduction in the usage of 
pesticides and other crop chemicals. Biological control through application of 
PGPB is highly suggested as a potential alternative in crop disease management. 
Plant productivity and other factors like quality and health have been evidently 
improved by direct application of PGPM to the soil and through seed inoculation as 
examined by many researchers and also elaborated in this chapter. A number of 
studies confirmed that microbial inoculants lead to higher microbial populations in 
the soil and promote plant growth through improved nutrient acquisition, suppression 
of plant diseases, increased levels of phytohormones and other growth metabolites 
and ISR in various crops including cereals (Nelson 2004; Rodriguez et al. 2007; Van 
Loon 2007; Umashankari and Sekar 2011; Yadav et al. 2011; Basja 2013). Detailed 
understanding of the mechanisms of plant growth promotion by PGPB has shed 
light on multiple facets of disease suppression by these biocontrol agents. However, 
most studies have focused on free-living rhizobacterial strains, especially 
Pseudomonas and Bacillus, and much remains to be understood from non-symbiotic 
endophytes about their unique associations and growth-promoting activity on host 
plants. Increased understanding of the mechanisms of PGPB action opens up new 
possibilities for designing strategies for improvement of efficacy of biocontrol 
agents. Identification of key antimicrobials, like DAPG produced by superior 
agents, can be exploited for efficient targeted selection of isolates carrying relevant 
biosynthetic genes. Determining the edaphic parameters that favour disease 
suppression, production of antibiotics and their activity can be advantageous for 
identifying target inoculants for soils to support biocontrol. Amending soils or 
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growth substrates with minerals like Zn or priming of inoculants with media amend-
ments during fermentation can also be highly effective as per some scientific recom-
mendations. Similarly, consortium of rhizosphere bacteria can be further augmented 
by soil aeration, hydrogenation, delivery of molasses, sugars and by apt crop rota-
tions. Identification of the various mechanisms of action, facilitating strain combi-
nations, like bacteria with bacteria or bacteria with fungi, to attack pathogens with 
a broader arsenal of microbial weapons, etc., can be more beneficial options. 
Biotechnology can also be applied to further improve strains which have prized 
qualities (like ease of formulation, stability or exceptional suitability to plant colo-
nization) by creation of transgenic strains that combine multiple means of activity. 
Continued research on endophytic bacteria holds potential for the development of 
biocontrol agents which may self-perpetuate by colonizing hosts and getting trans-
ferred to progenies, like in the case of associative nitrogen-fixing PGPB on sugar-
cane. The importance and target-specific approach in plant genetic engineering is 
unquestionable to further the goals of modern day demands on agriculture systems. 
And most of the functional advantages that PGPM are offering can be traced back 
to the genes encoding these functions, and one can either directly engineer the 
plants with genes from PGPM to overproduce specific metabolites or can easily 
generate genetically modified PGPB to attain the same end. Also, as many of these 
PGPM are non-host specific and are predominantly rhizospheric (and some endo-
phytic), the advantage of using PGPM over GM plants would be that one engineered 
PGPM strain can be effective in protecting many different crop plants. Figure 8.3 is 

Fig. 8.3 PGPM fortified plant and its response to various biotic/abiotic stressors
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a comprehensive pictorial representation of various means by which PGPM can 
benefit the plants and why they can be a preferred choice over GM plants.

Considering the fact that population growth is far exceeding the availability of 
food resources, it is imperative that new innovative technologies be developed and 
implemented to increase crop yield at the face of biotic and abiotic stressors. 
 Plant- associated microorganisms can play a vital role in conferring resistance to 
several environmental stresses. Use of microbial inoculation for stress alleviation in 
plants can provide a cost feasible and environmentally sound method in lieu of plant 
breeding, genetic energy or use of agricultural chemicals. Promoting the use of 
PGPM, initially in addition to and ultimately instead of agricultural chemicals 
currently in use, is important to achieve this aim.
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Abstract Dillenia indica Linn. (Dilleniaceae) is generally known as elephant apple 
and locally known as outenga. The vernacular names are chalta, chulta, bhavya, 
karambel, ouu, and ramphal. This evergreen deciduous tree is markedly dissemi-
nated in the seasonal tropics of many Asian countries, in India from Himalaya to 
south India. The different parts of this plant have been prevalently investigated for 
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the plethora of biological activities including anticancer, antidiabetic, antihyperlip-
idemic, antileukemic, antioxidant, antimutagenic, antimicrobial, antinociceptive, 
antidiarrheal, and hairweaving activities. Differently prepared extracts of this plant 
have been reported mainly to contain a wide range of flavonoids, triterpenoids 
(lupene-type), phytosteroids, phenolics, alcohols, and ketones and an anthraqui-
none. Several phytochemical investigations revealed substantial presence of various 
types of active constituents including β-sitosterol, stigmasterol, betulin, betulinic 
acid, kaempferol, myricetin, quercetin, dillenetin and rhamnetin. Among these the 
major chemical constituents are betulin and betulinic acid (lupene-type triterpe-
noids) that show a wide spectrum of pharmacological activities like anti- HIV, anti-
cancer, antimalarial, anti-inflammatory, etc. The present chapter thus approaches to 
highlight on phytochemistry, traditional and therapeutic uses, and biological activi-
ties of Dillenia indica.

Keywords Dillenia indica · Therapeutic attributes · Phytochemistry · Therapeutic 
uses · Pharmacology

 Introduction

A vast amount of knowledge and practices on herbal medicinal systems have been 
transmitted through the ages. For centuries, medicinal plants were the only resources 
available for the treatment of several diseases which afflicted humanity (Ozdemir 
and Alpınar 2015). Numerous of these plants are uncommon, endemic, and found 
only in forest region. There is neither biological data nor satisfactory information 
that prompted their rarity in the natural surroundings (Kerrigan et  al. 2011). 
Correspondingly, there are many plant species which have been utilized by tribal 
and folk communities of different forest regions of India; however, their medicinal 
and also pharmacological esteem is yet obscure as these plants are hardly available. 
There are many plant species which have been utilized by tribal groups of India; 
however, their restorative and also pharmacological knowledge is yet obscure as 
these plants are not easily accessible and studied. Among these, there are few plants 
belonging to family Dilleniaceae which have not gained much popularity but have 
interesting medicinal values. The genus Dillenia has 60 species; however, only a 
few of them are reported to have important phytochemicals and thereby enrich their 
medicinal values. These species are D. indica, D. pentagyna, D. suffruticosa, D. 
andamanica, D. serrata, D. sumatrana, D. aurea, D. bracteata, D. excelsa, D. 
ovata, D. papuana, D. parviflora, D. philippinensis, D. pulchella, D. reticulata, D. 
scabrella, D. eximia, and D. triquetra. Only two plants D. indica Linn. and D. pen-
tagyna Roxb. are available in India. D. indica has been extensively studied and a 
more commonly employed medicinal plant in different parts of India (Dickison 
1979). Several research works have been conducted on the isolation and quantifica-
tion of the different phytochemicals from various parts of D. indica; however, very 
few phytochemical investigations have been performed from D. pentagyna.
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D. indica grows in moist and evergreen forests of India (The Wealth of India 
1952). This plant is known for its lemon-flavored fruits that are used to prepare jam 
and jellies and as flavoring agent for curries (Sharma et al. 2001). This plant has 
been exploited by tribal and folk communities of various regions where the fruits of 
D. indica are eaten raw, but people are not much familiar with its medicinal values 
(Pradhan and Badola 2008; Dubey et al. 2009; Sharma and Pegu 2011). The leaf, 
stem bark, fruit, and flower of D. indica contain a wide range of flavonoids, triter-
penoids (lupene-type), phytosteroids, phenolics, alcohols, and ketones and an 
anthraquinone. The substantial presence of various types of active constituents 
including β-sitosterol, stigmasterol, betulin, betulinic acid, kaempferol, myricetin, 
quercetin, dillenetin and rhamnetin enriches the diversity of therapeutically impor-
tant phytochemicals in D. indica. The major chemical constituents among these are 
betulin and betulinic acid (lupene-type triterpenoids) that show vast and wide range 
of medicinal values.

The present review is an attempt to compile the detailed phytochemistry, tradi-
tional and therapeutic uses, as well as biological activities of this plant. This review 
may be helpful to explore further excellent phytochemistry and medicinal potentials 
of D. indica for the preparation of various types of formulations in future.

 Chemistry

The significant classes of chemical constituents extracted from D. indica are flavo-
noids and triterpenoids (lupene-type). Other isolated compounds including phy-
tosteroids, diterpene, ionone, phenolics, anthraquinone, alcohols, and ketones also 
enhance the diversity of phytochemistry in D. indica. As per our extensive search, a 
total of 34 compounds isolated from D. indica are included in this review which 
may lead to further research and noble challenge to discover new chemical constitu-
ents from this plant. These compounds are listed in Table 9.1, and their chemical 
structures are displayed in Fig. 9.1.

Stem bark of D. indica contains triterpenoids like lupeol, betunaldehyde, and 
betulinic acid; flavonoids like kaempferol, dillenetin, rhamnetin, dihydro- 
isorhamnetin, myricetin, naringenin, and quercetin; and 10% tannin (Shah 1978; 
Khanum et al. 2007; Khare 2007). The ethanol extract of stem bark is enriched with 
two flavonoids, kaempferol and quercetin, as well as a triterpenoid (Srivastava and 
Pande 1981). Parvinet al. (2009) acquired methanolic extract of stem after partition-
ing with n-hexane and isolated four compounds, viz., lupeol, betulinic acid, betun-
aldehyde, and stigmasterol, using column chromatographic separation.

Leaves of D. indica contain betulinic acid, betulin, lupeol, and β-sitosterol (Dan 
and Dan 1980). The petroleum ether extract of leaves contains betulin, β-sitosterol, 
cycloartenone, and n-hentriacontanol, whereas chloroform extract has betulinic 
acid (Mukherjee and Badruddoza 1981). Methanolic extract of leaves after fraction-
ation with n-hexane and chloroform also has compounds like betulinic acid, 
β-sitosterol, dillenetin, and stigmasterol (Muhit et al. 2010). Phytochemicals have 
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Table 9.1 Compounds isolated from D. indica

Compound’s 
structure no. Isolated compound Chemical type Plant part References

1 Kaempferol Flavonol Pericarp, 
twig, 
stem bark

Pavanasasivam and 
Sultanbawa (1975a)

Stem Srivastava and Pande 
(1981)

2 Myricetin Flavonol Stem 
bark

Banerji et al. (1975)

3 Quercetin Flavonol Leaf Bate-Smith and 
Harborne (1971) and 
Kumar et al. (2013)

4 Dillenetin Flavonol Pericarp Pavanasasivam and 
Sultanbawa (1975b)

Leaf Muhit et al. (2010)
5 Rhamnetin Flavonol Leaf Bate-Smith and 

Harborne (1971)
6 Isorhamnetin Flavonol Fruit, 

twig, 
stem bark

Pavanasasivam and 
Sultanbawa (1975a)

7 Kaempferide Flavonol Leaf Bate-Smith and 
Harborne (1971)

8 Kaempferide 
3-O-diglucoside

Substituted 
flavonol

Leaf Bate-Smith and 
Harborne (1971)

9 3′,5-Dihydroxy-4′,3- 
dimethoxy 
flavone-7-O-β-D- -
glucopyranoside

Substituted 
flavonol

Stem 
bark

Tiwari and 
Srivastava (1979)

10 5,7-Dihydroxy-4′-
methoxyflavone-3-O-β-D- -
glucopyranoside

Substituted 
flavonol

Stem 
bark

Tiwari and 
Srivastava (1979)

11 (+)-Dihydroxykaempferol Dihydroflavonol Twig Pavanasasivam and 
Sultanbawa (1975a)

12 (+)-3′-Methoxy- 
dihydroquercetin

Dihydroflavonol Stem 
bark

Pavanasasivam and 
Sultanbawa (1975a)

13 (+)-Dihydroisorhamnetin Dihydroflavonol Stem 
bark

Pavanasasivam and 
Sultanbawa (1975b)

14 Dihydrokaempferide Dihydroflavonol Leaf Bate-Smith and 
Harborne (1971)

15 Dihydrokaempferide 
7-diglucoside

Dihydroflavonol Leaf Bate-Smith and 
Harborne (1971)

16 4,5,7,3′,4’-Pentahydroxy 
flavan-3-O-β-D- -
glucopyranoside

Flavan Stem 
bark

Tiwari and 
Srivastava (1979)

17 Leucocyanidin Flavan-3-ol Leaf Bate-Smith and 
Harborne (1971)

(continued)
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Table 9.1 (continued)

Compound’s 
structure no. Isolated compound Chemical type Plant part References

18 Naringenin Flavanone Stem 
bark

Pavanasasivam and 
Sultanbawa (1975a)

Leaf Bate-Smith and 
Harborne (1971)

19 Naringenin 7-diglucoside Flavanone Leaf Bate-Smith and 
Harborne (1971)

20 3,5,7-Trihydroxy-2-(4- 
hydroxy- benzyl)-chroman- 
4- one

Chromane Leaf Kaur et al. (2016)

21 Lupeol Lupene Stem 
bark

Parvin et al. (2009) 
and Banerji et al. 
(1975)

Leaf Dan and Dan (1980)
Fruit Sundararamaiah 

et al. (1976)
22 Betulin Lupene Stem 

bark
Banerji et al. (1975) 
and Bhattacharjee 
and Chatterjee 
(1962)

Leaf Dan and Dan (1980)
Fruit Sundararamaiah 

et al. (1976)
23 Betulinaldehyde Lupene Stem 

bark
Parvin et al. (2009) 
and Banerji et al. 
(1975)

24 Betulinic acid Lupene Stem 
bark

Parvin et al. (2009), 
Banerji et al. (1975) 
and Bhattacharjee 
and Chatterjee 
(1962)

Leaf Dan and Dan (1980), 
Mukherjee and 
Badruddoza (1981), 
Muhit et al. (2010) 
and Kumar et al. 
(2013)

25 3β-Hydroxylupane-13β,28- 
lactone

Lupene Stem 
bark

Banerji et al. (1975)

(continued)
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also been investigated from acid hydrolyzed extracts of dried leaves which demon-
strated the presence of kaempferol, whereas fresh leaves were found to contain 
dihydrokaempferide and naringenin-7-diglucoside which get further oxidized to ten 
corresponding flavonols (Bate-Smith and Harborne 1971). Kumar et al. (2010) iso-
lated and quantified betulinic acid using validated HPLC method from various frac-
tions such as methanol, ethyl acetate, n-butanol, and water. The highest concentration 
among them was found in ethyl acetate fraction.

Fruit of D. indica contains about 34% of total phenolics in methanolic extract 
(Abdille et al. 2005), isorhamnetin (Pavanasasivam and Sultanbawa 1975a), lupeol, 
betulin, β-sitosterol (Sundararamaiah et al. 1976), and polysaccharide like arabino-
galactan. Uppalapati and Rao (1980) reported the presence of steroids, saponins, 
fixed oil, free amino acids, glycosides, tannins, and sugars in the seeds of D. indica. 
These scientific reports collectively revealed that betulin, betulinic acid, and 
β-sitosterol are present in almost all parts of D. indica.

Table 9.1 (continued)

Compound’s 
structure no. Isolated compound Chemical type Plant part References

26 β-Sitosterol Phytosteroid Pericarp, 
twig, 
stem bark

Pavanasasivam and 
Sultanbawa (1975a, 
b)

Fruit Sundararamaiah 
et al. (1976)

Leaf Mukherjee and 
Badruddoza (1981), 
Muhit et al. (2010) 
and Kumar et al. 
(2013)

27 Stigmasterol Phytosteroid Stem 
bark

Parvin et al. (2009)

Leaf Kumar et al. (2013)
28 Stigmasteryl palmitate Phytosteroid Leaf Kumar et al. (2013)
29 Cycloartenone Phytosteroid Leaf Mukherjee and 

Badruddoza (1981)
30 Gallic acid Phenolic Twig Pavanasasivam and 

Sultanbawa (1975b)
31 1,8-Dihydroxy-2-methyl-

anthraquinone- 3-O-β-D- 
glucopyranoside

Anthraquinone Stem 
bark

Tiwari and 
Srivastava (1979)

32 n-Hentriacontanol Alcohol Leaf Mukherjee and 
Badruddoza (1981)

33 n-Heptacosan-7-one Ketone Leaf Kumar et al. (2013)
34 n-Honatriacontan-18-one Ketone Leaf Kumar et al. (2013)
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 Traditional and Therapeutic Uses

Usually all parts of D. indica are traditionally exploited for therapeutic purposes. 
The jelly-like content inside the fruit of D. indica is applied for hair treatment 
against dandruff and falling hair. The mixed juices of leaves and stem bark are used 
orally for the prevention of diarrhea and cancer (Yeshwante et al. 2009a, b; Sunil 
et  al. 2011). The leaves and stem bark are also used as laxative and astringent 
(Sharma et al. 2009). Apart from this, the stem bark is used for the production of 
charcoal. The fresh and dried materials of various parts of D. indica are processed 
as juice, decoction, poultice, and mucilage for the medical care of diabetes, wounds, 
diarrhea, cancer, rheumatism, urinary problems, skin diseases, aches, fever, cough, 
and falling hair. Almost all the known medicinal uses of D. indica are enlisted in 
Table 9.2. Skin diseases including leukoderma, eczema, skin itches, and skin rash 
can be treated using the leaf, fruit, and stem bark of D. indica (Quattrocchi 2012; 
Boer et al. 2012; Bhat et al. 2014). Leaves of D. indica as well as decoction and 
juice of the fruit and stem bark are exploited in daily practices to attenuate cancer-
ous growth, particularly breast and gastric cancers (Das et al. 2009; Sharma et al. 
2001). Furthermore, fruit juice of D. indica is supplemented orally to eliminate 
fever and cough-associated symptoms (Angami et al. 2006; Quattrocchi 2012). The 
mixed juice of fruit and calyx of D. indica is used in daily practices for the treatment 
of diabetes (Pavani et al. 2012; Ripunjoy 2013). The root of D. indica is generally 

Fig. 9.1 Structure of compounds isolated from Dillenia indica
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Table 9.2 Traditional and therapeutic uses of D. indica

Plant 
part Usable form Traditional and therapeutic uses References

Fruit Juice Flatulence, boils, fever, and cough as 
well as to help in semen production

Islam et al. (2014)

Laxative and abdominal pain Kirtikar and Basu (2003)
Fever Khongsai et al. (2011) and 

Anisuzzaman et al. (2007)
Dysentery Das et al. (2008) and Kalita 

and Deb (2004)
Diabetes Pavani et al. (2012) and Tag 

et al. (2012)
Decoction Jaundice Rai and Lalramnghinglova 

(2010) and Sharma et al. 
(2012)

Stomach disorders Lalfakzuala et al. (2007)
Raw fruit To enhance appetite and weakness of 

the body
Poonam and Singh (2009)

Laxative Prasad et al. (2008)
Laxative, carminative, bechic, 
febrifuge, antispasmodic (abdominal 
pains)

Khare (2007)

Constipation and stomachache Ripunjoy (2013)
Stomachache Srivastava et al. (2010)

Mucilage Clean hair Sarmah et al. (2008)
Skin lice Quattrocchi (2012)

Pickle Cough, fever, and weakness Angami et al. (2006)
Dried fruit Cough Khongsai et al. (2011)
Paste Hydrocele Quattrocchi (2012)

Blood dysentery Quattrocchi (2012)
Cholera Hazarika et al. (2016)

– Hair loss Rahman et al. (2011a)
– Laxative, carminative, bechic, 

febrifuge, antispasmodic (abdominal 
pains)

Khare (2007)

– Used in flavoring of curries and 
production of jam and jelly

Abdille et al. (2005) and Kar 
and Borthakur (2007)

– Cancer Azam et al. (2016)
Leaf Paste Diarrhea of domestic animals Quattrocchi (2012)

Decoction Malaria Nguyen-Pouplin et al. (2007)
Juice Cancer and diarrhea Sharma et al. (2001)
– Cancer Azam et al. (2016)
– Astringent Khare (2007)

(continued)
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utilized for the purpose of abortion (Quattrocchi 2012). Moreover, the mucilage of 
D. indica fruits is used to treat falling hair, to clean hair, as well as to remove dan-
druff from hair (Saikia et al. 2006). The sweetish-sour edible fruits of this plant may 
be consumed directly or juiced with sugar to take as fresh and healthy drink. An 
interesting event is that the bark of the stem and roots has extensively been used as 
a food-poisoning neutralizer (Grosvenor et  al. 1995a, b; Islam et  al. 2014). 
Altogether, it is concluded that D. indica contains the chemical constituents that can 
treat a broad spectrum of human ailments.

 Biological Activities of D. indica

 Cytotoxicity

Cytotoxic activity of phytochemicals present in different parts of D. indica was 
screened against numerous cancer cell lines. In vitro cytotoxic activity against leu-
kemia, carcinoma, and lymphoma cells was reported using methanol extracts of D. 
indica fruit (Kumar et al. 2010) and leaves (Akter et al. 2014). In particular, the 
methanol extract of the fruit inhibited the growth of U937, HL60, and K562 cancer 

Table 9.2 (continued)

Plant 
part Usable form Traditional and therapeutic uses References

Stem 
bark

Dry 
powdered

Urinary diseases Quattrocchi (2012)

Juice Blood cancer Majumdar et al. (2006)
Drink for cough, cold, fever, and 
diarrhea

Quattrocchi (2012)

Decoction Diarrhea, dysentery, and cholera Hazarika et al. (2016)
Neutralizer for food poisoning Islam et al. (2014)

Poultice Sores caused by septicemial infection Singh et al. (2002)
Paste To apply on blistering boils Quattrocchi (2012)
– Astringent Khare (2007)

Root Decoction To discharge blood in urine Quattrocchi (2012)
Biliousness Quattrocchi (2012)
Neutralizer for food poisoning Islam et al. (2014)

Paste Abortion Quattrocchi (2012)
Flower Fresh 

flower
Dysentery Sarmah et al. (2008)

Decoction Amoebic dysentery Purkayastha et al. (2005)
Extract Diabetes mellitus Tarak et al. (2011)

Calyx Fleshy 
calyx

Diabetes Ripunjoy (2013)
Stomach disorders Quattrocchi (2012) and 

Kagyung et al. (2010)
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cell lines with IC50 of 328.80, 297.69, and 275.40 mg/mL, respectively, comparable 
to standard drugs Ara C and Gleevec (Kumar et al. 2010), whereas the methanol 
extract of the leaves inhibited the growth of AGS, MCF-7, and MDA-MB-231 can-
cer cell lines with IC50 values of 1.18, 0.34, and 0.54 mg/mL, respectively, as com-
pared to cycloheximide with IC50 values of 0.0010, 0.061, and 0.0004  mg/mL, 
respectively (Akter et al. 2014). On the contrary, the ethanol and aqueous extracts 
were noticed noncytotoxic toward the cancer cell lines (Nguyen-Pouplin et al. 2007; 
Armania et  al. 2013a, b). Ultimately, a significant correlation was established 
between the presence of betulinic acid and cytotoxic activity of extracts and frac-
tions of D. indica. For example, the ethyl acetate fraction of the methanol extract of 
D. indica calyx containing considerable amounts of betulinic acid exhibited promi-
nent cytotoxicity when compared to the n-butanol fraction (Kumar et  al. 2010). 
Other than betulinic acid, three compounds (lupeol, betulin, and gallic acid) isolated 
from D. indica were also proven to have cytotoxic activity toward cancer cell lines. 
Finally, the result revealed that lupane-type triterpenoids isolated from D. indica 
(lupeol, betulin, and betulinic acid) displayed considerable cytotoxic properties. 
Although the cytotoxicity of this plant is very less studied and needs to be per-
formed on variety of cell lines, however, these findings may provide a great oppor-
tunity for further development of anticancer compounds from D. indica.

 Immunomodulatory

The cornerstone of good health is no doubt a strong, well-functioning immune sys-
tem. Phytochemicals such as flavonoids, terpenoids, glycosides, and phenolic com-
pounds act as a natural defense system not only for the host plant, but also they can 
serve in immunomodulatory activities in humans (Venkatalakshmi et al. 2016). For 
example, the aqueous methanolic extract (70%) of D. indica fruit enhanced the 
production of polyclonal immunoglobulin M (IgM) in cultured BALB/c female 
mice spleen cells at a concentration of 200 mg/mL as compared to lipopolysaccha-
ride (0.1 mg/mL) (Sarker et al. 2012).

 Antidiabetic Activity

Indian natives have since long used D. indica to treat diabetes. The leaf extract of D. 
indica was found to inhibit enzymatic activity of rat intestinal sucrose and maltase 
(Jong-Anurakkun et al. 2007). Moreover, the leaf extract of D. indica assayed on 
streptozotocin (STZ)- and alloxan-induced type 1 and type 2 diabetic rats reduced 
the levels of blood glucose, hypertriglyceridemia, and hypercholesterolemia. In 
fact, the extract enhanced the production of insulin and high-density lipoprotein 
cholesterol (HDL-c) (Jong-Anurakkun et  al. 2007; Kumar et  al. 2011a, b). 
Additionally, the extract inhibited overproduction of liver function enzymes such as 
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aspartate transaminase (AST), alanin transaminase (ALT), and alkaline phosphatase 
(ALP) in diabetic rats (Kumar et al. 2011a, b). Histopathological studies showed 
that the liver, pancreas, and kidney in the treated rats restored to normal conditions 
after treatment with the extract of D. indica (Kumar et al. 2011b). In an experiment 
performed by Kumar et al. (2011a, b), the ethyl acetate fraction of the methanol 
extract of the leaves assayed in vivo on STZ-induced type 1 and type 2 diabetic rats 
showed a reduction in blood glucose, serum cholesterol, and triglyceride levels after 
21 days of treatment at the doses of 200 and 400 mg/kg body weight (bw). This 
fraction also increased the level of HDL-C in the treated rats. Likewise, the defatted 
methanol extract of the leaves assayed in vivo on type 1 diabetic rats induced by 
STZ and alloxan decreased the blood glucose, hypertriglyceridemia, and hypercho-
lesterolemia levels as well as increased the production of insulin and HDL-C at the 
doses of 250 and 500 mg/kg bw during 21 days of treatment (Jong-Anurakkun et al. 
2007; Kumar et al. 2011a, b). In another experiment, three compounds (quercetin, 
β-sitosterol, and stigmasterol) isolated from the ethyl acetate fraction of this extract 
were found to reduce the blood glucose level of type 2 STZ-nicotinamide-induced 
diabetic mice which was comparable to standard drug glibenclamide (Kumar et al. 
2013). Later, similar activity was performed by the extract of D. indica fresh leaves 
assayed on STZ-induced diabetic rats. Further investigation of active constituent of 
this extract led to the isolation of 3,5,7-trihydroxy-2-(4-hydroxy-benzyl)-chroman- 
4- one, which significantly demonstrated antidiabetic activity by reducing blood glu-
cose, cholesterol, and triglycerides levels. The treatment also increased the levels of 
insulin, HDL-C, as well as body weight when compared with diabetic rats. 
Histopathological study showed that treatment with the extract and 3,5,7-Trihydroxy- 
2-(4-hydroxy-benzyl)-chroman-4-one restored the hyperglycemic conditions and 
kidney structure abnormality owing to oxidative stress in the diabetic rats (Kaur 
et  al. 2016). The alcoholic extract of the fresh leaves assayed in  vivo on STZ- 
induced diabetic rats reduced levels of blood glucose, cholesterol, and triglycerides 
at doses of 100, 200, and 400 mg/kg bw for 21 days of treatment, comparable to 
glimepiride (10 mg/kg bw). The extract significantly increased the body weight, 
serum insulin and HDL-C levels (Kaur et al. 2016). These findings well supported 
the traditional use of D. indica for the treatment of diabetes among Indian natives.

 Anti-inflammatory and Antinociceptive Activity

Many of D. indica extracts were tested for anti-inflammatory and antinociceptive 
activities. The alcoholic extract of D. indica leaves obliterated carrageenan-induced 
paw edema at doses of 200 and 400 mg/kg bw with the impact comparable to indo-
methacin (10  mg/kg bw) (Yeshwante et  al. 2009a, b). Moreover, the methanol 
extract of the leaves and its nonpolar fractions assayed on acetic acid-induced colitis 
mice at doses of 200 and 800 mg/kg bw restored the colon weight and macroscopic 
damage in acetic acid-induced colitis in mice. The non-polar fractions also attenu-
ated the production of tumor necrosis factor alpha (TNF-α) and myeloperoxidase 
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released from azurophilic granules of neutrophils (Somani et al. 2014). On the other 
hand, the glycolic extract and emulsion of D. indica fruit were not found suitable to 
accelerate wound healing process on skin injuries made in rats (Miglianto et  al. 
2011). The alcoholic extracts of the leaf and stem bark of D. indica were examined 
for antinociceptive activity using the hot plate method, tail immersion test, and 
writhing model in mice induced by acetic acid and found to exhibit central and 
peripheral analgesia (Bose et al. 2010; Yeshwante et al. 2011; Alam et al. 2012). In 
particular, the methanol extract of the leaves was evaluated on acetic acid-induced 
writhing mice at doses of 250 and 500 mg/kg bw which obliterated the writhing 
behavior by 48.82% and 55.88% inhibition comparable to that of diclofenac (60% 
at 25 mg/kg bw) (Bose et al. 2010). Furthermore, the methanol extract of the leaves 
measured by hot tail, tail immersion, formalin-induced nociception, and acetic acid- 
induced writhing model on mice at doses of 400 mg/kg bw considerably exhibited 
central and peripheral analgesia when comparable to those of the standard drugs, 
pentazocine (15  mg/kg bw) and indomethacin (20  mg/kg bw) (Yeshwante et  al. 
2011). Later, the methanol extract of the stem bark was evaluated using hot plate 
method, tail immersion test, and acetic acid-induced writhing model in mice at 
doses of 200 and 400 mg/kg bw that demonstrated dose-dependent analgesic activ-
ity comparable to those of the standard drugs nalbuphine (10 mg/kg bw) and diclof-
enac sodium (10 mg/kg bw) (Alam et al. 2012).

 Antioxidant Activity

Flavonoids, terpenoids, tannins, and phenolics in D. indica plants are major com-
pounds responsible for primary antioxidants or free radical scavenging effects 
(Polterai 1997). A compound 3,5,7-trihydroxy-2-(4-hydroxy-benzyl)-chroman- 4- 
one isolated from D. indica displayed remarkable antioxidant property when 
assayed on 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), hydrogen peroxide, 
and superoxide radicals as well as ferric ion. This compound also elevated the pro-
duction of antioxidant enzymes (superoxide dismutase and glutathione) in strepto-
zocin (STZ)-induced diabetic rats. Treatment with this compound remarkably 
reduced the level of lipid peroxidation marker, i.e., thiobarbituric acid-reactive sub-
stances (TBARS) in diabetic rats (Kaur et al. 2016). In an experiment, methanol, 
ethyl acetate, and aqueous extracts of the fruit reduced molybdenum (IV) to molyb-
denum (V) with the capacity of 1904.80, 1067.00, and 594.60 mmol/g of extract, 
respectively, when compared to ascorbic acid. The extracts also exhibited DPPH 
free radical scavenging activity over the concentration range of 25–100 mg/mL with 
the activity in order of methanol extract > ethyl acetate extract > water extract. The 
extracts when evaluated on β-carotene bleaching produced antioxidant activity with 
the capacity of 80.20, 55.50, and 45.50%, respectively, at 100 mg/mL when com-
pared to BHA (97.50%) (Abdille et al. 2005). In another experiment, the aqueous 
acetone extract of the stem bark reduced molybdenum (IV) to molybdenum (V) 
with capacity of 3.12 mmol/g of extract at 50 mg/mL as compared to ascorbic acid 
and exhibited DPPH and superoxide radical scavenging activity causing 90.90% 
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and 31.73% inhibition at 25 and 50 mg/mL which were found to be comparable of 
BHA (91.00%) and gallic acid (47.73%), respectively. The extract also assayed 
using hydroxyl radical-induced deoxyribose damage which showed radical scav-
enging activity with percentage inhibition of 53.90–74.66% at 100–500  mg/mL 
(Deepa and Jena 2011). Furthermore, the ethanol extract of the leaves assayed 
in vitro by DPPH, hydroxyl, and hydrogen peroxide radicals displayed antioxidant 
activity with IC50 of 34.80, 64.40, and 51.00 mg/mL, respectively, as compared to 
ascorbic acid with IC50 of 24.00, 48.00, and 34.40 mg/mL, respectively. The extract 
also measured using ferric-reducing antioxidant power (FRAP) assay caused the 
reduction of ferric ion as compared with ascorbic acid (Shendge et al. 2011). Later, 
similar extract also evaluated in vivo on doxorubicin-induced rats that restored the 
levels of GSH and cardiac malondialdehyde (MDA) at doses of 250 and 500 mg/kg 
bw (Shendge and Gadge 2012). In another experiment on Swiss albino mice, the 
methanol extract of the stem bark reduced the production of ROS in kidney cells 
with IC50 of 34.72 mg/mL as compared to trolox (IC50 8.66 mg/mL) (Alam et al. 
2012). Further, Singh et al. (2012) also demonstrated that methanol, acetone, and 
water extracts of the stem bark measured by DPPH radical produced antioxidant 
activity with IC50 values of 188.08, 177.42, and 163.68  mg/mL of fresh mass, 
respectively. It was also investigated that the methanol extract of the leaves and its 
nonpolar fractions reduced the level of MDA and, however, enhanced the levels of 
the antioxidant enzymes including catalase (CAT), superoxide dismutase (SOD), 
and glutathione (GSH) in acetic acid-induced colitis at doses of 200 and 800 mg/kg 
(Somani et al. 2014). Interestingly, a compound proanthocyanidins isolated from D. 
indica fresh fruit produced significant antioxidant activity measured by FRAP and 
oxygen radical absorbance capacity (ORAC) assays with values of 2.32 × 103 mmol 
Fe(II)/g and 1.06 × 104mmol trolox equivalent/g (Fu et al. 2015). Lastly, the alco-
holic extract of the fresh leaves obtained from sequential extraction with petroleum 
ether, chloroform, alcohol, and aqueous alcohol (40%) exhibited free radical scav-
enging activity toward DPPH, hydrogen peroxide, and superoxide radicals with IC50 
of 2.98, 228.69, and 75.09  mg/mL, respectively, and ferric-reducing antioxidant 
power with EC50 of 111 mg/mL. In the similar experiment, it was also investigated 
that the extract enhanced the production of antioxidant enzymes (SOD and GSH) in 
STZ-induced diabetic rats at doses of 100, 200, and 400 mg/kg bw after 21 days of 
treatment when compared to glimepiride at 10 mg/kg bw (Kaur et al. 2016).

 Antimicrobial Activity

D. indica was investigated for antibacterial, antifungal, and antiviral activities. The 
extracts and fractions of D. indica were documented to show growth inhibition 
against Gram-positive and Gram-negative bacteria. However, in comparison to bac-
teria, they attenuated the fungi including Aspergillus fumigatus, Aspergillus niger, 
Penicillium sp., Candida albicans, Candida krusei, Rhizopus oryzae, Saccharomyces 
cerevisiae, and Trichoderma viride (Nick et al. 1995a, b; Wiart et al. 2004; Haque 
et  al. 2008; Apu et  al. 2010; Smitha et  al. 2012). Betulinic acid isolated from 

9 Chemistry, Therapeutic Attributes, and Biological Activities of Dillenia indica Linn



250

D. indica has proven antimicrobial activity (Nick et al. 1994, 1995a, b; Ragasa et al. 
2009). Meanwhile, a few nonpolar fractions (chloroform, carbon tetrachloride, and 
hexane) of the methanol extract of the leaves weakened the growth of Escherichia 
coli, Bacillus cereus, Bacillus subtilis, Bacillus megaterium, Staphylococcus aureus, 
Sarcina lutea, Pseudomonas aeruginosa, Vibrio mimicus, Vibrio parahemolyticus, 
Salmonella typhi, Salmonella paratyphi, Shigella boydii, and Shigella dysenteriae 
and fungal inhibition of A. niger, C. albicans, and S. cerevisiae with inhibition 
zones ranging from 6 to 8  mm at 400  mg/disc when compared with kanamycin 
(30 mg/disc; 30–40 mm) (Apu et al. 2010). In another experiment, hexane, dichlo-
romethane, and ethyl acetate fractions of the methanol extract of the stem bark 
inhibited the growth of E. coli, B. cereus, B. subtilis, S. aureus, S. lutea, P. aerugi-
nosa, V. mimicus, V. parahemolyticus, S. paratyphi, S. typhi, and S. dysenteriae with 
minimum inhibitory concentration (MIC) ranging from 0.31 to 20.00  mg/mL as 
compared to those of kanamycin (30 mg/disc; 22–30 mm) and amoxicillin (10 mg/
disc; 14–22 mm). These fractions also attenuated the growth of A. niger, C. albi-
cans, and S. cerevisiae with the inhibitory zones ranging from 7 to 13 mm as com-
pared to ketoconazole (50 mg/disc; 19–23 mm) (Alam et al. 2011). Jaiswal et al. 
(2014) concluded that the aqueous acetone (70%) extract of the fruit and stem bark 
inhibited the growth of food-borne pathogens (B. cereus, S. aureus, Yersinia entero-
colitica, and E. coli) with minimum inhibitory concentration ranging from 1.25 to 
10.00 mg/mL. These findings suggest that D. indica has a powerful potential as 
antimicrobial agent, which supports it as traditional therapeutic remedy against the 
diseases caused by microbial infection, like diarrhea, dysentery, septicemia, and 
skin diseases.

 Antidiarrheal Activity

In an experiment, castor oil-induced mice were used to check the antidiarrheal 
activity of D. indica. The aqueous and methanolic extracts of the leaves prolonged 
the onset and reduced the total number of feces after 2 h of treatment at doses of 200 
and 400 mg/kg bw (Yeshwante et al. 2009a, b). The polar extracts of the leaf and 
fruit caused the prolongation of onset and curtailment in defecation frequency in the 
treated mice. The assay of extracts using charcoal meal revealed that it had a capac-
ity to reduce the motility of the gastrointestinal tract (Yeshwante et al. 2009a, b; 
Bose et al. 2010; Rahman et al. 2011a, b). Further, the methanol extract of the leaves 
significantly diminished the frequency of defecation and number of total stool count 
at a dose of 500 mg/kg bw as compared to loperamide (25 mg/kg bw; 77.22%) 
(Bose et al. 2010). Ethanol extracts of the fruit and leaves minimized the total num-
ber of wet feces and also decreased the motility of gastrointestinal tract in castor 
oil-induced diarrheal mice at doses of 200 and 400 mg/kg bw when compared with 
loperamide (5 mg/kg bw) (Rahman et al. 2011b). The antidiarrheal action of this 
plant is suggested due to inhibition of inflammatory mediators by flavonoids and 
tannins (Yeshwante et al. 2009a, b).
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 Antiprotozoal Activity

Antiprotozoal activities of D. indica against malaria and leishmaniasis have been 
tested. Cyclohexane fraction of ethanolic extract of D. indica leaves was reported to 
inhibit the growth of parasite Plasmodium falciparum. In this experiment, cyclohex-
ane fraction of the 80% ethanol extract of the leaves exhibited 53% inhibition 
against parasite P. falciparum at a concentration of 10 mg/mL as compared to chlo-
roquione (Nguyen-Pouplin et al. 2007).

 Antimutagenic Activity

Mutations are the cause of innate metabolic defects in cellular mechanism which 
trigger initiation and progression of several human diseases including cancer. The 
antimutagenic and protective effect has been ascribed to many classes of phyto-
chemicals preferably flavanoids and phenolic compounds (Aqil et  al. 2008). 
Meanwhile, Jaiswal et  al. (2014) found that 70% aqueous acetone extract of the 
stem bark of D. indica demonstrated antimutagenic activity against sodium azide- 
induced mutation in Salmonella tester strain (TA-1531).

 Anticholinergic Activity

Anticholinergics generally inhibit the action of acetylcholine from binding to its 
receptor sites on certain nerve cells and block parasympathetic nerve impulses. 
Bhadra et al. (2014) found that the standardized methanol extract of the fruit of D. 
indica inhibited acetylcholinesterase (AchE) and butyrylcholinesterase (BchE) 
activity with IC50 values of 67.26 and 122.39 mg/mL, respectively.

 Protoscolicidal Activity

The scolicidal agents are generally employed in surgical manipulation of the hyda-
tid cysts in hydatid diseases (García et al. 1997). Chowdhury et al. (2013) investi-
gated the protoscolicidal activity in the stem bark of D. indica where an assay of the 
methanolic extract of the stem of D. indica was performed on earthworm Pheretima 
posthuma, and the result demonstrated the paralysis (194–136 min) and death (237–
176 min) of the worms at 10–25 mg/mL comparable to albendazole at 10 mg/mL.
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 Hemolytic Activity

Hemolytic activity of any compounds is a measure of general cytotoxicity toward 
normal healthy cells (Da Silva et al. 2004). This activity was investigated by Jaiswal 
et al. (2014) in D. indica plant where the aqueous acetone (70%) extract of the fruit 
and stem bark of D. indica was assayed using rat whole blood which exhibited low 
inhibition against erythrocytes.

 Hair Treatment Activity

On the basis of the previous information that keratin is the main component and 
mechanical strength of the hair, an experiment was performed where the aqueous 
extract of the mucilaginous D. indica seed sap protected human hair from loss of 
keratin after treatment with 10 mg hair/1 mL for 12 h. The physical structure of hair 
and keratin degradation were further affirmed by Fourier transform infrared spezc-
troscopy (FTIR), thermogravimetric analysis (TGA), and scanning electron micros-
copy (SEM) analysis, and a good hair weaving activity was noticed (Saikia 2013).

 Enzyme Inhibitory Activity

Inhibition is one major mechanism for physiological enzyme regulation. Further, 
enzyme inhibition has a number of medicinal significances, and a large number of 
drugs generally act by the mechanism involving enzyme inhibition. In this view 
Jong-Anurakkun et al. (2007) performed an experiment to assure whether D. indica 
has an enzyme inhibitory action. As a result, the 50% aqueous methanolic extract of 
the leaves attenuated the intestinal sucrose and maltase activity with percentage 
inhibition of 40% and 56%, respectively.

 Toxicology of D. indica

Several types of extracts of D. indica were tested for their toxicity action against 
Artemia salina. Despite the toxicity, some extracts of D. indica were found nontoxic 
(Kumar et al. 2010) and exhibited ameliorative (Shendge and Gadge 2012) and hep-
atoprotective (Padhya et al. 2008; Himakar et al. 2010) actions when assayed using 
in vivo models. The ethanolic extract of the leaves restored the level of myocardial 
enzymes such as alanine transaminase (ALT), aspartate transaminase (AST), lactate 
dehydrogenase (LDH), and creatine phosphokinase (CK) on myocardium of doxo-
rubicin-induced rats at doses of 250 and 500 mg/kg bw (Shendge and Gadge 2012). 
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However, the ethanolic extract of the leaves reduced the levels of serum AST, ALT, 
ALP, bilirubin, and lipid peroxidation in the the liver induced by carbon tetrachlo-
ride at a dose of 300 mg/kg bw (Padhya et al. 2008). The nonpolar hexane extract of 
the seeds decreased the levels of serum enzymes, bilirubin, urea, creatinine, and 
lipid peroxidation but increased the levels of SOD,CAT, glutathione reductase (GR), 
glutathione peroxidase (GPx), and glutathione S-transferase (GST) in CCl4-induced 
rats at doses of 250 and 500 mg/kg bw (Himakar et al. 2010). Besides these, D. 
indica has been used as food poisoning neutralizer (Islam et al. 2014; Grosvenor 
et al. 1995a, b) which also evidenced that D. indica is safe and not toxic. The metha-
nolic extract of the leaves was nontoxic and did not produce any mortality in mice 
during 24  h of treatment with 100–1500  mg/kg bw of extract by intraperitoneal 
administration (Kumar et al. 2010). Apart from this, water, chloroform, carbon tet-
rachloride, and n-hexane fractions of methanol extract of the leaves demonstrated 
lethality on brine shrimp as compared to vincristine sulfate (Apu et  al. 2010). 
However, the methanol, ethyl acetate, dichloromethane, and n-hexane extracts of the 
stem bark exhibited inhibition on brine shrimp with less lethality when compared to 
the leaf extracts (Parvin et al. 2009; Alam et al. 2011; Chowdhury et al. 2013).

 D. indica in Drug Formulation and Drug Delivery

The mucilage obtained from seeds of D. indica fruit contains a natural mucoadhe-
sive hydrophilic polymer, which is generally used in the formulation for drug deliv-
ery (Sharma et  al. 2009; Bal et  al. 2012a, b). The mucoadhesive and viscous 
properties of mucilage of D. indica fruit were used as better substitute of synthetic 
polymers, i.e., Carbopol 934 (Kuotsu and Bandyopadhyay 2007; Bal et al. 2012b) 
and hydroxylpropyl methyl cellulose. Novel mucoadhesive buccal tablets of oxyto-
cin and formulation of nasal gels were prepared from D. indica (Kuotsu and 
Bandyopadhyay 2007; Metia and Bandyopadhyay 2008). Bal et  al. (2012a, b) 
developed a mucoadhesive carvedilol microcapsule using the mucilage obtained 
from seeds of D. indica for encapsulation purpose. This microcapsule was found to 
be free flowing and usually spherical in shape. It was concluded that this mucilage 
was effective for sustained drug release, which can be employed to reduce the 
hypertension for a period of 24 h. Further, Sharma et al. (2013) conducted an experi-
ment where they encapsulated pantoprazole sodium and metformin hydrochloride, 
respectively, using this mucilage. Good swelling properties and mucoadhesivity 
was found to perform at the intestinal pH. This finding suggested that the seed muci-
lage of D. indica has good potency for the purpose of drug encapsulation (Sharma 
et al. 2010). Nanoparticles are being extensively used as drug carrier for the treat-
ment of diseases nowadays. Singh et al. (2013) prepared colloidal silver nanoparti-
cles (SNP) using the aqueous extract of D. indica fruits as reducing agent and as a 
better substitute of sodium borohydride. This extract reduced AgNO3 to silver 
nanoparticles with stability more than 6 days, which suggested that D. indica could 
be employed as natural reducing agent for silver nanoparticles loaded formulation.
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 Future Prospects

Despite a broad range of medicinal properties of D. indica, very few investigations 
regarding chemical constituents and pharmacological aspects have been carried out. 
There is little evidence over the quantification of different active phytoconstituents 
responsible for important pharmacological activities. It is evident from the available 
literature that D. indica possesses adequate therapeutic potential and need to be 
explored further for chemical and pharmacological investigations. Current knowl-
edge of D. indica shows great lacunae that need more biological investigations to be 
done on its plant extracts. Hence, further studies are highly required to explore the 
potential of its plant extracts against various diseases and search for molecular 
mechanisms underlying their action. Future studies are also required to evaluate the 
adverse effects, safety profile, and different biological activities of extracts as well 
as particular chemical constituents from D. indica in order to facilitate their clinical 
applications as modern medicines for human health.

 Conclusion

Herbal medicines are the most extensively used therapeutics worldwide. To pro-
mote their proper use and to establish their potential as sources for new drugs, it is 
necessary to study medicinal plants having folklore reputation in a better and inten-
sified way. The extensive literature survey as well as research reports revealed that 
D. indica is highly regarded to have good potential in the herbal medicine. Betulin 
and betulinic acid are the major constituents found to be present in almost all parts 
of this plant which can cure various human ailments and diseases. As the raw fruits 
are eaten by tribal communities, the juice of D. indica may be taken as energy drink 
due to their good nutritional value. It has previously been confirmed that D. indica 
have curing properties in wound healing, diabetes, cuts and burns, abdominal pains, 
and many more, but scientific evidence of these reports is yet not much developed. 
Various pharmacological investigations have been done using different plant parts 
such as leaves which have various activities like antioxidant, cytotoxic, antimicro-
bial, antidiarrheal, and anxiolytic, seeds which are hepatoprotective and antimicro-
bial, and fruits which are antileukemic. Despite a few toxicity reports, D. indica and 
most of its extracts were found to be non-toxic and exhibited ameliorative and hepa-
toprotective activities in several in vivo studies. The ethnopharmacological use of 
D. indica as food poisoning neutralizer also indicates its better safety profile and 
non-toxic nature. The current status of D. indica demands some biotechnological 
investigations including protein and gene expression for target identification and 
exploration of molecular mechanisms underlying the action at molecular levels.
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Abstract The Indian power sector has developed huge infrastructure for power 
generation, transmission and distribution of energy since the major utilization of 
fossil fuel has been an obstacle to achieve energy sustainability. Moreover, 
inadequate efficiency to treat the municipal and industrial wastewater is also 
generating serious environmental hazards. Thus concurrent management roadmap 
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is required to tackle these challenges. In this context, algae have enormous efficiency 
to deal the challenges related to environment as well as energy sustainability. Algae 
have unique potential to grow under variety of environmental conditions due to flex-
ible metabolic pathways. Wastewater generation and its adequate treatment are two 
of the major challenges to achieve the environmental sustainability that can be 
resolved through integration of algal cultivation in wastewater treatment systems. In 
this article, a holistic view on implication of algal microbiology for wastewater 
remediation and bioenergy production is provided. The procedures, associated 
challenges, and advancement in line of algal biofuel production explored by various 
authors are studied to project better ways for algal biofuel production process. A 
variety of pollutants as nutrients and their impact on lipid production in algal 
biomass are considered as the main advantages of this holistic approach. 
Advancements and challenges in algal harvesting and conversion processes for 
biodiesel production are also reviewed.

Keywords Bioenergy · Microalgae · Biodiesel · Algal harvesting · Environmental 
hazard

 Introduction

Industrial revolution, rapid urbanization, and the transportation sector have gener-
ated several major environmental issues such as energy crisis, greenhouse gas 
(GHG) emissions, global warming, water crisis, and subsequent climate chal-
lenges. Holistic strategies are required to manage these issues simultaneously. 
India being one of the most populous countries (18% of the global population) uses 
only 6% of the world’s primary energy. However, India’s consumption for primary 
energy has almost doubled since 2000 and is expected to grow enormously in the 
coming years. Despite the unsustainability of fossil fuels and their contribution in 
GHG emissions, three quarters of energy demand in India is still met by these 
fuels. In the power sector, coal remains as a backbone, accounting for 70% genera-
tion (Indian Energy Outlook 2015). Moreover, poor energy transmission and dis-
tribution are also challenges for Indian power sector. Thus to ensure the energy 
security and its homogenous distribution, renewable energy sources are now being 
adopted in Indian power sector. In 2012, the world relied on renewable sources for 
around 13.2% of its total primary energy supply. In 2013, renewables accounted 
for almost 22% of global electricity generation, and the IEA Medium-Term 
Renewable Energy Report, 2015, foresees share reaching at least 26% increase in 
2020. In India, renewable energy accounts for 23% of total energy consumption, 
whereas the share of biomass in total renewable-based generation is only 12.8% 
(REN-21 2014).

The other major environmental issue is associated with treatment of urban and 
industrial wastewater. The adverse quality of water due to anthropogenic influences 
caused a major issue of concern across the globe. Wastewater comprises liquid 
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waste discharged from industrial, domestic, and commercial activities and 
agricultural sectors. Wastewater comprises of a long range of contaminants such as 
organic and mineral, which exhibit toxic effects on the microorganisms and resist 
the degradation and mineralization processes. Wastewater contains major 
contaminants such as nitrogen (inorganic or organic) in the form of ammonia, 
nitrite, nitrate, phosphorus, proteins, drugs, thiosulfate, and thiocyanates; pathogens 
such as bacteria, viruses, and parasitic worms; inorganic particles such as sand, grit, 
metal particles, and ceramics; gases such as hydrogen sulfide and carbon dioxide; 
and aerosols such as paint, hair colorant, and emulsified oils. Commonly, alum was 
used as a conventional method to remove solids together for easy removal of solid 
particle. Disinfection is also a part of this step, which is carried out through 
chlorination to remove microorganisms, parasites, and harmful larva from the 
treated wastewater (USEPA 1999). Industrial discharge from various industries has 
been continuously adding lot of wastewater containing a high level of nutrients, 
heavy metals, and hazardous substances to the agricultural fields, river streams, etc. 
(Baccella et al. 2000). These industrial effluents not only increase the nutrient level 
in aquatic bodies but also cause the toxicity to aquatic organisms, which finally 
affect the availability of potable water (Kisku et al. 2000).

The integration of wastewater treatment and energy production provides advan-
tages over the conventional practices of wastewater treatment. The Ministry of New 
and Renewable Energy (MNRE) has classified waste to energy as a renewable 
source and provided subsidies and incentives to encourage the projects (http://mnre.
gov.in/schemes/offgrid/waste-to-energy/).

 Conventional Wastewater Treatment

Conventional wastewater treatment systems are found as energy intensive processes 
and inadequate to achieve discharge standards in effluent prescribed by various 
agencies (Caputo and Pelagagge 2001). It is associated with a series of physical, 
chemical, and biological processes to minimize the organic content and nutrient 
load of wastewater. Conventional treatment plants involve primary and secondary 
processes followed by disinfection for disposal of wastewater. The primary treatment 
process is based on physical unit operations such as screening, grit removal, and 
sedimentation, which are used to remove solid wastewater constituents and part of 
suspended solids from wastewater. Normally, the first step is the screening in which 
trash and large solids are removed or reduced in size (Bourgeous et al. 2001). These 
solids are collected on screen and scraped off for subsequent disposal. Solid content 
in wastewater is present in the form of dissolved, suspended, and insoluble solids. 
Collectively these are 0.1% of the total volume of wastewater. Separation of solid 
content reduces the suspended solid and organic load. It also maintains the 
homogeneity of waste stream which helps in the treatment process.
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On the other hand, secondary wastewater treatment is mainly driven by biologi-
cal methods such as activated sludge process (ASP) (Sonune and Ghate 2004). This 
process leads to the oxidation of organic compounds for their breakdown in simpler 
compounds. ASP efficiently removes the dissolved organic matter and converts the 
remaining colloidal material to a biological sludge. It has been found that efficiency 
of activated sludge process to reduce sludge through predation of Aeolosoma 
hemprichi was found to be about 39–65% (Muga and Mihelcic 2008). The ASP is 
also found beneficial for removal of total phosphorus. The effluent after this step is 
transferred into secondary clarifier, where biological solids or solids are settled 
through influence of gravity. The effluent discharge from this step is further 
introduced in anaerobic chamber for further reduction of organic content and 
nutrient from effluent. Fixed film systems involve the passage of raw wastewater 
onto a filter medium in which bacteria can attach, build up and accumulate in 
biomass which is subsequently removed (Naidoo and Olaniran 2013).

 Advance Wastewater Treatment

Advance wastewater treatment incorporates the technologies used to remove nutri-
ents, harmful substances (heavy metals), and oxygen demand and improve waste-
water quality for reuse. Tertiary treatment can be defined as any treatment process 
in which one additional unit operation is added with conventional treatment pro-
cess. It may be as simple to add filter to remove suspended solids or to add complex 
system to remove organic or nutrient load and harmful substances. Tertiary treat-
ment of wastewater is generally employed to remove the nutrient load and patho-
gens from the wastewater. Generally, nutrients (nitrate and phosphate) remaining in 
effluent after secondary treatment are the major drivers of eutrophication and ele-
vated oxygen demand (Schaar et  al. 2010). Biological wastewater treatment has 
become popular in recent years, whereas aerobic treatment process has traditionally 
been employed to reduce organic load and nutrient from wastewater. But simultane-
ous reduction of most of the contaminants is not accomplished properly without 
coupling of aerobic treatment with anaerobic treatment. Microorganisms have capa-
bility to treat complex  wastewater (Okoh et  al. 2010).Wastewater itself contains 
numerous microorganisms such as bacteria (Table 10.1), protozoans, fungi, algae, 
helminths, etc. (Naidoo and Olaniran 2013). Algae breakdown the organic material 
and obtain energy and nourishment for their cell growth and reproduction. Among 
the different advanced wastewater treatment options, bioprocessing of wastewater 
using algal biomass in particular is appearing to be the cheapest due to its non-
pathogenic nature and capability to grow in industrial, municipal, and agricultural 
effluents in fresh as well as seawater (Chinnasamy et al. 2010). In the next section, 
the wastewater treatment by using algal biomass is discussed due to its great degree 
of adaptability to the adverse environmental conditions.

V. V. Pathak et al.
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 Wastewater Treatment Using Algal Microbiology: Potential 
Approach

Algae are effective biological mediators that own potential to convert solar energy 
and carbon dioxide into valuable products such as biodiesel, bioethanol, and bio- 
butanol. Despite having higher photosynthetic efficiency (> 20%) than higher 
plants, global algal production is limited to only 9000 tons per year−1. On the other 
hand, cost of algal biomass production (20–200$) is too high to use for commercial- 
level biofuel production (Wang et al. 2016). Conventional mode algal cultivation in 
freshwater is also found unsustainable in long term in view of blue water footprint. 
Algal cultivation is practiced for a long time in aerobic ponds or maturation ponds, 
which can be used in a more cost-effective manner in conjunction with wastewater 
treatment (Green et  al. 1995). Researchers observed that algal cultivation using 
wastewater not only reduces the cost of algal biomass production but also provides 
additional advantage of simultaneous wastewater treatment. Algae have been 
demonstrated for the treatment of wastewater from municipal, industrial (sugar mill 
effluent, pulp and paper effluent, petroleum wastewater, coal-fired contaminated 
wastewater, textile industry wastewater, tannery industry wastewater, pharmaceutical 
industry, and electroplating industry), and agricultural sectors (dairy wastewater, 
fish farm wastewater, piggery wastewater) (Ruiz-Marin et  al. 2010; Mata et  al. 
2010; Kong et al. 2010; Pathak et al. 2015). Industrial wastewater containing high 
chemical oxygen demand (COD) and nutrient load has been coupled with 
preliminary anaerobic treatment to avoid inhibition of algal growth.

Algae have found to assimilate a number of organic and inorganic compounds 
(Table 10.2); in this context a number of algal strains have been found to reduce the 
concentrations of nitrogen and phosphorus (2.2 mgL−1 and 0.15 mg L−1). A number 
of algal strains such as Botryococcus braunii, Chlorella vulgaris, Scenedesmus 
obliquus, and Chlorella pyrenoidosa were found to have the potential for treatment 
of sewage wastewater, urban wastewater, olive oil industry wastewater, and dye 
wastewater, respectively (Hodaifa et al. 2008; Pathak et al. 2015). Algae have been 
found to reduce the organic load from industrial wastewater by 19–67% depending 
on the strength of wastewater (Munoz et al. 2009). Besides the removal of organic 
and nutrient load, algal strains such as C. pyrenoidosa, C. vulgaris, and Oscillatoria 
tenuis were found to have potential for removal of more than 30 azo compounds 
(Mona et al. 2011; Kousha et al. 2012; Khatee et al. 2013; El-Kassas and Mohamed 
2014). It has been reported that algal growth is negatively influenced by higher dye 
concentration because it reduces the electron transport and metabolic rate of alga 
(Hamendez-Zamora et  al. 2014). It was also observed that mixotrophic algal 
cultivation in heterotrophic mode removed biological oxygen demand (BOD) and 
COD by 70% and 65%, respectively (Cheng et al. 2009; Liang et al. 2009), on the 
part of pollutant removal.

V. V. Pathak et al.
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 Energy Recovery with Alga-Based Wastewater Treatment: 
An Integrated Technology

Wastewater treatment can be an alternative option to generate energy through vari-
ous conversion technologies such as microbial fuel cell, algal cultivation, biohydro-
gen production, etc. Extraction of energy from wastewater is easy in biological form 
in comparison to other modes of energy extraction. This approach develops the 
integrated biological wastewater treatment and simultaneous energy production as 
shown in Table 10.2. These energy recovery strategies could help to compensate the 
electricity consumption during the treatment of wastewater and represent effective 
policy implication to develop sustainable energy planning.

 Biogas

Estimated energy recovery from all wastewater treatment plants in the USA for 
biogas was about 2401 million m3/day through anaerobic digestion (Stillwell et al. 
2011). Champagne and Anderson (2015) used municipal wastewater containing 
high concentration of fat, oil, and grease as a biogas feedstock. They reported 
enhanced biogas production (25.14  ±  2.14  L/d) including increased COD 
solubilization and volatile fatty acid (VFA) concentrations in two-stage thermophilic 

Table 10.2 Different ways for energy generation through wastewater

Energy in 
wastewater Description Application

Bio-hydrogen/
hydrogen

Bio-hydrogen can be produced by electrolysis 
of wastewater using conventional/
nonconventional energy sources

Transportation and 
electricity generation

Bioelectricity Chemical energy of wastewater is converted in 
to electricity through microorganisms in 
microbial fuel cell application (MFC)

Bioelectricity and table 
water

Biosolids Biosolids present in wastewater can be 
incinerated to produce electricity

Electricity generation

Algae Wastewater can be used as nutritive medium for 
algal cultivation, which can be used for various 
energy products

Produced algae can be used 
as a source for biofuel 
application

Heat Heated water from house and industry is spent 
to the drain; energy can be recovered as thermal 
energy

Heat recovery for heating 
applications

Anaerobic 
digestion

Sludge can be digested by anaerobic 
microorganism and produces methane gas

Methane is used for 
cooking, lighting, and 
electricity generation

10 Implication of Algal Microbiology for Wastewater Treatment and Bioenergy…
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semicontinuous flow digestion system. Molinuevo-Salces et al. (2010) investigated 
indirect application of wastewater for generation of biogas feedstock. It was 
observed that feedstock cultivation in wastewater is a promising strategy to produce 
renewable energy by coupling wastewater bioremediation and biomass production 
for lipid (Kothari et al. 2017c).

 Bioelectricity

Domestic wastewater was found to produce about 146  mW/m2 of bioelectricity 
(Hong and Logan 2004). Significant relation was found between COD of wastewater 
and maximum power density. In this context, a maximum loading of 3500 mg/L of 
COD was found to produce a maximum power density of around 37.4 m W/m2 (Zhu 
et al. 2011). Similarly, higher extent of bioelectricity was produced from wastewater 
by using microorganisms (Rahimnejad et al. 2011). Industrial wastewater was found 
more feasible to produce bioelectricity in comparison to other wastewater. The 
maximum current intensity and power density were 3.74 mA and 621.13 mW/m2, 
respectively, on the anode surface at organic loading rate (OLR) equal to 53.22 kg 
COD/m3 d. Thus, microbial fuel cell coupled with wastewater treatment is a possible 
and economic way to achieve the goal of wastewater treatment and bioenergy 
production (Mansoorian et al. 2016).

 Bio-hydrogen

Wastewater can be used as a substrate to produce feedstock that can be used for 
biohydrogen production through different routes such as photolysis, indirect 
biohydrogen production, fermentation, etc. In this context, the cyanobacterium 
Anabaena variabilis was found to produce about 12.5 ml H2/h (Markov et al. 1997). 
In photolysis, processed electrons are released from water due to the photochemical 
oxidation by PS II system containing plastoquinone oxidoreductase enzyme. These 
electrons are then energized by photon from sunlight and transferred to the 
hydrocarbon cluster of [Fe]-hydrogenase through the thylakoid electron transport 
chain in PS I. Plastoquinone is reduced in to plastoquinol through these electrons, 
which reduces NADP+ to NADPH. Energized electrons are replaced by oxidizing 
water to form hydrogen ion and oxygen molecule (Kothari et  al. 2017b). These 
electrons are used in photosynthesis process via PS II system. Protons generated 
through oxidation of water result in proton gradient, which is used to generate ATP 
in the presence of ATP synthase enzyme. Protons are terminal acceptors of these 
photosynthetically generated electrons in the algal chloroplast. The whole process 
results in the simultaneous production of hydrogen and oxygen. Direct photolysis 
enables the algae and cyanobacteria to split water directly into oxygen and hydrogen 

V. V. Pathak et al.
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(Florin et al. 2001). Algae are suggested to have potential to harness solar energy by 
extracting protons and electrons by water splitting reactions (Kothari et al. 2015).

 Biodiesel

Algae have attracted a wide attention of researchers to be used as a biofuel feed-
stock due to its efficiency to grow in minimal freshwater input in comparison to 
other known energy crops. Algae can grow well on several types of less desirable 
sources of water including domestic and industrial wastewaters, saline and brackish 
water, sea water, etc., because of which they are considered as approaches that will 
not threaten food security of the region. Oleaginous algae from industrial and 
municipal wastewater were isolated and processed for biodiesel production 
(Sheehan et  al. 1998). Various researchers (Chisti 2007; Converti et  al. 2009; 
Chinnasamy et al. 2010) have investigated the cultivation of algal biomass in saline, 
brackish, or wastewater for production of biodiesel. Wastewater containing higher 
concentrations of ammonia was found as potential substrate to support the growth 
of C. vulgaris, which accumulated at approximate concentration of about 
23.3 mgL−1d−1 lipid at 39 mgL−1 NH3 concentration (He et al. 2013). Wastewater 
contains a number of bacterial populations, which affect algal growth positively 
(Ma et al. 2014). Algal biomass cultivated in high raceway algal pond accumulated 
70% fatty acid content, which is significantly high to produce biodiesel (Drira et al. 
2016). C. vulgaris under polluted environment was found to produce about 0.41 g 
biomass, and 0.15 g L−1 of crude oil was obtained (Kalhor et al. 2016).

 Algae-Based Biofuel Production Processes

Biofuel production with the algal feedstock involves a number of steps like isolation 
of algal strain, its screening and then the selection of appropriate strain, an apt 
selection of culture media for its proper growth, the technological aspects involved 
in algal cultivation, and then its biomass harvesting, lipid extraction, and 
transesterification. Among the various upstream processes of algal biofuel 
production, isolation of algal strain is one of the decisive stages as it ensures the 
further accessibility of that particular algal strain (Osundeko et al. 2013; Talebi et al. 
2015). To succeed in getting lipid-rich algal strain, various efficacious techniques 
are still under exploration, yet each technique has its own pros and cons (Table 10.3).
There exist a number of research institutions as well as collection centers both at 
national and international levels that make available this highly productive cultured 
algal biomass. Naming a few is the National Collection of Industrial Microorganisms 
(NCIM), Pune, India; University of Texas (UTEX), USA; Australian National Algae 
Culture Collection (ANACC), Australia; Culture Collection of Algae and Protozoa 
(CCAP), UK; Nippon Institute For Biological Science (NIBS), Japan; Sammlung 
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von Algenkulturen der Universität Göttingen (SAG), Germany; etc. Regardless of 
the fact that these cultured algal strains are readily available, various researchers 
and industrial stakeholders are still involved in the exploration of different native 
strains that have the potential of biofuel production and adaptation in  local 
environment (Lynch et al. 2015).

Specifying an algal strain for its biofuel production involves a number of factors 
like the state of its aquatic environment and augmented conditions of the abiotic 
factors like pH, temperature, nutrient concentration, and various other 
physicochemical dynamics that provide the optimal environmental conditions to 
boost the biomass growth and act as a nutrient medium for algal cultures.

Cultivation of algal biomass is another important step and performed under the 
photoautotrophic, heterotrophic, mixotrophic, and heteroautotrophic mode. Usually 
two types of cultivation systems are used for scale up of algal biomass such as open 
and close systems (Shamshad et al. 2017). The most frequent design of pond used 
for cultivation includes shallow pond, raceway pond, tank, and circular ponds. 
Raceway ponds generally contain an oval-shaped shallow pond lined with 
photovoltaics (PV) cement or clay within an area of 1–200  ha (Anderson et  al. 
2005). Cultivation of algae in open pond is similar to natural method of growing 
algae (Chisti 2007). Raceway ponds involve low capital investment and operational 
cost with effective mixing (via paddle wheel) of nutrients and gaseous exchange. 
Outdoor cultivation has various drawbacks such as poor light penetration, loss of 
water due to evaporation, diffusion of carbon dioxide from the atmosphere, 
requirement of large area, contamination, temperature regulation, poor mass transfer 
and uneven light intensity, etc. (Harun et  al. 2010). Despite of having such 
drawbacks, open pond cultivation is the most industrially applied technology due its 
low-cost input in operational process (Pandey et  al. 2014). Recently it has been 
demonstrated that cultivation of C. pyrenoidosa in outdoor open raceway pond 
using domestic wastewater as a nutrient medium under arid climate has great 
potential for algal-based wastewater treatment (Dahmani et al. 2016).

Close cultivation system provides the facility to grow algae under controlled 
conditions, which is also referred as photobioreactors (PBRs). One of the important 
criteria for PBR design is high mass transfer, especially for sequestration of carbon 
dioxide (Ugwu et al. 2008). Agitation in PBR is provided either mechanically or 

Table 10.3 Relative advantages and disadvantages of cultured and indigenous algal strains

Strain type Advantages Disadvantages

Cultured 
strain

Strains are recognized and specific to the 
demand for high lipid production and 
value-added compounds

Limited number of species, 
which survive under specific 
conditions
High cost of development

Indigenous 
strain

Vast diversity of strains
Adapted to the local environmental conditions
No charge for procurement

It involves cost and time for 
isolation and screening practices
Optimal culture conditions are 
difficult to achieve in field 
conditions

V. V. Pathak et al.
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nonmechanically. Nonmechanical agitation can be seen in the case of airlift, bubble 
column, tubular reactor, and flat panel operation. PBR can be operated in continuous 
as well as in batch modes. Comparative to open system, close system is easy to 
control with regard to environmental parameters and able to produce high biomass 
productivity (Sierra et al. 2008). Photobioreactor facilitates better control of culture 
environment such as supply of carbon dioxide, water supply, optimal temperature, 
efficient exposure to light, density of culture, pH levels, gas supply rate, effective 
mixing, etc. (Mata et al. 2012).

Integration of open pond and closed system is termed as hybrid culture system; 
this combination is used to gain greater results. Open ponds are economical, and they 
have advantage of low operational cost, but they tend to get contaminated by patho-
genic microorganisms; in order to get the culture free from contamination, an inte-
gration of closed system is better. The initial inoculum size should be large enough 
to cultivate the desired algal species in open system before its contamination. To 
avoid the contamination, cleaning and flushing the pond should be part of the algal 
culture. It involves two-stage cultivation to integrate the distinct growth stages in the 
photobioreactor and open pond. The first stage in photobioreactor involves con-
trolled condition, whereas the second production stage is in open pond with nutrient 
stress, which enhances the synthesis of lipid productivity (Victoria et al. 2014).

Though progress has been achieved in photobioreactors for mass cultivation of 
alga, further development is still required for improvement, especially regarding the 
cost reduction of bioreactor design. Large outdoor cultivation system requires large 
land area, which is a critical issue in densely populated countries like India and 
China. Thus, low-cost closed photobioreactors can greatly influence the autotrophic 
algal cultivation. It is noted by various researchers that biomass yield is higher in 
closed PBRs in comparison to open raceway ponds and this is due to controlled 
nutritional mechanism and single specific cultures in photobioreactors (Kasiri et al. 
2015).

 Factors Affecting Biomass and Lipid Productivity

Algal biomass can be converted into various bioenergy products depending on the 
conversion routes and quantity of targeted biochemical constituents. According to 
research findings, lipid/oil composition of the cell is used as a raw material to 
produce biodiesel through transesterification process. Biochemical composition of 
various microalgal strains in freshwater or marine habitats, observed by various 
investigators under optimized and varying environmental conditions is mentioned 
in Table 10.4.

Starch and lipid are the main storage carbons in the alga required for the sur-
vival under unfavorable conditions. Lipid content in alga increases where there is 
change of environment and microclimate between optimal and suboptimal condi-
tions. During the nitrogen starvation, algal cells stop dividing and accumulate the 
storage product in non-nitrogen-limited cell, thus resulting in the double or triple 
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Table 10.4 Biochemical composition of different algae on dry matter basis

Microalgal species 
(marine and freshwater)

Lipid content (% 
dry weight 
biomass)

Lipid 
productivity 
(mg/L/day)

Protein % 
dry weight

Carbohydrate 
content % dry 
matter basis

Ankistrodesmus sp. 24.0–31.0 – – –
Botryococcus braunii 25.0–75.0 – – –
Chaetoceros muelleri 33.6 21.8 – –
Chaetoceros calcitrans 14.6–16.4/39.8 17.6 – –
Chlorella emersonii 25.0–63.0 10.3–50.0 – –
Chlorella 
protothecoides

14.6–57.8 1214 – –

Chlamydomonas 
reinhardtii

21 – 48 17

Chlorella sorokiniana 19.0–22.0 44.7 – –
Chlorella vulgaris 5.0–58.0 11.2–40.0 51–58 12–17
Chlorella sp. 10.0–48.0 42.1 – –
Chlorella 18.0–57.0 18.7 – –
Chlorococcum sp. 19.3 53.7 – –
Crypthecodinium cohnii 20.0–51.1 – – –
Dunaliella salina 6.0–25.0 116.0 57 32
Dunaliella primolecta 23.1 – – –
Dunaliella tertiolecta 16.7–71.0 – – –
Dunaliella sp. 17.5–67.0 33.5 – –
Ellipsoidion sp. 27.4 47.3 – –
Euglena gracilis 14.0–20.0 – 39–61 14–18
Haematococcus 
pluvialis

25.0 – – –

Isochrysis galbana 7.0–40.0 – – –
Isochrysis sp. 7.1–33 37.8 – –
Monodus subterraneus 16.0 30.4 – –
Monallanthus salina 20.0–22.0 – – –
Nannochloris sp. 20.0–56.0 60.9–76.5 – –
Neochloris 
oleoabundans

29.0–65.0 90.0–134.0 3 2

Nitzschia sp. 16.0–47.0 – – –
Nostoc sp. 18.3 – 56.2 25.5
Nodularia sp. 24.5 – 58.2 17.3
Oscillatoria sp. 11.6 – 64.6 23.9
Oocystis pusilla 10.5 – – –
Pavlova salina 30.9 49.4 – –
Pavlova lutheri 35.5 40.2 – –
Phaeodactylum 
tricornutum

18.0–57.0 44.8 2 2

Prymnesium parvum 22–38 – 28–45 25–33
Scenedesmus 
dimorphus

16–40 – 8–18 21–52

Scenedesmus sp. 19.6–21.1 40.8–53.9 – –
Skeletonema sp. 13.3–31.8 27.3 – –

Source: Mata et al. (2010, 2012)
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lipid content by dry weight. Microalgal lipids include neutral lipid, polar lipids, 
wax esters, sterols, and hydrocarbons; prenyl derivatives such as tocopherols, 
carotenoids, terpenes, and quinines; and pyrrole derivatives such as chlorophyll. In 
general, lipid in algae can be grouped in two classes, viz., storage lipids (nonpolar 
lipid) and structural lipids (polar lipid). Triacylglyceride (TAG) is the main form of 
storage lipid, which is made of mostly saturated fatty acids and some unsaturated 
fatty acids.

Photosynthesis provides base for lipid synthesis by using carbon as a source, and 
through Calvin cycle, sugars are produced which are converted into sucrose and 
starch. Lipid is synthesized through glycolysis pathway using the stored carbon 
sources (Levine et al. 2010). Light, CO2, temperature, etc. affect the photosynthesis 
and also affect the lipid synthesis in alga (Pandey et al. 2014). Most of the algae 
which have high lipid content are inefficient due to their slow growth rate, so by 
varying the medium composition and external factors, lipid productivity of alga and 
growth can be simultaneously increased (Fakhry and El Maghraby 2015). There are 
mainly two ways to increase the lipid productivity in a microalgal cell, viz., (i) 
increasing the rate of biomass of accumulation and (ii) increasing the proportion of 
biomass that contain useful lipid.

 Light and Temperature

Light and temperature are essential external factors, which affect the growth of 
autotrophic algae as well as its photosynthetic activity. Chl “a” and Chl “b” are 
considered as major light-harvesting pigments. Temperature affects the algal met-
abolic process and thus causes changes in cellular composition, alternation of CO2 
uptake, etc. Each species of algae grow well under the optimal conditions of light 
intensity as well as accumulate lipid, which is considered as precursor for bio-
diesel production. Chlorella minutissima was observed for its growth at a tem-
perature of 35 °C and irradiance of 30–550 μmolm−2 s−1. Minimum irradiance was 
found to sustain net growth rate. About 81.8% increment in growth rate was 
observed as the temperature increased from 10 °C to 30 °C. Similarly, Chlorella 
pyrenoidosa was found to accumulate maximum biomass and lipid at 
30  °C.  Photosynthetic activity directly depends on the light availability. Lipid 
content and its composition directly depend on the quantity and quality of light, 
and highest fatty acid content was found at light above the saturating intensity 
(Wagenen et al. 2012). Impact of exposure time of light on Dunaliella tertiolecta 
was observed, and a photoperiod of 24 h was found to produce highest biomass 
(Tang et al. 2011). Temperature as a strong influencing parameter was found to 
affect lipid productivity in Nannochloropsis oculata and C. vulgaris. Lipid con-
tent of algae was strongly influenced by temperature within a range of 20–25 °C, 
and increase in lipid content from 7.90 to 14.92% in N. oculata was observed. 
However, Converti et al. (2009) observed decrease in lipid content (14.71–5.91%) 
in C. vulgaris.
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 pH and CO2

Variation in pH has significant impact on algal growth. It not only affects the growth 
but also distribution of carbon dioxide and carbon availability and alters the 
availability of trace metal and nutrients. A high pH directly affects the physiological 
process, and it not only affects the freshwater algae but also the marine algae, which 
have strong carbonated buffering system. Increase in pH from 7.5 to 10 was found 
to affect the structural lipids in diatoms and reduce the total lipid content (Spilling 
et al. 2013).

CO2 is a very important factor for photosynthesis of algal cells; 1–5% by volume 
of CO2 concentration can result in the maximum growth. CO2 supply through 
glycerol and sodium acetate induced the lipid accumulation in C. vulgaris and 
produces 80% higher biomass than the control (Estévez-Landazábal et al. 2015). 
Ponnuswamy et  al. (2014) studied the lipid productivity of Chlorella sp. under 
sodium bicarbonate concentration ranging from 50 to 60 mgL−1. They achieved a 
maximum lipid content of 20% at carbon dioxide concentration of 40%. Lin and Wu 
(2015) observed the lipid productivity of Chlorella sp. under varying carbon sources. 
They achieved maximum lipid content of 35.5% under mixotrophic cultivation 
mode with sucrose as a carbon source.

 Nutrient Starvation

Nutrients play significant role in the growth of algae as well as lipid production and 
fatty acid composition. Under stress conditions, cell division declines, and active 
biosynthesis of fatty acid begins in some algae. During slow growth of algal cell, 
when there is no requirement to form new membrane, the deposited fatty acid 
converted into the TAG as a result of protective mechanism. It has been observed 
that lipid productivity in C. vulgaris was 77.8  mgL−1D−1 in nutrient medium 
supplemented with no nitrogen and 2 mgL−1 of phosphorus (Mujtaba et al. 2012). 
Nitrogen plays significant role in the lipid metabolism and starvation of nitrogen 
induced higher lipid productivity in algal cell (Kumar et  al. 2012). In another 
observation, C. vulgaris was found to accumulate about 40.7% lipid under the 
nitrogen deprivation condition.

Thus, physical factors (light, temperature) and composition of nutrient medium 
affect the biomass productivity of algae. Lipid stimulation through varying nutrient 
concentrations is found significant within a certain range; however, overall biomass 
yield is found decreased. Thus, an optimized method to obtain high lipid production 
with high biomass productivity is still under research and development.

 Harvesting of Algal Biomass

Collection of algal biomass is another bottleneck for industrial biofuel production 
process. This process is considered as one of the main steps of downstream 
processing to achieve the solid content from >1.0% to up to 20% of solid, and it 
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costs about 20–30% of the total cost in biofuel production (Mata et al. 2010). For 
the downstream processing of algal biomass for biodiesel production, various 
processes like centrifugation, filtration, and flocculation have been introduced by 
the researchers (Mata et al. 2010; Zhang et al. 2016). Centrifugation of the algal 
biomass is exorbitant and requires an excessive amount of energy during the process. 
A number of researchers have noticed that centrifugation of dilute culture or small 
size of algae must be managed with large volumes. Hence, it becomes quite difficult 
to harvest the algal biomass for biodiesel production through the process of 
centrifugation (Girma et al. 2003; Milledge and Heaven 2013; Zhang et al. 2016). 
In the case of sedimentation and filtration, colloidal stability of algae limits the 
separation efficiency. Thus, flocculation of algal biomass is suggested as more 
feasible way to harvest the algal biomass (Mata et al. 2010).

Chemical-mediated harvesting of algal biomass such as calcium hydroxide 
(Ca(OH)2) is also found efficient (99.5%) for high extent of precipitation (Zhang 
et  al. 2016). pH acts as an influencing factor in chemical-mediated coagulation 
process, and a pH range between 10.8 and 11.8 was found critical in coagulation 
process. Another innovative way for chemical-mediated algal biomass harvesting 
was introduced by Salama et al. (2015) by employing acid mine drainage (AMD) 
for coagulation of microalgal biomass. They achieved 89% flocculation efficiency 
for S. obliquus and 93% for C. vulgaris. The AMD was observed as a cost-effective 
method, which might further allow reuse of flocculated medium for algal cultivation. 
Chemical-mediated algal harvesting process is effective but too expensive to use in 
large-scale operations. Alternations in culture medium such as pH and interrupting 
supply of carbon dioxide can cause flocculation of algal biomass by its own, which 
is termed as “auto-flocculation.” A change in pH from 8.5 to 12.0 was found more 
efficient for harvesting of Chlorococcum sp. R-AP13 (Ummalyma et  al. 2016). 
Bioflocculation of algal biomass using bioflocculant is another innovative approach 
for harvesting of algal biomass (Kothari et al. 2017a). Researchers have successfully 
investigated the potential of chitosan as a bioflocculant for Spirulina, Oscillatoria, 
Chlorella, Synechocystis, Tetraselmis chui, Thalassiosira pseudonana, and 
Isochrysis sp. (Divakaran and Pillai 2002; Heasman et al. 2000). Oh et al. (2001) 
also studied microbial flocculants (AM49) for the harvesting of C. vulgaris. This 
flocculant was found to be better than other commonly used flocculants. Recovery 
of more than 83% solids when operating in the pH range 5–11 was recorded; this is 
higher than that when using aluminum sulfate (72%) or the cationic polymer 
polyacrylamide (78%).The first evidence on bioflocculation of algal biomass using 
Shinella albus (bacteria) for harvesting of C. vulgaris was studied by Yi et al. (2016). 
According to Kothari et al. (2017a, b, c), bioflocculant was stable with thermal and 
pH change, and its efficiency in association of Ca2+ was highest for harvesting of 
algal biomass. According to literature, harvesting and dewatering processes are 
performed in two categories. First category involves the algal culture, while second 
category involves the conversion of algal biomasses into macroscopic masses by the 
process of agglomeration to facilitate the dewatering process. The former one is of 
low cost compared to the second category due to the input of chemicals.
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 Extraction of Lipid from Algae

Organic solvents are used in chemical processes for recovery of lipid from microal-
gal cells involving hexane soxhlet extraction (Soxhlet 1879) and mixed methanol- 
chloroform (2:1  V/V) (Bligh and Dyer 1959). In solvent extraction process, the 
solvents (hexane, chloroform, and methanol) being toxic in nature pose harm to the 
environment, and it is also a high-energy intensive process. Organic solvents have 
potential to penetrate the cell membrane and dissolve the biological matrix of the 
cell (Pathak et al. 2016). Organic solvents such as methanol and isopropyl alcohol 
have potential to break this hydrogen bond linkage and extract neutral lipids from 
the cell. The solvent lipid complex is transported in solvent medium through the dif-
fusion process by concentration gradient. Thus, a suitable solvent should possess 
characteristics like (1) high affinity to oily composition, (2) low boiling point and 
stability at normal temperature, and (3) non-toxic and biodegradability. The European 
Food Safety authority has approved dimethyl ether (DME) as a safe organic solvent. 
DME showed better yield of lipid content (40.1% of the dry weight) when applied 
on Microcystis aeruginosa (Kanda and Li 2011). It was demonstrated that DME 
method has potential for extraction of lipid directly from wet algal biomass.

Most of the researchers used both polar and nonpolar solvents for complete 
extraction of lipid chloroform, and methanol mixture with various cell disruption 
methods (autoclaving, bead beating, microwaves, sonication, and a 10% NaCl 
solution) was used to assess their relative potential; however, microwave oven 
method was observed as the most simple, easy, and effective process of lipid 
extraction from algae with a lipid productivity of 5.7 mgL−1d−1. Mixture of hexane/
methanol/acetone was used as organic solvent to extract the lipid from the activated 
sludge, and 27.43 ± 0.98% of lipid content was obtained with three-time extraction 
(Dufreche et al. 2007). The addition of isopropanol as a cosolvent in the hexane 
solvent system showed improvement in the total lipid yield by more than 300% 
(Halim et al. 2012).

Supercritical fluid (CO2) extraction (SFE) method is also explored by researchers 
(Mendes et  al. 2006; Cho et  al. 2011) to extract the lipid from algal biomass; 
however, most of them achieved lower lipid yield in comparison to the extraction 
performed by mixture of chloroform, methanol and water (Bligh and Dyer method), 
acetone, and ethanol. Hence, modified supercritical CO2 with cosolvent is also 
studied for recovery of lipid and carotenoid from microalgal species of 
Nannochloropsis oculata (Cho et al. 2011). It has been observed that addition ratio 
of ethanol and supercritical fluid was an important factor to increase the extraction 
efficiency for lipid.

 Transesterification

Transesterification refers to the chemical way to convert the fatty acid into fatty acid 
methyl esters (FAME), which are termed as biodiesel. This process reduces the 
viscosity of FAME (Knothe et  al. 1997). Initially transesterification process was 
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carried out by employing the base or acid catalysis, but now researchers have 
explored other potential ways such as direct methanolysis, enzymatic 
transesterification, and microwave-assisted transesterification (Ehimen et al. 2010; 
Lee et al. 2012). Among conventional transesterification processes, base-catalyzed 
transesterification of algal lipids is considered as more frequent conversion process 
in comparison to acid-catalyzed transesterification process and mainly used in 
industrial-level biodiesel production (Meher et  al. 2006; Demirbas 2000). Acid- 
catalyzed transesterification has relatively lower conversion efficiency; however, it 
is feasible and less affected by presence of free fatty acid (FFA) (Helwani et  al. 
2009). In contrast to homogenous catalyst, heterogeneous catalyst can be separated 
by simple filtration and save water during purification of biodiesel. Alkaline catalyst 
is used at an atmospheric pressure with temperature ranges 60–70 °C (Srivastava 
and Prasad 2000). The main challenge with base-catalyzed reaction is the formation 
of soap at high free fatty acid content; hence prior removal of water and free fatty 
acid is essential for this reaction (Demirbas 2000).

On the other hand, conventional transesterification processes are energy inten-
sive and require longer time to complete the reaction (Mohan et  al. 2015). 
Advancement in transesterification process has introduced the direct methanolysis 
process, which possesses potential to eliminate drawbacks associated with conven-
tional process. Various researchers (Patil et al. 2009; Sathish and Sins 2012; Ehimen 
et al. 2010) have proven the potential of direct methanolysis for biodiesel produc-
tion using wet algal biomass (90% water). Direct methanolysis also reduces the 
amount of solvent and reaction time and improves the biodiesel yield. The feasibil-
ity of the microwave- assisted transesterification process was found efficient and 
easier than the chemical- mediated transesterification using algal oil obtained from 
Botryococcus sp., C. vulgaris, and Scenedesmus sp. (Lee et al. 2012). It was found 
that microwave- enhanced methanolysis process, improved the extraction of algae 
significantly with a high efficiency, reduced extraction and transesterification time, 
and increased yield. Despite the advantages of transesterification, most of the indus-
tries are still using base-catalyzed transesterification, which is due to various tech-
nology barriers such as lack of operational viability and high cost of operation and 
recovery option of catalyst. Therefore, studies are required to prove the sustainabil-
ity of the advanced method of transesterification process so that it could be imple-
mented at industrial-level.

 Future Prospects

Algal-based wastewater treatment offers cost-effective and efficient treatment tech-
nology as microalgae biomass is the only renewable resource that possesses high 
uptake capacity of pollutants and generates oxygen that triggers the aerobic oxida-
tion of organic compounds. Despite the fact that algal cultivation for biofuel indus-
try alone involves huge expenditure, integration of the wastewater from different 
sources, to be used as nutrient source for algal cultivation can be very effective. This 
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integrated aspect can be more sustainable in function than the conventional process. 
Wastewater with lower nutrient concentration can be a limiting factor for microalgal 
growth such as secondary-/tertiary-treated wastewater, municipal wastewater, etc.; 
supplementation of nutrient to promote the algal growth can be used as an alterna-
tive method; however, it adds cost to microalgal cultivation. Waste material (whey 
permeate, cattle slurry, agricultural waste, food waste) rich in nutrient can be used 
as alternative to the chemical nutrient to support the algal growth in low nutrient 
wastewater. However, these substrates require pretreatment to release the nutrient as 
well as possible contaminants. Emerging organic pollutants (EOCs) such as per-
sonal care products, detergents, flame retardant, and surfactants are another chal-
lenge for algal-based wastewater treatment system as very little literature is available 
on removing of EOCs from wastewater.

Selection of suitable strain with higher tolerance to varying culture conditions is 
another important factor in wastewater-based microalgal growth. Algal tolerance 
toward the wastewater toxicity can be increased by genetic engineering. In this 
context, Halder (2014) proposed that transgenic microalgal cells with higher metal 
binding capacity could be produced by overexpressing the gene related to metal 
binding proteins. The unknown consequences of released genetic engineered 
microorganism in the environment are still a challenge for developing genetic 
engineered microalgae for wastewater treatment.

Recently, Elrayies (2018) explored the prospects of microalgae for greener future 
buildings, which is quite modest, and the technology is still in initial phase. 
Integration of photo-bioreactor (PBR) in the building’s facades can be used to 
control the thermal heating of the building. PBR facades prevent the building from 
direct heating of sun and create sun shading for the building’s interior and keeping 
it cooler during intense sunny days. In addition to the shading effect, PBR filters the 
thermal load and protects the building.

 Conclusion

It is indicated that species, substrate, reactor type, nutrient concentration, tempera-
ture, pH, and light are the main influencing factors for biodiesel production from 
algae. The biodiesel production from algae cultivated on industrial wastewater is a 
cost-effective technology in biofuel sector. The biggest challenge over the next few 
years in algal biodiesel production will be to reduce the production cost and selec-
tion or development of suitable strains with high stress tolerance capacity and high 
lipid productivity. Advancement in the downstream process steps is urgently 
required to develop a significant methodology to explore maximum yield of algal 
biofuel. It can be concluded that many challenges are in the way of processing and 
harvesting to commercialize this integrated approach, and it demands proper 
research to fill the lacunae in the way of algal biodiesel production, a part of green 
fuel economy.
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Abstract Constructed wetland microcosms (CWMs) are engineered wastewater 
treatment systems that are designed to treat wastewater from small communities, 
involving aquatic plants, a variety of substrate materials, soils and their associated 
microbial fauna. CWMs are considered as promising  ecological technology that 
requires low or no energy input, low operational cost and provides more benefits 
and better alternative to conventional wastewater treatment systems. In CWMs dis-
solved oxygen (DO), pH and temperature are controlled to achieve the desirable 
treatment efficiency. Several other components such as plant, substrate, water depth, 
hydraulic loading rates (HLRs) and hydraulic retention time (HRT) are also critical 
to establishing viable CWMs for the better performance. The literature on CWMs 
suggests excellent nutrient removal performances which are achieved with low and 
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stable effluent concentrations. Further, the choice of appropriate macrophyte spe-
cies having high uptake of pollutants and high pollutant tolerance and choice of 
substrate materials are critical for treatment performance. CWMs can be differenti-
ated based on existing native vegetation type (such as floating leaved macrophytes, 
free-floating macrophytes, emergent macrophytes and submerged macrophytes, in 
which emergent macrophytes are common)  and, hydrology (surface flow con-
structed wetlands (SFCWs), subsurface flow constructed wetlands (SSFCWs) and 
hybrid systems). The focus of this paper is to review the state of the art in improving 
the overall efficiency of CWMs for wastewater treatment. The paper documents 
both the design and operation of CWMs which are critically dependent on environ-
mental, operational and hydraulic factors. It further outlines key challenges and 
future prospects for their wider replication.

Keywords Constructed wetland microcosms · Hydraulic loading rates · Hydraulic 
retention time · Macrophytes · Treatment efficiency

 Introduction

Rapid urbanization due to enormous population growth and changing living stan-
dards, intensification of agricultural activities and over-exploitation of freshwater 
ecosystems have caused both global and regional water scarcities (Wang et  al. 
2017). There has been an emergent need of moving towards new and alternative 
technologies for improving the quality of water in both developed and developing 
countries. The treatment of wastewater containing high proportion of nutrients and 
organic matter (OM) or refuse water from communities has been a great challenge 
and sometimes hard to achieve in conventional treatment processes (Wojciechowska 
et al. 2017). Therefore, wastewater treatment technologies such as constructed wet-
lands (CWs) have emerged as an innovative, economical and sustainable way of 
protecting and rehabilitating freshwater ecosystems in developing countries 
(Vymazal 2011). Designer CWs have emerged as novel engineered systems that 
have primarily been developed and implemented in Europe and the USA. These 
systems are now routinely used in subtropical and tropical regions in countries like 
India and Brazil (Machado et al. 2017). CWs with better control systems have been 
also widely implemented in Central and Eastern Europe having higher proportion of 
inhabitants living in small rural settlements (Istenic et  al. 2015). In China, CWs 
have been used for ecological engineering since more than 20 years (Zhang et al. 
2012). In India, CWs are used as decentralized wastewater systems for smaller com-
munities as well as for small drains outfalling in large rivers (Rai et al. 2013). The 
use of this technology has grown more progressively in recent decades because of 
their low and easy operational and maintenance cost, reliable efficiency and envi-
ronmental friendliness, relying fully on natural and continuous ongoing processes 
compared with other conventional treatment technologies (Zhang et  al. 2014). 
Natural wetlands provide us a wide range of ecosystem services, such as CO2 uptake 
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and release as a regulating service (Yamochi et al. 2017), while CWs are promising 
technology for the treatment of various types of wastewater such as domestic sew-
age, industrial drainage, storm water runoff, animal wastewaters, agricultural run-
off, leachates and polluted river water (Wu et al. 2015a; Maine et al. 2017; Li et al. 
2017) (Table 11.1). In a CW, community composition and species richness both 
represent a diverse effect on nutrient removal. Higher plant species richness habitu-
ally results in increased primary production (Naylor et al. 2003) that reduces efflu-
ent nutrient concentration due to increased plant uptake (Wang et  al. 2013; Han 
et al. 2016; Zhao et al. 2016a, b).

 Constructed Wetland Microcosms (CWMs)

CWs are engineered systems that are used to forecast the behaviour of natural wet-
lands under more controlled conditions (Zhang et al. 2014). A CWM unit has differ-
ent kind of filter material (substrates), planted with different macrophytes (Fig. 11.1). 
Wastewater passes through the basin and flows over the surface to meet with sub-
strate and is discharged out from the CWM unit through a discharge point (Sudarsan 
et al. 2015).

A CWM unit has the following main components (Sudarsan et al. 2015):

 a. Basin
 b. Substrate
 c. Vegetation
 d. Inlet system
 e. Outlet system

Table 11.1 Treatment of different types of wastewater in CWs using emergent macrophytes

S. 
no.

Type of 
wastewater Vegetation References

1 Domestic 
wastewater

H. psittacorum, P. australis ,P. karka, T. 
latifolia, T. angustifolia, A. halimus, J. 
acutus, S. perennis

Bohórquez et al. (2017), 
Butterworth et al. (2016), 
Fountoulakis et al. (2017)

1 Industrial 
wastewater

T. latifolia, T. domingensis, S. 
cyperinus, P. australis, J. articulates

Khan et al. (2009)

2 Sewage T. latifolia, S. acutus, S. validus, P. 
australis, P. karka

Ladu et al. (2012), Mulling et al. 
(2013)

3 Agriculture 
runoff

P. karka, T. angustifolia, S. mucronatus Sim et al. (2011)

4 Runoff + 
sewage

P. australis, T. orientalis, C. 
malaccensis

Wang et al. (2011)

5 Pesticides in 
runoff

P. australis, T. latifolia Elsaesser et al. (2011)

6 Eutrophic 
water

T. angustifolia Li et al. (2008)
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On the basis of hydrology, CWs are characterized mainly into surface flow con-
structed wetlands (SFCWs) or free water surface (FWS), subsurface flow con-
structed wetlands (SSFCWs) and hybrid systems (or mixed systems) (Wu et  al. 
2015a). SSFCWs may further be categorized into horizontal flow constructed wet-
lands (HFCWs) and vertical flow constructed wetlands (VFCWs) on the basis of 
effluent flow. According to the macrophytic growth, they are further categorized 
into emergent, free floating, submerged and floating leaved. Most widely used CWs 
are subsurface flow, and nowadays hybrid system has gained great attention in com-
parison with others because of their high treatment efficiency. They are designed to 
acquire benefit of the natural wetlands under controlled environment. Gaining a 
better knowledge of the mechanisms linked with CWs, various designs and opera-
tional mode are available to achieve greater efficiency of domestic sewage treat-
ment, e.g. single-stage modification (Kumari and Tripathi 2014), multistaged in 
series (Melián et al. 2010) and/or combination with other treatment technologies 
(Singh et al. 2009). Accordingly, a number of researchers have published review 
articles related to the use of CWs for wastewater treatment (Haynes 2015; Liu et al. 
2015; Vymazal and Březinová 2015; Wu et al. 2015a). Nevertheless, there are rela-
tively few studies on the present knowledge aimed at on-site treatment of wastewa-
ter. Still, there is an uncertainty about the selection of the suitable type of CWs 
which is more appropriate for domestic wastewater treatment in decentralized sys-
tem. Most of the research on the use of macrophytes in CWs has been done in tem-
perate regions; while there are much more untested macrophytes in tropical regions. 
Tropical conditions can lead to considerable uptake of wastewater nutrients by mac-
rophytes (Zhang et al. 2014). The roots of the macrophytes provide substrate for 
microbial growth and transfer oxygen and dissolved organic matter from leaves and 
aerial parts to the rhizosphere (Meng et al. 2014).

Fig. 11.1 CWM unit 
planted with emergent 
macrophyte. (Shao et al. 
2014)
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More recent research on CWs has primarily focused on water purification (Ávila 
et  al. 2014), selection of appropriate plant and configuration (Wang and Sample 
2013), choice of substrates (Ge et  al. 2015), hydraulic loading rates (HLR) 
(Mexicano et al. 2013) and hydraulic retention time (HRT) (Dzakpasu et al. 2015). 
Some studies have also found how physical properties of the substrates, such as 
substrate depth and size, influence pollutant removal.

 Mechanism Involved in CWs for the Domestic Wastewater 
Treatment

 Components Involved

The main components involved in CWs are wetland vegetation, media material 
(which are either natural, industrial by-product or artificially prepared material) and 
microbial communities. Together, these systems utilize a combination of biological, 
chemical and physical processes to remove most of the contaminants from 
wastewater.

 Wetland Vegetation

In CWs, a number of wetland plants have been employed having several properties 
required for the treatment process. Most often used macrophytes in CWs systems 
are broadly categorized into free-floating plants, submerged plants, floating-leaved 
plants and emergent plants, typically grown in water or soil media. Even though 
more than 150 macrophytic plant species have been reported that are used in CWs 
globally, only a few of these are very frequently used (Saeed and Sun 2012; Vymazal 
2013a). Highly dense macrophytes provide more substrates to the biofilms for 
microbial action to enhance treatment (Badhe et al. 2014; Zheng et al. 2015, 2016; 
Wang et al. 2016; Wu et al. 2016).

Floating-Leaved Macrophytes

These are rooted in submerged sediments with the water depth of 0.5–3.0 m and 
have slightly aerial or floating leaves; examples include Nymphaea odorata and 
Nuphar lutea.

11 Efficiency of Constructed Wetland Microcosms (CWMs) for the Treatment…
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Free-Floating Macrophytes

They freely float on surface water. These plants are able to remove nitrogen (N) and 
phosphorus (P) by means of increased plant biomass and by denitrification, and they 
also remove suspended solids; main examples are Eichhornia crassipes 
(Pontederiaceae), Nymphaea  tetragona (Nymphaeaceae), Trapa bispinosa 
(Lythraceae), Marsilea quadrifolia (Marsileaceae), Salvinia natans (Salviniaceae), 
Azolla spp. (Salviniaceae) and Lemna minor (Arecaceae).

Emergent Macrophytes

Emergent plants are generally observed on water-saturated or submerged soil and 
are able to grow in water depth of 0.5 m or more. Commonly used emergent macro-
phytes are Phragmites spp. (Poaceae), Typha spp. (Typhaceae), Canna indica 
(Cannaceae), Scirpus spp. (Cyperaceae), Iris spp. (Iridaceae), Juncus spp. 
(Juncaceae) and Acorus calamus (Acoraceae). They transfer oxygen from roots to 
rhizosphere, which gives rise to degradation of pollutants aerobically.

Use of emergent macrophytes in CWs greatly reduces surface speed, enhances 
sedimentation and makes the available substrate for periphyton breeding to support 
pollutant degradation. The most often used macrophyte species are Typha, Scirpus, 
Phragmites and Juncus (Vymazal 2013b).

Submerged Macrophytes

These have their tissues submerged in water, grow healthy in oxygenated water and 
are principally used for polishing wastewater after secondary treatment. Examples 
include Hydrilla verticillata (Hydrocharitaceae), Ceratophyllum demersum 
(Ceratophyllaceae), Vallisneria natans (Hydrocharitaceae), Potamogeton crispus 
(Potamogetonaceae) and Myriophyllum spicatum (Haloragaceae). 

From the above-mentioned macrophytes, emergent macrophytes are the key spe-
cies in CWs for wastewater treatments because of their high treatment efficiency 
(Vymazal 2013b); amongst them Phragmites australis is the most frequent species 
in Asia and Europe (Vymazal 2011).

 Media material (Substrates)

Substrates are selected on the basis of hydraulic permeability and the ability to 
absorb pollutants. Poor hydraulic conductivity may cause clogging of systems, 
decrease the efficiency of the system, lower the adsorption and also affect the per-
formance of CWs for long-term applications (Wang et al. 2010). Previous studies 
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for the choice of wetland substrate media especially for phosphorus removal from 
wastewater explain that the substrates mainly include natural materials, artificial 
media and industrial by-products (Table 11.2) (Yan and Xu 2014). From these stud-
ies it is proved that most of the natural substrates are less efficient for long-term 
phosphorus removal; in contrast, industrial and artificial products with high hydrau-
lic conductivity have high phosphorus sorption capacity. Several other studies also 
provided some knowledge on substrate choice in order to maximize the removal 
efficiency of nitrogen and organics. Substrates such as alum sludge, compost, peat, 
rice husk and marble are the best choices (Babatunde et al. 2010).

 Microorganisms

The well-known microbial population in CWs is present in the form of the biofilms 
associated with plant’s roots or attached with the surface of the filter media 
(Faulwetter et al. 2009). The structure of microbial community in various layers of 
planted soil in wetlands system for the treatment of domestic wastewater was given 
by Truu et al. (2005). They observed that the depth is a crucial factor affecting the 
microbial community composition and microbial activity (Truu et  al. 2009) in 

Table 11.2 Common media substrates used in CWs systems

S. no. Substrate type Source

1 Artificial material
Compost Saeed and Sun (2012)
Activated carbon Ren et al. (2007)
Lightweight aggregates Saeed and Sun (2012)
Calcium silicate hydrate
Basic oxygen furnace slag (BOFS)

Li et al. (2011)
Barca et al. (2014)

2 Industrial by-products
Fly ash Xu et al. (2006)
Coal cinder Ren et al. (2007)
Slag Cui et al. (2010)
Alum sludge Babatunde et al. (2010)
Oil palm shell Chong et al. (2013)
Hollow brick crumbs Ren et al. (2007)

3 Natural material
Sand Saeed and Sun (2013)
Gravel Calheiros et al. (2008)
Clay Calheiros et al. (2008)
Calcite Ann et al. (1999)
Limestone Tao and Wang (2009)
Zeolite Bruch et al. (2011)

Wu et al. (2015a)
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CWMs (Iasur-Kruh et al. 2010). Various studies have experimented microbial popu-
lations in full-scale CWs and laboratory-scale units under controlled conditions 
(Zhang et al. 2010; Dong and Reddy 2010). However, there is a short of information 
on the changes of the microbial communities and diversity in long-term operations 
for the domestic wastewater treatment (Adrados et al. 2014). It is represented by 
several studies that the below- and above-ground parts of the macrophytic plants 
increase the diversity of microorganisms which make available large surface area 
for the growth of well-defined biofilms, responsible for nearly all of the microbial 
processes taking place in the wetlands (Chen et  al. 2014; Button et  al. 2015). 
Excessive nutrients such as N and P (eutrophication) (Giaramida et al. 2013) and the 
presence of other toxic substances affect biofilms and their structure (Calheiros 
et al. 2009) in the wetland system. In CWs different wetland plants, rhizospheric 
zones are able to provide unique add-on sites for certain microbial populations and 
mediate the environment by the release of oxygen and root exudates which can 
control the function and development of certain microbial communities (Lv et al. 
2017; Zhang et al. 2016).

 Treatment Efficiency of CWMs

Recent research in CWs for domestic wastewater treatment using halophytes shows 
that they have great potential to build up salts in their tissues (Fountoulakis et al. 
2017). The design parameters and operational phase must be chosen according to 
the environmental conditions of the site and the effluent quality needed after treat-
ment (Bohórquez et al. 2017). HLR and HRT both are significant design parameters 
for determining the treatment efficiency of a CW; removal efficiencies decreased 
with increasing HLR and decreasing HRT (Abou-Elela et al. 2017).To date nearly 
all of the developing countries have warm tropical and subtropical climates through-
out the year, and it is commonly known that CWs are more feasible in tropical 
regions compared to temperate regions (Zhang et al. 2015). In tropical regions, wet-
lands are exposed to higher temperatures and direct sunlight throughout the year 
and show higher year-round plant productivity and a simultaneous decrease in the 
time needed for microbial biodegradation. A warm climate is favourable for plant 
growth and microbiological activity, which have positive effects on treatment per-
formances (Zhang et al. 2014). In CWs, the core mechanisms associated with con-
taminant removal are microbial activities. However macrophytes also play a central 
role in contaminant removal from wastewater. They utilize nutrients and add them 
into plant tissue and consequently increase plant biomass (Zhang et  al. 2007; 
Mthembu et al. 2013).

Different types of wastewater such as industrial, agricultural, landfill leachate 
and storm water runoff are hard to be treated in a single-stage system. Recently 
hybrid systems of different configurations were built together for the treatment of 
combined sewer overflow (Ávila et al. 2013) or refinery effluent (Vymazal 2005; 
Wallace and Kadlec 2005; Elfanssi et al. 2017). It is reported that CWs with differ-
ent designs and planted with different macrophytes obtain high percentage  reduction 
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of organic load, total phosphorus and ammonium ions, at short detention times in 
small communities (Kadlec and Wallace 2008).

 Removal of Organics

In CWs organic matter degradation involves both aerobic and anaerobic microbes 
(Table 11.3). Removal efficiency of organic pollutants which are present in waste-
water used in CWs is dependent on influent strength (Saeed and Sun 2012; Wu et al. 
2015b). The aerobic heterotrophic bacteria have comparatively faster metabolic rate 
than autotrophs to oxidize organics that make use of oxygen as the final electron 
acceptor and release carbon dioxide, ammonia and other stable chemical com-
pounds (Garcia et al. 2010). The intensity of organic matter biodegradation in CWs 
is also dependent on the biodegradability of the organic matters; such characteristics 
are best represented by the biological oxygen demand (BOD) and chemical oxygen 
demand (COD) ratio of the wastewater. Usually, the ratio of BOD and COD for 
untreated domestic wastewater ranges from 0.3 to 0.8. A BOD and COD ratio of 0.5 

Table 11.3 Mechanisms of wastewater treatment by using CWs

S. no. Wastewater components Removal mechanisms

1 Suspended solids Sedimentation
Filtration

2 Soluble organics Aerobic microbial degradation (biotransformation)
Anaerobic microbial degradation

3 Nitrogen Ammonification and microbial nitrification
Denitrification (conversion of NO3 to N2)
Plant uptake ( accumulation into plants parts)
Matrix sorption (sorption through the substrates)
Ammonia volatilization (vaporization)

4 Phosphorus Matrix sorption
Plant uptake

5 Metals Adsorption and cation exchange
Complexation ( formation of coordination compounds)
Plant uptake
Precipitation (formation of insoluble compound)
Microbial oxidation/reduction

6 Pathogens Sedimentation
Filtration
Natural die-off
Predation
UV irradiation
Excretion of antibiotics from macrophytes

Cooper et al. (1997), Mthembu et al. (2013)
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or more indicates that the organics are simply degraded, while the ratio below 0.3 
shows that the available organics which are present are difficult to degrade by the 
microorganism (Saeed and Sun 2012). Organic matter degradation is enhanced with 
sufficient and efficient oxygen supply (Vymazal and Kröpfelová 2009; Ong et al. 
2010). Therefore, by increasing the airflow rate, COD removal efficiencies were 
progressively enhanced because of additional oxygen supply and the highest effi-
ciency to be found at the aeration rate of 2.0 L min−(1) (Saeed and Sun 2012).

Earlier researches pointed out that intermittent aeration strategy greatly enhances 
the removal efficiency in CWs (Jiang et al. 2017). Removal efficiencies in intermit-
tently aerated CWs with biochar or without biochar were better than non-aerated 
CWs with or without biochar that means a significant improvement was achieved in 
organic matter removal through artificial aeration (Headley et  al. 2013), while 
removal efficiency of COD was greater than other CW treatments such as bioaug-
mentation (Zhao et  al. 2016a, b), polyvinyl alcohol immobilized nitrifier, (Wang 
et al. 2016) and earthworm eco-filters (Zhao et al. 2014).

 Removal of Nitrogen

Discharge of nitrogen in excessive is able to cause serious environmental conse-
quences, like eutrophication, which deteriorates water quality and downgrades the 
aquatic ecosystems (Li et al. 2014; Fan et al. 2016). Nitrogen in wastewater is pres-
ent mainly in two forms, organic and inorganic (Stefanakis et al. 2014), and removal 
mechanisms include ammonification (conversion of organic nitrogen to ammonia), 
nitrification (conversion of ammonia to nitrite and then nitrite to nitrate), denitrifica-
tion (conversion of nitrate to N2 gas), nitrate usually used as electron sink and to end 
with dinitrogen gas (Drizo et al. 1997; Elfanssi et al. 2017), plant uptake (nitrogen 
taken by plants as nutrients in the form of mainly nitrates and ammonia) and adsorp-
tion (mostly ammonia adsorbed on the media material) (Table 11.4) (Tsihrintzis 
2017).

In CWs, both nitrification and denitrification are extensively accepted pathways 
for biological nitrogen removal (Fig. 11.2). The process requires both aerobic and 
anaerobic environments, while nitrification can convert nitrogen into various forms 
but cannot achieve its removal from the wastewater (Fan et al. 2013). A continuous 
aeration strategy has been developed and adopted to attain complete nitrification 
(Ong et al. 2010; Wu et al. 2015b). However intermittent aeration mode is known to 
be a more cost-effective strategy because it has more nitrifying and other viable 
bacteria in comparison with non-aerated CWs (Foladori et al. 2013; Fan et al. 2013). 
They greatly increased total nitrogen (TN) removal efficiency by creating favour-
able conditions (alternate aerobic and anaerobic conditions). It is reported that the 
removal efficiency of TN in CWs can be altered by using different designing mod-
els, by controlling environmental conditions (e.g., temperature, pH and dissolved 
oxygen, etc.) and by different operational factors (e.g., C/N ratio, HLRs, HRT, etc.) 
(Saeed and Sun 2012). Recently, a lot of investigations were carried out by the 
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Table 11.4 Significance of novel and classical routes for the removal of nitrogen in wastewater

Mode Route Significance

Microbiological Partial 
Nitrification–
denitrification

NO2 removal over NO3, reducing TN content of 
wastewater

Microbiological Anammox Anaerobic NH4
+ oxidation into N2

Microbiological Canon Completely autotrophic NO2 removal over NO3

Microbiological Ammonification Transforms N2 in wastewater, e.g. from organic 
nitrogen to NH4–N

Microbiological Nitrification Changes NH4–N to NO2–N and NO3–N. Net quantity 
of TN remains constant

Microbiological Denitrification Reduces NO3–N to N2 gas. The process also reduces 
TN when combined with nitrification

Microbiological Dissimilatory nitrate 
reduction

Reduces NO2–N and NO3–N to NH4–N. As such, the 
quantity of TN remains constant

Microbiological Biomass assimilation Adsorbs NH4–N, thereby reducing nitrogen content of 
wastewater

Biological Plant uptake Remove nitrogen from wastewater by accumulation 
into plants parts

Physico- 
chemical

Volatilization Converts NH4
+ to NH3 gas, followed by gaseous strip, 

and then eliminates N2 from wastewater
Physico- 
chemical

Adsorption Adsorbs NH4–N from wastewater, reducing TN 
content. However, aerobic environment can nitrify the 
adsorbed NH4–N, followed by desorption

Saeed and Sun (2012)
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Fig. 11.2 Classical nitrogen removal routes in CWs. (Source: Saeed and Sun 2012)
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researchers to study the role of C/N ratio on nitrogen removal in treatment of waste-
water (Zhao et al. 2010). From the study done previously, it is stated that the TN 
removal efficiency was found to be higher at C/N ratio of 2.5–5. In addition, another 
study (Fan et al. 2013) shows that the high removal rate of TN (82%) was found in 
aerated SSFCWs with C/N ratio of 10. Later (Zhu et al. 2014) it was reported that 
the highest removal efficiency of TN was at a C/N ratio of 5, and the removal effi-
ciency rose with an increase of C/N ratio. Nevertheless, the best possible C/N ratios 
to attain maximum nitrogen removal in SFCWs still remain uncertain especially for 
purifying the effluent of sewage treatment plant. Actually, the higher removal effi-
ciencies for TN are always coupled with higher C/N ratios. In CWs, degradation of 
organic matter consumes more DO which threatens the activity of nitrifying micro-
organisms (Zhu et al. 2014).

 Removal of Total Phosphates (TP)

Anthropogenic activities such as agricultural practices and rapid urbanization have 
altered the biogeochemical cycling of phosphorus (Bouwman et al. 2013; Penuelas 
et al. 2013; Geng et al. 2017). In wastewater, phosphorus can be found in organic or 
inorganic forms; orthophosphates (PO43−) is the common form. In CWs phosphate 
removal is done primarily by adsorption, precipitation and immobilization by 
microbes (Seo et al. 2005) and high removal efficiency is achieved when there is 
more oxygen exposure to the rhizosphere through the vascular bundle transforma-
tion (Wu et al. 2015c). Dissolved phosphorus is taken by macrophytes or adsorbed 
onto the substrate media and precipitated, predominantly when Al, Fe, Ca or Mg 
cations are present at high proportion. Some specialized media materials such as 
zeolite, bauxite, dolomite, limestone, etc. are probably used to enhance phosphorus 
adsorption (Stefanakis and Tsihrintzis 2012; Stefanakis et al. 2014). However, high 
water depth, subsequent to a low flow velocity, is complimentary to increase the rate 
of this removal process (Guo et al. 2017). TP removal rates varied according to the 
seasons, linked to the rising of plant biomass and microbial activity from cold to 
warm one. A positive correlation was found in between total phosphorus removal 
and seasonal variation (Zhao et al. 2011). Precipitation and adsorption can easily 
saturate the adsorption sites during pollutant treatment, thus decreasing the treat-
ment efficiency. Consequently, the selection of filter media with high adsorption 
capacity is necessary to achieve higher treatment efficiency and for the longevity of 
a CW. Therefore, ongoing study to develop new filter media with enhanced phos-
phate adsorption capacity has become a main concern for researchers in the last two 
decades (Park et al. 2017).

Recently a number of substrate materials have been used in CWs to improve 
phosphate treatment capacity among  which basic oxygen furnace slag (BOFS) 
(Barca et al. 2014) and electric arc furnace (EAF) slag (Okochi and McMartin 2011) 
are promising substrates.

S. Kumar and V. Dutta



299

 Sustainability of CWs

The physical functions and chemical composition of wetlands affect all natural bio-
logical processes. The DO, pH and temperature are the most significant factors 
affecting the performance of CWs (Kadlec and Wallace 2008). The criteria for suit-
able CW design and sustainable operation include site, substrate selection, waste-
water type, plant selection, (based on their role in treatment process as a whole plant 
or by their tissues) (Table 11.5), HLR, HRT and water depth (Akratos et al. 2009; 
Kadlec 2009; Wu et al. 2014). Particularly, the factors such as plant, substrate, water 
depth, HLR, HRT and feeding mood are vital for development of sustainable CW 
system to achieve maximum treatment performance (Fig.  11.3). Brundtland 
Commission on Sustainable Development (formally known as the World 
Commission on Environment and Development (WCED)) defined cost–benefit 
analysis for the sustainability of any project that aims at improving the quality of the 
environment. In CWs criteria such as land acquisition, energy consumption, eco-
logical benefits, investment and operation costs must be considered during con-
struction and operation phase. A number of earlier studies point out that CWs have 
an evident advantage of construction and operation cost savings in comparison with 
other conventional wastewater treatment plants (WWTPs) (Zhang et al. 2012; Wu 
et al. 2014).

Table 11.5 Parts of macrophytes and their role in treatment process

S. no. Plant parts Role in treatment process

1 Aerial plant tissue Reduced growth of phytoplanktons by light 
attenuation
Reduced wind velocity and risk of resuspension
Influence of microclimate–insulation during winter
Store nutrients and add aesthetic values

2 Plant tissue in water Filtering effect – filter out bulky debris
Amplified rate of sedimentation, reduced current 
velocity
and risk of resuspension
Enhanced aerobic degradation
Nutrient uptake
Acts as a filter medium, provides oxygen

3 Roots and rhizomes in the 
sediment

Stabilizing the sediment surface – less erosion
Offers surface for bacterial growth
Prevents clogging of the medium
Increases degradation by release of oxygen
Release of antibiotics
Promotes biodegradation

Vymazal (2011)

11 Efficiency of Constructed Wetland Microcosms (CWMs) for the Treatment…



300

 Future Prospects

The performance of CWs has improved considerably by innovation in the design 
and mode of operation in recent years. The exceptional treatment efficiency and 
performance of CWs for treating high strength wastewater containing nutrients can 
be achieved by appropriate selection of plants and substrates, proper management 
of the hydraulic loads, mode of operation and pollutant loading rate. These factors 
can be effectively controlled through innovations in design criteria. Therefore, opti-
mization of these conditions requires extensive research in the future. The challenge 
is to develop appropriate plant harvest strategies as well as recycling of plant 
resources because when they die and decay, they could release nutrients and other 
pollutants into receiving water which may decrease the overall removal perfor-
mance. There is an emergent need for more research and improvement for tradi-
tional CWs to develop new technologies for the enhancement in treatment 
efficiencies, which are required for sustainable water quality improvement, espe-
cially in developing countries. Future research should be devoted to develop artifi-
cial aeration, various filter media (non-conventional media materials such as 
industrial by-products, agricultural wastes, etc.), additional carbon addition, tidal 
operation, step feeding, microbial augmentation, baffled flow and hybrid CWs.

Fig. 11.3 Recent developments and future considerations for improving the sustainability of the 
CWs. (Wu et al. 2015a)
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 Conclusion

CWs are considered as an environmental-friendly wastewater treatment technology. 
CWs have emerged as an alternate, cost-effective solution for treatment of different 
types of wastewater especially in remote locations of developing countries. The 
focus of this review has been on the efficiency of CWMs for domestic wastewater 
treatment. Both the design and operation of a CW are crucial to achieve the sustain-
able treatment performance which is critically dependent on environmental, opera-
tional and hydraulic conditions. There will also be a significant change in removal 
efficiencies with HLR and HRT, as pollutant removal efficiencies decreased when 
the HLR is increased and HRT is decreased and removal efficiency increased when 
HLR is decreased and HRT is increased. However, the removal of plant nutrients (N 
and P) is highly variable. Still, the choice of appropriate macrophyte species (i.e. 
supply more oxygen, high uptake of pollutants, and tolerate high pollutant loadings) 
and substrates are critical for the sustainable wastewater treatment performance.
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Abstract River water bodies serve as prominent water sources for various purposes 
ranging from drinking water, waste load allocation, irrigation, hydropower 
generation and ecosystem services. Human activities and natural processes require 
a balanced water supply and demand, while population growth, land use and climate 
change are the external forces which try to change the stream and river water quan-
tity and quality. Water temperature is an inherent property of its quality and a con-
trolling factor of health of freshwater environments. It is often considered as a driver 
of metabolic activity in water bodies, which influence the biological and chemical 
processes affecting the metabolic responses from organisms to ecosystems. The 
present work aims to explore sources of predictability of river water temperature 
(RWT) as a keen driver of hydrological and ecological processes at multiple scales. 
Increasing RWT in response to climate change and local-to-regional anthropogenic 
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activities result in decreasing dissolved oxygen (DO) levels and anaerobic condi-
tions in the aquatic system, thereby affecting marine life and the consequent avail-
ability of food, reproduction and migration. An assessment of integrated RWT and 
streamflow fluctuations is proposed to evidence biological activity, chemical specia-
tion, oxygen solubility and self-purification capacity of a river system and fluctua-
tions of flows responsive to hydro-climate pulses. The independent and integrated 
contributions of air temperatures and flow fluctuations to RWT in the Missouri 
River near Nebraska City, USA, represent the stream responses to global raising 
temperatures. To quantify the contributions of multiple variations of predictor vari-
ables in the air-water interfaces to RWT variability, we use a multiple regression. 
The performance of the model was tested along Missouri River near Nebraska City, 
USA, using historical series of daily river water temperature, air temperature and 
river discharges for the 1947–2014 period. A sensitivity analysis on river water 
temperature is performed, under air temperature increase of +2 °C, +4 °C and + 6 °C 
with a decrease of discharge of ±20%. Overall, the increase of RWT for the Missouri 
River is observed as about 2.76  °C under various air temperature and discharge 
changes when compared with the observed conditions at mean annual scale. The 
study results provide a comprehensive analysis of the impacts of river discharge and 
air temperature changes under climate change over RWT.

Keywords River water temperature · Climate change · River water quality

 Introduction

Infrastructure development, such as for water and agricultural resources and energy 
generation, is human intervention that affects the water quality and quantity of riv-
ers and other water bodies in multiple forms and across scales. Altering the water 
cycle and the biogeochemical cycles of the elements poses challenges to the water, 
ranging from drinking water, waste load allocation, irrigation, hydropower genera-
tion and ecosystem services. Interdependence between climate and water systems 
can be evidenced in spatio-temporal changes of air temperature and precipitation 
and an evolving intensification and increasing frequency of extreme events. Further, 
the pronounced effect in physical properties of river temperatures and quantitative 
changes of river flows could alter non-conservative properties of streams leading to 
changes in metabolic and chemical processes, reaction kinetics and speciation 
across living systems and their scales. These anomalous fluctuations also overlap 
with changes of nonpoint source pollutants and consequently raising the complexity 
of RWT. For example, an increase in RWT decreases the oxygen-holding capacity, 
causing a decrease in dissolved oxygen (DO) concentration, which directly affects 
the “self-purification” capacity of the river system. Biological systems and the met-
abolic rates that drive them are temperature-dependent, and therefore, RWT is con-
sidered as an indicator for the biological/biogeochemical component of the water 
system’s metabolism (Mackey and Berrie 1991). Further, fish, insects and other 
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aquatic species generally have their own temperature ranges and metabolic rates, 
and any change may lead to fluctuations in the population of species. Therefore, 
reliable prediction of RWT has become the main issue for many environmental 
applications, hydrology and ecology. RWT has become prominent due to the use of 
water to cool thermal power plants, construction of reservoirs, withdrawal of city 
effluents and urbanisation. Also, the accurate prediction of river water temperature 
has become an important field due to the anthropogenic changes of climate change. 
In recent years, water temperature trends in major rivers are identified as a complex 
function of both climate and hydrological changes (Webb and Nobilis 2007; 
van  Vliet et  al. 2011; van Vliet et  al. 2012; Toffolon and Piccolroaz 2015a, b). 
Various approaches are developed in the research community to estimate the RWT 
as a function of hydro-climatic variables integrating the complexity and data input 
requirements. The most complex approaches are physically based or deterministic 
models based on the heat advection-dispersion transport equations (Yearsley 2009). 
Few physical models are based on the equilibrium temperature concept, which con-
siders the net heat transfer processes at the water surface (Edinger et  al. 1968; 
O’Driscoll and DeWalle 2006). Physical approaches require detailed data sets such 
as stream geometry, meteorological conditions, discharge of the upstream and 
downstream sections, topography, heat fluxes at the stream and river bed interfaces, 
land use and vegetative covers (Kim and Chapra 1997; Bogan et al. 2006; Caissie 
et al. 2007). The data required to implement the physical models is difficult to mea-
sure over a reasonable time frame, and limitations persist towards the integration 
into the estimation procedures. The lack of detailed hydrometeorological and river 
sediment data sets and the knowledge on physical process involved in the river ther-
mal systems limits the use of phenomenological models to estimate the RWT. Water 
temperature regression models have been widely applied in the research community 
as an alternative to predict and forecast river water temperature using air tempera-
ture (Neumann et  al. 2003; Caissie 2006; Rehana and Mujumdar 2011). Also, 
regression models became more popular due to their simplicity and limited require-
ment of hydrometeorological data in the absence of detailed heat fluxes information 
(Webb and Nobilis 2007; Mohseni and Stefan 1999). Air temperature is the most 
commonly used predictor variable in river water temperature regression models, as 
it is the representative variable for the net changes of heat flux at the water surface. 
The net excahnge of heat energy from atmosphere is zero at equilibrium tempera-
ture, which would be equal to the air temperature near the water surface (Dingman 
1972). Therefore, most of the studies found that air temperature is an appropriate 
variable in river water temperature modelling using regression models. There are 
several studies stressing on the use of air temperature to model RWT, under limited 
meteorological data availability constraints (Marce and Armengol 2008). Rehana 
and Mujumdar (2011, 2012) applied a linear regression model relating air and RWT 
to model the daily RWT for Tungabhadra River, India, in the impact assessment 
study of climate change. Streamflow is also one of the prominent variables to define 
the pollutant transport and dilution capacity of a river system. In addition to air 
temperature, one more readily available variable is streamflow, and several authors 
have related river water temperature with streamflow and air temperatures (Hockey 
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et  al. 1982; Webb 1996; Webb and Nobilis 2007) with a negative relationship 
between RWT and streamflow. Moreover, streamflow is negatively correlated with 
water temperature as more water is available for dilution from various sources such 
as outfalls from a sewage treatment plant and downstream of a thermal plant (Webb 
et al. 2003; van Vliet et al. 2011).

Raising atmospheric temperatures anticipate an influence on river water 
temperatures together with modifications in flow regulation, water withdrawals and 
alterations in available water quantity (Caissie 2006). Few studies focused on the 
impact of climate change on river water temperatures by using air temperature and 
river flows using regression models at daily, weekly, and monthly basis (Mohseni 
et  al. 1998; van  Vliet et  al. 2011; Rehana and Mujumdar 2012). A fundamental 
sensitivity analysis for predicting the changes in RWT under the altered conditions 
of air temperature and river flows will provide a preliminary understanding about 
the river ecosystem response to changing climate. Further, the sensitivity of river 
water temperatures under atmospheric warming and changes in river flows will pos-
sibly have negative consequences on fresh water ecosystem. A global appraisal indi-
cated that a decrease in river discharge by 20 and 40% would exacerbate water 
temperature increase by 0.3 °C and 0.8 °C on average, respectively, as in further to 
a 2–6 °C increase due to rising air temperature (van Vliet et al. 2011). Hence, the 
present study aims to test the performance of river water temperature regression 
model, air temperature and river discharge and as predictors of river water tempera-
ture. The inherent RWT in response to increasing air temperatures and decrease in 
river discharges will evidence the sensitivity of watersheds in agricultural land-
scapes to natural and anthropogenic drivers of change. To address these objectives, 
a multiple linear regression model (MLRM) with air temperature and discharge as 
predictor variables are used to model daily RWT along Missouri River near Nebraska 
City, USA. The performance of the model was tested for the selected river station, 
and a sensitivity study of river water temperature was assessed under decrease in 
river discharge and increase in air temperature under the context of climate change.

 Data and Methods

In order to test the performance of the river water temperature model, we have 
selected a station along Missouri River near Nebraska City, USA, characterised by 
different hydrological conditions. The location of the station is at latitude 40°40′55″ 
and longitude of 95°50′48″, Otoe County, Nebraska, on the right bank 0.7 mi 
upstream from the bridge on State Highway 2  in Nebraska City and 562.6 mi 
upstream from the mouth with drainage area as 410,000 mi2. The daily river dis-
charge data was collected for the site number USGS 06807000 Missouri River at 
Nebraska City from US Geological Survey (USGS) for the period of 1929–2017. 
The daily river water temperature data was obtained from USGS for the period of 
September 15, 2012, to January 10, 2017. The daily air temperature data was 
obtained from the Global Historical Climatology Network (GHCN) for the station 
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USC00251825, named COLUMBUS 3 NE, for the period of 1910–2014. To set up 
the regression model, the common data availability period of September 15, 2012, 
to December 31, 2014, is considered for the analysis out of which 70% of the data 
samples of 593 (September15, 2012, to April 30, 2014) are considered for training 
the MLRM and the remaining samples of 250 (April 01, 2014, to December 31, 
2014) are used for testing the model. The MLRM developed based on the training 
is given in the following equation:

 T a bT cQw = + +air  (12.1)

where Tw is the daily river water temperature in °C, Tairis the daily air temperature in 
°C, Q is the daily discharge in m3/s, and a, b, c are the parameters estimated based 
on training the MLRM. The model performance of MLRM was tested based on the 
Nash-Sutcliffe coefficient (NSC) (Nash and Sutcliffe, 1970) (Eq. (12.2), to show the 
efficiency of the model fit. The quality of the MLRM is analysed using Root Mean 
Square Error (RMSE) (Janssen and Heuberger 1995) (Eq. (12.3).
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where TWSim
is the simulated daily river water temperature at time step i in °C; TWObs

is the observed daily river water temperature at time step i in °C; TWObs Avg,
is the 

average daily river water temperature at time step i in °C; n is the number of data 
pairs in comparison. In order to explore the sensitivity of river water temperature to 
atmospheric warming and changes in discharges, we applied the trained MLRM for 
the period of September 15, 2012, to April 30, 2014, with perturbed air temperature 
and river flow series. The regression parameters obtained in the training were kept 
same for the sensitivity analysis, under the assumption that river geometry and other 
physical setting of the river remains the same (Mohseni and Stefan 1999). The his-
torical daily air temperature data and discharge for the period of 2012–2014 is per-
turbed incrementally with air temperature increase of +2 °C, +4 °C and + 6 °C and 
changes in river flow as ±20%. The selected increase in air temperature range is 
based on the global projected surface temperature increase of about 2.6 °C to 4.8 °C 
under Representative Concentration Pathway (RCP) 8.5 by the end of the twenty- 
first century (2081–2100) based on Assessment Report 5 (AR5), Intergovernmental 
Panel on Climate Change (IPCC) (IPCC 2014). Further, the water yield for the 
Missouri River basin is predicted to decrease by 10–20% during spring and summer 
months according to Stone et al. (2001) based on Regional Climate Model (RegCM) 
and a physically based rainfall-runoff model. Moreover, a significant increasing 
trend for river flows is observed at 5% significance level using Mann-Kendall trend 
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test, which is a nonparametric trend detection method in the climate and hydrologi-
cal data analysis (Mann 1945; Kendall 1955). The linear trend analysis of the 
observed data has shown an increasing trend with slope of 0.71 m3/s per day. Thus, 
the selected rates of increase in air temperature and decrease in discharge are plau-
sible under climate change perspective.

 Results and Discussion

Time series of observed daily air and water temperature for the Missouri River near 
Nebraska City, NE, USA, for the period 2012–2014 is shown in Fig. 12.1. The daily 
river water temperature is following the variation of daily air temperature indicating 
air temperature as the prominent independent variable in the prediction of river 
water temperature. Further, the relationship between river discharge, air tempera-
ture and water temperature are studied using correlation coefficients between them 
and presented in Table 12.1. A strong positive correlation is observed between air 
and river water temperatures at daily time scale for the case study. A strong positive 
correlation between discharge and river water temperature is also observed for the 
Missouri River at Nebraska City. The observed annual river water temperature is 
noted as 12.09 °C, which is more than the observed annual air temperature of about 
9.05 °C. It should be noted that there can be various anthropogenic heat sources 
persisting, such as emission of industrial cooling water, downstream of a thermal 
plant or reservoir, outfalls from a sewage treatment plant, net exchange from ground 
water temperature, etc. which may cause higher river water temperature at any par-
ticular river location.

The predicted river water temperature with MLRM is compared with observed 
values for training and testing periods in Fig. 12.2. A good agreement between the 
measured and predicted river water temperature is observed with clustering around 
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Fig. 12.1 Daily air and water temperatures for the period of 2012–2014 at Missouri River at 
Nebraska City, NE, USA
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Table 12.1 Correlation coefficients between air temperature, water temperature and discharge 
along Missouri, Nebraska City, NE, USA

Air temperature Discharge River water temperature

Air temperature 1.0 0.52 0.91
Discharge 0.52 1.0 0.55
River water temperature 0.91 0.55 1.0

a

b

Fig. 12.2 Multiple Linear Regression Model (MLRM) estimated and observed river water 
temperature for (a) training (b) testing periods for Missouri River at Nebraska City, NE, USA. The 
solid line represents for 1:1 line
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the 1:1 line (Fig. 12.2) for both training and testing periods. The performance of the 
river water temperature model developed is studied with Nash-Sutcliffe (N-S) coef-
ficient as 0.79 and 0.76 for the training and testing period, respectively, while the 
Root Mean Square Error (RMSE) for the training and testing of the model is 
observed as 3.87 and 3.75, respectively. The coefficient of determination (R) is 
obtained as 0.91 and 0.90 for training and testing of the MLRM, respectively.

Figure 12.3 shows the observed and simulated river water temperature in °C for 
the training period. The regression equation developed in the training model is given 
in the Eq. (12.4).

 T T Qw = + +2 25 0 67 0 004. . .air  (12.4)

The regression model showed an underestimation of river water temperature, 
particularly during the June, July, August, September, and October, when the river 
water temperatures are the highest. The linear regression model developed is not 
able to capture the higher river water temperatures. As the air temperature increases, 
the moisture holding capacity of the atmosphere increases, and the rate of evapora-
tive cooling often increases, and therefore the stream temperature no longer 
increases linearly with air temperature (Mohseni et al. 1998; Bogan et al. 2003). 
Therefore, the air and water temperature linear regression models may not be pref-
erable at higher river temperatures, whereas a non-linear logistic regression model 
(Mohseni et al. 1998) can be more promising.

The daily river water temperature model developed is used for the sensitivity 
analysis to predict the changes in RWT under the changes in air temperature and 
river flows. The annual mean river water temperature is observed to be increased at 
the river station under the increase of air temperatures of +2 °C, +4 °C and + 6 °C, 
with an annual mean (range) increase of 12.09 (−0.5 to 29) °C, 13.52 (−7.67 to 
32.22) °C, 14.85 (−6.34 to 33.54) °C and 16.18 (−5.01 to 34.89) °C, respectively. 
The annual mean river water temperature increase under different air temperature 
and discharge changes is given in Table 12.2. The increase in air temperature of 
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+2 °C, +4 °C and + 6 °C generally increased the RWT, while decrease of 20% in 
river flow intensified water temperature increase for the river location. The highest 
increase in water temperature is observed for the increase in air temperature of 
+6 °C with an increase in river flow of 20% compared with the observed annual 
average water temperatures. The increase in water temperature only with +6  °C 
(16.18 °C) and with +6 °C AT and + 20%Q (16.96 °C) are not showing any consid-
erable difference, indicating influence of increase in air temperature will have more 
pronounced increase in river water temperature for the river location. Overall, the 
average annual increase of RWT for the Missouri River at Nebraska City, Nebraska, 
USA, under various air temperature and discharge changes is observed as 14.85 °C 
with an increase of about 2.76 °C when compared with the observed conditions.

 Conclusions

Quantification of river water quality under climate change is prominent to know the 
possible risk of low water quality. Climate change-inducing water quality projec-
tions are essential for developing adaptive responses for the river water quality con-
trol models. The linear regression water temperature model developed based on air 
temperature and discharge as predictor variables is simple and robust to predict the 
daily river water temperature with good agreement of performance. The river water 
temperature sensitivity analysis presented in this chapter will provide a preliminary 
overview of the changes in river water quality under the increase in air temperature 
and changes in river flows. The results of the present study with RWT changes 
under air temperature increase, and river flow alterations indicate that the impact of 
air temperature increases were generally more pronounced compared to discharge. 
In fact, the impact of river flow changes on RWT were observed as moderate at 
mean annual basis compared to air temperature increase. Overall, the increase of 
RWT for the Missouri River at Nebraska City, Nebraska, USA, under various air 
temperature and discharge changes is observed as about 2.76 °C when compared 
with the observed conditions at mean annual scale. The study results are prelimi-
nary estimates of RWT for the alterations of air temperature and river flows. The 
selected range of air temperature and discharge are representatives of the local 
observed trends and global climate change scenarios. A detailed research is further 
needed to address the impact of climate change and anthropogenic changes such as 
reservoir operation, thermal effluents and cooling of water discharges.

Table 12.2 Mean annual river water temperature increase (°C) under various air temperature 
increases and changes in discharges for the river station

Historical
+2 °C 
AT

+4 °C 
AT

+6 °C 
AT

+2 °C 
AT, 
+20%Q

+2 °C 
AT, 
−20%Q

+4 °C 
AT, 
+20%Q

+4 °C 
AT, 
−20%Q

+6 °C 
AT, 
+20%Q

+6 °C 
AT, 
−20%Q

12.09 13.52 14.85 16.18 14.29 12.74 15.63 14.07 16.96 15.40
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 Future Directions

Quantification of river water temperature has emerged as a vital problem in the river 
water quality modelling in the context of management and adaptation perspective. 
The current river water temperature models are based on the average conditions of 
air and river flows. The climate change sensitivity is more predominant under the 
extreme scenarios of hydro-climatic variables. Therefore, the future challenges may 
be perceived towards the modelling strategies to include hydro-climatic extremes in 
the RWT prediction models. Further, such modelled RWT under extreme scenarios 
can be integrated with the risk assessment models to study the extreme risk of river 
water quality under climate change (Rehana and Dhanya 2018). The advancement 
of hydrological models can be utilised to integrate the effect of meteorological and 
hydrological conditions for the analysis of alterations of RWT under hydro-climatic 
extremes of climate change (Ficklin et al. 2012). To this end, while climate change 
is one dominant factor, in impairing the river water quality, anthropogenic activities 
will be yet another dominant factor which need to be incorporated in the river water 
quality control problems.
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Abstract Though cellular architecture and functions show vast array of adaptive 
features to combat extreme temperature regime, enzymes are the key determinants 
of thermal adaption in both extremes of life, i.e., psychrophily or thermophily, as 
they drive the metabolism and cell cycle. Psychrophilic enzymes exhibit high 
specific activity at lower temperature range by disappearance of non-covalent 
stabilizing interactions (H bonding, hydrophobic interactions, salt bridges, etc.) and 
proline and arginine residues which cause improved flexibility (local/global) in 
conformation of enzymes. These enzymes have devised diverse ways to achieve the 
feat to live in extremity. Thermophilic enzymes work totally opposite to 
psychrophiles, i.e., by increasing proline number that causes proline isomerization 
which renders them to be more rigid and have higher arginine content which leads 
to increased salt bridge formation and extensive H bonding, etc. Oligomerization 
and heat shock proteins further give microbes stability against temperature.
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 Introduction

Nature is endowed with many exotic environments which were characteristic 
features of primitive Earth, and microbes living in extreme conditions have evolved 
themselves to grow in such harsh conditions like extreme temperatures (less than 
0 °C to >100 °C), high salinity (high NaCl), extreme pH (<2 to >10), high pressure 
(>50 MPa), etc. (Gerday et al. 1997; Andrade et al. 1999). Microbes are broadly 
classified into four categories according to their thermal adaptations: psychrophiles, 
mesophiles, moderate thermophiles (60–80 °C), and hyperthermophiles (80 °C or 
above). More than 70% of the Earth’s surface is made up of extremely cold 
ecosystems like the Arctic and the Antarctic regions and marine habitats. Some 
habitats of the Earth are extremely hot like volcanic areas, solfatara fields, geothermal 
power plants, hydrothermal vents, deep hot springs, and fumeroles (Deming 2002; 
Junge et al. 2004; Rodrigues and Tiedje 2008). Such environments exert a highly 
selective pressure on the organisms colonizing the ecosystem, and these organisms 
develop adaptation strategies to either survive or breed like true psychrophiles/
thermophiles. Much progress has been made in studies elucidating the molecular 
adaptation mechanisms of enzymes of thermophiles and hyperthermophiles; 
however, the molecular adaptation to cold is still inadequately understood. In the 
past two decades, few groups have tried to accumulate structural data on 
psychrophilic enzymes, and now we are in the position to shed some light on their 
functional and structural characteristics (Feller and Gerday 1997). These microbes 
have evolved a variety of mechanisms to adapt at extreme temperatures: physiological 
changes and structural changes in enzymes which enable metabolic fluxes. 
Psychrophiles produce antifreeze proteins and cold shock proteins and altered 
membrane composition (flexible), while thermophiles possess heat shock proteins 
and rigid membrane structure (Trent et al. 1994; Koga 2012). In this chapter we will 
discuss about molecular adaptation strategies of psychrophiles or thermophiles at 
the enzyme level.

The stability/folding or unfolding of the enzymes of psychrophiles and 
thermophiles depends on intrinsic stabilizing forces (e.g., salt bridges, hydrogen 
bonds, hydrophobic interactions) but in opposite directions and extrinsic stabilizing 
factors to address either activity at low temperatures or stability in hot environments 
(Feller 2010). In the following paragraphs, these factors will be discussed.
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 Flexibility and Rigidity: Activity and Stability Relationship

Enzymes of cold-adapted microbes have lower number of proline and arginine 
residues, hence increasing backbone flexibility, and have fewer H-bonding 
interactions (Paredes et  al. 2011). Feller et  al. (1994) studied triosephosphate 
isomerases, β-lactamase, and α-amylase of psychrophile Alteromonas haloplanktis 
and observed that these enzymes have less number of proline residues as compared 
to porcine. In these enzymes proline residues are either deleted or substituted by 
small amino acids like alanine essentially within loops and turn regions of protein 
and hence introduce flexibility of connecting region of adjacent secondary structure. 
In psychrophilic Psychrobacter immobilis, class C β-lactamases lack two proline 
residues in the connecting loops of alpha-5 and alpha-6 helices which are present in 
the vicinity of the active site. The other three conserved proline residues present in 
mesophilic lactamases are replaced by other amino acids. β-lactamases of P. 
immobilis possess only 10 arginine-mediated hydrogen bonding as compared with 
16  in homologous mesophilic Enterococcus cloacae β-lactamase (Schiffer and 
Dötsch 1996).

Glycine has highly rotatable dihedral angles around N-C bond and therefore 
increases the degree of freedom of an unfolded polypeptide backbone. Feller et al. 
(1991) observed that unusual stacking of glycine is frequently seen in closer 
functional domains like active site of lipases, α-amylase, as well as in subtilisin 
calcium binding site (Feller et al. 1991). Menendez-Arias and Argos (1989) pointed 
out that glycine in mesophile is frequently substituted for alanine residue in 
thermophiles. All these result in reduced packing density at core and make enzymes 
increasingly flexible conformationally (Paredes et  al. 2011; Gianese et  al. 2002; 
Siddiqui and Cavicchioli 2006; Struvay and Feller 2012). It was proposed that 
enhanced flexibility is the major molecular mechanism for the evolution of cold- 
adapted enzymes. Though, this is not uniform in all psychrophilic enzymes. In 
many psychrophilic enzymes like trypsin of Atlantic salmon, carbonic anhydrase, 
isocitrate dehydrogenase, alcohol dehydrogenase, and iron superoxide dismutases 
are highly flexible near the active site (Tsigos et al. 1998;, Fedoy et al. 2007; Papaleo 
et al. 2008; Chiuri et al. 2009; Merlino et al. 2010), while psychrophilic enzyme 
uracil DNA glycosylases possess strong ion pairs near the C-terminal and exhibit 
flexible regions at distant places other than the active site (Olufsen et  al. 2005). 
Psychrophilic alpha-amylases have greater overall flexibility as compared to 
theromphilic counterparts (Aghajari et al. 1998). It is inferred from the above studies 
that psychrophilic enzymes use different strategies to tackle colder environments 
and local and global protein flexibility influences the thermal stability divergently.

Thermophiles on the other hand are relatively rigid and exhibit compact packing 
density (Wrba et  al. 1990; Fontana 1991; Jaenicke 1991). Statistical analyses of 
many thermophiles have shown that thermophilic enzymes have higher ratio of 
arginine, proline, and lysine (Low et al. 1973; Menendez-Arias and Argos 1989; 
Matthews 1991). Due to the charge resonance of guanidinium group present in 
arginine, it can form additional salt bridges (Mrabet et  al. 1992) and can form 
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multiple hydrogen bonds with backbone oxygen of carbonyl group (Borders Jr et al. 
1994). Proline is usually the least abundant amino acid residue in protein due to 
pyrrolidine ring restricting it to form few conformations which impairs N-C bond 
rotations. Proline residues are present only in the turn region of proteins and 
decrease the entropy energies of unfolded states. Oligo-1,6-glucosidase of 
thermophilic Bacillus thermoglucosidasius showed extra thermostability due to 
presence of 14 additional residues of proline (Watanabe et al. 1991, 1994).

Wang et  al. (2014a, b) protein engineered xylanase mutants of mesophile 
Streptomyces sp. strain S9 through substitution of valine, glycine, serine, and 
aspartic acid with proline or glutamic acid which led to improved thermal properties. 
The resultant enzyme also exhibited evident temperature optima shifts of about 
17 °C upward, and their half-lives were markedly increased by more than nine times 
for thermal inactivation at 70 °C. The substitution of V81P and G82E introduced 
rigidity at the end of the β-barrel which was earlier prone to unfold and thus 
improved thermostability of engineered xylanase. Razvi and Scholtz (2006) also 
proposed that loop denaturation can be constrainted by proline introduction which 
cause reduction in entropic contribution (ΔS) of folding, hence resulting in higher 
thermal stability (TS). Barzegar et al. (2009) did genomic X-ray analysis of three 
related alcohol dehydrogenases of yeast, horse liver, and Thermoanaerobacter 
brockii. It was found out that alcohol dehydrogenase (ADH) of horse liver and T. 
brockii has higher turn and loop percentage as compared to yeast ADH. On pairwise 
alignment, it was observed that TBADH/HLADH exhibit 2.5-fold greater similarity 
in comparison to TBADH/YADH pair. Multiple alignments revealed the presence of 
higher number of conserved proline in TBADH/HLADH pair. These proline 
residues occurred in surface loops, and as it is known, wherever proline is present, 
it introduces kink/turn in the main chain by forming H bonding. Proline residues 
more likely introduce more coils (turns/loops) in structure and hence proposed to be 
responsible for the increased thermostability by loop rigidification. Igarashi et al. 
(1998) generated the mutant of α-amylase with improved thermostability by proline 
substitution for the first time. Later many enzymes like alkaline protease, chitinase, 
and luciferase were protein engineered by site-directed mutagenesis by proline 
substitution (Igarashi et al. 1999; Gaseidnes et al. 2003; Yu et al. 2015). Figure 13.1 

Fig. 13.1 Common structural modifications of enzymes of psychrophiles vs thermophiles
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illustrates that there is no particular interaction which causes stabilization; rather, 
there are common structural modifications and a sheer change in the number of 
interactions which are responsible for thermostability/thermolability.

 Hydrophobic Interactions

Proteins undergo spontaneous folding due to the presence of hydrophobic side chain 
clustering at the core, which is a major driving force to achieve stable folded con-
formation (Matthews 1991). Psychrophilic enzymes have a unique adaptation; they 
possess higher number of non-polar amino acid residues on the outer surface of the 
protein and destabilize the structured water layer found around it. Paredes et  al. 
(2011) using bioinformatic tools presented evidences that cavity size of active sites 
of many psychrophilic enzymes is much larger as compared to thermophilic coun-
terparts and active site contains more surrounding hydrophilic groups and hence has 
more water molecules, consequently increasing conformational dynamics of the 
enzyme and hence greater activity under the rigidifying cold climate. In thermo-
philes strongly hydrophobic amino acids form the core of the enzyme; hence more 
energy is needed to unfold it, making them thermostable. Glutamate dehydrogenase 
of Pyrococcus furiosus had higher content of hydrophobic amino acids and reduced 
content of polar and charged amino acids. It was also observed that the enzyme had 
lesser number of glycine residues as compared to the mesophilic counterpart (Maras 
et al. 1994). Goldstein (2007) reported the presence of lesser number of uncharged 
polar residues and charged and aromatic residues and higher number of hydropho-
bic residues in psychrophiles as compared to mesophiles. Various groups have also 
suggested that the cold-adapted proteins augment their elasticity by reducing 
strength and number of non-covalent interactions like hydrogen bonding, salt 
bridges, etc. (Gianese et al. 2001; Violot et al. 2005). Psychrophiles possess a higher 
number of glycine residue which enhance their flexibility and stability by raising the 
conformation entropy of the unfolded state.

 Ion Binding

Most of the thermophilic enzymes are stabilized by tight ion binding or multiple ion 
binding sites (Teplyakov et  al. 1990; Sen and Nilsson 2016), while psychrophilic 
enzymes possess loosely bound ions. Subtilisin from thermophiles possess asparagine 
a strong calcium binder at position 77 which is substituted by threonine in psychro-
philic subtilisin (Davail et al. 1994). The alpha-amylase of A. haloplanktis a psychro-
phile has an unidentate lysine residue at position 337 instead of a bidentate arginine 
residue of porcine which binds to Cl ion (Feller et al. 1994). Pyrolysin of hyperther-
mophilic archaeon P. furiosus possesses two calcium binding sites, and mutation of 
calcium binding site causes destabilization of enzymes. This suggests that metal ions 
play a pivotal role in thermostability and pyrolysin activity (Zeng et al. 2014).
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 Electrostatic and Solvent Interactions

In many cold-active enzymes, a marked difference in electrostatic potential near 
active site was observed in comparison to thermophiles and mesophiles. Electrostatic 
potential difference is generally introduced by discrete substitution in non-conserved 
charged residues. Such difference facilitated enzyme-ligand interaction occur  in 
citrate synthase (Russell et  al. 1998), malate dehydrogenase (Kim et  al. 1999), 
uracil-DNA glycosylase (Leiros et al. 2003), and trypsin (Smalås et al. 2000; Gorfe 
et al. 2000; Brandsdal et al. 2001). In Aquaspirillium arcticum, malate dehydrogenase 
enzyme possesses two sites, one for oxaloacetate binding having increased positive 
potential and NADH binding site characterized by significantly decreased negative 
surface potential (Kim et al. 1999). In psychrophilic enzymes, solvent-accessible 
area calculations have revealed that they have higher fraction of non-polar residues 
exposed to the surrounding medium. This causes entropy-driven destabilization due 
to reorganization of water molecules around uncovered hydrophobic patches. In 
some instances electrostatic potential of psychrophiles is negative at surface, and 
mostly isoelectric point (pI) is more acidic than thermophilic or mesophilic 
homologues. This phenomenon of charge generation causes increased solvent 
protein interactions which result in acquisition of flexible molecular edifice near 
zero/sub-zero temperature range (Feller et al. 1999).

 Hydrogen Bonding, Salt Bridges, and Aromatic Interactions

Intramolecular and intermolecular hydrogen bonding is a prime factor in stabilizing 
native structure of the functional proteins (Creighton 1991). Commonly most of the 
thermophilic and mesophilic proteins exhibit increased hydrogen bonding and salt 
bridge pattern (Vogt and Argos 1997; Vogt et  al. 1997; Vetriani et  al. 1998; 
Berezovsky and Shakhnovich 2005); however psychrophilic enzymes lack extensive 
hydrogen bonding, e.g., trypsin enzyme of an Antarctic fish exhibited 20% lower 
intramolecular hydrogen bonding potential as compared to bovine protease. An 
alpha-amylase of the psychrophile A. haloplanktis lacked 12 surface bridges when 
compared with mesophilic counterpart (Walker et al. 1980). In psychrophiles, basic 
residues which form salt bridges were replaced by glutamine or asparagine amino 
acid. Subtilisin enzyme of thermophilic Bacillus sp. had higher salt bridges which 
gave enzyme better thermal stability than the parent strain.

Two aromatic side chains of the proteins show weakly polar interaction of 
enthalpic importance. Burley and Petskn (1988) reported that in extremophilic 
subtilisins aromatic-aromatic interactions can be correlated with optimal growth 
temperature of the parent Bacillus strains. In psychrophilic amylase also, aromatic- 
aromatic interactions were found to be strongly conserved to maintain confirmation 
of enzyme, but such interactions were rare in psychrophiles as compared to 
thermophilic homologues (Feller et al. 1994).
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 Protein Packaging

Hyperthermophiles and thermophiles exhibit decreased protein surface area in 
comparison to protein size; hence they are denser. Enzymes of P. furiosus exhibit 
multiple adaptations against thermal denaturation by having tightly packed 
hydrophobic cores with many ion pair interaction and buried atom to minimize 
unfavorable solvent interactions (Rice et  al. 1996; Kumar and Nussinov 2001). 
However, these enzymes show highly conserved structure (active site), and structural 
variability (size of helices, beta sheets, ionic modification at terminal ends) is seen 
in the protein surfaces which react with the solvent (Ladenstein and Antranikian 
1998; Kumar and Nussinov 2001). Again, tight packaging is observed, but this does 
not alter the final confirmation. Johns and Somero (2004) advocated that 
psychrophilic enzymes are more flexible in their structure to pay off for the “sub- 
zero effect” of freezing habitats. Either the whole enzyme can be flexible or it may 
be restricted to the site of catalysis (Collins et  al. 2003; D’Amico et  al. 2003). 
Crystallographic analysis of psychrophilic proteins indicated that enhanced 
flexibility is generally due to attenuation of strength of entropic and enthalpic 
contribution. Psychrophilic proteins possess increased number of amino acids with 
smaller side chains which points out to be weakly hydrophobic in nature (Armstrong 
et al. 2011). They also possess increased number of exposed hydrophobic residues 
at the surface and reduced number at the core; hence they have internal loose 
packing at the core which is related to their intrinsic flexibility at cold temperature 
(Violot et al. 2005).

 Extrinsic Stabilizing Factors

Psychrophiles exhibit extreme temperature resistance due to metabolic fluxes, 
peculiarly by producing antifreeze proteins other than intrinsic stabilizing factors. 
Georlette et  al. (2003) studied thermophilic DNA ligases of psychrophiles, 
mesophiles, and thermophiles and concluded that psychrophiles work opposite to 
mesophiles and thermophiles and there is a complex relationship between activity, 
flexibility, and stability. Psychrophiles have developed varied mechanisms of 
temperature compensation, but majority of them deal with cold environment by 
decreasing enthalpy and enhancing turnover number (Kcat) and catalytic efficiency 
(Kcat,/KM) (Low et al. 1973; Arpigny et al. 1994). Oligomerization is a well-docu-
mented strategy to stabilize enzymes which contribute significantly to thermostabil-
ity (Jaenicke et al. 1996; Sterner et al. 1996; Villeret et al. 1998; Jaenicke and Bohm 
1998; Dams and Jaenicke 1999). Though coil-coil interaction of alpha-helix region 
causes oligomerization in thermophilic enzyme, Tanaka et al. (2004) reported that 
in L-isoaspartyl O-methyltransferase from Sulfolobus tokodaii (StoPIMT), three 
interfacial contact regions known as major, minor, and coiled-coil contact regions 
affect the oligomerization and protein thermostability via hexamerization.
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Geobacillus thermodenitrificans NG80-2 is a thermophilic facultative anaerobe 
that grows at 45–73 °C and has three putative superoxide dismutases (SODs) genes, 
Fe/Mn-SOD, Mn-SOD, and Cu/Zn-SOD.  Of these three, Fe/Mn-SOD encodes 
additional 244-amino acid domain at N-terminal known as NTD. Wang et al. (2014a, 
b) reported that NTD-fused proteins of SOD contribute to thermophilicity in host. 
Sulfolobus solfataricus SOD thermostability was further strengthened by fusion of 
N-terminal domain (NTD) isolated from G. thermodenitrificans NG80-2. The NTD 
conferred heat-improved thermophilicity/thermostability, higher optimum activity 
temperature, broader pH permanence, and superior tolerance to organic media and 
inhibitors without altering SOD’s oligomerization state (Li et al. 2016). Psychrophiles 
are reported to possess cold-adapted chaperones such as DnaK (Rina et al. 2000) 
and GroEL (Ferrer et al. 2003, 2004; Strocchi et al. 2006). When these chaperones 
were expressed in mesophilic Escherichia coli, they were able to grow at low 
temperature; hence it was inferred that these chaperones are crucial for thermal 
adaptation of microorganisms. Beside well-documented heat shock proteins (HSPs) 
involved in protein folding, a few studies have reported the presence of another 
primary cold shock protein, known as ribosome-bound trigger factor (TF) which 
provides thermal adjustment in cold habitat when expressed in E. coli (Kandror and 
Goldberg 1997; Hartl and Hayer-Hartl 2009). In several cold-adapted microbes, TF 
gene was found to be overexpressed (Qiu et al. 2006; Kawamoto et al. 2007; Piette 
et  al. 2010; Mykytczuk et  al. 2011), while HSP chaperones were downregulated 
(Goodchild et al. 2005; Rodrigues et al. 2008; Piette et al. 2011).

 Extremophiles Relevance in Industries

Enzymes/biocatalysts are being used by mankind since ancient times unknowingly 
for the production of food and beverages. However in recent times, they have been 
studied more extensively, and significant understanding has been generated about 
their kinetics and physicochemical behavior. Diastase/amylase was the first 
discovered enzyme in the year 1833 (Payen and Persoz 1833). In the twentieth 
century, enzymes were used commercially in detergent industries. Many efforts 
were made to modify these proteins by protein engineering. Since then industrial 
enzymes have evolved into multibillion dollar global market. Dewan (2014) 
predicted that the global market of industrial enzymes is expected to reach 1.8 
billion dollar by 2018 with 11.3% compounded annual growth rate.

Enzymes from thermophiles and psychrophiles have carved a niche in the market 
due to their substantial variability in adaptations and which expanded the range of 
their applications in enzymatically unfavorable conditions of industrial processes. 
They have opened a new vista in catalysis which is highly attractive, sustainable, 
cost-effective, and environment-friendly as compared to chemical catalysis. 
Thermophilic enzymes are of utmost economic importance in many biotechnological 
industries owing to their ability to produce thermostable biocatalyst as compared to 
their mesophilic counterparts. Thermostable enzymes are preferred because of their 
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ability to work at elevated temperatures which reduced the cost of cooling 
infrastructure in industries, reduced risk of contamination, reduced viscosity of the 
reaction medium, and hence increased solubility and bioavailability of many organic 
compounds resulting in low power consumption in mixing and aeration in 
bioreactors. At higher temperatures, substrates’ diffusion rate increases which 
causes higher rate of reaction. Many industries use thermostable enzymes like 
cellulases, xylanases, and pectinases as catalysts in wastewater treatment, bio- 
bleaching of paper pulp, animal feed production, biofuel production from 
fermentable sugars of cellulosic wastes, fruit juice clarification, natural fiber 
degumming, curing of raw coffee, cocoa, and tobacco, etc. (Table 13.1). Most of the 
industrial enzymes are produced by heterologous expression in a recombinant host 
either prokaryotes or eukaryotes (Gomes et al. 2016).

Psychrophiles adopt different mechanisms to combat the temperature extremes. 
Recently substantial efforts have been put forward to develop cold enzymes for 
many industries like molecular biology reagents, detergent industries, and food and 
beverage industries. Muñoz et  al. (2017) studied the role of anti-freeze protein 
interactions with ice in Antarctic microorganisms and anticipated that they could 
revolutionize frozen food industry. Psychrophilic enzymes give edge over their 
meso-/thermophilic counterparts due to their high activity. In some processes like 
meat tenderization, their activity can be controlled by rising temperature after 
certain periods to stop its action. They can also be used as catalyst in processes to 
avoid formation of by-products due to rise in temperature. Psychrophilic enzymes 
work at low and slight moderate temperature and do not require much input of heat. 
These characteristics provide clear advantages for use of these enzymes in various 
industrial processes in a cost-effective manner and reduced environmental impact. 
Major market players of detergent industry like Procter & Gamble and Unilever are 
aiming for cold wash detergent by 2020, which would lead to reduced energy 
consumption and low carbon dioxide emissions as well as improved fabric texture 
after every wash. Psychrophilic enzymes are also becoming a part of food and 
beverage industry where high-temperature processes are replaced by energy- 
efficient low-temperature processing. Low-temperature processing is not only 
energy efficient but also prevents food contamination and spoilage, minimizes 
undesirable chemical reactions, and retains volatile and thermolabile flavor 
compounds (Horikoshi 1999; Pulicherla et  al. 2011). A few selected industrially 
important psychrophilic enzymes are enlisted in Table 13.2.

 Future Prospects

Enzymes encoded by thermophiles, hyperthermophiles (showing optimal growth at 
>80 °C), and psychrophiles have the same catalytic mechanisms as compared to 
their mesophilic counterparts. They usually retain their physicochemical properties 
even when cloned and expressed in mesophiles. Structural and sequence studies 
(sequence alignments, amino acid content comparison) have indicated that these 
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Table 13.1 Applications of important enzymes produced by thermophiles

Enzymes Organism Application

DNA polymerases

DNA polymerase Thermus thermophilus Reverse transcription PCR
Taq DNA polymerase T. aquaticus PCR in situ hybridization

Reverse transcription-PCR
Deep vent polymerase P. furiosus PCR technologies
Vent polymerase T. litoralis PCR technologies
C. therm DNA 
polymerase

Carboxydothermus 
hydrogenoformans

Reverse transcription PCR

DNA ligases

Pfu DNA ligase P. furiosus Ligase chain reaction
Tcs DNA ligase T. scodoductus Ligase chain reaction
Amylases

α-Amylases Desulfurococcus mucosus Enzymatic starch hydrolysis to form 
syrups.

Pyrococcus furiosus Starch liquefaction
P. woesei

Pyrodictium abyssi

Staphylothermus marinus

Thermococcus profundus

Dictyoglomus thermophilum

Thermotoga maritima

β-Amylase T. maritima Saccharification process in maltose 
syrup productionThermoanaerobacterium 

thermosulfurigenes

Clostridium thermocellum SS8

Glucoamylase C. thermosaccharolyticum Starch saccharification
Methanococcus jannaschii

T. thermosaccharolyticum

α-Glucosidase Thermoanaerobacter 
ethanolicus

Starch saccharification

Pullulanase T. maritima Debranching enzyme
T. caldophilus

Fervidobacterium pennavorans

Amylopullulanase Desulfurococcus mucosus Debranching enzyme
ES4
Pyrococcus furiosus

T. celer

T. litoralis

T. hydrothermalis

T. ethanolicus

(continued)
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enzymes share much similarity to their mesophilic homologues. The diverse array 
of mechanisms adopted by enzymes of these organisms should be studied in detail 
and could be used as guiding principle to engineer the already discovered catalysts. 
Else these enzymes can be further cloned and expressed in mesophilic counterparts 
and can be used as potent catalysts in many industrial processes.

A few studies have investigated the potential of some thermophilic facultative 
bacteria in bioremediation of petroleum-contaminated sites for both in situ and ex 
situ. Hence the potential of such microbes can be harnessed for bioremediation of 
contaminated sites as well as for microbial-aided oil recovery.

Table 13.1 (continued)

Enzymes Organism Application

Xylose isomerase T. thermosulfurigenes High fructose syrup production
Thermoanaerobacterium strain 
JW/SL-YS 489
T. aquaticus

T. maritima

T. neapolitana

Glucose isomerase F. gondwanense P reparation of fructose-based syrups
Bacillus sp.

Alkaline phosphatase T. neapolitana Enzyme-labeling applications
Carboxypeptidase S. solfataricus C-terminal sequencing
Serine protease Thermus Rt41A strain DNA and RNA purifications; cellular 

structures degradation prior to PCR
Protease S P. furiosus Protein fragmentation for sequencing
Methionine 
aminopeptidase

P. furiosus Cleavage of the N-terminal Met in 
proteins

Pyroglutamate 
aminopeptidase

P. furiosus Cleavage of the N-terminal 
l-pyroglutamate in proteins

Aldo-keto reductase T. maritima Production of primary alcohols
Amidase Geobacillus pallidus 

MTCC-9225
Production of hydroxamic acid and 
organic acids

Nitrile hydratase Pseudonocardia thermophila Acryalmide production
Acetylxylan esterase Thermobifida fusca NTU22 Paper and pulp industry
Dextranase Streptomyes sp. NK458 Sugar mills
Xylanase Thermomonospora fusca Paper and pulp

Kocuria sp. RM1 Baking
Animal feed

Keratinase Actinomadura keratinilytica 
strain

Leather industry

Cpt29 Pharmaceutical
T. curvata

Protease Nocardiopsis prasina HA-4 Leather industry and brewing
Saccharomonospora viridis 
SJ-21

Pharmaceutical industry
Detergent
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Table 13.2 Applications of important enzymes produced by psychrophiles

Enzymes Organism Application

Molecular biology reagents

Alkaline phosphatases Antarctic strain TAB5. 5′ end dephosphorylation of a linearized 
DNAMetagenomic library

Uracil-DNA 
N-glycosylase

Psychrobacter 
sp.HJ147

Release of free uracil from uracil- 
containing DNA

Nucleases Shewanella sp. All types of DNA and RNA digestion
Recombinases Recombinase polymerase amplification
DNA ligases (not 
commercially available)

Pseudoalteromonas 
haloplanktis

Catalyze formation of phosphodiester 
bonds in nicked double-stranded DNA 
molecules

Textile

Amylases – Desizing of woven fabrics
Cellulases – Bio-finishing and dyeing of cellulosic 

fabrics
Food and beverages

Pectinases Beer and wine fermentation, bread 
making, fruit juice extraction and 
clarification

β-galactosidasesor 
lactases

Marine psychrophilic 
bacterium

Production of lactose-free foodstuffs

P. haloplanktis Production of tagatose
Xylanases P. haloplanktis TAH3A In bread making

Flavobacterium 
sp.MSY-2
Sorangium cellulosum 
So9733–1
Flavobacterium 
johnsoniae

Catalase Serratia sp. Textile, research, and cosmetic 
applications

Detergent

Lipases Pseudomonas stutzeri 
PS59

Remove oily stains

Proteases Glaciozyma antarctica Removing protein stains
Excellase Dish washing
Amylase Bacillus cereus GA6 Starch stains removal

Alteromonas 
haloplanktis

Microbacterium 
foliorum GA2
Zunongwangia profunda

Cellulases Antarctic and Antarctic 
LTC

Lint removal

Humicola insolens

Pectinases – Pectin-stain removal
Mannanases – Mannan and gum removal
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 Conclusion

The thermal adaption evolved by microbes is quite astonishing, and if we learn 
exactly how they achieve this feat to combat extreme temperature adaptation, we 
can gain insight to protein engineering using directed evolution. Though the 
understanding of mechanisms of extremophiles is still in very primitive stage, with 
better know-how and use of latest techniques, the future of utilizing microbes with 
capacities to flourish in extreme temperatures is going to be very exciting and 
useful. We have only touched the tip of the iceberg as yet, and a whole lot is yet to 
be explored in this area.
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Abstract Energy and environment are the opposite sides of the same coin. 
Increasing energy production depends on the fossil fuel availability and is the main 
cause of the environmental degradation by emission of greenhouse gases. To over-
come the environmental degradation problem, the whole world is moving towards 
the renewable energy technologies. The sun is the main direct source of all forms of 
energy present on the earth. The solar energy can prove to be the sustainable future 
for maintaining energy demand. Solar energy is the utmost auspicious technology 
because it can be used for heating as well as electricity production. This technology 
is the most mature technology and can be used at large or small scale as cleanest 
source of energy. This chapter deals with the different solar energy technologies 
mainly working towards the environmental sustainability and cleaning.

Keywords Energy · Environment · Solar energy · Environmental sustainability

 Introduction

The world is moving very fast in the direction of industrialization and urbanization. 
The trend of lifestyle in the developing and underdeveloped countries is changing 
and moving towards the adaptation of modern techniques. There was a time when 
people were dependent upon the traditional cooking system, natural water resources 
and traditional transportation system; at that time issues associated with environ-
mental pollution were very less. However, in present time demand of energy is 
increasing tremendously due to the adaptation of modern instruments in the indus-
tries (Panchal and Patel 2017). The main portion of energy production is coming 
from coal and fossil fuel-based power plants having serious environmental issues. 
The sustainability for the environment can be acquired by moving towards the adop-
tion of renewable energy options for different applications, i.e. water heating, cook-
ing, power generation, transportation, etc. Solar energy is the most important energy 
source among other renewable sources of energy (Tiwari and Tiwari 2017). It is 
clean and freely available abundantly on earth. Different conversion methods of 
solar energy have potential to compete for the projected energy demand worldwide 
in the coming future. In spite of great potential, the solar energy contribution glob-
ally is very less. There are many solar energy devices such as solar air/water heater, 
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solar photovoltaic (PV), solar thermal devices, etc. which are commercialized 
widely and have a potential for energy demand reduction through zero emission. 
Therefore, the adoption of technologies based on solar energy would appreciably 
alleviate the matters related to climate change, energy security and unemployment. 
As per the ongoing research work for solar energy-based transport fuel, it can be 
seen that these technologies are very useful to reduce energy demand in this sector 
as well as carbon emission reduction. It is also anticipated that in the next few years 
the trend for solar energy-based energy generation will be followed by the develop-
ing countries due to the huge pressure for carbon emission reduction by the United 
Nations worldwide (Tyagi et al. 2016).

In this chapter, different solar energy-based technologies, i.e. solar collectors, 
solar photocatalysis and desalination systems (Fig. 14.1), are discussed with new 
achievements. These technologies are accepted widely for urban and industrial pur-
poses like power generation, water heating and wastewater treatment.

Fig. 14.1 Solar energy technological classification
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 Solar Energy Collectors

The demand of energy is growing with time, and the world’s supply of conventional 
sources shrinking; a worthy option is harvesting of energy through solar collectors 
to meet growing energy demands. Solar collectors are the heat exchangers that con-
vert solar energy either to thermal energy of working fluid or electrical energy for 
solar thermal and photovoltaic applications, respectively. In solar thermal applica-
tions, solar radiation absorbed by the solar collector as heat is transferred to circu-
lating working fluid (water, air, oil, etc.), and heat is carried by the fluid and used for 
useful work. In case of photovoltaic (PV) applications, solar radiation are not only 
directly converted to electricity but waste thermal energy is  also recovered by 
attaching PV board with recuperating tubes filled with carrier fluids.

As shown in Fig. 14.2, solar collectors are broadly classified into two categories: 
non-concentrating and concentrating collectors (De Winter 1990). Non- 
concentrating solar collectors exhibit the same area for interception and absorption 
of solar radiations. These collectors are also termed as stationary collectors used for 
low- and medium-temperature applications. These collectors are further classified 
into two subcategories: (a) flat plate solar collector (FPC) and (b) evacuated tube 
solar collector (ETC). Unlike non-concentrating type collectors, concentrating col-
lector has a parabolic or curved absorbing surface to intercept and focus the solar 
radiations to a smaller receiving area. They are continuously moving according to 
the movement of the sun and used for high-temperature applications. Depending on 
the design, concentrating collectors are further classified as (a) parabolic trough col-
lector (PTC), (b) parabolic dish collector (PDC), (c) solar tower (ST) and (d) linear 
Fresnel reflector (LFR).

Fig. 14.2 Classification of solar collectors
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 Flat Plate Collector

The schematic diagram of conventional FPC is shown in Fig. 14.3. It is designed for 
low- and medium-temperature (60–100 °C) applications and can work on both dif-
fuse and beam solar radiations. It does not require any sun-tracking device. Its main-
tenance and running cost are low. A conventional FPC is comprised of the following 
subcomponents:

• Glazing: It is a transparent envelope over the absorbing surface for reduction of 
radiation and convection losses to the atmosphere. It is opaque for long wave-
length and transparent for short wavelength. More than one transparent cover can 
be utilized in FPC (Fig. 14.3a).

• Riser tubes and fins: The working fluid is to be heated through riser tubes and 
fins used for increasing the heat exchange between absorbing surface and riser 
tubes (Fig. 14.3b).

• Absorber plate: It is a black surface of a conductive material (copper, aluminium, 
etc.) used to absorb solar energy and transferring to fluid flowing in riser tubes 
(Fig. 14.3b).

• Manifold/header: Two manifolds, namely, upper and lower, used to allow dis-
charging fluid after heating and fluid to be heated, respectively (Fig. 14.3b).

• Insulation: In order to diminish the conduction losses, an insulating or non- 
conducting material (polyurethane rock wool, glass wool, etc.) is also there at the 
bottom and sides of FPC (Fig. 14.3b).

• Casing or container: The numerous components of FPC placed in casing or cover 
to protect from moisture and dust (Fig. 14.3b).

Fig. 14.3 (a) Side view and (b) cut section and front view of conventional FPC. (Tiwari and 
Tiwari 2017)
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Velmurugan et  al. (2016) presented the impact of different nanofluids on a 
parametric performance of FPC. It was found that exergy efficiencies of MWCNT/
H2O, CuO/H2O, graphene/H2O, TiO2/H2O, Al2O3/H2O and SiO2/H2O increased by 
29.32%, 16.67%, 21.46%, 6.97%, 10.86% and 5.74%, respectively, compared to 
water used as the working fluid. Besides these energy efficiencies, MWCNT/H2O, 
CuO/H2O, graphene/H2O, TiO2/H2O, Al2O3/H2O and SiO2/H2O also increased by 
23.47%, 12.64%, 16.97%, 5.09% 8.28% and 4.08%, respectively, compared to 
water used as the working fluid. Experimental findings revealed that a drop in 
exergy generation rate was also recorded by 65.55%, 48.32%, 57.89%, 24.49%, 
36.84% and 10.04% by using of MWCNT/H2O, CuO/H2O, graphene/H2O, TiO2/
H2O, Al2O3/H2O and SiO2/H2O respectively, as compared to water used as work-
ing fluid. Gunjo et al. (2017) evaluated various performance parameters such as 
mass flow rate, absorber plate temperature, outlet temperature, solar insolation, 
thermal efficiency and ambient temperature of open- and closed-type flat plate 
collector. Parameters were measured through experiential investigation validated 
with computational fluid dynamics (CFD) under steady-state condition. It was 
found that thermal efficiency of proposed system enhanced with increase of solar 
insolation, mass flow rate and ambient temperature. However, drop in thermal 
efficiency is also observed by increasing of inlet temperature. It was also wit-
nessed that developed model through CFD could predict the selected performance 
parameters of the proposed system with reasonable accuracy. Kabeel et al. (2016a, 
b, c) fabricated and designed a novel dual-function solar heating system (DFSHS) 
for heating of air or water individually or simultaneously. Maximum 74 °C outlet 
temperature and 73.68% collector efficiency were obtained when an experiment 
was conducted in the solar water heater (SWH) at a water mass flow rate of 
0.0225 kg/s. Similarly, maximum 69.18 °C outlet temperature and 69.18% collec-
tor efficiency were obtained when an experiment was conducted in solar air heater 
(SAH) at an air mass flow rate of 0.0361 kg/s. The values evaluated for overall 
heat transfer coefficient for SAH and SWH were 19.91 and 1.06 W/m2 k, respec-
tively. Authors suggested using dual-function solar heater for air/water heating as 
per the requirement of the user. Kabeel et al. (2016a, b, c) studied the thermal 
performance of v-corrugated, finned and flat plate solar air heater at Tanta city, 
Egypt. It was witnessed that when flow rate of air is fixed to 0.062 kg/s, the high-
est value of outlet temperature v- corrugated plate solar heater air was 3.5 and 5 °C 
greater than that of finned and flat plate air heater, respectively. Also, it enhanced 
to be 5.5 and 8 °C when the mass flow rate of air is 0.009 kg/s. When flow rate of 
air was 0.062 kg/s, convective heat transfer coefficient of v-corrugated air heater 
was found to be 1.36 and 1.64 times that of finned and flat plate air heater, 
respectively.
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 Evacuated Tube Collector

It was observed by numerous researchers that ETC has much higher performance 
than FPC, especially at low solar radiations and temperature. Ayompe et al. (2011) 
compared the performance parameters of ETC equipped with heat pipe and FPC for 
a native (domestic) water heating system. It was found that for similar surrounding 
conditions, the ETC efficiencies were observed to be 50.3% and 37.1% and FPC 
efficiencies were found to be 60.7% and 46.1% for heat pipe ETC and FPC, respec-
tively. An ETC consists of parallel evacuated glass tubes. An evacuated tube con-
sists of two concentric tubes separated by vacuum in which the inner tube called as 
absorber tube is coated with the selective black coating and the outer tube is trans-
parent. Solar radiations pass through the outer tube and are absorbed by absorber/
inner tube. The vacuum between tubes reduces the convection and radiation losses 
from inner tube to ambient. Thus heat resides inside the inner tube and solar radia-
tions collected efficiently (Fig. 14.4).

Nkwetta et al. (2013) have done improvement in output temperatures of solar 
collector by combining evacuated tubes (single walled), heat pipe and concentrator 
(internal or external). A heat pipe evacuated tube prototype for water heating was 
designed, and research has been carried out for theoretical and experimental out-
comes by Zhao et al. (2010). Morthy (2010) did performance analysis of air condi-
tioning system using heat pipe ETC (HP-ETC) system. Author concluded that 
energy produced by heat pipe ETC system is sufficient to power the air conditioning 
system. Author also found that efficiency of HP-ETC and system varied from 26% 

Fig. 14.4 (a) Evacuated. (Shah and Fubro 2004). (b) Evacuated tube solar collector. (Sabiha et al. 
2015)
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to 51% and 27% to 48%, respectively. Thus air condition system run by solar energy 
is a possible solution to overcome the pollution problems.

 Concentrator Solar Collectors

There are different types of solar collectors designed and utilized by different 
researchers for varieties of applications. This section covers the various types of 
solar collectors.

 Parabolic Dish Collector (PDC)

As shown in Fig. 14.5a, parabolic dish solar concentrator rotates about optical axis. 
The concentration ratio of PDC is very high. In PDC, due to highly reflective com-
pound curvature, solar radiations are focused at a point, and heat losses take place 
because of reflective nature of radiations. Heat losses may be decreased by reducing 
the area of absorber. But, this result decreases the intercept factor which has optimal 
range of 0.95–0.98. Therefore selection of absorber was sized as such to obtain the 
optimum intercept factor. The high-grade thermal energy and efficiency are the fea-
tures of PDC. These collectors are commonly used in high-temperature applications 
like water heating and cooking (Tiwari and Tiwari 2017).

Fig. 14.5 Diagrammatic view of (a) parabolic solar dish collector (Tiwari and Tiwari 2017), (b) 
parabolic solar trough collector (Jebasingh and Herbert 2016) and (c) linear Fresnel reflector 
system
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 Parabolic Trough Collector (PTC)

The schematic diagram of parabolic solar trough collector is presented in Fig. 14.5b. 
PTC is comprised of reflector plate of parabolic shape and absorber tube with trans-
parent cover. The working fluid is flowing through absorber tube which is perma-
nently fixed at focus of PTC. The vacuum is created at the gap between absorber 
tube and transparent cover to minimize the heat losses. The whole assembly is posi-
tioned on a rigid structure, and tracking mechanism is attached with rigid structure 
for tracking of solar radiations (Jebasingh and Herbert 2016).

Garcia-Cortes et al. (2012) stressed on the reflected surface strongly linked with 
parabolic trough collector structure, and the main reason of deformation of solar 
collector is due to its own weight. Padilla et al. (2011) did heat transfer analysis of 
PTC absorber and found that at reduction of convection losses by 41.8%, increase 
in performance of system was observed.

Lupfert et al.  (2001) studied the issue related to self-weight of PTC and done 
enhancement in performance by experimental testing of prototype. Rojas et  al. 
(2008) stressed direct-steam generation based on capillary system on absorber tubes 
which can be used for various applications. Kalogirou (2004) saved approximately 
24% coal consumption in thermal power plant by resolving the coupling of solar 
power plant and coal-based power plant.

 Linear Fresnel Reflector (LFR)

The LFR system is comprised of parallel rows of linearly coupled reflector units, a 
tracking mechanism and a receiver fixed at the focus of reflected radiations from 
reflectors. The schematic diagram of LFR is shown in Fig. 14.5c. The LFR system 
mainly consists of the following subcomponents:

• Reflector units
• Linear cavity receiver
• Tracking mechanism

 Reflector Units

A reflector unit consists of highly reflective low-iron mirror that reflects the radia-
tions to a receiver; a corrugated sheet is a wavy structure generally made up of gal-
vanized iron on which mirror is pasted. The corrugated sheet is provided with good 
support to the mirror.
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 Linear Cavity Receiver (LCR)

It consists of various numbers of absorbing tubes built up of stainless steel with a 
black selective coating. The flow velocity and operating pressure of working fluid 
decide the wall thickness and inner diameter of absorber tubes. These absorber 
tubes are placed in the cavity of an insulated casing. The inner side of insulated cas-
ing coated with anti-reflective coating and cavity is sealed with a glass cover to 
minimize the thermal losses. The receiver is mounted on a steel frame which is 
grouted to the concrete structure.

 Tracking Mechanism

A tracking mechanism should be there to synchronize the reflector with the sun. The 
tracking system consists of sprocket and transmission system driven by a stepper 
motor. The tracking system is connected to the programmable logic controller 
(PLC) for tracking of a reflector. On the basis of date, time, latitude and longitude 
of location, an algorithm is implemented in PLC to evaluate the elevation and azi-
muth of the sun.

 Solar Tower

In point focusing system known as central receiver system (CRS), high temperature 
of working fluid and high efficiencies can be obtained. The diagrammatic view of 
CRS system is presented Fig. 14.6; the working of such plant is based on the prin-
ciple of concentration of incident solar radiations. The incident solar radiations on a 
group of sun-tracking reflectors reflect onto a receiver (Hennecke et al. 2008). The 

Fig. 14.6 Schematic 
diagram of central receiver 
system. (Islam et al. 2013)
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temperature above 1200 °C can be achieved on the receiver. The receiver acts as a 
heat exchanger mounted on the top of the tower. The material selection for a receiver 
is such that it can withstand high-energy density and high-temperature changes 
(Alexopoulos and Hoffschmidt 2010). The concentrated solar radiations on receiver 
are converted into heat which is transferred for production of steam in the boiler.

 Solar Energy Technologies for Sustainable Environment

Today demand for energy is increasing due to industrialization and urbanization. 
The wastewater production and need of hot water demand also increased in last few 
decades. Therefore, for treatment of wastewater, a different solar energy-based tech-
nology was developed which is discussed in this section with a different source of 
hot water production techniques.

 Solar Photocatalysis-Based System

Wastewater mainly consists of inorganic and organic pollutants, and a number of 
technologies have been established and validated for organic pollutant removal 
from the wastewater. The developed technologies are equipped with advanced oxi-
dation processes (AOPs). These technologies have their own advantages and disad-
vantages. The AOP-equipped technologies are used for remediation of organic 
contaminants, but the only drawback of this technology is it consumes high energy 
in comparison with other technologies. This electricity consumption increases the 
operating cost of treatment and also increases the general demand for electricity. 
Hence, to overcome their financial stress, use of solar energy by researchers attempts 
a fruitful choice for wastewater-based problems. The photocatalysis is one of the 
techniques, which comes under the category of AOP. This process helps in complete 
degradation of an organic pollutant into less harmful pollutant (CO2 and H2O) under 
mild climatic conditions (Parilti 2010).

Solar detoxification is one of the promising technologies that has potential to 
disinfect wastewater up to a certain limit. It requires sunlight as a primary source 
feed of energy that breaks down contaminants into lower molecules. The mixture of 
sunlight and catalyst has proven very effective for various wastewater treatments, 
and improves the quality of wastewater. The amalgam of contaminated water and 
catalyst is fed into the solar photocatalysis system. UV light activates the catalyst 
molecule and forms chemically reactive species which act as oxidizing agent into 
the system. These oxidizing agents come into contact with contaminants (pollut-
ants); they break them into non-toxic by-products. A redox environment creates a 
photocatalysis system, and this is able to destroy industrial pollutants easily. 
Therefore, solar detoxification method is widely accepted and demonstrated in 
recent times. Figure 14.7 illustrates solar photocatalysis process. Chong et al. (2010) 
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worked with semiconductor photocatalysis technology for water and wastewater 
treatment and found that this technology aligns with “zero” waste. The main role in 
treatment of wastewater through solar photocatalytic process is played by free 
potent chemical oxidant, i.e. hydroxyl radical (HO*). Photocatalysis is using light 
as a catalyst to increase the rate of a photoreaction. Most known photoreactions 
begin when light creates a free radical in the reaction system. Semiconductor pho-
tocatalytic materials also have great potential, and they are showing “zero” waste 
scheme in the water with cost-effectiveness and being eco-friendly (Chong et al. 
2010).

Heterogeneous photocatalytic oxidation, one of the AOPs, is a reliable technol-
ogy which helps in remediation of organic pollutant present in wastewater at ambi-
ent climatic conditions. The excitation of a catalyst is induced in a classical 
photocatalytic process by ultraviolet radiations which separate charge from large 
band gap semiconductor and reaction is initiated.

Organic molecule + O2
light → CO2 + H2O + Mineral acids

Sunlight is a form of electromagnetic radiation, and it consists of a wide spec-
trum of radiation (Fig. 14.7a). The total radiation of the sun is approximately equiv-
alent to that of a blackbody at 5776 K. At this temperature, visible and infrared 
spectrum fit the blackbody emission. In terms of equivalent blackbody temperature 
of the sun, the UV region of solar radiation deviates greatly from the visible and 
infrared regions.

Light can have a lot of energy and is able to break chemical bonds. The photo-
catalytic detoxification process utilizes wavelength near the ultraviolet spectrum for 
the promotion of oxidative and reductive reactions (Inamdar and Singh 2008). 
Photocatalyst research is seeking attention these days in environmental and energy- 
related fields (Fujishima et al. 2000). The main property of catalyst utilized in solar 
photocatalytic process is for conversion of solar energy into chemical energy which 
reduces or oxidizes the materials by producing hydrogen (Maeda 2011) and hydro-
carbons (Inoue et al. 1979) and removal of microbes and pollutants (Peller et al. 
2007; Wolfrum et  al. 2002) on wall surfaces and in air and water (Peral et  al. 

Fig. 14.7 (a) Electromagnetic spectrum. (b) Mechanism of photocatalysis. (Modified figure of 
Chong et al. 2010)
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1997; Tryk et al. 2000). In different photocatalysts, utilized TiO2 proves to be the 
most suitable for different applications because of its strong oxidizing nature; it is 
the most studied too by different researchers (Nosaka et al. 2003) for the decompo-
sition of organic pollutants (Abe 2010; Tryk et al. 2000).

Solar photocatalysis is found to be one of the promising technologies for waste-
water treatment and disinfection (COD, colour) for municipal wastewater (Inamdar 
and Singh 2008). The conventional method of treatment of wastewater is not able to 
remove contaminants (chemical or microbial) which affect the public health and 
environment. The increasing population and industrial activities need more and 
more water which is very tough due to decreasing water resources. Due to this, the 
new contaminants are increasing in water bodies (municipal, industrial wastewater) 
which are impossible for a conventional treatment facility to remove and treat 
(Kositizi et al. 2004). Zhou and Smith (2002) suggested that solar photocatalytic 
method (heterogeneous/homogeneous) is suitable for municipal wastewater, espe-
cially for small villages or communities.

Research is going on presently for developing new technologies using a different 
catalyst for wastewater treatment with the help of solar energy to make the process 
more technically, economically and environmentally feasible. Quinones et  al. 
(2015) treated secondary municipal wastewater with the help of solar photocatalytic 
ozonation process using photo-Fenton and titanium dioxide (TiO2)  as a catalyst 
material in a pilot-scale compound parabolic collector. McLoughlin et al. (2004) 
have carried out an experiment for the treatment of wastewater with Escherichia 
coli K-12 and designed a reactor of 3 and 1 m2 illuminated area comprised of non- 
tracking compound parabolic collectors. Tests were also carried out using suspen-
sion of TiO2 at concentrations ranging from 0 to 9 mg/l. The final result comprises 
that E. coli K-12 removal was achieved up to the level of log 4 (approximately 95% 
removal) which is highest known in around 30 min with and without the use of 
TiO2; the enhancement in the process was achieved using TiO2 as catalyst only at the 
dose of 3 mg/l; the radiation used in the process was near UV range. Another study 
is being carried out by Bahnemann et  al. (2013) on the mechanistic and kinetic 
aspects of wastewater treatment with the help of photocatalysts using solar photons 
and compared the various photocatalytic reactors available for the wastewater treat-
ment process. The final results showed that thin-film fixed-bed reactor (TFFBR) 
was simple and low-cost reactor for the treatment of textile wastewater. Wang et al. 
(2013) worked on the solar photocatalytic fuel cell to enhance the process by using 
CdS quantum-dot-sensitized TiO2 nanorod array as an effective photo-anode depos-
ited onto glass. The use of TiO2 nanorods of 1.2 μm array decorated with 10 nm CdS 
quantum dots helps to increase the trapping of solar radiation. The findings revealed 
that light irradiation, acid concentrations, pH of electrolyte and conductivity signifi-
cantly influence the maximum power density output and short-circuit current of the 
reactor. The highest short-circuit current of 5.1 mA/cm2 and maximum power den-
sity of 3980 mW/cm2 were achieved with an electrolyte conductivity of 63.1 mS/
cm. Bernabeu et al. (2011) found that TiO2-based solar photocatalyst has the signifi-
cant property to remove all the pollutants which emerged from the outlet of waste-
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water treatment plant in South East of Spain. The findings also revealed the removal 
of the nine emerging pollutants and faecal bacterial elimination very close to 100%.

 Solar Desalination System

Desalination technology is one of the primitive technologies for freshwater produc-
tion from saline water, but this system is being modified for wastewater treatment 
too. Desalination process can be segregated in many parts like a multistage flash, 
multi-effect distillation, vapour compression, ion exchange, solar desalination and 
many others. The major problem with the desalination process is its cost- 
ineffectiveness, and the conventional desalination process consumes a large amount 
of electricity/energy for working. Due to large consumption of energy by many 
desalination systems, solar desalination processes is in more use due to its low cost 
and its dependency on solar energy for working. Due to the dependency on solar 
energy, this technology is proving to be the sustainable and efficient technology for 
portable water generation without the involvement of any conventional energy 
source; this technology is in active use due to potable water crisis. The only need is 
to study the different configurations of solar still for better efficiency.

El-Agouz et al. (2015) with his co-workers tried to study the performance effi-
ciency of the designed solar still with inclined surface with and without water 
closed loop. And, the result showed that efficiency of the closed-loop system is 
57.2% higher than the open-loop solar inclined system. In the same context when 
observed that desalination system is affected due to unavailability of solar energy 
one third of the day. Kabeel et al. (2016a, b, c) tried to improve the overall perfor-
mance of the system by enhancement in the productivity of freshwater by utilizing 
phase change material (PCM) as a thermal storage medium. They designed two 
solar stills of the same configuration but one with PCM and other without PCM; 
finally the result concluded that the freshwater productivity was about 7.54 L/m2 
with PCM as storage, while in simple solar still, it is only about 4.5 l/m2. The over-
all productivity of PCM-utilized system is 67.18% higher than the conventional 
solar still. The exergy efficiency is calculated for solar still combined with thermal 
storage, and findings revealed that at night generation of brackish water and PCM 
is high with lowest exergy destruction (Asbik et al. 2016). The result also revealed 
that the instantaneous exergy efficiency of the system is less than 5% during the 
daytime, but in some cases, it also exceeds up to 80% at night. Thermo-physical 
property characterization of PCM was done for non-membrane-based solar desali-
nation application, and the results show a great output for PCM to be utilized in 
desalination process and other purposes (Sarwar and Mansoor 2016). They tried to 
increase the productivity of the solar desalination process by utilization of thermal 
energy storage (PCM) integrated with the system, and results revealed that when 
PCM is integrated, productivity decreases with higher flow rate, but when flow rate 
decreases, the productivity of the system increases up to 49%. The solar irradiation 
also affects the production rate from about 0.75 L/day to 2.1 L/day. Also, suggested 
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is that use of a higher range of PCM can be more effective and helpful for water 
production.

Kumar et al. (2016) reported system productivity increment by a hybrid plant 
which is made up of parabolic concentrator-concentric tubular solar still (CPC- 
CTSS). A set of 2-m-long concentric tubes with rectangular basins of the same 
length was fabricated with 2 m2 area. The system is also incorporated with five types 
of PCM. The CPC-CTSS was equipped with cooling tower, and the heat rejected 
from cooling tower is used for rising temperature in the basin of the solar still. The 
PCM used in the system provides heat to the system after sunset to maintain basin 
temperature which leads to the increase in distillate output measured to be 2.7 L/m2/
day. Panchal et al. (2017) published a review on the utilization of different thermal 
energy storage materials for improvement of distillate output of solar still. They also 
reported that due to low productivity of the system, i.e. 3 l/day, this is unable to be 
used in industries and domestic applications. Hence, it is required to design a sys-
tem with high yield and integrated with thermal energy storage to increase the yield 
by providing energy during off-sunshine hours. Sathyamurthy et al. (2015) and his 
group worked on the portable solar still with evaporation and condensation cham-
bers. The system is tested in summer in Chennai and found that when it  is used 
without storage material, it is minimal and when used with storage material, accu-
mulated yield is 52% and productivity is found to be 34% more than normal. 
Gululothu et al. (2015) published and presented a paper in a conference on use of 
three different PCMs for solar distillation. The PCM used are sodium sulphate, 
sodium acetate and potassium dichromate and found that among all the three, 
sodium sulphate proves to be the best one. Kumar et al. (2016) studied experimen-
tally on solar desalinating system with parabolic assisted and four modes of opera-
tions with different flow rate of cooling water to the top surface. Result revealed 
from the experiment that at high flow rate the efficiency of the system enhances and 
with PCM integration yield increases for few more hours of the day without sun-
shine too.

 Types of Solar Desalination

Solar desalination process is classified as an active and passive solar still as per the 
mode of operation and modification used to run the system. Passive solar desalina-
tion is a technique in which no other external equipment is utilized for desalination 
process (Bloemer et al. 1965). While in case of active solar desalination, an extra- 
thermal energy is given to the basin for faster evaporation. In active solar desalina-
tion, collector/concentrator panel (Rai and Tiwari 1983; Kudish et  al. 2003), 
conventional boilers and waste thermal energy (Tleimat and Howe 1966) are used 
as the external systems for desalination. The active and passive solar desalination 
processes are further classified as single-effect solar stills and multi-effect solar 
stills. Many types of research have been done on the solar desalination for its devel-
opment for large-scale production of clean water (Kumar et al. 2015). Rajaseenivasan 
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et al. (2013) reviewed some more of them such as solar stills of conventional type, 
single-slope integrated with passive condenser, solar still with double condensing 
chamber (Tiwari et  al. 1997), vertical-type solar still (Coffey 1975; Kiatsiriroat 
1989), conical solar still (Tleimat and Howe 1969), inverted absorber solar still 
(Suneja and Tiwari 1998) and multi-effect solar still (Barrera 1933; Tanaka et al. 
2000). Figure 14.8 shows the classification of solar desalination.

Active solar stills are integrated with an additional heat source which helps in 
increasing the heat supply to the system and leads in increment of distillate output. 
This system works through an exchange of working fluid or preheated fluid from 
external installed heating system, i.e. evacuated tube collector, flat plate collector, 
etc. The only factor which should be taken into consideration while working with an 
active solar still is controlling the flow rate of heat transfer fluid as solar intensity 
and ambient temperature are continuously changing which also affect the input tem-
perature of the fluid. Hamadou and Abdellatif (2014) tried to model an active solar 
still for seawater desalination. They suggest many factors to be taken into account, 
i.e. heat transfer, fluid rate, inlet temperature, relative humidity, ambient tempera-
ture, seawater rate, wind speed, solar radiation and basin depth which are important 
parameters that are also discussed by Panchal and Patel (2017), Tiwari and Madhuri 
(1987), Al-Hayeka and Badran (2004), Tamini (1987) and Sodha et al. (1980). The 
simplest form of solar desalination is single effect, very easy to construct; this sys-
tem is economical as per maintenance, construction and operation are concerned. 
Many researchers used single effect solar desalination system for different parama-
teric studies. The only drawback of this system is low productivity of distillate out-
put.  Panchal and Shah (2014) tried to develop the double-basin solar still and 
El-Sebaii (2005) developed a triple-basin solar still for increased distillate output. In 
this section, we are discussing the active solar still.

Solar desalination

Active Solar Still Passive Solar Still

Single effect
solar still

Multi-effect
solar still

Single effect
solar still

Multi-effect solar
still

Fig. 14.8 Classification of solar desalination. (Panchal and Patel 2017)
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 Integrated with Solar Heater

Active solar still when coupled with different solar collectors gives better distillate 
output. The active solar still integrated with solar heaters can also be divided into 
many different types as discussed below (Table 14.1).

 Flat Plate Collector Integrated with Desalination System

Lawrence and Tiwari (1990) stated that different solar thermal devices under natural 
circulation mode prove to be more effective than forced circulation mode in terms 
of economic viability and reliability. They developed a theoretical model for single- 
basin solar still joined with different solar collectors working on natural circulation 
mode and the effect of various parameters like temperature, depth of water mass, 
heat exchanger length and collector area. They conducted a study of single-basin 
still coupled with heat exchanger attached to flat plate collector. Their findings 
revealed that active solar still is more efficient than passive solar still in producing 
distillate with increasing water depth. The schematic representation of the designed 
system is shown in Fig. 14.9a. In the same direction was when Badran et al. (2005) 
integrated solar still with flat plate collector to study the effect of augmentation 
under local conditions on still. The designed system is equipped with conventional- 
type double-sloped solar still which is also equipped with flat plate collector, feeder 
tank and a constant head tank. They reported that when solar still system is coupled 
with FPC and operated for 24  h, still alone operated continuously for the same 
hours, but still connected to flat plate operated only during sunlight (8 am–5 pm). It 
has been found that the output of the system is different in all cases. The system is 
fed with two different types of water (saline and tap water). They found that when 
solar still is coupled with FPC, there is an extensive increase in temperature which 
leads to high productivity due to high evaporation rate. It was found that by utilizing 
tap and seawater, distillate output was increased up to 231% using tap water and 
52% in case of seawater (Fig. 14.9b).

The study on the flat plate integration with single-basin solar still was conducted 
by Rai and Tiwari (1983). The experiment was done with forced circulation mode, 
and the result when compared with simple still was found to be 24% higher, but the 
output when compared with Badran et al. (2005) that forced active solar still is not 
efficient was found true as the system designed by Badran et al. (2005) runs on natu-
ral circulation mode which produces 231% higher efficiency than the normal one, 
whereas Rai and Tiwari (1983) found only 24% increment from forced mode of 
circulation (Fig. 14.10). But when Yadav (1991) used a forced mode circulation, the 
distillate output increased by around 5–10% when compared with thermosyphon 
mode still. This also, contradicts the Badran et al. (2005) statement as stated above. 
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Table 14.1 Description of flat plate collector integrated with desalination system

S. no. Modification

Increase 
in output 
(%) Productivity

Observation/findings/
advantages References

1. Heat exchanger 
and FPC

5 Active solar still is 
more efficient than 
passive solar still in 
producing distillate 
with increasing water 
depth

Lawrence and 
Tiwari (1990)

2. Double-slope 
solar still with 
FPC

22.26 4.6 (L/m2) Increment of distilled 
water production is 
increased up to 231% 
by using tap water and 
52% in case of feeding 
with saltwater

Badran et al. 
(2005)

3. Single-basin 
solar collector 
coupled with 
FPC

24 ~350 (Kg/
day)

The daily distillate 
production of a coupled 
single basin still is 24% 
higher than that of an 
uncoupled one

Rai and Tiwari 
(1983)

4. Improving the 
double-slope 
solar still 
performance by 
using flat plate 
collector and 
cooling glass 
cover

80.6 10.06 L/m2 The daily output of the 
system can be obtained 
at a maximum by using 
3 mm brine depth with 
cover cooling

Morad et al. 
(2015)

5. The single-basin 
and FPCB is 
used with 
different 
materials: jute 
cloth, black 
gravel, and in 
combination

60 3.62 kg/m2for 
conventional 
and 5.82 kg/
m2

The result of the 
experimental study 
revealed that FPCB 
proves to be more 
effective than the 
conventional one with 
evaporation rate

Rajaseenivasan 
et al. (2014)

6. Flat plate solar 
collector is 
integrated with 
single-slope 
solar still

51–148 The system was 
evaluated in active and 
passive modes; water is 
sprayed from bottom or 
sprayed; hot air is 
circulated and heated 
from solar air collector 
and also equipped with 
spraying unit, 
perforated tube and 
external collector

Eltawil and 
Omara (2014)

(continued)
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Another study by Morad et al. (2015) has tried to improve the double slope solar 
still performance by utilizing flat plate collector with and without glass cover cool-
ing (Fig.  14.11). Other parameters were also taken into consideration like water 
temperature, glass cover temperature (outer and inner), depth of brine and thickness 
of glass cover. The active and passive still were compared simultaneously, and find-
ings reveal that production of freshwater is 10.06 l/m2 in case of active solar still 

Table 14.1 (continued)

S. no. Modification

Increase 
in output 
(%) Productivity

Observation/findings/
advantages References

7. Novel 2 m2 phase 
change flat plate 
solar collector

Better 
efficiency

It has been observed 
from different 
experimental data that 
maximum output is 
found at an inclination 
angle of 40° and a 
filament volume of 
50% and also increased 
with increased mass 
flow rate

Martinopoulos 
et al. (2016)

Fig. 14.9 (a, b) Representation of designed single-slope still coupled with FPC (Lawrence and 
Tiwari 1990). (b) Photographic view of the designed system of Badran et al. (2005), coupled with 
FPC
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which was found more when compared with passive solar still which only produces 
7.8 l/m2 with an internal efficiency of 80.6% and 57.15% respectively. The whole 
experiment was conducted with set parameters of basin depth (1 cm) and thickness 
of glass cover (3 mm) and by providing flash tactic cover cooling for 5 min on and 
off concept. In another experiment solar FPC was integrated with solar still for 
water purification by Rajaseenivasan et al. (2014) (Fig. 14.12) in a climatic condi-
tion in Tamil Nadu, India. They fabricated the conventional still and single-slope flat 
plate collector basin with equal basin depth of 1 m2. The experiment was mainly 
recorded and varied with the water depth of the basin, utilizing energy storage mate-

Fig. 14.10 (a) Sketch of single-basin solar still coupled with flat plate collector. (b) Schematic 
diagram of single-basin solar still coupled to flat plate solar collectors under thermosyphon mode 
(Rai and Tiwari 1983)
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rial and using wick and comparing both the fabricated stills. The comparative result 
revealed that FPCB is 60% more efficient than conventional type solar still. While 
use of jute cloth and black gravel gives higher distillate output of 1275 kg/m2, the 
lowest was found with conventional still with only jute cloth as storage material. 
Viewing the present scenario of low availability of energy/electricity and pure water 
basically in remote areas, Eltawil and Omara (2014) (Figs. 14.13 and 14.14) tried to 
develop an enhanced single-slope still equipped with flat plate solar collector, exter-
nal condenser, solar collector, spraying unit and perforated tubes. The system was 
run in active and passive modes and compared with the conventional still. The water 
was circulated in the designed system from the bottom in pumped mode forming 
fountains or sprayed in between the unit; also hot air was forced from bottom to 
burst as air bubble. The different motors and electric instruments used in system 
were run by solar photovoltaic panels. The productivity of the designed system 
when compared from conventional type solar still was found to be 51–148%, 
whereas 51% increment was found in productivity when system was attached with 
external condenser. The hot water is circulated in the system as active and passive 

Fig. 14.11 Active solar still coupled with flat plate collector (FPC) (Morad et al. 2015)

Fig. 14.12 (a) Schematic representation of top view of conventional and FPCB (b) Fabricated flat 
plate collector basin still (Rajaseenivasan et al. 2014)
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mode without condenser, and the productivity is found maximum in active mode 
with 82% in comparison with passive mode which is only about 56%. Martinopouls 
et al. (2016) evaluated a novel type of PCM-based solar collector for desalination, 
and they utilized solar thermal collector to overcome the current issues of desalina-
tion, i.e. cost-effectiveness and environmental. The designed system is approxi-
mately 2 m2; the different parameters taken into consideration during experimental 
evaluation are ratio of collector volume to heat carrier volume and inclination angle, 
and the most effective parameter is mass flow rate of fluid. The final result showed 
better efficiency with 50% volume filament at a 40 °C inclination; the system effi-
ciency also increases with increasing mass flow rates.

 Evacuated Tube Collector Integrated with Desalination System

ETC-equipped single-slope solar still was designed to operate in a climatic condi-
tion in New Delhi. The maximum output was found to be 3.9 kg with 0.03 m basin 
depth and 0.06 kg/s mass flow rate, whereas 3.7 kg output was found with 0.01 m 

Fig. 14.13 (a) A schematic diagram of a hybrid solar still conventional and developed still (b) The 
photographic view of conventional solar still and developed solar still designed by Eltawil and 
Omara (2014)

Fig. 14.14 (a) Experimental setup designed by Kumar et al. 2014 (b) Schematic diagram of inte-
grated ETC desalinations (Kumar et al. 2014)
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brine depth with same flow rate. The energy and exergy efficiency of the system for 
summer session was 33.8% and 2.6%, respectively (Kumar et al. 2014). The final 
result also revealed that the maximum average annual yield efficiency of the system 
is highest with a forced mode in comparison with a natural mode.

Mosleh et al. (2015) combined the heat pipe, evacuated tube collector and para-
bolic trough collector to improve the efficiency of the solar desalination (Fig. 14.15). 
They suggested that linear parabolic trough collector when integrated with the solar 
still increases the distillation process. For better distillate output, they utilized a 
twin-glass evacuated tube collector in combination with a heat pipe. They utilized 
aluminium foil and oil as a conducting material in space provided between twin- 
glass evacuated tube and heat pipe; the result revealed that better output was found 
with oil as conducting material which was around 65.2% and 0.933 kg/(m2 h) distil-
late output, whereas 0.27 kg/(m2 h) was the rate of production with 22.1% system 
efficiency with aluminium as a conducting material.

For better distillate output thermosyphon heat pipe and vacuum glass has been 
studied by Mamouri et al. (2014) and found that higher distillate output is observed 
with thermosyphon heat pipes which act as a fast and high-performance thermal 
conducting device. The system is also equipped with evacuated tube collector with 
flexible nature, which shows high performance in adverse conditions. The better 
output of the designed system is found at 2 cm depth with a maximum production 
rate and efficiency of 1.02 kg/(m2 h) and 22.95, respectively.

Abad et al. (2013) in utilized a novel type of pulsating pipe with simple solar still 
and found that this device is having high-performance efficiency, fast responding 
and flexible thermal conducting which makes it a novel type (Fig. 14.16). The inte-
gration and use of these pipes have shown a noteworthy increment in the distillate 
output with a maximum production of 875 mL/(m2 h), with an optimum depth of 
1 cm with 40% filling ratio.

Behnam and Shafii (2016) have tried to work on the new design of solar desalina-
tion system equipped with air bubble column humidifier (ABCH) also fortified with 
ETC and thermosyphon heat pipes. The experimental result revealed from the paper 

Fig. 14.15 (a) Schematic representation of the designed system for experimental setup by Mosleh 
et al. (2015) (b) Representation of different parts of designed system by Mosleh et al. (2015)
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shows that the novel humidification-dehumidification (HDH) uses the advantage of 
ETC-HP. The ETC-HP helps in humidifying the air and heating the water by creat-
ing effective mixing by air bubble column humidifier and also works as highly effi-
cient thermal absorption and conductor device. The various parameters taken into 
consideration to investigate better system efficiency were initial depth of water, air 
flow rate in the humidifier and adding oil in between the ETCs and heat pipes. 
Better result was obtained with oil in between ETC and heat pipe with daily 
 freshwater productivity of around 6.275 kg/day m2 with overall system productivity 
of about 65%, whereas the water depth in the humidifier was found optimum as 
equal to heat pipe length of a condenser. The authors also suggested that daily pro-
ductivity increases with air flow rate. The cost of production of freshwater from this 
was estimated to be 0.028 $/L. The designed system and schematic view are shown 
in Fig. 14.17. The integration of evacuated tube with desalination system is pre-
sented through Table 14.2.

 Solar Concentrators Integrated with Desalination System

The active solar still is integrated with different solar collectors for enhancement of 
the distillate output. There are many researchers who have done work in the direc-
tion of distillate output enhancement as discussed in this section (Table 14.3).

Murtuza et al. (2017) found that parabolic trough collectors (PTSCs) are ahead 
in acceptance as a better technology. Technology has a great potential for utilization 

Fig. 14.16 (a) Photographic view of the experimental design of pulsating pipe with simple solar 
still (b) Solar still equipped with pulsating pipe (Abad et al. 2013)
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in different renewable energy options. These PTSCs are designed for 5 m length 
with stainless steel as a collecting substance and water as a working fluid. The result 
reveals that the better output from the system is obtained in months of February to 
May with different flow rates; the PTSC system when compared with photovoltaic 
was found with enhanced efficiency. Thus, they have shown different angles for 
utilization of PTSCs. This shows that PTSC system will prove a great opportunity 
for desalination purposes.

 Solar Water Heating Systems

Solar water heating technology is most widely known for various solar thermal 
applications (Islam et al. 2013). The solar water heating system converts solar radia-
tion into heat energy and transferred into working fluid (water, water antifreeze, or 
air). This system is possible replacement of water heating system run by fossil fuels 
and electricity (Sivakumar et  al. 2012). Generally, this system is quite simple in 
structure because it requires only sun radiation to heat the water. It is based on the 
principle that heat absorbed by absorptive surface exposed to sunrays transfers it to 
working fluid which causes the rise of fluid temperature (Al-Badi and Albadi 2012). 
These systems can be divided into two groups, passive and active systems (Patel 
et al. 2012), as shown in Fig. 14.18.

Fig. 14.17 (a) Schematic view of solar desalination system equipped with ABCH also fortified 
with ETC and thermosyphon heat pipes (b) Schematic view of ABCH (c) Photographic view of 
designed system by Behnam and Shafii (2016)
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 Passive Solar Collector System

In passive solar water heating system, mechanical energy is not used for circulation 
of working fluid through collector, but working fluid is moved due to temperature 
gradient by absorption of solar radiations (Al-Abidi et al. 2012). In other words, in 
the passive solar water heating system without using mechanical device transfer, the 
working fluid movement between collector and water storage tank takes place as 
shown in Fig. 14.19a. This method is based on the natural convection heat transfer 
method. In this system, the fluid heated up by absorption of heat is collected by the 

Table 14.2 Description of evacuated tube collector integrated with desalination system

S. 
no. Modification

Increase in 
output (%) Productivity

Observation/findings/
advantages References

1. Solar still 
integrated with 
evacuated tube 
collector in a 
forced mode

3.9 kg The average annual 
yield has been found 
maximum with 
forced mode in 
comparison with 
natural mode. The 
exergy and energy is 
found to be 33.8% 
and 2.6%, 
respectively

Kumar 
et al. 
(2014)

2. The system is 
integrated with 
heat pipe, 
evacuated tube 
equipped with 
parabolic trough 
collector

22.1% with 
aluminium as 
conducting 
material and 
65.2% with oil 
as conducting 
material

0.27 kg/(m2 h) 
with aluminium 
and 0.97 kg/(m2 
h) with oil as 
conducting 
material

The system shows 
the better output with 
oil as a conducting 
material

Mosleh 
et al. 
(2015)

3. Solar still is 
integrated with 
thermosyphon heat 
pipe and vacuum 
glass

1.02 kg/(m2 h) The better output in 
the designed system 
is found at 2 cm 
depth with a 
maximum production 
rate and efficiency of 
1.02 kg/(m2 h) and 
22.95

Mamouri 
et al. 
(2014)

4. Solar still 
integrated with 
pulsating pipe

875 mL/(m2 h) The maximum 
distillate output was 
found with 1 cm 
depth and 40% filling 
ratio

Abad et al. 
(2013)

5. Solar desalination 
system integrated 
with humidifier for 
production of air 
bubble, heat pipe 
and evacuated tube

65% 6.275 kg/day 
m2

The final result 
revealed that better 
result was obtain 
with oil in between 
ETC and heat pipe

Behnam 
and Shafii 
(2016)
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solar collector, resulting in decrease of fluid density resulting in fluid moving to the 
top of the collector and gushing into water storage tank. Afterwards, hot water is 
supplied for further use and cold water is supplied from the bottom of a storage tank 
to the collector, and the cycle is continued.

 Thermosyphon

The schematic arrangement of thermosyphon solar water heating system is shown 
in Fig. 14.19b. It is the most popular type of solar water heating system and com-
mercially available in the market (Drosou et al. 2014).

The construction of thermosyphon solar water heating system is simple and 
requires less maintenance owing to an absence of moving parts. This system also 
heats drinking water or heat transfer fluid and transports it by natural convection 
method from collector to storage tank (Hossain et  al. 2011). The thermosyphon 
starts when working fluid (water) in collector expands, causing heated water rising 
to the header of collector and finally into the storage tank. The cold water is continu-
ously supplied to water storage tank to maintain the tank water level. Due to density 
difference, hot water is accumulated near the top of the storage tank as it is heated 
during daytime and cold water at the bottom of storage tank. The storage tank and 
sanitary fittings should be well insulated to minimize the heat losses. The size of 

Table 14.3 Description of parabolic trough integrated with desalination system

S. 
no. Modification

Increase 
in output 
(%) Productivity Observation/findings/advantages References

1. Parabolic 
trough solar 
collectors

– 93 °C–103 °C The system can be utilized for 
different renewable energy 
sources one of which is 
desalination; the system 
efficiency was found maximum 
for the month of February to 
May

Murtuza 
et al. (2017)

Solar water heating system

Passive system Active system

Closed loopOpen loopThermosyphon
Integrated

collector storage

Fig. 14.18 Types of solar water heating systems (Patel et al. 2012)
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storage tank is such that it can store hot water for about 2 days to compensate for the 
poor solar radiation period.

 Integrated Collector Storage

Another setup of the passive system is the integrated collector storage (ICS) system. 
In this system, solar collector and thermal storage unit combine together to form a 
single unit. It is different from the simple solar water heater but became very popu-
lar due to its low cost as a solar collector and thermal storage unit are integrated into 
the same construction. Its construction varies comprising of numerous tanks, where 
exposed surfaces absorb the energy and are enclosed in a heat insulated box with 
glass envelope on the top to allow solar radiation. The transparent cover and heat 
insulation are used for reduction of heat loss. These systems are simple and less 
expensive; however the loss of more heat and absence of freezing protection during 
night time are its weaknesses.

On the other hand, the distribution of hot water from solar water system through 
distribution equipment in a controlled manner is termed as an active solar water 
heating system (Chan et  al. 2010). In other words, the active solar system uses 
pumps, controllers, and valves to circulate heat transfer fluid through solar collec-
tors (Chen et al. 2009). Active solar water heating system is further classified as 
open-loop or a closed-loop system. As shown in Fig. 14.19c, open-loop or direct 
solar water heating system heats the household water through the solar collector and 
heated water is pumped into water storage tank.

Fig. 14.19 Solar water heating systems (a) Passive solar water heating system (b) Thermosyphon 
solar hot water system (c) Open-loop solar water heating system (d) Closed-loop solar water heat-
ing system (Patel et al. 2012)
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Pipes are connected with stored water for the supply of hot water stored in a stor-
age tank. Unlike open-loop, in a closed-loop or indirect solar active system shown 
in Fig. 14.19d, the water-antifreeze mixture is heated through the solar collector and 
pumped into water storage tank where a heat exchanger transfers its heat to the 
household water.

 Conclusion

It is impossible to discuss all the techniques which help in maintaining a sustainable 
environment. The above chapter is a short overview for the development on solar 
technologies which produces zero carbon footprint and helps to maintain sustain-
able future. As we know, technologies based on solar energy have become most 
popular throughout the world. To attain this, huge investment is needed to overcome 
the problems associated with the solar industry. Presently, a large number of solar 
power plants are installed or to be installed in the near future in developing as well 
as developed countries. Here in this book chapter, the potential of solar technologies 
and their future prospects are reported and conclude that in spite of few limitations, 
among other renewable and conventional energy resources, solar energy is the most 
promising energy source to meet the increasing energy demand. Although renew-
able and non-renewable energy resources contributed a majority of global energy 
production, the solar energy sector has been making great progress.

• The PV technology is the most popular technology for a continuous supply of 
electricity. However, the overall cost of PV plant is high, and a novel approach is 
still necessary for the crucial development of PV technologies.

• However, concentrating solar power plants are more expensive than PV plant, 
but these plants are more appropriate for the regions of less frequent haze or 
clouds.

• The solar desalination and photocatalytic process help in maintaining low pollu-
tion levels by treating wastewater. This technology is proving to be the future of 
wastewater treatment due to their rapid growth and removal efficiency.

• Solar photocatalytic process and desalination require different type of solar col-
lectors. These collectors help in improving their efficiency and could be inte-
grated in the future for better output.

• Among other renewable and conventional resources, the researchers should also 
work on improving the competitiveness of solar technologies. The researchers 
effort should be dedicated to increase efficiency, availability, stability, manufac-
turability and reduction in the cost.

Solar energy creates a vicinity of a sustainable world which can be able to bear a 
load of energy at present as well as in  future. Although, solar energy-harnessing 
technologies are still in nascent phase still, the above description of available tech-
nologies is reflecting importance in future for solar collectors, solar photocatalysis 
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and integrated solar desalination systems regarding power generation, wastewater 
treatment and several other applications.

 Future Prospects

Future recommendations are summarized based on the articles reviewed and 
analysed:

 1. The solar technologies can be used in different industries for high-temperature 
supply.

 2. The new systems can be designed for sterilization of instruments (thermal or 
direct).

 3. Solar energy-based systems with some modifications could be used at large scale 
for wastewater treatment options.

 4. The solar desalination technology and photocatalysis are a future of wastewater 
treatment at small and large scale as well.

Furthermore, integrated systems (with solar) should be promoted for wastewater 
treatment, sterilization and high-temperature supply for clean and green develop-
ment at large scale.
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Abstract Many organic, inorganic and natural dye sensitizers have been trailed in 
the past in an attempt to reduce the cost, improve the performance and make the 
dye-sensitized solar cell (DSSC) technology more environment-friendly. 
Ruthenium-based complexes are by far the most efficient dye sensitizers and have 
been commercially used in DSSC technology and achieved approximately 12–14% 
conversion efficiency. But the problems associated with ruthenium complexes are 
high cost and toxicity which drive the researchers to identify new metal-free and 
environment-friendly dye sensitizers such as organic and natural sensitizers. In this 
regard, natural dye sensitizers due to their low-cost extraction and environment- 
friendly nature are becoming a new area of research in the field of DSSC technol-
ogy. These dye sensitizers are naturally occurring dye pigments, such as chlorophyll, 
betanins, carotenoids, anthocyanins and tannins extracted from flowers, leaves, 
stems and roots of plants using water, acetone and/or alcohols. At present, the effi-
ciency of natural dye sensitizers is quite low compared to ruthenium-based dye due 
to selective light absorption. Recently, highest recorded efficiency of 2% has been 
reported using cocktail of natural dyes extracted from flowers. Attempts have been 
made to improve the performance of natural dye sensitizers by making cocktails 
and/or by using a variety of solvents for the extraction of dye molecules.

Keywords Charge transfer · DSSC · Interface contact · Natural sensitizers · 
Pigments

 Introduction

The industrialized modernization and human growth is much reliant on the highly 
concentrated energy sources such as fossil fuels which are already on the brink of 
extension. Figure 15.1a is showing the forecasted life of fossil fuel reserves. Another 
associated problem is the inappropriate technology to harness useful energy from 
fossil fuels which causes high emissions of greenhouse gases and increase in CO2 
concentration in global environment (Urban 2015). Figure 15.1b is showing CO2 
concentration for the past 400,000 years, depicting several cycles of variation from 
about 180 to 280 ppm. The CO2 concentration has increased dramatically since the 
past 200 years due to industrial revolution and reached to 400 ppm (Sigman and 
Boyle 2000; Urban 2015).

The projected global energy demand at this rate of industrialization would reach 
up to 25–30TW in 2050 as compared to 17TW demand at present. The depletion of 
fossil fuels and their harmful environmental effects force the scientific communities 
to explore other renewable ways to ensure sustainable global development. Among 
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other renewable resources such as biomass (potential harvestable energy, 5–7TW by 
all cultivatable land not used for food), wind (potential harvestable energy, 2–4TW 
extractable at 10 m and around 60TW at 1 km height), tidal (potential harvestable 
energy, 2TW gross currents), geothermal (potential harvestable energy, 12TW over 
land small fraction recoverable), hydroelectric (potential harvestable energy, 
4–5TW gross, 1.6TW technically feasible) and nuclear (potential harvestable 
energy, 8TW builds one nuclear power plant every 1.5 days forever), it is very dif-
ficult or even impossible to cope with high-energy demand of the future. The most 
suitable alternative is solar energy. Earth receives 120,000TW of electromagnetic 
radiation per week. If solar photovoltaic panels possessing 10% efficiency are 
installed onto only 0.61% of the land on earth, it can provide 20TW of power which 
is twice the world’s energy demand (Eisenberg and Nocera 2005).

Among solar energy-harvesting technologies, solar cells are the most suitable 
approach to convert energy directly from solar radiations to electricity. In general, 
solar cells are segmented into three classes based on their lifetime. Silicon-based 
solar cells are assumed to be the first-generation solar cells. These cells are based on 
the single crystal silicon which makes them expensive, and their manufacturing 
technologies require high temperatures which mostly come from burning of fossil 
fuels. Second-generation solar cells are based on polycrystalline silicon and thin 
films such as CdTe, copper indium gallium diselenide, etc. Second-generation solar 
cells are cost-effective, but the use of less abundant raw material and sophisticated 
vacuum technology along with their relatively less overall efficiency restricts their 
widespread use. The latest or third generation of solar cells totally differ from other 
two generations by optimizing the cost and better conversion efficiency. Most of the 
technology of third-generation solar cells is in research stage and includes organic 
solar cells (η~11%), quantum dots cells (η~10%), dye-sensitized solar cell (DSSC) 
(η~13%) and pervoskite-sensitized solar cells (η~22%). The efficiency chart of the 
solar cell technologies can be seen in Fig. 15.2.

The DSSC technology is probably the most attractive one in third-generation 
solar cell due to its operational simplicity, ease in manufacturing, utilization of 
earth-abundant raw materials and the capability to make flexible panels. The basic 

Fig. 15.1 (a) Depletion of fossil fuels and (b) global CO2 emission history. (Sigman and Boyle 
2000; Urban 2015)
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constituents of DSSC are (1) conducting substrate, (2) semi-conductor active layer, 
(3) dye sensitizer, (4) electrolyte and (5) catalyst. In general, dye sensitizer absorbs 
energy from incident light and oxidized, placing electron to the conduction band of 
semi-conductor material. Semi-conductor transfers electron to the external circuit 
through conducting substrate. Electrolyte gives its electron to the oxidized dye and 
accept electron from the external circuit with the help of catalyst (Pt) and gets 
reduced. This cycle keeps on repeating until the light source is available (Jafarzadeh 
et al. 2016). Figure 15.3 is showing the basics of DSSC.

Fig. 15.2 Efficiency chart of various classes of solar energy conversion devices (Green et al. 2016; 
Ahmad et al. 2017a, b)

Fig. 15.3 Schematic 
diagram of basic DSSC 
assembly (Ahmad et al. 
2017a, b; Ahmad et al. 
2018)
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 Operation Principle

The DSSC device works on the principle of photosynthesis used by plants and many 
bacteria. Photosynthesis involves (1) capturing of sunlight, (2) using sunlight to 
make adenosine triphosphate (ATP) and reducing power in the form nicotinamide 
adenine dinucleotide phosphate (NADPH) and (3) use ATP and NADPH to power 
the production of organic molecules from carbon dioxide in the air (Force et  al. 
2003). On the other hand, DSSCs use sunlight to produce electrons and power the 
outer circuit. Dye sensitizer absorbs suitable radiations from the solar spectrum 
which causes excitation of electron. This excited electron is then transferred to the 
lower unoccupied molecular orbit (LUMO) of the semi-conductor. It is worth men-
tioning here that the LUMO of semi-conductor must be lower than the LUMO of dye 
sensitizer for successful transfer of electron from dye sensitizer to semi- conductor; 
otherwise due to thermodynamic unsuitability of electronic path, the electrons can-
not be moved to LUMO of semi-conductor. The electron then transfers to transpar-
ent conducting oxide (TCO) layer and finally exits the device to the external circuit. 
The oxidized dye sensitizer due to electron deficiency picks electron from the redox 
mediator, i.e. electrolyte containing iodide/triiodide ions and regenerated. The elec-
trolyte picks electron coming from outer circuit with the help of catalyst and gets 
regenerated. The whole process keeps on repeating until the sunlight is present. The 
process has been elaborated in detail (Eqs. 15.1, 15.2, 15.3, and 15.4) (Ahmad et al. 
2017a, b; Lee et al. 2017). Figure 15.4 is depicting the complete process.

Fig. 15.4 DSSC working principle (Mozaffari et al. 2016; Ahmad et al. 2017a, b)
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However, during this electronic cycle, some undesirable reactions occur simulta-
neously, (1) recombination of injected electrons with the oxidized dye sensitizer or 
(2) with the electron deficient redox mediator. These recombination reactions are 
responsible for low photovoltaic efficiency of DSSCs. To minimize these unfavour-
able reactions, the electronic path must be thermodynamically suitable and kineti-
cally favourable.

 Components of DSSC and Their Role

Constituents of DSSC are shown in Fig. 15.3. A typical DSSC is comprised of four 
major components, i.e. (1) photoanode, (2) dye sensitizer, (3) electrolyte and (4) 
counter electrode. Understanding the function of these components is crucial for the 
researcher working in the field of DSSC.

 Photoanode

Photoanode is the backbone of the DSSC that is why its material, shape and size 
have to be carefully selected and optimized with other components. An ideal photo-
anode should have high surface area; it should facilitate fast electron transfer ability, 
have high dye pickup ability, exhibit high resistance to photo-corrosion, and have 
the ability to absorb/scatter sunlight; and it should have optimum interface contact 
with the dye molecules and with conductive layer on the substrate (Li et al. 2006; 
Wang et al. 2006).

With these features and obviously some other properties, a photoanode would 
work ideally and give maximum photo conversion efficiency. These features though 
simplistic are still a challenge in the field of DSSC.

Wide bandgap annealed anatase TiO2 has proved to be the most effective material 
for photoanode due to its cost effectiveness, good stability, easy availability, com-
patible optical and electronic properties and non-toxicity. The most efficient solar 
cell developed by TiO2 delivered approximately 12–14% photo conversion effi-
ciency. Various other metal oxides such as ZnO, SnO2, Nb2O5, SrTiO3, Zn2SnO4 and 
WO3 have also been investigated (Kumavat et al. 2017; Shakeel Ahmad et al. 2017).
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 Dye Sensitizer

Among the basic components of DSSC, dye sensitizer is regarded as a very impor-
tant component of the solar device. The dye anchors on the semi-conductor material 
and is responsible for absorption of incident light and gets oxidized. For proper 
functioning of solar device, the LUMO of the dye should be higher than the conduc-
tion band of semi-conductor material for proper injection of electron, and its higher 
occupied molecular orbit (HOMO) must be sufficiently low in energy (moving 
downward) than the redox potential of the iodide/triiodide electrolyte for ease in 
reduction (Ludin et al. 2014).

Many organic, inorganic and natural dye sensitizers have been tried in the past in 
an attempt to reduce the cost and improve the performance of DSSC devices. In 
general, the dye sensitizers have been classified into three categories, i.e. (1) metal 
complex dyes, (2) metal-free organic dyes and (3) natural dyes. Ruthenium-based 
complexes are by far the most efficient dyes and used commercially in DSSC tech-
nology. But the problems associated with ruthenium complexes are their high cost 
(ruthenium is a rare earth metal) and toxicity (Richhariya et al. 2017). Figure 15.5 
depicts the chemical structure of the ruthenium-based dyes.

A novel Zn-prophyrin-based sensitizer has been recently reported as an alterna-
tive to ruthenium-based sensitizers, and 6.0% conversion efficiency has been 
claimed; the device displayed 13.6 mAcm−2 current density, 0.70 V open circuit 
voltage and 0.63 fill factor (Lee et al. 2009). The metal-free organic dye sensitizers 
gained interest in the year 2000 due to their ease in structural modification and high 
extinction coefficient compared to Ru-based complexes. General designs for metal- 
free organic sensitizers are donor-π-acceptor, donor-acceptor-π-donor and donor- 
acceptor- π-acceptor, where π is conjugated spacer which acts as bridge between 
donor and acceptor. An alternative way to produce cost-effective and non-toxic dye 
sensitizer is through extraction of dyes from natural plant sources. The dyes are 
extracted from leaves, flowers, fruits and roots and termed as natural dye sensitizers. 
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Fig. 15.5 Basic structure of common ruthenium-based dye sensitizers (Kumara et al. 2017)
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The natural dyes have a number of advantages, i.e. cost-effective production, easy 
availability, non-toxic nature and 100% biodegradation. Natural dyes will be dis-
cussed in detail in subsequent sections.

 Electrolyte

The electrolyte not only acts as electrically conducting medium but also plays one 
of the most important roles in regeneration of the oxidized dye sensitizer. An ideal 
electrolyte should have long-term stability, including chemical, optical, electro-
chemical, thermal and interfacial stability, must reduce the oxidized dye rapidly and 
guarantee the fast diffusion of charge carriers between porous nanocrystalline layer 
and the counter electrode in order to sustain the light energy conversion (Su’ait et al. 
2015).

On the basis of their physical properties, electrolytes are categorized into three 
classes, i.e. (1) liquid, (2) quasi-solid and (3) solid electrolytes. Till date, the highest 
efficiency has been attained using iodide/triiodide liquid electrolyte and copper 
complex Cu(ll/l) (Freitag et al. 2017). The limitation of liquid electrolyte is its vola-
tility and leakage. High-quality and expensive sealants need to be used to avoid 
electrolyte leakage issues. Sealants which also act as spacer to counter electrode and 
photo-anode and the sealing process account for 27% of total cost of DSSC 
(Mozaffari et al. 2016). To solve this issue, quasi-solid- and solid-state electrolytes 
have been developed, but their efficiency is still way too less compared to liquid 
electrolytes. Apart from iodide/triiodide electrolyte, Br−/Br3

− , SCN−/(SCN)2, 
SeCN−/(SeCN)2 and natural electrolytes have also shown promising results. In a 
recent study, agar, gelatine and DNA polymer-based natural electrolytes have been 
investigated along with natural dye sensitizer extracted from flowers of Hildegardia. 
Conversion efficiency of 3.38% has been claimed using gelatine-based electrolyte 
(Ahmad et al. 2017a, b).

 Counter Electrode (CE)

The CE consisting of conducting layer and catalyst completes the device by con-
necting it to external circuit. An ideal counter electrode should reduce the electro-
lyte immediately after it oxidizes so as to improve the electron density in the device. 
Poor catalytic kinetics of catalyst towards electrolyte reduces the overall perfor-
mance of DSSC due to less regeneration of dye molecules. Till date, Pt-based cata-
lysts are by far the most efficient due to their high catalytic activity for redox 
reactions and high corrosion resistance. Other metals such as Zn and Co have also 
been investigated with promising results (Gao et al. 2017). Carbon-based catalysts, 

A. K. Pandey et al.



383

i.e. multiwalled carbon nanotubes (MWCNTs), graphite, graphene and activated 
carbon, have also been trialled with promising or even better results (Chen and Shao 
2016). Recently eco-friendly catalysts extracted from natural sources have been 
prepared and investigated. In a study, carbonized mangosteen peels have been uti-
lized to prepare catalyst for CE. A relative increase of 1.47% in conversion effi-
ciency has been claimed compared to standard Pt-based CE (Maiaugree et al. 2015).

 Transparent Conducting Oxide (TCO) Layer

TCO acts as electron transport layer and connect the device to external load. In 
general, the TCO layer should possess high electrical conductivity for easy electron 
transport. For single-facet DSSC, transparency of conducting layer is not important, 
but for bifacial DSSC (the bifacial DSSC created by Gratzel display high energy 
conversion per specific area), the transparency is of utmost importance which facili-
tates equal or near equal light transmittance from either front or rear sides.

Wide bandgap transparent oxides have been used to date for the fabrication of 
TCO layer which employ un-doped tin oxide (SnO2) and/or SnO2 with fluorine or 
indium. Fluorine-doped tin oxide (FTO) layer displayed highest performance due to 
its high transparency, optimum electrical conductivity, high adhesion to substrate 
and good mechanical and thermal properties. The associated problem with FTO- 
coated substrates is their high manufacturing cost. The TCO layer accounts for 9% 
of the total cost of DSSC. Another issue is the high deposition temperature (400 °C) 
which restricts its implication for low-temperature flexible DSSC. Other approaches 
to apply FTO coating on plastic substrates are low-temperature pyrolysis, sputter 
deposition from solid targets using techniques such as radio frequency (RF) magne-
tron sputtering and direct current (DC) reactive magnetron sputtering using various 
plasma atmospheres such as Ar/O2/CF4 and Ar/O2/Freon which causes additional 
cost to the device fabrication. Recently, graphene has been utilized as conducting 
layer to reduce cost and fabrication temperature (Lee et al. 2010; Mozaffari et al. 
2016).

 Natural Dye Sensitizers

Natural dye pigments have been classified into four broad categories, i.e. (1) chlo-
rophyll, (2) carotenoids, (3) betalains and/or (4) flavonoids. Table 15.1 depicts the 
chemical structure of various classes and subclasses of natural dye pigments. These 
classes are discussed separately in subsequent sections.

15 Natural Sensitizers and Their Applications in Dye-Sensitized Solar Cell
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 Chlorophyll

Chlorophyll is a common green pigment found in plants and algae. It is essentially 
a chlorine pigment with magnesium ion in the centre of the chlorine ring. Moreover, 
chlorophyll a and chlorophyll b are the most used types. The basic difference is in 
the composition of side chain (in chlorophyll a, it is –CH3, and in chlorophyll b it is 
CHO). Other less common types are chlorophyll d, c1, c2 and f. Figure 15.6 depicts 
the UV-VIS spectroscopic analysis of chlorophyll a and b. Both the types absorb 
visible portion of solar spectrum from red, blue and violet wavelengths with a maxi-
mum absorption at 670 nm for chlorophyll a and 470 nm for chlorophyll b. Since the 
first evidence of its use as dye sensitizer in DSSC by Kay and Gratzel, many 
improvements and advantages have been reported by different research studies 
(Syafinar et al. 2015a, b; Shah et al. 2016).

The main disadvantage of using chlorophyll is its long chain length which causes 
steric hindrance and leads to low-electron transferability. Another issue is its low 
adsorption ability on TiO2 semi-conductor. Some derivatives such as methyltrans- 
32- carboxypyropheophorbide alpha showed high binding ability with semi- 
conductor surfaces via chelating and monodentate modes (Calogero et al. 2009).

 Carotenoids

Carotenoids are organic pigments produced by plants and also found in some micro-
organisms. Carotenoids absorb red, orange and yellow wavelength from solar spec-
trum (Fig. 15.6). These are broadly classified into two categories, (1) xanthophylls 
which contain oxygen and (2) carotenes which are essentially pure hydrocarbons 
containing no oxygen. These pigments have been successfully employed in DSSCs 
as sensitizers and show excellent properties. The maximum claimed conversion 

Fig. 15.6 UV-VIS spectra 
of chlorophyll a and b
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efficiency of DSSCs using carotenoids is 2.6%, while the conversion efficiency of 
combination of carotenoids and chlorophyll is reported to be 4.2% (Wang et  al. 
2006; Zhu et al. 2010; Murillo et al. 2013).

 Flavonoids

These are very important pigments present in almost all land plants. Flavonoids are 
essentially sugar compounds bonded with polyphenols and are responsible for 
colouration of many flowers and fruits. Other roles include attracting insects, pho-
toprotection, antioxidation activity and enhancement of photosynthesis. The flavo-
noids can be classified into anthocyanins, aurones, flavones, chalones and flavonols. 
Among them anthocyanins are the most important pigments for DSSC applications 
due to their absorption in visible range and ability to transfer electrons efficiently. 
Anthocyanins are the basis for most orange, pink, red, magenta and blue colours. 
The light absorption properties of flavonoids are depicted in Fig. 15.7 (Stintzing and 
Carle 2004; Marais et al. 2006).

These pigments are also quick to make bonds with TiO2 due to absorption of 
cyanine which leads to development of effective and strong complex via OH- dis-
placement and formation of water molecules. The ability of fast charge transfer 
using anthocyanin extracted from blackberry has been successfully demonstrated 
using femtosecond analysis. Despite high electron transfer ability, the conversion 
efficiency was low due to possible agglomeration and high recombination reactions 
(Yamasaki et al. 1996; Cherepy et al. 1997).

Fig. 15.7 UV-VIS 
spectroscopy of gardenia 
(yellow dot) and cochineal 
(red line) (Park et al. 2014)
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 Betalain

These pigments are an additional class of natural sensitizers and are present in 
flower petals, roots, stems and leaves of caryophyllales plants. They possess high 
extinction coefficient in visible range, and their redox properties are dependent on 
pH of the solution. They generally absorb red-purple wavelengths in solar spectrum 
(Calogero et al. 2009). UV-VIS spectroscopic analysis is presented in Fig. 15.8.

Various plants and their selected parts have been utilized for the extraction of 
natural dyes. Table 15.2 summarizes the plants used for the extraction of dyes along 
with detailed parameters of DSSCs. As can be observed from the data presented in 
Table 15.2, DSSCs using anthocyanin dyes show efficiencies less than 1%. On the 
other hand, modified chlorophyll compounds showed highest efficiencies.

 Advancements in Natural DSSCs

Natural DSSCs due to their low efficiency are still unable to gain commercial 
importance. The low efficiency is due to limited light absorption capability and 
weak bonding of natural dyes with semi-conductor network. Various approaches 
have been tried to improve the incident photo conversion efficiency (IPCE) of natu-
ral DSSCs such as mixing of two or more natural dye pigments (dye cocktail) to 
increase light absorption capability, use of various solvents to extract the dyes from 
the natural sources in an attempt to improve dye extraction and bonding between 
dye molecule and semi-conductor and successive adsorption of natural dye to 
increase dye loading and/or pre-dye absorption (before coating semi-conductor 
material on conducting substrate) to enhance conversion efficiency.

In a study, a cocktail of natural anthocyanin dyes extracted from leaves and pet-
als of Ixora coccinea have been investigated. The cocktail mixed in 1:4 ratio dis-
played highest conversion efficiency (0.80%) compared to the conversion efficiency 
of individual dye sensitizers. This improvement is believed to be due to increased 
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Fig. 15.8 UV-VIS spectra 
of red turnip extracts in 
0.1 M HCL solution 
showing betaxanthin at 
484 nm and betanin at 
536 nm wavelengths 
(Calogero et al. 2009)
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Table 15.2 Natural dyes and structural classes used in DSSC

Plant source
Structure/structural 
class

Jsc (mA/
cm-2)

Voc 
(V)

η 
(%) References

Red frangipani Anthocyanins 0.94 0.49 0.30 Shanmugam et al. 
(2013)

Lxora sp. Anthocyanins 6.26 0.35 0.96 Kumara et al. (2013a, b)
Begonia Anthocyanins 0.63 0.53 0.24 Zhou et al. (2011)
Rhododendron Anthocyanins 1.61 0.58 0.24 Zhou et al. (2011)
Marigold Carotenoide 0.51 0.54 0.23 Zhou et al. (2011)
Perilla Chlorophyll 1.36 0.52 0.50 Zhou et al. (2011)
China loropetal Chlorophyll 0.84 0.51 0.27 Zhou et al. (2011)
Yellow rose Carotenoide 0.74 0.60 0.26 Zhou et al. (2011)
Flowery knotweed Rhein 0.60 0.55 0.21 Zhou et al. (2011)
Petunia Chlorophyll 0.85 0.61 0.32 Zhou et al. (2011)
Violet Anthocyanins 1.02 0.49 0.33 Zhou et al. (2011)
Rosella Anthocyanins 1.63 0.40 0.37 Wongcharee et al. 

(2007)
Blue pea Anthocyanins 0.37 0.37 0.05 Wongcharee et al. 

(2007)
Red bougainvillea 
glabra

Betacyanin 2.33 0.26 0.49 Hernandez-Martinez 
et al. (2011)

Violet bougainvillea Betacyanin 1.86 0.23 0.31 Hernandez-Martinez 
et al. (2011)

Hibiscus 
rosa-sinensis

Anthocyanin 3.31 0.145 1.08 Yusoff et al. (2014)

Melastoma 
malabthricum L.

Anthocyanins 3.18 0.45 0.83 Kumara et al. (2014)

Blueberry Anthocyanins 4.1 0.30 0.69 Teoli et al. (2016)
Tangerine peel Flavones 0.74 0.59 0.28 Zhou et al. (2011)
Fructus lycii Carotene 0.53 0.68 0.17 Zhou et al. (2011)
Mangosteen α/β mangosteen 2.55 0.62 0.92 Zhou et al. (2011)
Mangosteen Rutin 2.92 0.68 1.17 Zhou et al. (2011)
Capsicum Carotenoid 0.23 0.41 n.a. Hao et al. (2006)
Wild Sicilian prickly 
pear

Etalain 8.2 0.38 1.19 Calogero et al. (2010)

F. Sapindaceae Anthocyanins 3.88 0.41 0.56 Kumara et al. (2013a, b)
Mulberry fruit Anthocyanins 1.89 0.56 0.55 Chang and Lo (2010)
Ivy gourd fruit Carotene 0.24 0.64 0.08 Shanmugam et al. 

(2013)
Canarium 
odontophyllum

Anthocyanins 2.45 0.39 0.59 Kumara et al. (2013a, b)

Eggplant skin Nasunin 0.40 0.35 0.48 Calogero et al. (2012)
Codiaeum 
variegatum

Anthocyanins 4.03 0.44 1.08 Yusoff et al. (2014)

Spinach Chlorophyll 0.47 0.55 0.13 Chang et al. (2010)

(continued)
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Table 15.2 (continued)

Plant source
Structure/structural 
class

Jsc (mA/
cm-2)

Voc 
(V)

η 
(%) References

Ipomoea Chlorophyll 0.91 0.54 1.18 Chang et al. (2010)
Pomegranate Chlorophyll 2.05 0.56 0.59 Chang and Lo (2010)
Ficus retusa Chlorophyll, 

carotenoids
7.85 0.52 1.18 Lai et al. (2008)

Rhoeo spathacea Chlorophyll, 
carotenoids

10.9 0.5 1.49 Lai et al. (2008)

Red cabbage Anthocyanins 2.25 0.62 0.97 Chien and Hsu (2014)
Pandan leaves Chlorophyll 1.91 0.48 0.51 Noor et al. (2014)
Black rice seeds Anthocyanins 2.09 0.47 0.56 Noor et al. (2014)
Lawsonia inermis 
seed

Lawsone 2.99 0.50 1.47 Ananth et al. (2014)

Brown seaweed Chlorophyll 0.80 0.36 0.18 Calogero et al. (2014)
Anthum graveolens 
leaves

Chlorophyll 0.96 0.57 0.22 Taya et al. (2013)

Arugula leaves Chlorophyll 0.78 0.59 0.20 Taya et al. (2013)
Parsley leaves Chlorophyll 0.53 0.44 0.07 Taya et al. (2013)
Amaranthus caudatus 
flower

Chlorophyll 1.82 0.55 0.61 Godibo et al. (2015)

Cordyline fruticosa 
leaves

Chlorophyll 1.30 0.61 0.50 Al-Alwani et al. (2016)

Pawpaw leaves Chlorophyll 0.64 0.54 0.20 Kimpa et al. (2012)
Shiso leaves Chlorophyll 3.52 0.43 0.59 Kumara et al. (2006)
Ocimum gratissimum 
leaves

Chlorophyll 0.04 0.46 0.02 Eli et al. (2016)

Spinach oleracea Chlorophyll 0.33 0.59 0.08 Chang et al. (2010)
Red spinach leaves Chlorophyll 1.00 0.50 0.58 Khan et al. (2012)
Papaya leaves Chlorophyll 0.36 0.32 0.07 Suyitno et al. (2015)
Ipomoea leaves Chlorophyll 0.85 0.49 0.23 Chang et al. (2010)
Azadirachta indica 
leaves

Chlorophyll 0.43 0.40 0.72 Swarnkar et al. (2015)

Basil leaves Chlorophyll 1.39 0.58 0.40 Taya et al. (2015)
Ziziphus jujube 
leaves

Chlorophyll 3.18 0.65 1.07 Taya et al.(2015)

Mint flower Chlorophyll 0.45 0.54 0.09 Monzir et al. (2017)
Lemon leaves Chlorophyll 1.08 0.59 0.03 Maabong et al. (2015)
Morula leaves Chlorophyll 0.05 0.47 0.01 Maabong et al. (2015)
Fig leaves Chlorophyll 2.09 0.59 0.64 Taya et al. (2015)
Berry leaves Chlorophyll 3.57 0.59 0.93 Taya et al. (2015)
Banana leaves Chlorophyll 1.77 0.59 0.52 Taya et al. (2015)
Peach leaves Chlorophyll 2.55 0.61 0.65 Taya et al. (2015)
Black tea leaves Chlorophyll 0.39 0.55 0.08 Monzir et al. (2017)

(continued)
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light absorption capacity of mixture of two dyes (Zolkepli et al. 2015). In another 
study, a cocktail of purple cabbage and blueberries has been investigated with prom-
ising results (Syafinar et al. 2015a, b). Studies showed that there are few compatible 
combinations of natural pigments to be used as dye sensitizers for DSSCs. Other 
combinations though possess high light absorption ability leading to reduction in 
conversion efficiency. A recent study reported low conversion efficiency with the 
use of cocktail of I.coccinea and Bougainvilla compared to the performance of indi-
vidual I.coccinea dye. This is due to unfavourable reactions between dye molecules 
and mismatch of adsorption capacity which leads to high recombination reactions 
(Lim et al. 2016). To avoid the drawbacks of mixtures, another approach, i.e. suc-
cessive diffusion, has been investigated. In this study, natural dyes extracted from 
gardenia and cochineal have been adsorbed on the TiO2 nanostructure successively 
(one after the other) and compared with individual dyes and cocktail of dyes. The 
successive adsorption of cochineal followed by gardenia showed highest conversion 
efficiency of 0.48% while successive adsorption of gardenia followed by cochineal 
showed 0.37% IPCE. On the other hand, the premixed cocktail of two dyes showed 
0.31% IPCE which was even lower than the efficiency of individual dye extracted 
from gardenia, i.e. 0.35% (Park et al. 2014).

Table 15.2 (continued)

Plant source
Structure/structural 
class

Jsc (mA/
cm-2)

Voc 
(V)

η 
(%) References

Coccinia indica 
leaves

Chlorophyll 0.70 0.54 0.26 Priyadharsini et al. 
(2013)

Perilla Chlorophyll 1.36 0.52 0.50 Zhou et al. (2011)
Petunia Chlorophyll 0.85 0.61 0.32 Zhou et al. (2011)
Festuca ovina grass Chlorophyll 1.18 0.54 0.46 Hernandez-Martinez 

et al. (2012)
Hierochloe odorata 
grass

Chlorophyll 2.19 0.59 0.46 Shanmugam et al. 
(2015)

Torulinium aegyptium 
grass

Chlorophyll 1.00 0.65 0.32 Shanmugam et al. 
(2015)

Moss bryophyte Chlorophyll 5.78 0.60 1.97 Hassan et al. (2014)
Green algae Chlorophyll 0.13 0.41 0.01 Taya et al. (2013)
Microalgae Chlorophyll 2.53 0.55 0.90 Mohammadpour et al. 

(2014)
Bixa orellana L. Bixin 1.10 5.70 0.59 Gómez-Ortíz et al. 

(2010)
Calafate fruit Delphinidin 2.60 0.60 0.62 Polo and Iha (2006)
Jaboticaba skin Peonidin 2.60 6.60 0.62 Polo and Iha (2006)
Tradescantia zebrina Anthocyanins 0.63 3.50 0.55 Li et al. (2013)
Kopok Anthocyanin/

carotenoid
0.87 3.60 0.49 Li et al. (2013)

Canarium 
odontophyllum

Anthocyanin 2.45 3.85 0.62 Kumara et al. (2013a, b)

Gardenia fruit Crocetine/crocin 0.56 1.29 0.35 Yamazaki et al. (2007)
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Solvent plays an important role in the extraction of pigments from the plant 
sources. They are thought to be responsible for efficient extraction of pigments and 
bonding of dye molecules with semi-conductor nanostructure. Solvents also 
improve the adsorption rate of dye molecules by forming suitable end group which 
can easily create strong bond with TiO2- or ZnO- based nanostructure. Various sol-
vents such as ethanol, methanol, water, isopropyl alcohol, have been investigated to 
improve dye loading, adsorption rate and contact between dye and semi-conductor 
network. In a recent study, methanol and ethanol with hot and normal water have 
been examined with turmeric as dye source. Ethanol displayed highest conversion 
efficiency, i.e. 0.33%, compared to methanol and water. The adsorption time was 
2 h for dry turmeric-based dye extracted in ethanol (Hossain et al. 2017). In another 
detailed investigation, various solvents and their combinations have been examined 
with betalain, betaxanthins and chlorophyll dyes extracted from Cordyline fruticosa 
leaves, Pandanus amaryllifolius (pandan leaves) and Hylocereus polyrhizus (dragon 
fruit). The mixture of methanol and water with 3:1 ratio showed highest adsorption 
of C.fruticosa. For P. amaryllifolius the mixture of ethanol and water with 2:1 ratio 
displayed best results, and normal water exhibited best results for H. polyrhizus as 
solvent (Al-Alwani et al. 2015).

Another approach to improve the anchoring (binding) of dye molecules with 
semi-conductor network is to premix the dye with semi-conductor material before 
coating on to conducting substrate. In a study, Lawsonia inermis seeds were used as 
plant source with distilled water as extraction solvent. The extracted dye pigment 
was mixed in TiO2 synthesis solution. The premix processing of dye showed 
improved performance in comparison to adsorption of dye on TiO2 coating (Ananth 
et al. 2014). Figure 15.9 is showing the comparative efficiency of the premix and 
post-adsorbed dye on the TiO2 nanostructure.

 Future Prospects

The technology of dye-sensitized solar cell is becoming increasingly important in 
the scientific community due to its versatility, environment-friendly nature and abil-
ity to operate in indoor light conditions. Presently various natural dye sensitizers 
have been tried to improve the ability of the device to absorb more photons present 
in the solar spectrum. Natural dyes possess a decisive edge over other organic and 
inorganic dyes due to their cost-effective production, easy to maintain the supply and 
non-toxicity. At the same time, natural dyes are also at a disadvantage due to their 
very low conversion efficiency. Current focus of research is to improve the interfa-
cial contact (between natural dye molecules and semi-conduction nanostructure), 
photo degradation and light harvesting ability using a combination of various dyes.

Another important aspect of natural dyes is their ability to harvest light while 
submerged under water. As underwater plants use chlorophyll and/or other com-
pounds for absorbing light, there is a possibility to develop natural DSSCs which 
could produce useable energy while being submerged under water.
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 Conclusion

Natural pigments due to their eco-friendly nature, 100% biodegradation and easy 
availability are promising sensitizers in the field of DSSC and have the potential to 
replace expensive metal complexes or organic dye sensitizers. Due to their non- 
toxic nature and low cost, these pigments are lucrative sensitizers for commercial-
ization and public handling. The main drawback of natural dyes compared to other 
ruthenium (Ru)-based and organic dyes is low efficiency and stability. Therefore, 
further research is required to improve their performance. Various possible strate-
gies have been tried and tested to improve the conversion efficiency such as prepara-
tion of various cocktail mixtures to improve electron density and use of various 
solvents to facilitate anchoring. Undoubtedly, current output is very low compared 
to other dye classes, but significant improvements have been made since the incep-
tion of concept of natural and environment-friendly dye sensitizers. The cost of 
natural dyes is negligible in comparison to Ru-based and organic dye sensitizers 
which makes them a potential candidate for the commercialization of DSSC 
technology.
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Fig. 15.9 Current-voltage (I-V) curves of premixed and post-adsorbed natural dye (Ananth et al. 
2014)
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